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Abstract of the MAINLINE Project

Growth in demand for rail transportation across Europe is predicted to continue. Much of
this growth will have to be accommodated on existing lines that contain old infrastructure.
This demand will increase both the rate of deterioration of these elderly assets and the
need for shorter line closures for maintenance or renewal interventions. The impact of
these interventions must be minimized and will also need to take into account the need for
lower economic and environmental impacts. New interventions will need to be developed
along with additional tools to inform decision makers about the economic and
environmental consequences of different intervention options being considered.

MAINLINE proposes to address all these issues through a series of linked work packages
t hat wi || target at | east t300m per y €
environmental footprint in terms of embodied carbon and other environmental benefits. It
will:

A Apply new technologies to extend the life of elderly infrastructure

A Improve degradation and structural models to develop more realistic life cycle cost and
safety models

A Investigate new construction methods for the replacement of obsolete infrastructure

A Investigate monitoring techniques to complement or replace existing examination
techniques

A Develop management tools to assess whole life environmental and economic impact.

The consortium includes leading railways, contractors, consultants and researchers from
across Europe, including from both Eastern Europe and the emerging economies. Partners
also bring experience on approaches used in other industry sectors which have relevance
to the rail sector. Project benefits will come from keeping existing infrastructure in service
through the application of technologies and interventions based on life cycle
considerations. Although MAINLINE will focus on certain asset types, the management
tools developed will be applicable across a broader asset base.

Partners in the MAINLINE Project

UIC, FR; Network Rail Infrastructure Limited, UK; COWI, DK; SKM, UK; University of
Surrey, UK; TWI, UK; University of Minho, PT; Luled tekniska universitet, SE; DB Netz
AG, DE; MAV Magyar Allamvasutak Zrt, HU; Universitat Politécnica de Catalunya, ES;
Graz University of Technology, AT; TCDD, TR; Damill AB, SE; COMSA EMTE, ES;
Trafikverket, SE; SETRA, FR; ARTTIC, FR; Skanska a.s., CZ.

WP2 in the MAINLINE Project

The main objectives of work package WP2 'Degradation and structural models to develop
realistic life cycle cost and safety models' are the following:

I To identify and model important degradation phenomena and processes for
selected railway assets for the purpose of LCC and LCA analysis.

1 To quantify the influence of intervention strategies on degradation time profiles.

1 To develop performance time profiles for selected asset types.

1 To validate the developed degradation and performance models through case
studies.
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1. Executive summary

1.1 Basis

The first deliverable of WP2 (D2.1: Degradation and Performance Specification for Selected
Assets) constitutes the baseline for D2.2. Deliverable D2.1 was completed in February 2012.

1.2 Important definitions
The following definitions are highlighted:
7 Deterioration describes how the condition of the asset gets worse.
1 Degradation is a summary of deterioration and damage.
1 Performance profile is a time dependent representation of previous and future load

and resistance distribution of an asset. Performance profiles can be benchmarked
against an acceptable level of performance.

1.3 Target reader

The target reader of this deliverable is a structural engineer experienced in assessment
and/or inspection of railway infrastructural elements.

1.4 Content
The main chapters of this deliverable cover deterioration models for:
1 Track (plain line only) i chapter 5
1 Metallic bridges (two types) 1 chapter 6
9 Cuttings (in soil only) i chapter 7
1 Corrosion and coatings 1 chapter 8

1 Tunnels with masonry linings and concrete linings 7 chapter 9
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2. General remarks

The project 'MAINtenance, renewal and Improvement of rail transport iNfrastructure to
reduce Economic and environmental impacts' (in short MAINLINE) is an integrated project
within the 7th Framework Programme. It has been financed on the basis of the contract
SST.2011.5.2-6 between the European Community represented by the Commission of the
European Communities and International Union of Railways (UIC) acting as coordinator of
the project.

The main objectives of the project are:
1 apply new technologies to extend the life of elderly infrastructure

1 improve degradation and structural models to develop more realistic life cycle cost
and safety models

1 investigate new construction methods for the replacement of obsolete infrastructure

1 investigate monitoring techniques to complement or replace existing examination
techniques

1 develop management tools to assess whole life environmental and economic impact

The present report D2.2 - Degradation and intervention modelling techniques has been
prepared within the work package WP2 (from month M4 to month M15) of the MAINLINE
project, named 'Degradation and structural models to develop realistic life cycle cost and
safety models', one of the eight work packages WP1-WP8 dealing with relevant tasks for
maintenance, renewal and improvement of rail transport infrastructure to reduce economic
and environmental impacts.

WP2 interacts with WP1, WP4 and WP5. The interaction with WP1 consists of inputs for
degradation and performance models that will be developed within WP1 and will also be
utilised within WP2. The two-way interaction with WP4 is focused on identifying model
parameters for the degradation and structural models that would benefit (in terms of the
confidence with which they can be specified in models) through monitoring and examination.
The main outputs from WP2 in terms of time-dependent performance profiles will be passed
on to WP5.

An overview of the general organisation of the project is presented below together with the
list of all the partners in the work package WP2.
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General organisation of the project

WP 1 WP 2
Life Extension Degradation
(LTU) (Surrey)

o<

WP 3 WP 4
Exchange Monitor
(DB) (MAV)

WP 5
Whole Life Asset Managemen
(NR)

WP 6 Dissemination
WP 7 Management

WP 8 Scientific & Technical Coordination
(UIC)

06/06/2013

Figure 2-1 General organisation of the project. UIC, Surrey, MAV and NR are listed below. DB is
Deutche Bahn AG (Germany) and LTU is Lulea Tekniska Universitet (Sweden).

Part n° | WP2 Partners Country
1 UNION INTERNATIONALE DES CHEMINS DE FER - UIC FR
2 NETWORK RAIL INFRASTRUCTURE LTD UK
3 COWI A/S DK
4 SINCLAIR KNIGHT MERZ UK
5 UNIVERSITY OF SURREY UK
6 TWI LIMITED UK
10 MAV MAGYAR ALLAMVASUTAK ZARTKORUEN MUKODO RT HU
12 TECHNISCHE UNIVERSITAET GRAZ AT
17 SERVICE D'ETUDES SUR LES TRANSPORTS, LES ROUTES ET LEURS FR
AMENAGEMENTS
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4. Introduction

4.1 Background and motivation

Deliverahbl e D2. 1 AfDegradati on and perfor mance
specified relevant degradation and performance states for selected assets to be given

special focus in the MAINLINE project which aims at the enhancement of degradation and
performance models to provide a step change in safe, cost effective management and/or life

extension of these assets.

The following asset types have been identified as focus areas:
T Cuttings (soil and rock),
1 Metallic bridges,
1 Tunnels with concrete and masonry linings,
1 Plain line (total track superstructure) and switches of crossings,
1 Retaining walls.

These assets have been analyzed in terms of scientific and technical knowledge and
available data. The objective of deliverable D2.2 is to provide the principles of deterioration
models and intervention effects for defining time performance profiles (deliverable D2.3) that
will be used in Workpackage WP5. Consequently, the work has been focused on assets that
were able to give sufficient data for the LCAT tool (WP5).

In order to successfully create a Life Cycle Asset Tool (LCAT) it is essential to have
extensive data from which projections of the performance of the asset can be made; without
such data, a useful LCAT system is impossible to build. Recent research has shown that
there are limitations to the data available for some assets types, as described below. In this
context, data refers to degradation and performance models, as well as laboratory and field
observations on degradation states over time collected through experimental studies or in-
service inspections.

4.1.1 Data on Cuttings

There is extensive data available, from Network Rail in UK, on Soil Cuttings which has
formed the basis for performance modelling. In the first instance only cuttings in cohesive
soils have been dealt with, but the analysis could be extended to granular soils in a future
development.

Rock cuttings are found to be very varied in nature and their failure mechanisms are difficult
to evaluate. Although there is data on rock cuttings, also available from Network Rail, it is not
easy to analyse because of its complexity. For this reason we recommend that rock cuttings
are not taken forward for the LCAT development. Rock cuttings are therefore not analysed in
this document.
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4.1.2 Data on Metallic bridges

In view of the varied structural forms of metallic bridges, it is recommended that the
performance of a limited sub-set of bridge types is pursued at this stage. The two common
forms sel ecte-tlhaoaeghbb éspans 541G m,kwrid steel trusses of span 15-
50 m.

4.1.3 Data on Tunnels

Some data on masonry-lined tunnels is available from Network Rail in UK and this has been
assessed for inclusion in the LCAT model. With regard to concrete-lined tunnels, modelling
techniques that have been developed and validated for reinforced concrete bridge can be
adapted but the availability of field degradation data pertaining to tunnels per se is limited. In
this respect, validation of models appears difficult but will be kept under review during
development of the LCAT.

4.1.4 Data on Track

Extensive data on track performance from the Austrian railway network has been collected
and analysed by TU Graz. This has been used in this document for forecasting the
performance of track but, in the first instance, only plain track will be assessed, with switches
and crossings treated in a possible future development.

4.1.5 Retaining walls
There is no evidence that data on retaining walls is collected systematically in any European
countries and therefore it is not possible to develop deterioration and performance profiles for

these assets. We recommend that retaining walls is dropped as an asset type to be
modelled.

4.2 Scope of deliverable D2.2

It is therefore recommended that, in the first instance, deterioration data and models are
developed for:

T Cuttings (in soil only),

1 Metallic bridges (two types),

1 Tunnels with masonry linings and concrete linings,
1 Track (plain line only)

Nevertheless, for all the asset types mentioned in D2.1, there is a high probability for
knowledge increase within a 3 year period and useful validation data may become available.

For the four asset types listed above degradation models, where available, are presented in
this deliverable, whereas associated performance characteristics and limit states have been
addressed in deliverable ML-D2.1 (2012). Furthermore, the temporal and spatial
characteristics of the degradation mechanisms are investigated in order to facilitate the
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development of performance profiles for the selected asset types. It is important to make the
distinction here between condition-governed and capacity-governed performance profiles.
For the former, the degradation profiles can be eventually used as performance profiles; for
the latter, additional steps are required involving structural analysis and assessment, e.g.
evaluating the bending resistance of a bridge girder with thickness loss due to corrosion. In
that sense, the present deliverable presents models that can be valuable for deliverable D2.3
that will be dedicated to the development of performance profiles.

The above tasks are performed with due attention to the overall aim of WP2 that is to
develop and validate the required degradation and performance time-dependent models,

including appropriate intervention strategies for realistic LCC and LCA analysis to be carried
out in WP5.

4.3 References

ML-D2.1 (2012), Degradation and performance specification for selected assets, Deliverable
2.1, MAINLINE project, SST.2011.5.2-6, 31/01/2012, 113 pp.
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5. Tracks (TU Graz)

5.1 Track quality and deterioration

Reducing the experiences of track engineers to a common denominator, it can be stated that
a good track behaves well, while a poorer one deteriorates faster. Expressed in
mathematical terms, this means that the quality loss is a function of the actual track quality.
This is described by a differential equation showing that the quality behaviour over time
follows an exponential function:

Q(t) =Q exp(bt) (5.1)

It is obvious that the initial quality at the point of time zero defines the quality behaviour to an
enormous degree. Unfortunately this simple function is not so simple since the deterioration
rate b is also a function including the influence of all boundary conditions such as transport
vol ume, superstructur e, and substructureté

It

increase quality without resulting as a Onhew

one is thereby a question of the intervention levels. The quality behaviour over time ends up
in a model describing quality behaviour over time (Fig.5.1).

Renewal

Time
>

Quailty

QiL Intervention Level

Figure 5-1 Track quality index i theoretical curve.

The theoretical curve of Fig.5.1 can be easily explained: the better the quality, the less the
dynamic forces. Lower forces lead to minor problems while higher ones caused by track
irregularities increase the growth of these track failures. Nevertheless this requires to be
checked. Thus, before going further, it is important to be precise about what is meant by
track quality.

5.1.1 Track quality

A background to track engineering is given in Esveld (2001) and Lichtberger (2005).In
general riding quality for tracks is characterized by standard deviations. Indeed, the vertical
standard deviation or a mix of vertical and horizontal standard deviations is used to describe
the roughness of a track and thus riding quality and riding comfort. Therefore the intervention
level is a comfort driven value not a safety limit.
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However, it is obvious that the quality demand for riding comfort depends on the train speed.
For low speed levels a specific standard deviation leads to a better riding comfort than for
high speed levels. This influence is not reflected within a standard deviation. Speed
dependent threshold values are therefore necessary. The approach described in this chapter
is based on another riding quality index, so called MDZ (for Mechanized Tamping Train in
German). This index describes the roughness of a track or the riding quality based on
accelerations in the car body. More precisely, within this quality data the differences of the
accelerations in a short distance are summed up and referred to a point as a gliding mean
value for 100 m of track length. The ideal track can be calculated for a zero MDZ index value.

L
_yoes L A af 2 A?
MDZ =V Ea D|ffaag /v {h +u) (5.2)
0
with

1 MDZ: riding quality

=

V: speed [m/s]

=

L: gliding influence length [m]

1 v:vertical track failure [mm]

91 h: horizontal track failure [mm]
1 ou: super-elevation failure [mm]

This value allows to take into account all track irregularities (vertical and horizontal ones).
Failures cause accelerations in the train; recalculating the riding quality for different train
speeds is thus possible. To make the results of this Austrian research comparable with
international approaches, all the evaluations have been based on vertical standard deviation
(mainly used in Europe) and MDZ. The results do not differ significantly, but some details can
be more easily identified with the MDZ quality index.However, maintenance planning
requires knowledge about the development of this index over time. This knowledge is the
prerequisite to switch towards more preventive and less corrective maintenance activities.

5.1.2 Fitting track quality

To handle all the data available and the discrepancies among data structures and data
recording and analysis, it is necessary to implement all track data to a data warehouse, i.e.
recording car data, operational data of the track sections, information on the type and age of
the track components, information on the executed maintenance, data on the position of
turnouts, stations, embankments and cuts, alignment information, sub-soil information... All
these data are organized in the warehouse and time rows are therefore available from year
2000 onwards.

Based on the riding quality data of the recording car, all exponential functions (Eq.5.1) and
thus, the real behaviour of track, were calculated every 5 m covering the whole core network
of the Austrian Federal Railways (OeBB) with 3,800 km track length and resulting in about 3
million functions. In Fig.5.2, the deterioration of track quality at one specific track position is
depicted over a period from 2001 to 2007. The theoretical exponential function is in good
accordance with the real track behaviour since the measured track indexes (dots) are well
fitted by Eq.5.1. The vertical lines present the tamping actions.
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o

Tamping
Tamping

Tamping
Tamping

Figure 5-2 Track quality behaviour i practical experience.

Nevertheless, the deterioration rate b depends on many parameters: transport load, train
speed, sub-grade quality, track superstructure, functionality of dewatering system...
Therefore, the rate of deterioration varies within a wide range for different track sections.

The above database allows the analysis of the deterioration function in identifying
interrelations between the rates of deterioration and the different track conditions. But, the
most important result is that track quality behaviour is non-linear, thus justifying a posteriori
the choice of an exponential function.

5.1.3 Initial track quality

There is a high influence of the initial track quality as shown schematically in Fig.5.3.

High initial qualities lead to low track irregularities, resulting in lower dynamic forces and
hence on slower deterioration. However, a high initial quality can be delivered by a general
renewal only. If all track components are replaced, all of them will get back to their initial
quality levels and will provide a high initial quality for the entire system track. If only some
individual components are replaced, new components will be mixed with old ones and
different quality levels will be merged, resulting in a lower global quality track level.
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Figure 5-3 Influence of initial track quality.

5.1.4 Threshold quality levels

Intuitively, threshold levels can be determined by optimizing installation/replacement costs
(for high initial quality) versus reduced maintenance costs could be a solution. This is
nevertheless not so simple because the level of the initial quality and the maintenance
activities are both influencing the service lifetime of the track: high initial quality leads to long
service life, but earlier maintenance activities will maintain the quality close to the original
one. A maintenance action will be efficient if it is performed a long time before a failure
stamps into the superstructure (Fig.5.4).
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Figure 5-4 Influence of threshold values.

It is also possible to optimize deterioration versus an increased maintenance demand. Again,
this may be not appropriate since the threshold values affect the service life of the track. A
constant high intervention level reduces deterioration but unfortunately service life as well.
Thus a socal | ed Aficonform intervention l evel 0
intervention level itself must depend on track age (Fig.5.5). In order to generate low
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deterioration of track at the early stage, the intervention level is enforcing high quality levels.
This reduction of deterioration can be transposed into additional service life by accepting a
lower but still acceptable track quality at the end of the track lifetime.

Renewal
| Renewal

Time
»

Quality

Service Life of Track

ATT T 1

Y

AT

Figure 5-5 Influence of a conform threshold value.

Experience from track operation underlines that the quality of a shared corridor is defined by
the fastest train, but quality is also determined by operation, axle loads, construction of
superstructure... Thus the question of a proper maintenance regime arises. Even if
optimisation from a technical point of view could be challenging, total track costs must be
taken into account to deliver reliable and economically feasible track solutions. These
solutions will differ significantly due to different edge track conditions.

5.2 Track costs

The influencing parameters ' ™ Roling Stock
shown on Fig.5.6 affect the : B Transport Volume
track quality, maintenance
demands and service life, but
also the track cost.

Figure 5-6 Track system. < Ballast

Sub-Layer b, TR v
Sub Grade [

Fig.5.7 describes the results of track cost analyses in Austria, in shared corridors for an axle
load of 22.5 tons over different numbers of trains per day and track. It must be noticed that
for the mixed rail transport system in Austria (far distance passenger trains, regional, trains,
far distance freight trains, local freight trains) the average weight of a train is only 450 tons.
The composition of the total lifecycle cost of a track is depending on the number of trains per
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day and on track, depicting the average annual costs. In addition to the direct costs of
infrastructure interventions, due to the dense use of the Austrian network, track-work causes
delays, diverted trains and/or cancelled trains. The resulting costs, called costs of operational
hindrances, are integrated in the lifecycle costs.

The analysis of track costs of OeBB (Fig.5.7) shows some significant results concerning the
major categories of life cycle costs of track. Half of the total lifecycle costs are fixed costs
associated with depreciationl of the track structure, increasing with decreasing traffic. Up to
a third of the total lifecycle costs are related to operational hindrances. For dense lines
maintenance costs (direct costs) do not exceed 17%.

However, for tracks facing less operation (less than 70 trains per day and track of double
tracks lines) costs of operational hindrances are negligible. This distribution of costs indicates
that reducing the lifecycle cost of highly utilised track needs investments for a high initial
quality, as this quality extends the service life.
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M Depreciation

M Cost of Operational Hindrances
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Figure 5-7 Track costs over transport volume.

Regardless of traffic volume, maintenance costs are a small portion of the lifecycle costs
compared to depreciation.

On Fig.5.8 different maintenance regimes are discussed on the basis of a dense line (160
trains per day and direction). If permanent slow orders are accepted to extend the service life
of the track, the costs of operational hindrances increases. The total cost increases in this
case, although the service life is extended: depreciation costs are decreasing.

1As regulations of depreciation differs from country to country only costs of track renewal are covered
by depreciation while all other costs are summed up to the maintenance costs.
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Figure 5-8 Costs of different managements.

Reducing maintenance costs consists in cutting costs at the lowest level: this only provides
small savings. Furthermore reducing already low maintenance costs includes the risk of
reducing the service life and therefore of increasing total costs.

All these results are strong hints for the economic efficiency in investing for quality and
proper maintenance activities. Short-term savings in maintenance will be overcompensated
by long-term additional costs. However, these general statements must be proven on
different investment and maintenance options, based on track analyses and cost figures.
Thus the targets of track renewal and track maintenance can be defined in a simple way:

1 the only target of track renewal is to create high initial quality;
1 the only target of maintenance action is to transform this quality into service life.

A low initial quality cannot be compensated by maintenance activities for delivering an
appropriate service life. In turn, poor maintenance can compromise the value of the track
renewal.

5.3 High quality tracks at low costs

The objective in this section is to identify technical solutions for cost-efficient tracks.
Therefore all the proposed investment and maintenance actions have to be economically
justified. As re-investment is the most costly part of the track management and shows the
largest impact on long-term track behaviour, investment strategies are prior-ranked. A 5%
rate calculation is used to deliver a cautious evaluation. In order to evaluate the track
renewal options, technical consequences of various qualities have been studied and
summed up in a list of cost drivers, due to their impact on the total costs:
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1.

The most important cost driver is the initial quality. This especially means the sub-
grade quality. Sub-grade quality dominates the behaviour of track. Therefore an
excellent substructure quality is a prerequisite for any optimisation;

If a sub-grade is badly affected, the dewatering system is less efficient and water is
kept in the track. Dewatering devices are integrated parts of the technical track
system;

Ballast is the critical component that limits the service life of the track. Optimisation
within the superstructure requires a good ballast quality?. This analysis indicates that
sustainable track designs require lower stresses in the ballast bed;

The number of turnouts is a main cost driver. The type of trains on shared corridors
result in a high number of turnouts, as the number needs to increase with increasing
differences of train speeds. In Europe 0.9 turnouts per main track kilometre of shared
corridors are usual. Total cost of turnouts reach values 11 to 13 times higher than
open track, counted in cost per through going length;

Within the alignment the radius is the cost driver, while the gradient seems to have
less importance. Especially radii less than 300 m increase track cost three times
compared to straight sections;

Traffic load has an impact on track costs. However, as long as the track
superstructure is designed to carry the load, higher loads have generally small
impacts on track costs. High costs occur if a weak superstructure is designed. In
general the increase of track costs (in percentage terms) is less than the increase in
transport volume (also in percentage terms);

This indicates preference for installing heavy track structures;
Different qualities of rolling stock result in differences in track costs of up to £10%.

Austria and United Kingdom implemented track access charges for different quality
levels of traction units.

A lifecycle cost optimisation based on track behaviour, as described above, allows
identification of investment and maintenance strategies.

5.3.1 Sub-grade and dewatering system

As mentioned previously, weak sub-grade is the major cost driver. The annual expenditure
for track surface maintenance dramatically increases if old, historically weak embankments
are overloaded. Sub-grade rehabilitation is a common method enforcing existing roads to
modern needs. To this end a number of technologies have been developed replacing the top
sub-grade layer by specially mixed gravel, brought in by work trains, combined with water-

2Many railway companies,e.g. in Switzerland have defined different quality demands regarding the
ballast according to the number of trains. In Germany and France the best ballast is used for the high
speed lines.
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cleaning the old ballast or edge-sharpening of the ballast particles, producing the required
gravel by crushing the old ballast and supply fresh ballast. It must be emphasized that
optimisation of track is only possible if sub-grade and dewatering system conditions meet
their requirements.

To demonstrate the economic efficiency, track behaviour of sections on different sub-grade
qualities have been compared. Really poor sub-grade and drainage conditions on high
loaded shared corridors leads to reduced service life, dramatically increased maintenance
and even to permanent slow orders ensuring an acceptable (not good) riding quality. The far
right bars of Fig.5.9 depict this described poor case in its cost consequences. Note that total
life cycle cost increase by the factor 9.5 due to the sub-grade and drainage condition®. Thus
the additional investment in sub-grade rehabilitation lowers total track cost in a big scale. For
lines with lower transport volume these economic values decrease. The calculations show,
that implementing an additional sub-layer can be proposed in general with the exception of
branch lines operated by few passenger and/or light freight train only.
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Figure 5-9 Consequences of poor sub-soil.

Another example shows the importance of dewatering of track (Fig.5.10).

3 This evaluation is based on existing track sequences, meanwhile repaired.
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Figure 5-10 Consequences of poor drainage.

In Fig.5.10, vertical standard deviation of a 5 year old track is shown. A single failure occurs
in the middle of the section. The reason is water. It was found, that the water was not even in
track but just in the ditch. This reduces the loading capacity of sub-grade locally leading to
the single failure highlighted by the recording car measurements. Furthermore, high attention
must be paid in maintenance to keep the existing drainage systems in a functional condition.
The budget spent for these measures is negligible compared to the consequences of doing
nothing.

5.3.2 Ballast

Track and laboratory tests show just 3% to 5% of a concrete sleeper is effectively in contact
with the ballast surface after tamping. This percentage increases to 9% using a dynamic
track stabiliser. Even before the next tamping, and thus after operational wear of ballast, a
maximum of 12% contact area is observed only. The hard-to-hard situation in this contact
area causes only a few, highly overloaded contact points, which form the starting points for a

l i mited numpeaet hed® fihoough the ballast structure
ballast structure to act as a sleeper-support. Edges and corners are quickly cracked off,
|l eading t o unpredictable initial-pasthsd emani &s

neighbouring sleepers, the sleepers settle differently, causing initial failures. An increase of
the rate of deterioration is the consequence. This is the main reason for the need of high
quality ballast, such as basalt or granite.

Additionally the stresses in the ballast bed can be minimized. Under sleeper pads (USP) are
used to better match the delicate contact interface between hard concrete and hard ballast.
Using USP - tested at OeBB for open track for more than ten years and under turnouts for six
years - the contact area increases to 35%. Test sections proved that ballasted track with
under sleeper pads form a more stable superstructure, requiring less maintenance and
providing longer service lives. Both characteristics increase the availability of track, an
important fact, as availability becomes more and more crucial in dense used track sections.
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Elastic footing of sleepers has therefore proven to be highly successfully. The economic
evaluation lead to a new regulation, stating that track carrying more than 10 million tons per
year is to be equipped with USP within the next regular renewal, track as well as turnouts.

5.3.3 Type of Superstructure

As mentioned previously, the relatively small additional costs for a heavier track lead to the
proposal of standard track design for main lines consisting 60E1 rails on concrete sleepers.

Additional and branch lines are equipped with 54E2 or 49E1. All these rails have a steel
grade of R260. Due to the high side wear in narrow curves head hardened rails are in use
ate radii less than 500 m. Due to the problems of rail contact fatigue, head checking, head
hardened rails with a steel grade of R350HT are foreseen in wider curves as well.

5.3.4 Maintenance

Since 2003 a new method for track maintenance Kk
use. Within this new maintenance action levelling-lining-tamping, track stabilizing, and ralil

grinding are executed in the same track possession. Analyses of track behaviour shows, that

reducing dynamic forces by correcting track failures and rail unevenness reduces the

degradation rate of track. The rate b is reduced by 20%, thus tamping cycles can be

increased, leading to an economic efficiency of this new maintenance action. Unfortunately,

the savings in total figures are small, as generally optimizing maintenance can only lead to

relatively small savings compared to investment in quality, due the cost distribution given in

Fig.5.7. However, the necessary costs are also lower and the savings are realized in a

shorter period.

Understanding track behaviour more in detail, corrective maintenance can be substituted by

more preventive work, causing less logistic costs and reduced operational hindrances.
Furthermore preventive maintenance allows a higher efficiency in track machinery use.

5.4 Summary
Track deterioration can be modelled with an exponential function. Once a deterioration model
is calibrated, it is possible to predict when tamping and other maintenance actions will be

necessary by forecasts based on recent track quality measurements.

It is intuitive that high quality levels discussed require high quality track machinery for all
track-work.

Evaluations of innovative track designs always need in situ tests together with scientific
understanding of how the track structure and individual components and materials perform.
However, scientific knowledge about quality behaviour enables shorter test periods and thus
earlier estimations of maintenance demands, service lives, and therefore life cycle costs.
Several economically proven proposals for shared corridors are presented regarding:

 investment:

0 Cyclic track regime based on general renewal and subsequent maintenance
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0 Track quality behaviour based track regime

o0 Implementation of an additional sub-layer to strengthen the track system
within a regular track renewal (wherever necessary)

o Installation of heavy superstructure with proper rails, concrete sleepers and
good ballast

o Implementation of under sleeper pads on high loaded track sections
1 maintenance:

0 Non-acceptance of permanent slow orders (wherever dense traffic is
operated)

0 Avoiding short time savings by reduction of maintenance, accepting loss of
track quality as causing high long term costs

o Keeping high attention on functional dewatering systems
0 Implementing a conform intervention level

All these measures lead to high quality tracks. Such tracks are sustainable showing long
service lives and,at the same time, relatively low maintenance demands. The key for
achieving this sustainability is a long lasting high quality level of track. A high availability and
low life cycle costs are further benefits of a high quality track regime. However, implementing
such track regimes needs investment first.

It is underlined that the high quality levels discussed requires high quality track machinery for
maintenance actions as well as for track relaying and, wherever necessary, sub-layer
installation.

However, the key for prognoses of track deterioration is to identify the impact of the various
track parameters on the deterioration rate b. An entire prediction model can be designed in
presenting the rage of the variation of the deterioration rate b for the main track parameters.
This will be the main focus of the work to be executed within WP5. This chapter aims to
describe the background of a track quality prediction model, its necessary differences due to
the varying reaction of track to different boundary conditions.
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6. Metallic bridges (TWI+MAV)

6.1 Fatigue in old metallic bridges

The steel production and construction technology developed quickly towards the end of the
19" century. Testing methods to examine relevant properties such as toughness, fatigue and
corrosion were developed in the 20™ century but these related to modern steels rather than
old steels of existing structures. In addition, railway authorities adopted specific rules to
specify the materials used for iron railway bridges only from 1900 (Pipinato et al. 2012). The
lack of standardisation in the industry beforehand resulted in a wide variety of metals such as
grey cast iron, wrought iron, mild steel and contemporary steel product being used.

In the context of joining technology, the technique of riveting is no longer used in bridges,
which is also highlighted in MAINLINEML-D2.1 (2012). Thus, information in codes for riveted
structures is not very detailed. From the materials point of view, although the majority of the
old bridges that still remain today are made of steel, a number of bridges made from wrought
iron are still in service. The knowledge in regard to wrought iron bridges though is not as
extensive as for steel bridges. Nevertheless, there is evidence that fatigue endurance
between steel and wrought iron structures is similar (SB4.6.2 2007).

One of the most relevant concerns about steel and metal bridges stands on the repair and
maintenance of existing structures. The remaining service life of steel bridges is substantially
limited by fatigue damage and in order to ensure the safety of these bridges it is often
necessary to inspect the structure. According to a survey carried out for the purposes of the
ML-D2.1 report ( 2012), sever al d 0 c U me muide {0

hidden details, Trafk ver ket 6 s handbook for bridge inspecti

SB-4.6 (2007), are used to assess the degradation in metallic bridges due to fatigue.

6.1.1 Fatigue as a dominant failure mode

Fatigue is not a new phenomenon; it has puzzled researchers for more than 200 years,
especially due to the use of metal in structures such as bridges. Fatigue plays a significant
role in undermining bridge resistance and, thus, several authors have conducted research in
this field of expertise. August Wéhler (1819-1914) was the first to study fatigue and propose
an empirical approach. Between 1852 and 1870, Wdohler and his colleagues conducted
fatigue investigations on train axles and produced diagrams with the stress on the vertical
axis and the number of cycles on the horizontal axis. A linear decreasing response of the
component® fatigue life was thereby possible to be detected and the diagrams became
known as Wohler-diagrams or S-N diagrams. The S-N method is still the most widely used
today. Fatigue failures can occur both in a detail of a component or a whole structure due to
repeated loading at load levels lower than the design load. The phenomenon of fatigue
failure can be explained by microscopic cracks occurring in the material and weakening the
structure.

One of the largest databases of bridge failures has been established by Imhof (Imhof 2004),
which has now been updated by incorporating the latest incidents from 2004 onwards and
can be easily accessed via the web (Bridge Forum 2009). In addition, a database of 164
failures of metallic bridges formed the evaluation which was carried out in terms of identifying
the factors contributing to the failure or collapse, the modes of failure or collapse as well as
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an analysis of the structural form of the bridges (Imam and Chryssanthopoulos 2010). 34% of

the 164 cases were railway bridgesand 73 (47 %) were classified as
the dominant failure mode for non-collapsed metallic bridges was found to be fatigue (67%).

This justifies the significant attention paid to the phenomenon by bridge engineers. It also

suggests that fatigue failure is picked up at an early enough stage through inspections

(and/or that the level of redundancy in metallic bridges with respect to fatigue detail failure is

satisfactory) so that it does not result in collapse.

The causes resulting in fatigue cracking have also been investigated in more detail. The
majority of the fatigue cracking observed was attributed to out-of-plane distortions in welded
structures, unanticipated connection fixity and secondary stresses in riveted structures and
poor quality material/welding. Furthermore, according to the statistics, truss bridges are more
susceptible to total collapse failures and girder bridges to failure that do not necessarily result
in total collapse. The majority of non-collapse metallic bridges are girder bridges (40%),
whereas the majority of collapse bridges are truss bridges (Imam and Chryssanthopoulos
2010). Arguably, failures can be detected more promptly in girder bridges (and redundancy
of such bridges is higher), thus preventing total bridge collapse. On the other hand, many

truss bridges are oO6fracture criticald, which is
is likely to fail when a single member fails (i.e. no redundancy).

6.1.2 Fatigue critical details in metallic bridges

The estimation of the residual life of a structure is achieved by evaluating the residual fatigue

strength of critical components. A catalogue of fatigue critical details in steel bridges is,

therefore, of high importance for the assessment procedure. Such a catalogue has been

devel oped during the AfABridge Fatigue Guidancebo
and comprises a large number of fatigue damage cases which have been reported for

various types of bridge details. The majority of collected damage cases were found to be of

the type caused by secondary load effects. In most cases, unforeseen (or overlooked)

interaction between different members and load-carrying systems in the bridge, often

combined with poor detailing, have been the main causes of fatigue cracking. In some cases,

a complex stress state may also exist in some structural details.

However, design codes and evaluation specifications generally provide very little guidance
on the way this kind of fatigue damage should be accounted for or prevented. In BriFaG,
special attention is directed to the increasing heavy load traffic and to strengthening aspects
to improve the service life of existing orthotropic bridges. Furthermore, the fatigue behaviour
of connections of vertical stiffeners to bridge girders or secondary beams is also investigated.

The fatigue life of a connection or detail is commonly defined as the number of load cycles
that causes cracking of a component. The most important factors governing the fatigue life
of structures are the severity of the stress concentration and the stress range of the cyclic
loading. The fatigue life of a structure (member or connection) is often represented by an
Sr-N curve, which defines the relationship between the constant-amplitude stress range
Sr nk-Gmin) and fatigue life N (number of cycles), for a given detail or category of details.
The effect of the stress concentration for various details is reflected in the differences
between the Sr-N curves.

A number of specific details in steel bridges have been identified as being especially

susceptible to cracking with a list of expected fracture locations (Xanthakos 1994) being
summarized in Table 6.1.
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Table 6-1 Expected fracture locations in steel bridges (Massarelli and Baber 2001)

General Detail Type

Specific Location

Groove welds

Welded cover plates on
tension flanges

Attachment plates welded to
flange or web

Diaphragm connections

End connections of floor
beams

Floor beam brackets

Top and bottom |ateral
bracing connections

Transverse stiffeners
Tack welds

Plug welds

Flange and web groove welds
Longitudinal stiffener groove welds

Toe weld or weld throat at midwidth of flange at the
end of cover plates with end welds

End of longitudinal welds on cover plates without end
welds

Welded splices
Flanges or webs repaired with doubler plates

Ends of welded connection plates on girder webs
where the plate is not attached to flanges

Ends of riveted connection plates on girder webs
where the angles are not connected to the flanges.

Coped and blocked flanges at floor beam ends
Connection plates and angles

Bracket connections to girder webs

Gusset plate bracing connections to girders
Gusset plate to diaphragm connection plates
End of cut-short stiffeners

Between gussets and main members
Between beanng plates and beam flanges
Between bolted connection angles and webs
Misplaced drilled holes

Repair locations

In regard to riveted railway bridges, in particular, most fatigue cracks detected on this type of
bridges have been attributed to deformation-induced stresses resulting from out-of-plane
motions of the different bridge member and connection components which were overlooked
when designing these old bridges (Imam et al. 2006). The fatigue damage has been mainly
concentrated on riveted connections, in particular stringer-to-cross-girder connections
between longitudinal and transverse members of these bridges (Al-Emrani 1999).

6.1.3 Fatigue aggressors, conseguences and detection methods

The primary aggressors for the degradation mechanism of fatigue are attributed to traffic
loading, environmental effects and poor designing. The older the bridges are, the more a
bridge accumulates partial damage from service load cycles. Depending on the type of
structure, the initial fatigue damages to be evaluated during inspection can be caused by
different reasons. Initial damages can be caused:

1 during fabrication, welding or riveting,
1 due to unfavourable design with regard on fatigue, poor detailing,
1 due to stresses and deformations unforeseen in design, or
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1 because the state of knowledge was too low

If a sufficient safety level for the bridge in question cannot be shown by means of calculation,
static and dynamic measurements shall be used. Measurement is appropriate in the fatigue
assessment, for example if:

9 there are doubts about the acting static system,
1 effects with consequences on the fatigue safety not known during design occurred,

9 effects of increased loads or additional lanes on the fatigue safety have to be
assessed,

I secondary stresses led to fatigue damage, measurements are needed to assess the
reasons

Although during the very important visual inspection almost all damages are detected, non-
destructive testing (NDT) is recently being increasingly applied. The most common
monitoring and inspection techniques used to assess degradation due to fatigue are: visual
inspection, dye penetration, electromagnetic techniques, acoustic emission monitoring and
theoretical estimations are the main methods. Table 6.2 shows available non-destructive
testing methods proposed for old riveted metallic bridges that are used for detection of
fatigue damages.

Table 6-2 Non-destructive testing methods for detection of fatigue (Helmerich et al 2006)

Method Damage to be detected Comment on effectiveness of the equipment
Visual inspection Surface cracks With help of magnifying glass and training
Magnetic particle test Surface cracks Only for magnetic materials
Dve penetrant test Surface cracks Good alternative for magnetic particle test, also for
non magnetic materials
Radiography Crack detection also in sandwiched elements Experts with permission required
Ultrasonic test Only the first layer can be assessed Not applicable for puddle iron
Eddy current technique Cracks in rivet holes Not currently applied
Acoustic emission technique Active cracks Mot applied for detection (insufficient research), only for

maonitoring of detected cracks

Fatigue failures take decades to initially develop but progress to failure is then relatively
quick. Remaining fatigue capacity must be enough until critical parts can be exchanged and
the trigger point for intervention is the presence of cracking. Damage due to cyclic loadings is
a result of gradual enlargement of fatigue cracks during the tensile part of the loading cycle;
once a crack reaches a certain critical size, catastrophic failure of the affected cross-section
ensues (Pipinato et al. 2012). In order to maintain these bridges in service reinforcement
techniques are needed to prevent fatigue cracking whilst increasing bridge safety.

The consequences of failure are a good indicator of the importance of a bridge structure. As
suggested in recent reports from the Standing Committee on Structural Safety (SCOSS),

utilising the 063Psbé6, pertaining to qieognd e, prc
categorise the contributory factors which I
range of influences in designing and constructi:r

are a key component of any risk assessment (SCOSS 2007).
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6.2 General concepts applied for fatigue assessment

In the life of a bridge the question that may arise is: for how long can it be preserved for the
future? That defines the remaining fatigue life up to the point when the probability of
occurrence of cracks of vital structural members exceeds a given limit. The estimation of the
remaining life of the structure is achieved by evaluating the residual fatigue strength of critical
components. These critical components which are designed to survive a single load may fail
if the load is repeated a large number of times. This failure behaviour is classified as fatigue
failure. In general, the following 6 general concepts for fatigue verifications are widely
accepted (SB-5.2.S1 2007):

9 Verification with particular fatigue tests using prototypes

1 S-N-curve concept with detail classes based on nominal stresses
T Geometrical stress method using reference S-N-curves

9 Local notch stress method using local elastic stresses

T Local notch strain method using local stresses and strains

1 Fracture mechanics analysis.

The verification with particular fatigue tests is supported by experimental investigations, the
local notch strain method using local stresses and strains is based on the analysis of the
crack initiation, the fracture mechanics concept depends on crack propagation analysis
whereas the other 3 concepts are based on service life assessment, as described below.

6.2.1 Verification using fatigue tests with prototypes

The verification of the fatigue resistance is performed with S-N-curves that are
experimentally determined using original or representative components. The material, the
geometry and the manufacturing of the component as well as the loading sequence and
environmental conditions of the tests configuration have to be as close as possible to reality
to achieve results of acceptable reliability. The residual service life is determined by a
damage accumulation model, e.g. Palmgren-Miner, on the basis of the S-N-curves derived
experimentally.

6.2.2 S-N-curve concept with detail categories based on nominal stresses

The application of the S-N-curve concept is based on nominal stresses. The nominal stress
is defined as the stress in the parent material or in a weld adjacent to a potential crack
location calculated in accordance with elastic theory and excluding all stress concentration
effects. The nominal stress as specified can be a direct stress, a shear stress, a principal
stress or an equivalent stress. It is derived from the loads applied on the net sections of a
structure or member. A stress increase due to geometry or the effects of other imperfections
are not included in this nominal stress concept.
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6.2.3 Geometrical stress method using reference S-N-curve

The concept of the geometrical stress method is very similar to the S-N-curve concept and
has mainly been developed for welded structures. For complex structures, the nominal
stresses cannot be determined using elementary structural models. The stresses need to be
determined on the basis of more advanced structural models (slab theory, theory of sheets or
shell theory). These stresses are calculated for critical locations where the crack may occur
and are defined as structural stresses.

6.2.4 Local notch stress method using local elastic stresses

The local notch stress method is based on the elastic calculation of local stresses at the tip of
a crack that is assumed to occur during the fabrication process, e.g. welding. The
amplification of stresses by notch effects has to be considered. The determination of
stresses is typically carried out by FE-analysis (Finite Element Analysis), BE-analysis
(Boundary Element Analysis) or by applying K-values taken from literature. Due to the fact
that the linear elastic material law offers only an approximate estimation of the stresses for
constant amplitude fatigue limit under a pure alternating stress range, the concept is only
applicable for the alternating endurance limit of the member (R=-1). In this case, the local
stresses calculated are compared with the alternating material properties. The influence of
roughness and the size effect are considered in the analysis. A generalisation of the concept
is realised referring to the proportionality of local elastic stresses to hominal stresses which
enable a transfer of S-N-curves of the nominal stress concept to local elastic stresses.
Therefore, the average stress relation and the service life can be estimated using the S-N-
curve method.

6.2.5 Local notch strain method using local stresses and strains

The local notch strain method refers to a characteristic function and to characteristic values
of a material which is subjected to elastic-plastic deformations due to cyclic loads along a
single axis. The results are cyclic stress-strain curves and strain-life-curves. The curves are
determined experimentally or estimated empirically and described analytically. They account
for material characteristics as well as effects from fabrication, size and environment. The
characteristic loads as input in the local notch strain method are local stresses and strains. A
correlation between loads on the structure and local elastic-plastic strains is guaranteed by
load-strain curves. They are derived by numerical calculations, e.g. FE-analysis, or formulae
for their approximation. The outcomes are local elastic-plastic stress-strain-curves calculated
for a specific | oadi n-ghysevesincurves Whittkeaye evaluated witho s ed 0
respect to their damage effect. The results are S-N-curves or Gafdner-curves for crack
initiation. The magnitude of the initial crack length can be taken from literature.

The local notch strain method can be applied for notched or un-notched as well as welded or
non-welded members.

6.2.6 Fracture mechanics analysis
The fracture mechanics analysis is used to determine the remaining fatigue life after a

macroscopic crack has been developed. The relevant information for this analysis approach
is:
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1 Under which circumstances could crack propagation occur?

1 Is it possible to intercept the growth of the crack?

T When will unstable fracture occur?
The fatigue life assessment using fracture mechanics is based on the relationship observed
bet ween the range of the stress intensity
cracks, da/dN. A simplified approach to estimate crack propagation is the equation of Paris

and Erdogan:

da_o gr 6.1)
dN

C, m are material properties (crack growth constants), da/dN is the crack propagation (da)

per load cycle (dN) respectivel y t hkethecgange ofkthe stress dantessityo n .

factor, given by:

DK XK K, (6.2)

min

Kmax IS the maximum stress intensity in each cycle and K, is the minimum stress intensity in
each cycle.

Since the <crack gr oKltrdisedrtoaan exponest, theexpenenerd having
typically a magnitude of 3-4 , it i s i nkpshaould de knowh hcauratelypif an
acceptable reliability of prediction of crack propagation has to be achieved. The input
parameters for the materials properties C and m have to be obtained by representative
material tests of the member being investigated. If da/dN v e r s K is disgdayed for an actual
crack in a double-logarithmic diagram, an approximate sigmoidal curve results as shown in
Fig.6.1. Below a certain threshold range of the stress intensity factor, gKg, no crack growth
occur s. For i nt eK,he growthtrate isvealisadebyg a strdight gme.
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For a crack in a certain struct Kcaabedenethber
DK = QfsaY(a)M,(a) (6.3)
where:
1 a crack Il ength derived from the cracksé

1 Y(a): stress intensity correcting function depending on crack configuration
1 M, (a): stress intensity correcting function of welded components

T o0: stress range

Since gpl Y (a) and M, (a) are not constant the estimation of service life has to be carried

out incrementally using the following equation which is applicable for cracks with a crack
depth greater than 0.1 mm to 1 mm:

~ 1 © o~ g
N = = ~= ) m da (64)
Il %:% 3« clbyava@m @)

ao (initial crack depth) and a. (final crack depth corresponding to failure) are used in order to
predict the fatigue strength of a cracked member, assuming that the remaining life depends
on crack growth starting from a pre-existing initial crack of known size. This crack has to be
detected during an inspection or equivalent measures first and the size of the initial crack has
to be determined. Independently from the assessment concept, the local sequence of loading
during service life mainly influences the fatigue strength.

6.2.7 Remaining life

The fatigue endurance of material with no initiation factors such as welds, holes and sharp
notches present will improve with mechanical properties. The first stage in the fatigue
process is influenced by the internal structure of the material. Through a shortened initiating
phase by stress raisers the effect of the mechanical properties will be less influencing and
cracks starts to grow direct from defects. In order to determine the remaining life of structures
due to fatigue, the most applied method is Palmgren-Mi n e r § Balmgran (¥924), Miner
(1945). PalImgren-Mi ner 6s rule is a |linear approach
caused by variable stress cycles. The damage at a certain stress range is proportional to the

t he

geom

0O de

number cycles. The fatigue endurance Njat a const ant ;isdicates thesspaceange U

for the available cycles to occur. The influence of the number of cycles at a certain stress
range have affected a detail is compared to the allowable, n/N;, and the fatigue life ends

when a n,/N, =1. The values of N; are determined from Wohler curves for the

correspondi ni¢FigB.2)l ue of 0
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Figure 6-2 The Palmgren-Miner rule for calculation of accumulated damage

6.3 Fatigue assessment models and parameters

During the last decades, the inspection of the existing bridge stock and the condition
assessment procedures have been increasingly well organised. However, the assessment of
fatigue safety was not included in the design at the turn of the 19" to 20" century.
Furthermore, changes in the structure after repair or strengthening measures within the last
hundred years were not indicated in the drawings and information got lost.

In 1993 the technical committee 6 of the European convention of Constructional Steelwork
(ECCS) <created the working group MARemaini
guideline for fatigue assessment on steel structures (ECCS 2004). For the clarification of
how endurance of details and calculation of remaining life are accomplished in codes, the
European code EN 1993-1-9 (Eurocode3 2003) is often chosen.

There have already been attempts to develop models for the estimation of consequences of
bridges failures (Imhof 2004; Wong et al. 2005; Stein and Sedmera 2006, Imam and
Chryssanthopoulos, 2012). Considering these consequences is essential in both qualitative
and quantitative risk-based design and assessment. Risks of structures in service should be
examined to determine more appropriate assessment, inspection and strengthening/repair
criteria. In order to make accurate assessments of existing railway bridges information on the
behaviour of bridges exposed to fatigue as well as the behaviour of old materials due to
cyclic exposure is essential. Furthermore, weld-related cracking and the presence of
geometrical discontinuities at bolts and bolted connections are also of concern in relation to
the phenomenon of fatigue.

Fatigue is the most common cause of failure in structures consisting of metallic material.
Conducting endurance assessments of bridges is of great importance to understand the
process of how fatigue develops in material and structures. In specified components and
details critical to fatigue loading, the remaining fatigue life is estimated by means of the
Paimgren-Mi ner damage accumulation rule (Miner

ng f at

1945)

determine the accumul ated damage. Al t hough the

safe estimation for the majority of stress spectra applied.

The design codes for fatigue use the principles of Wdohler curves (S-N curve), with an
allowable stress range decreasing with the number of load cycles. The stress ranges a
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section or a detail are exposed to are obtained by load models placed on a bridge,
representing carsbor trainsd static and dynamic response. The numbers of load cycles a
component can endure are thereby determined from these models. When vehicles pass a
bridge, components in the bridge with different lengths and positions will be exposed to
fatigue loading differently. A primary structure will experience the vehicles passing as a more
isolated event, while a cross beam/stringer will be loaded by every axle of the passing
vehicle. This fact makes different parts in a bridge more exposed to accumulation of fatigue
damage than others. For fatigue assessment, the procedure requires the knowledge of
the fatigue cycles applied to the different details. The number of cycles for the different
stages in the fatigue process can vary significantly from hundred to millions of cycles
depending on stress range, stress initiation factors, material properties and so forth.

6.3.1 Frameworks/guidelines

For the estimation of the current fatigue resistance and the remaining fatigue life,
assessment frameworks such as the procedure proposed by Helmerich et al (2006), which
incorporates information about old materials and non-destructive testing methods for
evaluation of details, have been developed. This step-by-step fatigue assessment procedure
is divided into four different phases, and the participation of experts, non-destructive
methods, measurements and the analysis of the material are all assigned to different stages
of the assessment (Helmerich et al 2006). The proposed fatigue assessment procedure is
based on the general procedure developed by the Joint Committee for Structural Safety
(JCSS) (JCSS 2001) and consists of the following proposed phases (ECCS 2004):

1. Preliminary evaluation: Information from visual inspection, including, for example,
information from Bridge Management Systems (BMS) and own inspection on site.

2. Detailed investigation: Information on the structure and loadings are updated using
specific tools as refined calculation models or more realistic traffic loads.

3. Expert investigation: A refined static model is used for probabilistic evaluation and
fracture mechanics for establishing final decisions. Advanced NDT may be used in
cross sections specified with the updated model.

4. Remedial measures: A final report summarises the results of all working steps. All
remedial measures, possible from the technical point of view are proposed.

The proposed stepwise procedure (Figure 6.3) can assist in identifying the best strategy to
extend the lifetime and postpone investments in new bridges.
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Figure 6-3 Stepwise procedure for fatigue assessment (Helmerich et al. 2006)
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Table 6-3 Physical dimensions to measure and sensors used (Helmerich et al 2006)

Measurement task Preferred sensors Accuracy
Local strain distribution in cross sections Strain gauges 2u
with assumed high stress level or cross Mechanical strain measurement 0.5—1 u depending on type of fibre sensor
sections with changes, caused by damages, Fibre optical sensors (integral sensors and application
Fabry - Perot Sensors, Brag-grid sensors)
Actual static system System of strain gauges Dynamic
measurement system
Influence of temperatures Temperature sensor (resistance based) ~0.1°C (depending on the max. temperature
Thermocouples (Semiconductors) range)
Inclination Inclinometer Depending on chosen max. angle
(see producer, ~0.1%)
Displacements or settlement Potentiometer 0.1%, depending on displacement
Inductive measurement 0.1%, depending on displacement
Laser based system 0.3 mm + influence of measured distance
Hydrostatic levelling/force transducer ~0.1% depending on max. force
Dynamic characteristics: Acceleration Accelerators 0.05- 1% depending on force
Eigenfrequencies Strain transducer

The procedure, which enables practising engineers to find a most effective solution for the
further use of the bridge, clarifies whether a bridge is safe without any further measures or
needs to be reinforced or demolished. Table 6.3 provides an overview on physical
dimensions to measure and the sensors used.

In general, measurements are used to obtain information from the real structure in fatigue
relevant strain concentration regions with the minimum amount of sensors, e.g.:

9 strain distribution in high loaded cross sections,

T function of elements, as anchors or braking trusses,
9 evaluation of the actual zero axis,

I secondary stresses,

1 moments in fixed supports or restraint,

1 movement in bearings,

9 measurement of strains in theoretical zero elements,

1 local strain concentrations in connections assumed to be hinges/joints.

6.3.2 Probabilistic approaches

Another approach to providing fatigue assessment solutions for metallic railway bridges is
the use of probabilistic methods. This method allows uncertainties to be taken into account
and provides a framework for estimates of remaining lives to be assessed depending on the
required level of confidence and target reliability.

The most widely used method to carry out an initial fatigue assessment for a structure with
many fatigue susceptible details is, as described above, the S-N method which is based on
theS-N curve of the fatigue detail in quest.i
the specific case when a fatigue crack has been detected in a detail, the use of fracture
mechanics principles is preferred which allows explicit prediction of fatigue crack growth.
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A probabilistic approach for the fatigue assessment of riveted railway bridges was proposed
by Imam et al (2006), with a finite element model of a typical short-span riveted railway
bridge being the focus of investigation (Imam et al 2006). The approach consists of a 3 steps
methodology:

1. Global analysis of the bridge in order to identify the most fatigue-critical details,

2. Annual response spectra for a critical connection were developed under a historical
load model (represent past traffic) and the BS 5400 medium traffic,

3. The remaining fatigue life (through the probability of the fatigue failure) of the
connection was estimated for different target failure probabilities.

The strength of the approach stands on the randomised variables incorporated to capture the
loading uncertainties (for present and historical rail traffic) as well as the material and
modelling uncertainties (dealt with by literature and case studies). Riveted railway bridges
have shown less of a tendency for fatigue damage development over the years when
compared to their welded successors according to the work carried out using this proposed
approach. For the fatigue assessment, a historical load model was developed in
collaboration with Network Rail in order to represent train loading in the period from 1900
until 1970, whilst the BS 5400 medium traffic model (BS 5400 1980) was adopted for the
period from 1970 onwards (Imam et al 2006).

For the purposes of the probabilistic analyses, variability in terms of loading, resistance and
modelling were taken into account. The randomised variables used are listed below and
described in more detail (including their characteristics and values) in Table 6.4:

1 Loading 7 dynamic amplification of the statistically calculated stresses and the train
frequency,

1 Resistance i S-N curve and cumulative damage model,

1 Modelling i ratio between actual and calculated stresses.

Table 6-4 Variables taken into account for the probabilistic analyses (Imam et al 2006).

Variable Mean CoV Distribution
c 9.33x10" 0.30 Lognormal
m 4 - Deterministic
A 0.90 0.30 Lognormal
DAF 1.10 0.14 Normal
o 0.80 0.14 Normal
Hy From annual response spectrum 0.14 Lognormal

1 C: constant in S-N curve depending on material,
1 m:inverse of slope of S-N curve,
T o: damage | i mit,

1 DAF: dynamic amplification factor,

Public Copyright © MAINLINE Consortium Page 43



D2.2 Degradation and intervention modelling techniques MAINLINE SST.2011.5.2-6.
ML-D2.2-F-Degradation_and_intervention_modelling_techniques.docx 06/06/2013

 a:ratio of measured to calculated stresses,
1 ni: number of applied cycles,
1 CoV: coefficient of variation

In the proposed probabilistic approach, the failure probability, which is a function of time, is
calculated by Monte Carlo simulation using 10° samples. According to the approach, the
behaviour of the material at or below the fatigue limit plays a major part in high cycle fatigue
life estimation of railway bridges. The report concludes that fatigue damage in the last 30
years has been taking place at far higher annual rates than in the preceding 70 years, which
is depicted on the cumulative damage evolution of one of the most fatigue-critical bridge
connections investigated.

At a more general level, Liu and Frangopol considered parameter uncertainties in reliability-
based life-cycle maintenance cost optimization of deteriorating bridges (Liu and Frangopol
2004). A genetic algorithm (GA) based procedure is presented for optimal life-cycle
maintenance planning of deteriorating bridges while considering condition, safety, and
cumulative maintenance cost over the intended service life. A multi-linear computational
model is used to describe the deterioration process under no maintenance and under
maintenance interventions. Three parameters are used to depict the deteriorating
performance profile under no maintenance, i.e., initial performance index Py, time to damage
initiation T;, and a constant deterioration rate a, as shown in Figure 6.4.

A maintenance intervention has some effects on the deterioration profile of bridge
components; these effects can be characterized by a set of parameters including immediate
performance improvement c, time delay in deterioration Tg, reduction in deterioration rate d,
and duration of maintenance effect T,q. The effects, according to Liu and Frangopol (2004)
can be described as:

(a) instant improvement of performance index upon application,

(b) delay of performance deterioration upon application, and

(c) alleviation of performance deterioration, followed by complete loss of maintenance
functionality after a period of effective time.
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Figure 6-4 Multi-linear performance profile model under no maintenance and under (a) time-
based and (b) performance-based maintenance interventions (Liu and Frangopol 2004)

The optimal maintenance planning problem deals with cost-effective allocation of
maintenance efforts so that a preferred balance among condition, safety, and life-cycle
maintenance cost objectives can be obtained. The main objective is to obtain a set of
optimized trade-off maintenance solutions while:

1 minimizing the largest (i.e. worst) condition index during the service life,

1 maximizing the smallest (i.e. worst) safety index during the service life,

1 minimizing the present value of cumulative lifecycle maintenance cost;

9 subject to specific condition index and safety index values.
The proposed approach (Liu and Frangopol 2004) incorporates the visual inspection based
condition index, the structural assessment based safety index, and cumulative life-cycle
maintenance cost which are simultaneously considered in the optimisation process. The
conclusion that can be drawn from this study is that the effects of uncertainties in
deterioration processes as well as in maintenance interventions on evaluation of the

condition, safety, and life-cycle maintenance cost can be significant and therefore need to be
appropriately considered in the maintenance planning optimization. This approach could be
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