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Monitoring-based performance assessment
of rail-bridge interaction based on structural

reliability

For today’s railways, the continuous welded rail, which enhances
driving dynamics and comfort for passengers, is often the con-
struction method of choice. However, bridges and viaducts,
which can be seen as singularities in the railway substructure,
still pose a few unsolved problems; the bridge structure deforms
under the impacts of thermal variation, creep, shrinkage, train
passage and braking. The track-bridge interaction is an important
parameter in railway bridge design. Measurement campaigns
and research projects have been performed to investigate the in-
teraction process and learn how to predict longitudinal forces in
the rail and the concrete slab track. For the construction of long
bridges on high-speed railway lines, new computational tools,
monitoring systems and enhanced verification methods for toler-
able rail stresses on bridges had to be developed. In order to take
the modified stiffness conditions and recent findings on rail resis-
tance into account, the verification schemes and safety concepts
based on monitoring data have to be revised and performance-
based methods need to be developed. The target of this article is
to present monitoring- and reliability-based assessment methods
for the concrete structure-rail interaction using monitoring and
non-linear analysis techniques.

Keywords: monitoring systems, non-linear modelling techniques, reliability
assessment methods

1 Introduction

The track system in a railway infrastructure is a heavily
loaded multi-component system whose individual compo-
nents have to meet challenging demands while being sub-
jected to great stresses. This circumstance leads to the un-
avoidable requirement of optimum coordination between
the properties of the components. The components in the
overall system, which consists of track and substructure
with their planum and frost protection layers, are there-
fore constantly in a state of interaction. A continuous
welded rail (CWR) meets the requirements of a modern
railway infrastructure as far as possible. It facilitates pas-
senger comfort and ride stability while at the same time re-
ducing noise emissions. It also enables a very dynamic in-
crease in train speeds and mitigates the stresses on track,
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substructure and vehicles according to current needs, see
Fig. 1.

In the case of Austrian Federal Railways (OBB), the
manufacture of CWR as well as the welding of track
switches is regulated by [2]. This technical standard speci-
fies and describes — for ballasted tracks as well as slab
tracks - general requirements and specific characteristics
regarding sleeper spacing, sleeper type related to track
radii, gravel grain sizes, rigidity of the substructure, pres-
ence of engineering structures, neutral temperature of
rails, tensioning and relaxation of rails, etc. Railway
bridges are coupled to CWR via the ballast bed in the case
of ballasted tracks and via the rail fastening system in the
case of slab tracks. The longitudinal deformations in the
bridge support structure mobilize a so-called shear flow
between support structure and track panel and thus cause
movements of the rails. An essential parameter for quanti-
fying the effects of the interaction between rail and sub-
structure is the free expansion length of the bridge, de-
fined as the distance between the thermal reference point
and the flexible end point of the support structure. The
additional rail tensions occurring in continuously welded
tracks can be limited either by reducing the free extension
length or by fitting an expansion device as shown in Fig 2.

A further factor frequently addressed is to consider
the thermal expansion factor of the bridges as a variable,
which can be approached by probabilistic processes. Of
course, the thermal expansion coefficient is independent of
any circumstance or temperature variation, but it allows
short-term temperature variations to be described which
have a lesser effect than seasonal ones. A variable thermal
expansion factor approach implies that surface tempera-
ture differs from inside temperature of the structure, and
designers should not use the outside temperature varia-
tions when assessing rail stresses or deformations. This pa-
per pursues an equivalent effective expansion coefficient
approach in order to grasp the uncertainties of rail stresses
or deformations associated with the effective temperature.

It should be noted, however, that expansion devices
are dominant cost-increasing factors with respect to the
life cycle cost (LCC) considerations of railway infrastruc-
ture systems and should be avoided whenever possible.
Owing to this fact, extensive research activities associated
with CWR and expansion devices are ongoing. For in-
stance, the term “elastic reservoir” was introduced in [3]
which addresses the continuous work on non-linear track-

342 © 2015 Ernst & Sohn Verlag fiir Architektur und technische Wissenschaften GmbH & Co. KG, Berlin - Structural Concrete (2015), No. 3



A. Strauss/S. Karimi/F. Kopf/C. Capraru/K. Bergmeister - Monitoring-based performance assessment of rail-bridge interaction based on structural reliability

1
1
1
H
|

H
H{ I

LN S S s R R At R A N T =
0 O O O N 300
e | L Z 20
D } i R |
I £ 200
5 N N | a
9 10 4=+ - e iszausal i - X ot 150
2 T A R
S T I T O O
el T 91 o'r N T T T r &
Lo b A 50
1 i 1 i ] 1 ] i 1 1 1 1 i 1 1
0 et N P 0
O 0 0O 0O 0O 0O O O o0 0O 0 0O o0 o0 o0 o o o
o g N O~ 9 O O o N M g 1 O N 0 @
o0 0 0 0 0 0 O O O O O 0O B O g a O
et B e T = T = B S S B B B B B B B B B B B o)
YEAR
Fig. 1. Evolution of wheel set loads and speeds [1]
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Fig. 2. Track/structure system model

Fig. 3. Instabilities in track position, track deformations, track warping, construction and expansion

bridge interaction [4], [5] intensified by the use of the avail-
able capacity on the system. In particular, the elastic ca-
pacity is characterized by: the capacity provided by the
system to remain in an elastic condition due to actual
loading. More details can be found in [6]. These research
projects, among others, must be seen as very important
owing to the fact that the introduction of expansion de-
vices (see Fig. 2, right side) also leads to uneven vehicle
passage caused by discontinuities in the track and hence
has a bad effect on LCC optimization strategies while re-
fiucing the service life. This ultimately results in increases
In the frequency and, consequently, the cost of mainte-
Nance measures.

‘In view of the design method (structural system, type
and arrangement of bearings, etc.) and the attendant con-
struction costs, limiting the free extension length has great
Potential for cost leverage. The acceptable free extension
lengths are determined by code provisions and associated
Mechanical laws. For instance, EN 19912 [7], which is
based on recommendations by the International Union of
Railways UIC 774-3E 2, describes the laws of displace-
Ment resistance in tracks as a type of bilinear behaviour.
The actual resistance values are characterized for both

loaded and unloaded track as shown in Fig. 4a. The resis-
tance values depend, on the one hand, on both the track-
specific parameters and the track forms and, on the other,
are significantly influenced by railway operation charac-
teristics (magnitude and frequency of load, dynamic exci-
tation of bridge support structure, etc.), weather condi-
tions and the general maintenance conditions of the track
system. Reinforced concrete has been used for the vast
majority of bridge structures within the OBB Infra AG rail
network (see Fig. 4b - bridge structures within the OBB
Infrastruktur AG rail network).

Previous research, especially on the restriction of lon-
gitudinal stresses in CWR in order to ensure safety and sta-
bility (see Fig. 3a), is presented in [8], [9] and [10]. The cou-
pling interface, which couples the elements of bridge and
rail, plays an essential role; its presence enables the rail
and the bridge to interact. As mentioned previously, to pro-
vide a convenient computational effort, the codes, such as
EC-1 [7], present the non-linear stiffness law as the relation-
ship between resistance and displacement, described by bi-
linear functions. The aim is to evaluate the force equilibri-
um of the system in the transitional situation by means of
the change in the mechanical properties of the coupling in-
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Fig. 4. a) Law of displacement resistance, b) bridge structures in the existing grid of Austrian Federal Railways within OBB Infrastruktur AG

(source: OBB Infrastruktur AG)

terface between track and bridge deck. Although this effect
is a clear consequence of the stiffness law, the phenome-
non has not been mentioned in the codes to date. In this
context, the longitudinal force is caused by temperature
changes, bending, braking and accelerating. In accordance
with the codes [7], the system is treated separately for each
of the loads in a non-linear manner, and the total stress is
then determined by summing up the individual results lin-
early. Fig. 5 illustrates these non-linear effects for different
temperature load levels. ;

This procedure, however, is not in accordance with
the non-linear character of the system. The current
method - namely, treating the load combination as a lin-
ear sum — produces a larger stress value than would be the
case when treating it in a non-linear manner. In fact, it
leads to a result that lies on the safe side, and in some cas-
es it leads to the unwelcome requirement of having to in-
sert an expansion device at the free end of the bridge, as
shown in Fig. 2. The aim of this article is to present moni-
toring- and reliability-based assessment methods, consid-
ering the non-linear character of the system, in order to de-
scribe and verify longitudinal rail stresses. This is essential
for the safety and stability of the concrete bridge-rail track
interaction. In particular, the objectives of this research
have been to use observations from monitoring systems
and laboratory studies of the longitudinal and shear resis-
tance of the rail structure interaction for the calibration of

non-linear finite element models and, consequently, the
verification of the rail stresses caused by temperature
changes in the rail and the structure.

2 Available stress capacity resistance

In general, additional stresses in CWR on a bridge should

not exceed the admissible stress capacity as defined in

DIN-Fb 101 [11] as follows:

- Tension stress threshold 64550, = 112 N/mm? if bending
is considered as load case.

- Tension stress threshold 65i0,, = 92 N/mm? if bending
is neglected.

- Compression threshold for a buckling ballasted track
Ocompression = 72 N/mm?.

- Compression threshold for a slab track Geompression =
92 N/mm?.

The admissible stresses above are based on the total avail-
able rail stress 6,44, = 470 N/mm? having to be reduced by:
- Residual stress due to production 6 = 80 N/mm?.

- Bending tensile stress due to wheel load oy =
158 N/mm?. )

- Stress resulting from a temperature change in the rail
or=E - o - AT = 120 N/mm? assuming an elasticity
modulus E = 2.1 - 105 N/mm?, a temperature difference
AT =50 K and thermal coefficient oy = 1.15 - 10-5.
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Fig. 5. Rail and bridge condition profiles for different structure temperatures of the L110 bridge. (See Fig. 6 for structural scheme and description of monitor-

ing system.)
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Reducing the safe rail stress o4,y yields an admissible mar-
gin for the increase in rail stress due to the track-bridge in-
teraction Grension = (470 — 80 — 158 - 120) = 112 N/mm?2.
In accordance with EC-1 [7] as well as DIN-Fb101
[11] and UIC774 [12], the use of expansion devices should
pe considered where additional stresses resulting from
traclk-bridge interaction are larger than the permissible
values. DIN-Fb101 [11] uses the classical safety concept
where the safety is determined by a global safety factor:

R
Seafe =" 1)

Both available strength Sy, and resistance R are deter-
ministic. This classical deterministic safety concept is still
used today. A more modern safety concept is already ap-
plied in structural steel design, e.g. DIN 18800 [13]:

Fd:Fc'YF (2)

In the authors’ research, the reliability- or performance-
based assessment approach has been applied in order to
incorporate the essential information from the monitoring
systems. In addition, with respect to safety against exceed-
ing predefined rail stress thresholds, an elastic reservoir or
capacity approach should also be considered.

3 Reliability assessment using monitoring information

MAGTIT, the “monitoring-based analysis of track structures
interaction” research project, commissioned monitoring
campaigns on three bridges for recording the rail structure
interaction. This section provides an overview of the relia-
bility approach that has been used to assess the monitor-
ing results and the following section presents the monitor-
ing results and monitoring systems of the bridge
investigated - over the L110 road. The following reliabili-
ty-based methods served as a basis for the assessment of
the aforementioned advanced monitoring concepts and
their results. In general, two basic methods, FORM and
SORM, are used to estimate the structural reliability. It
was verified that the reliability analysis of FORM for lin-
ear and sometimes non-linear conditions provides an ex-
cellent approximation. The design of any structure re-
quires that its resistance R is greater than the load effect Q
[14]. The reliability index is defined as

B = (ur - nq)/ (0% + 6%Q) 1/ (3)

where g and g are the mean resistance and mean load
effect respectively, and o and o, the standard deviations
of the resistance and the load effect respectively. If the re-
sistance R and the load effect Q are normally distributed,
the probability of failure can be determined as

Py =a(-p) @)

where ® is the standard normal probability function. The
calculation of the reliability index B is a constrained opti-
mization problem of finding the nearest point on the limit
state surface in the standard normal space [15]. Using this
Optimization process, RELSYS [16] computes the reliabili-

ty index and the associated probability of failure for non-
deterministic systems under random loads.

4 Reliahility method applied to sensor readings
according to Frangopol et al., [14]

The monitoring of any structure requires that its resis-
tance R is greater than the monitored load effect M (e.g.
rail stresses or structural movements). This requirement
(i.e. R > M), assuming normal distributions for R and M,
can be expressed as

gX)=R-M>0 )
The reliability index is given as

B = (g — Um)/(02R + 62172 (6)

where ug and p,, are the mean resistance and mean mon-
itored load effect respectively, and 6z and o;, the standard
deviations of the resistance and the monitored load effect
respectively. This concept is actually only valid when as-
suming normal distributions for R and M. Since the
recorded sensor data can be positive or negative, it is more
reasonable to calculate the associated reliability index for
each sensor i:

Bi = (Ur - tas)/ (0%R + 6%py) 12 (7)

where W5 is the mean monitored load effect associated
with sensor i and 6,;; the standard deviation of the moni-
tored load effect associated with sensor i. The mean mon-
itored load effect w,;; could be considered as the mean of
the recorded maximum or the maximum value during the
duration of the entire monitoring process [17], [18]. How-
ever, the time duration of the monitoring should be limit-
ed to avoid the effect of time-dependent degradation ef-
fects. In this study the maximum load effect during the
entire monitoring process is considered as a random vari-
able characterized by the mean p°y; and the standard de-
viation:

0°mi = WM - OR/MUR (8)

which yields the reliability index:

B = (g — Mpi)/{or [1+ (Whi/uR)?1M?} ©)

As can be seen in Eq. (9), the CoV of R and M are consid-
ered equal. This is a very important and crucial/crude as-
sumption. It can be assumed to be a conservative assump-
tion and therefore it is acceptable in a first approach for
the proposed reliability-based framework. In addition to
the uncertainties in the material and loading, the uncer-
tainties associated with the sensors eg (%) should be in-
cluded in the reliability index by using the factor

fo=1+e (10)
as follows:
B%e= (MR — Wi - fo)/{oR [1+ (Wmi/ur)?]) (11)
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In the following studies, a sensor accuracy of 1.04 has
been assumed.

5 L1110 bridge case study

The L110 bridge is part of a new Austrian railway line con-
necting St. Polten to Vienna. The bridge has a reinforced
concrete structure with three spans (19.0 - 22.0 - 19.0 m,
see Fig. 6). The eastern pier of the bridge serves as a longi-
tudinally fixed bearing. Both the piers and the abutments
are founded on bored piles (d = 120 cm).

The bridge was designed in prestressed concrete with
a rectangular shape (as depicted in Fig. 6). In order to be
able to drain surface water, the top surface of the bridge
cross-section has 2.5 % falls from the centre of the bridge
to the outer edges. There are two load-distribution plates
on the bridge structure, fixed on the sides of the abut-
ments by two square “dowels” (shear connections) that are
intended to constrain the plates’ longitudinal displace-
ment (relative to the bridge structure).

The track supporting layers (OBB-Porr system) rest
on those load-distribution plates. Each of the track sup-
porting layers is provided with eight supporting plates for
the rail section. The rail fastening over the entire bridge
consists of Vossloh clamps. At the transitions between the
bridge and the abutments, attention has been paid to the
longitudinal displacements of the bridge. As the eastern
pier constitutes a fixed support for the bridge in the longi-
tudinal direction, only the effect of a 19 m span could be
observed on the eastern abutment, whereas on the western
abutment it was possible to observe the effect of a 41 m
longitudinal span. The metrological instrumentation fo-
cused on track 7 (since track 9 was built at a later date) at
the joint between the bridge and the western abutment.
The CWR sections span this transition region and the ef-

fect of the relative movement of the bridge in this zone oy
the rail has been reduced by the fastenings and partly by
the sliding of the rail on the fastenings.

The rails are welded in sections positioned on the
abutments and they are elastically supported through the
track supporting layer by the non-ballasted track. Thus
the rails, through their fastening system, connect the
bridge to the abutment in the longitudinal direction. The
rail fasteners on the bridge have a defined, reduced yield-
ing resistance. Therefore, the force-displacement behay-
iour of this interaction was mainly monitored.

6 Description of measuring system

The measurement sections are in the western abutment re-
gion where the relative movement occurs between the
bridge superstructure and the abutment. In these sections
the slip of the rail was measured as the differential longi-
tudinal displacement between the lower flange (or foot) of
the rail and the slab track. Furthermore, the rail strains
were measured by means of inductive strain gauges. These
measurement sections were located relatively close to the
west abutment, and the distance intervals were chosen to
increase with increasing distance from the abutment (as
depicted in Fig. 7). In order to compensate for systematic
errors, a tensionless “dummy” rail section was additionally
instrumented. The temperature of the rail, the track sup-
porting layer and the supporting structure were measured
in preset sections. The air temperature was also recorded.
Longitudinal motion of the bridge was recorded on the ba-
sis of signals from transducers that were mounted between
the structure and the abutments (or piers). In the western
span, the vertical accelerations of the supporting structure
were recorded at one point. Two track slab layers were
equipped with strain sensors during the concrete precast-

L110 Monitoring: Track-Bridge interaction

61,27m
41,01m

K Direction
Embankment with piles
non-ball slab track
Stierschweiffeld Tunnel

LEGEND:
© Temperature sensors bored 5¢cm into the supporting structure

ienna (East)

Direction St
Abutment n
Footbridge to t

Bl
L

.Polten (West) &
n-ballasted trac
e ballasted trac|

@ Relative displacements in the longitudinal direction supporting structure <> abutment
@ Relative displacements in the longitudinal direction of the non-ballasted track
Vertical acceleration sensor

Rail temperature sensors (northern side)

Relative displacements in the longitudinal direction rail <> non-ballasted track
Longitudinal strain of the rail (strain gauge)

Longitudinal strain of the rail (temporary strain gauge)

Air temperature measurement device

< Concrete strain gauge (Porr-plate)

E

neofemm

Tack 7, direction St.Polten B
(southern track, monitoring track)

B Track 9, direction Vienna
(northern track, erected at a later time)

Fig. 6. Structural scheme of L110 bridge and description of monitoring system
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Acceleratipn
measuring

ddge long

Fig. 7. Example of measurement devices for monitoring the L110 bridge

ing and afterwards installed on the bridge. Some photos
of the measuring devices used for monitoring the L110
bridge are depicted in Fig. 7.

1 A brief look at the measurements

Fig. 8 is a schematic presentation of how the temperature
influences the behaviour of the bridge and the rail. As
there is quite a large difference between the stiffnesses of
the two, the behaviour of the bridge dominates the inter-
action. At positive temperature variations, the structure of
the bridge elongates, thus recording positive displace-
ments (elongation). At the same time, compression stress-
es develop in the rail due to the fact that it is continuously
welded. Thus, the rail fastenings are subjected to the shear
deformations caused by the relative longitudinal deforma-
tions between the bridge structure and the rails.

As presented in previous sections of the current paper,
the fasteners are considered to possess a bilinear constitu-
tive behaviour. Thus, as long as their behaviour remains
within the elastic domain, it will be strongly influenced by
the movement induced by the bridge structure.

3 Relative displacement between bridge and abutment

For instance, Fig. 9 presents the distribution of the relative
displacement between the bridge and the abutment in

Rail slipping

N - Rail

s < +§/ < //-
Z ’ > 7 \ l/ / /j \/ /' ............ ;1 glabTraCk
B‘;i;-ge ) K ; ) +0 ‘
Contraction e Abutment '
] 1

Fig. 8. Temperature influence on bridge and rail behaviour

comparison to the structure temperature (measured by a
sensor that was drilled 5 cm into the bridge structure). In
order to handle and process the data better, it is necessary
to transfer the data from the time to the frequency do-
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Fig. 10. Coefficient of thermal expansion for bridge structure

main. Furthermore, by dividing the relative displacement
by the bridge span and relating it to the temperature it is
possible to obtain the coefficient of thermal expansion oy
for the bridge structure. This is plotted in the frequency
domain in Fig. 10 showing that, for the long term, the mea-
sured coefficient of thermal expansion tends to its theoret-
ical value of 1.2 x 1075 °C-1, In the same picture it can be
seen that, for the short-term behaviour (i.e. daily period),
the coefficient of thermal expansion equals only 10-15 %
of the long-term value. This can be explained by the envi-
ronmental disturbances (caused, for example, by the traffic
on road L110, the working conditions on the bridge etc.)
and not by the temperature variations.

9  Rail forces induced by temperature variation

The axial force differences are plotted against the rail tem-
perature in Fig. 11. From this diagram it is easy to see that
the axial forces decrease in the rail as the temperature in-
creases. It should be mentioned that the sign convention
adopted is: plus (+) for compression (while the rail is con-
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tracting) and minus (-) for tension (while the rail is dilat-
ing).

It is easy to see the different behaviour of the rail be-
fore and after it was welded and fixed to the slab track: the
gradient of the axial force variation with temperature is
larger after welding (due to additional restraints) than be-
fore welding the rails. This is highlighted in Fig. 11 togeth-
er with the hypothetical case in which the rail on the
bridge would have been welded to the rail on the abut-
ment and fixed to the slab track from the beginning.
Fig. 12 better highlights the behaviour of the rail at the
moment of its constraint through an “instantaneous” re-
duction in the relative displacements between the rail and
the slab track.

10 Relative displacements between rail and slab track

By plotting the graph of the relative displacements be-
tween the rail and the slab track versus the temperature of
the rail (see Fig. 13), it is possible to obtain the influence
of the latter on the behaviour of the fastenings. The curves
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Fig. 12. Relative displacements between rail and slab track, recording the moment of welding the rail on the bridge to the rail on the abutment

plotted in Fig. 13 show the sensors recording the relative
displacement between the rail and the slab track in the
proximity of the joint between the bridge and the abut-
ment on the western side (they are able to represent the
relative opening of the joint between the bridge and the
western abutment). The sensors represented in Fig. 13
were positioned on both sides of the joint (blue curve = on
bridge, red curve = on abutment), also highlighting the in-
fluence of the latter on the relative displacement between
the rail and the slab track. Both sensors exhibit a hys-
teretic behaviour, dependent on the temperature, with dif-
ferent amplitudes of the cycles (the relative displacement
doubles for positive temperatures of the rail, e.g. A1/2A1
in Fig. 13).

The dashed lines in Fig. 13 represent the regression
lines of the two curves. They are meant to help establish
the ratios of the relative displacements along the bridge re-
lated to the opening of the joint between the bridge and
the abutment (computed as the difference between the dis-
placements recorded on both sides of the joint). The re-
gressions were computed for all the sensors depicted by
Fig. 7 and they are presented in Fig. 14.

Based on their stiffness, the bridge and the abutment
exhibit different relative displacements and this fact is
clearly emphasized by Fig. 14 and Fig. 15. It can be seen
that in the proximity of the joint between the bridge and
the abutment, the recorded relative displacements are split
40/60 %. Away from the western abutment, the influence
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Fig. 13. Relative displacements versus rail temperature for the sensor in the proximity of the western abutment
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of the bridge on the relative displacements deceases and
vanishes altogether about 25 m from the joint. This indi-
cates that the shorter span of the bridge (the 19 m span be-
tween the eastern abutment and the pier where the bridge
has a fixed support) is stiffer and thus also influences the
relative displacements beyond the pier, leading to a zero
relative displacement in the measurement section at 25 m
from the western abutment (as depicted by Fig. 15).

11 Reliability assessment based on monitoring
measurements

The structural safety requirements imposed on CWR need
to be clearly defined as they can have a major influence on
the extent of interventions. The monitoring of action ef-
fects on the bridge and on the rails discussed above re-
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duces uncertainties and helps to understand the complex
rail-structure interaction system. Yet, some safety margin
needs to be respected, either by considering a partial safe-
ty factor or by some criterion of target level of acceptable
values or thresholds as used in this study. For a realistic re-
construction of rail stresses in the critical locations above
the bridge abutments, the multi-level monitoring strategy
for the L110 bridge presented above has been coupled
with a non-linear modelling approach [21]. There was the
observation of a) the bridge longitudinal movement u,
and the temperature fields in the bridge structure (which
allowed the determination of the thermal temperature co-
efficient for short- and long-term temperature processes,
as shown in Fig. 16) and b) the rail strains or stresses due
to a rail stress L ~ 122 N/mm? for T ~ -15°C and L ~
265 N/mm? for T ~ 50 °C, as shown in Fig. 17.
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The observations from the monitoring systems and
the laboratory studies of the longitudinal and shear resis-
tance of the rail-structure interaction served for the cali-
bration of the non-linear finite element models and mod-

elling of the coupled system. The aim of the modelling was
to verify the rail stresses caused by temperature changes
in the rail and the structure. Fig. 18 portrays the bridge ex-
pansion u, with respect to temperature changes in the
structure, where short- and longterm temperature
processes have been differentiated by considering the vari-
ability in the thermal temperature coefficient (according
to Fig. 16).

The non-linear modelling allows, on the one hand,
the monitored strains or stresses to be verified and, on the
other, the verification of the longitudinal and shear stiff-
ness of the complex rail-structure interaction model. For
instance, Fig. 19a presents the rail stress distribution ob-
tained from the complex non-linear finite element model.
These distributions are verified with the monitoring sys-
tems sketched previously for selected monitored tempera-
ture loading processes.

From these curves it is possible to verify the effects
of structural movements on the rail stresses, especially the
uneven distributions over the supports originating from
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the structural movements, as can be seen in Fig. 19b.
These uneven stresses distributions can be described as a
function of the bridge and rail temperature processes as
shown in Fig. 19a for the L110 bridge. Eq. (12) represents
the corresponding parabolic function and associated coef-
ficients, which has been adjusted by the least squares
method to the rail stress peaks Ac above the abutment ex-
tracted from the non-linear finite element analysis. These
steps and elements are essential for the following reliabili-
ty assessment of the acceptable rail stresses.

O0=0p+a; ATtrag +as ATtmgz —asz ATtmg 3+ bl ATmil o
b2 ATmil2 + b3 ATmil3

where 64 = 2.32382, a; = -0.667091, a, = 0.0578125,
az =0.00134827, by = 2.54474, b, = 0.244579,
b3 =0.0252026 (12)

The functional dependence between rail stresses and the
rail and structure temperatures together with the associat-
ed short- and long-term thermal coefficients discussed pre-
viously results in the rail stresses as illustrated in Fig. 20.
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For instance, a short-term temperature process of 15 °C in
the L110 bridge causes a rail stress of 60 MPa, and a long-
term process results in 20 MPa. In addition, uncertainties
in the functional interrelation (see Eq. (12)) are captured
by a coefficient of variation CoV = 0.09, which was derived
from the monitoring systems used and mnon-linear finite
analyses.

12 Reliahility assessment for the rail stresses

The sensor readings of the monitoring systems, the non-
linear analyses results and the functional relations be-
tween structure and rails derived are used to determine
the stress states and, consequently, the reliability level
for the structural rails monitored. For the reliability as-
sessment, the rail stresses op are multiplied by a factor
0 = 1.08 according to [19]. The predefined stress thresh-
olds in DIN-Fb 101 [11] for CWR on bridges are used:
Otension = 112 N/mm?2 and 6gompression = 72/92 N/mm?.
The standard deviation of the stresses o(op ) is derived
assuming that the coefficient of variation (CoV = 0.074) is
equal to that of the yield strength [20]. The maximum ran-
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dom stresses due to temperature-associated track-bridge and the standard deviation as

interaction (LC1), expressed by the probabilistic indica-

tors Wi rct, O mircl, and the maximum random stresses  6°yi1) = [(6°wmic1)? + (6°mi,L.c2) 2 (14)
due to structural bending effects (LC2), expressed by the

probabilistic indicators p°y; 1.2, 6°yiLc2, are always con-  Considering the same coefficient of variation (CoV = v =
sidered in the following reliability assessment. It is essen-  og/ug = 0.074) for the maximum stresses associated with
tial to consider the bending of the bridge, since bending all load cases yields

generates a vertical deflection and a rotation of the struc-

ture next to the abutments and, consequently, additional  6°y1) = v [(Whi Lc1)? + (Wwmi Lc2)?1M? (15)
stresses in the rails. For the reliability assessment of the

rail members monitored above the abutment, the mean and therefore

values of the maximum random stresses resulting from the

combination of load cases LC1 and LC2 have to be com- GOMZ‘(J) = GOMZ',LCI [1 + (MoMi’ch/},LoMi’LCl)z]l/z (16)
puted as
As mentioned previously, the crucial/crude assumption of
Wmic1) = Wmirct + MWmiLc2 (13) an equal COV can be assumed as conservative and ac-
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Fig. 21. Monitoring- and NL analyses-based reliability index B plotted with respect to the acceptable stress threshold of 72 MPa for
O Tmean= 8.0 - 1078 1/C with a frequency fy = 0.3 per year, 0.7pean = 2.2 - 1078 1/C with ;=30 per year, o.7pean=1.0 - 1076 1/C, with =80 per year,
and Otyypean = 0.8 - 1078 1/C with £y =115 per year; dashed lines represent 3 with respect to the 5 and 95 % quantiles of the associated thresholds
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ceptable for a first approach. Finally, the reliability index
B°e,y of a sensor i (y indicates the threshold for the rail
stresses) can be calculated using Eq. (17) as follows:

B%iey = (LR — Wpicr)fs)/[0%R + (6°ic1))*1V? (17)

The consideration of a sensor error e; = 4 % will result in
an approx. 6 % reduction in 8%, .

Including the mean values of the maximum random
stresses of load tests (load case LC3, such as effects of lo-
cal axle loads next to the cross sections investigated, ex-
pressed by the probabilistic indicators u°yrcs and
c°miLc3) in the reliability assessment requires the mean
values of the maximum random stresses associated with
LC1, LC2 and LC3 to be combined as follows:

HoMi(z) =Whyirct + Wmirce + M°Mi,Lc3 (18)

and the computation of the standard deviation:

6°mi =0 mircr [1+ Wi Lco/ M°Mi,Lc1)2 +
(M°ni Les/Momi L)) 2 (19)

Fig. 21 shows the variation in the reliability index %, for
the monitored and numerical rail stresses above the abut-
ment on the basis of Egs. (18) and (19). These observa-
tions were made with respect to the different thermal ex-
pansion coefficients for short- and long-term effects, as
already discussed for u,,.

As can be seen from the graphs, there is a critical de-
velopment of B°%,, (e.g. < 5) for the L110 bridge for a tem-
perature difference > 19 °C for long-term and > 14.5 °C for
short-term temperature processes with respect to the
threshold g compression = 72792 N/mm? (CoV = 0.074).
These considerations concerning the variable thermal ex-
pansion coefficients can be mapped to a generalized con-
cept, e.g. based on geometrical quantities such as longitu-
dinal displacements.

13 Conclusions

This paper presents an approach for using monitoring da-
ta for the reliability assessment of structural systems with
respect to track-bridge interaction and rail stress limit
states. The proposed approach was used in conjunction
with the L110 bridge, a structure located in Lower Austria
and monitored by FCP Consult Austria. This investigation
allows the following conclusions to be drawn:

1. The approach proposed allowed the probabilistic as-
sessment of the track-bridge interaction and rail stress
performance of the L110 bridge at different points in
time based on real data. The reliability assessment of
the rail-ridge interaction showed that according to the
assumptions and thresholds described, the reliability of
rail stresses not exceeding the given thresholds is given
by far.

2. The non-linear finite element analyses and the moni-
toring of the rails running over the whole bridge also re-
vealed that the rail sections above the abutment are the
elements with the lowest reliability.

3. For long-term temperature processes involving a 15°
temperature rise acting on the L110 bridge (40 m free
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extension length), a stress increase of max. 70 MPa oc-
curs, and 30 MPa for short-term processes, which is sig-
nificantly lower than in code specifications.

4. The monitoring systerhs allowed the unambiguous
identification of the coefficient of thermal expansion of
the concrete bridge a) for long-term and b) for short-
term temperature processes. It should be noted that the
thermal expansion coefficient is independent of any
circumstance or temperature variation. A variable ther-
mal expansion factor approach implies that surface
temperature differs from internal temperature. In this
article, an equivalent effective expansion coefficient ap-
proach is pursued in order to grasp the uncertainties of
rail stresses or deformations associated with the expan-
sion-relevant structure temperature.

5. The monitoring system also allowed the characteriza-
tion of the active zones of the movement of the rails in
the abutment regions and their non-linear rapid decay

6. A reliability-based non-linear finite element analysis
combined with the multi-level monitoring systems
revealed the non-linear character of the system and pre-
sented a lower stress distribution along the rails com-
pared with the code specifications. There is a require-
ment to continue with the research, aiming to improve
codes and obtain less conservative rules.

7. From the preceding analytical and monitoring-based
considerations it can be deduced that the rail stress
restrictions are not exceeded greatly by bridges with
a free extension length of 40 m like the L110 bridge.
Free expansion lengths of up to 80 m could be quite
feasible, taking into account probability-based ap-
proaches.

8. New monitoring- and non-linear finite element-based
engineering methods and technologies have been suc-
cessfully applied to full-scale structures and their effec-
tiveness - also in view of more sustainable concrete
structures — has been demonstrated.

9. As the methods demonstrated in this research provide
support for avoiding the use of expansion devices and,
consequently, LCC issues, they ensure cost-savings in
maintenance measures. The findings can also be used
in a revision process for the current standard specifica-
tions.
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