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ARTICLE INFO ABSTRACT

Keywords: Local stress concentrations in some specific geometric details often play an essential role in time-dependent
Surrogate model damage propagation. However, measured strain or stress data are generally available in locations that are not
Monitoring the most critical ones. Proper numerical models are thus required to aid the damage severity assessment. In
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this paper, a surrogate model procedure based on the local response function method is proposed to accurately
predict stress time histories in particular regions of bridges through a multiscale numerical analysis. The
methodology is calibrated on the basis of direct strain measurements on a railway bridge in Vanersborg,
Sweden. The bridge is currently monitored with a set of strain gauges, accelerometers, and an inclinometer
allowing the investigation of its in-service conditions during the train passages and the lifting of the bascule
truss. The results show the reliability of the method for stress prediction in specific regions of the bridge
without the availability of directly measured data together with more detailed knowledge about the stress
histories that could lead to fatigue or corrosion damage.

1. Introduction

A huge number of steel infrastructures were built during the 20th
century due to the rapid development of the transport system. Nowa-
days, the average in-service life of those bridges is about 100 years.
Consequently, many of these structures show some damage or weakness
signals due to time-dependent phenomena (i.e. fatigue, corrosion).
Moreover, due to increasing traffic demands, these structures are sub-
jected to load volumes and frequencies higher than those for which
they were originally designed. Therefore, an enhanced assessment of
their actual in-service behaviour is required. Using sensors to measure
strain has been proven beneficial to estimate better the in-service load
effect as well as to reduce their uncertainties [1-4]. However, measured
strain or stress data are generally available in specific locations that
are not the most critical ones. Indeed, sensors are commonly placed in
positions away from areas affected by geometric stress concentrations.
Proper regression models are thus required to aid the stress distribution
investigation. Local stress concentrations in specific geometric details
often play an essential role in time-dependent damage propagation [4].

Recently, enhancements in stress histories computation have been
made through model/experimental-based procedures in the context of
fatigue damage computation.

Leander [5] compared the uses of theoretical influence lines and
an artificial neural network (ANN) method to predict the stress time
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history response from train passages, the trained networks were used to
predict the response at different bridge parts starting from the response
measured with sensors as input. Results showed that, as long as the
input variables are similar in terms of time variance, accurate stress
time history predictions can be reached with artificial neural networks.
Other artificial neural network applications can be found in [6] by the
use of dynamic load test data for predicting the static behaviour of the
bridge. Further studies related to the influence lines methods for the
prediction of stress time-history can be found in [7,8].

Horas et al. [9-11] studied crack initiation with the modal superpo-
sition technique with an application to the Varzeas Bridge case study.
In those cases, after defining the modal quantities for bridge modes, the
modal coordinates’ time histories are calculated. Stresses and strains are
thus derived by superimposing a limited number of vibration modes.
Moreover, the modal superposition technique was also used by Albu-
querque et al. [12,13] for the stress intensity factors computation of a
propagating crack. In these studies, a multi-scale procedure is used in
which the modal displacement fields of a global model are exported as
the submodel nodes’ boundary conditions [9-11,14].

Nabuco et al. [15,16] derived the stress history for the fatigue anal-
ysis of an offshore tripod jacket platform using the modal expansion
techniques. Investigations have been carried out on scale models as
well as a full scale one, by considering the operational loads as well
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as random vibrations. Tarpg et al. [17] compared the modal expansion
techniques by using expanded experimental mode shapes and finite
element mode shapes.

Tchemodanova et al. [18,19] applied the Kalman filtering for model
and data fusion combined with a sub-structuring approach for the strain
time history estimation at not-instrumented locations. In particular,
in [18], strain estimates generated via Modal Expansion are enhanced
into an augmented Kalman Filter (AKF) as virtual measurements. The
investigations are applied to the detail of a rollercoaster connection
subjected to operational multiaxial non-proportional loading. Other
uses of the Kalman Filter for stress estimation can be found in [20-22],
and for Modal expansion [23,24].

Generally, the main difficulties encountered by these complex ap-
proaches are related to their application when the problem is affected
by high-level uncertainty (i.e. complex geometric features or loading
conditions affecting the systems). This paper thus proposes a fast-
running method that can accurately predict experimental stress time
histories at locations distant from those monitored, without the need
for knowledge of the actual loading conditions such as axle loads and
distances.

In this paper, a surrogate model-based procedure based on the
response function method is presented. This procedure combines mul-
tiscale numerical models with experimental strains from monitored
locations to predict the stress range in different bridge parts under
in-service loading conditions. The procedure takes into account load
sequence and interaction, which are often ignored [25,26] and are key
factors in determining time-dependent damage, such as that caused by
fatigue or corrosion fatigue. This paper implemented a methodology
for fatigue damage evaluation using the rain flow counting method
to calculate stress range spectra for the application of the S-N curve
method (stress range versus number of cycles to failure for the linear
accumulation of fatigue damage) [27-29]. Additionally, the approach
has been used to investigate the stress caused by a specific detail
characterized by corrosion phenomena, with the aim of analysing its
theoretical stress sensitivity to damage severity.

The methodology is calibrated based on direct strain measurements
on a railway bridge in Vénersborg, Sweden. The bridge, inaugurated
in 1914, is an openable bascule bridge constructed by riveted steel
members. The bridge is currently monitored with a set of strain gauges,
accelerometers, and an inclinometer allowing the investigation of its
in-service conditions during the train passages and the lifting of the
bascule truss. The results obtained in terms of the stress histories
demonstrate the capability of this method in identifying damage fea-
tures in locations remote from the monitored locations and predicting
the reliable range and number of stress cycles for fatigue damage as-
sessment. This can be beneficial for bridge monitoring and management
operations.

2. Stress computation methodology: local response function ap-
proach

The response function method consists in approximating a complex
implicit relationship between a response and controllable variables
using a polynomial formulation. This procedure is generally used in
structural optimization [30-33] and reliability analysis [34-36]. In
this paper, the methodology is used to derive the correlation between
local principal stress time histories at different locations. The main
methodology for the local response function application is depicted
in Fig. 1 and consists in fitting the local sampled stress data by a
least-square regression technique. This research procedure employs a
multiscale numerical analysis approach wherein a global model is used
to evaluate the overall numerical displacements of the bridge when
exposed to railway loadings, and refined local models are employed
to provide a more detailed analysis of stress concentration effects and
the primary stress distribution. The global displacements at the beam
nodes (DOFs) are then exported to local models and used as boundary
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conditions (BCs) in the master nodes of the refined solid formulation to
investigate the stress time histories and their associated response func-
tions. Assuming that the numerical models are accurate and consistent
with direct measurements, the approximated response function can be
employed to estimate the experimental response function at locations
that are not being monitored, as illustrated in Fig. 1.

According to the response function method, a general system re-

sponse & depends on the controllable input variables o¢},0,,..0;, as:

6(x)=f (0'1,62,..0'k) +e 1

where f is the form of response function approximating a complex
implicit relationship between a response and controllable variables, and
e is the variability error not accounted for in f [30]. In particular, given
two local stress components ¢, and o, located in two different loca-
tions of the bridge, if an experimental correlation between these two
quantities can be identified, it is possible to express their correlation f
through proper approximated polynomials envelope of grade n. Thus,
the stress o, at each jth time step can be expressed:

2 3
01; (09;) = Bo + B10yj + P202;” + P305,° + -+ + B0, 2

with gy, By, B>, B3, ..B, that are the m = (n+ 1) unknown coefficients
to be determined. In this work, a third-order cubic expression of the
response function is used as illustrated in Appendix for the stress
history prediction. Let § be the column vector containing the unknown
coefficients for each jth response parameter. The least-square estimator
of f can be written as [37,38]:

f=@U"0) 'Uqy, 3)

where U is a N X m matrix collecting parameters for each jth time
step in the cubic form in the training population and N is the total
number of considered jth time steps in the stress time variant spectrum.
U matrix can be expressed as:

1oy (o) (o)

(‘72N)2 (‘721\1)3
The approximated response o; at any untried o,; can be finally com-
puted with Eq. (2). Provided that the numerical models are reliable
and show agreement with direct measurements at the same locations
S).S,, the approximated response function f (such that S}; = f (.5,;))
would approximate the exact relationship between the actual measured
parameters. The estimated approximation of S, is then expressed:

(”gj)n

(f’zN)n

U= 4

1 ooy

S1(85) =1 (5,) +e (5)

where ¢ is the random error which is commonly assumed to be nor-
mally distributed with zero mean and variance ¢2. The error at each
observation is considered to be independent and identically distributed.
More in general, the methodology allows the estimation of the stress
history at specific locations S;, giving the experimental output at
another location, considering the least square estimator computed with
an advanced numerical model of the structure, providing a higher
numerical correlation between the two parameters.

3. The Véanersborg bridge
3.1. The bridge geometry and main characteristics

The bridge was built by the J. Gollnow & Sohn Company between
1914-1916 over Trollhdtte Kanal in Vanersborg, in the southwest of
Sweden. The bridge has the design of a heel trunnion bascule, some-
times called a Strauss bascule, with a movable leaf made as a riveted
truss and a concrete counterweight. The bridge geometry is shown in
Fig. 2. The bridge has an overall length of about 68 m with a truss main
span length and height equal to 42 m and 7.6 m, respectively.
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Fig. 2. Vénersborg bridge geometry, plan view and longitudinal view.
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Fig. 3. Monitoring layout for the Vanersborg bridge.
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Fig. 4. Strain gauges detailed locations.

(a) Inclinometer placed at bridge support.

(b) Strain gauges placed at bottom flanges of

the main crossbeams.

Fig. 5. Experimental placement of sensors.

The single-leaf trunnions, allowing the bascule span’s lifting, are
connected to a fixed support by thick steel plates anchored to a concrete
pier. The bridge is simply supported on the other side. The bridge’s
lower deck is composed of steel members built up by riveted plates and
L profiles. The lower chords of the truss have box-like sections, while
crossbeams and stringers have I sections. Diagonal horizontal bracings
are placed between the chords and the stringer beams. The verticals
and diagonals in the truss have built-up I sections. The upper chords

have box sections laterally braced by transversal trusses consisting of L
profiles, as shown in Fig. 2.

3.2. Experimental campaign

The bridge is monitored to assess its actual bearing capacity and
its in-service internal stresses. The instrumentation of the bridge in-
volves 16 uniaxial strain gauges, 5 uniaxial accelerometers, and an
inclinometer to control the lifting of the bascule truss, as illustrated in
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Fig. 8. Microstrain measurements at strain gauges locations (SG1-8).

Fig. 3. The bridge is continuously monitored and raw data are stored
in terms of 10 min events and stored by an on-site acquisition system.
Data is reached and visualized through the IoTBridge®cloud-based so-
lution. Strain gauges are located in order to measure nominal strains at
positions away from possible geometrical stress concentrations (Fig. 4).

Strain gauge locations are decided based on visual inspections as
well as preliminary computations. Photographs of the installed strain
gauges (SG1-2) and the inclinometer are shown in Fig. 5.

The gauges are placed on the crossbeams (SG1-2 and SG3-4), on the
diagonal (SG5-6), on the truss upper chord (SG7-8) and 8 gauges (SG9-
16) are located on the bridge counterweight. A typical sensor output
is shown in Fig. 6 for a single-day experimental activity in terms of
measured strain and registered rotation with the inclinometer. Figs. 7
and 8 illustrate the experimental data gathered during the lifting of the
bascule truss and the passages of three different train types as examples.

Fig. 9. Global numerical model of the Vénersborg bridge.

4. Numerical modelling procedures

This research procedure involves an advanced multiscale numerical
analysis (Fig. 1) that links a global model and separate substructures of
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Fig. 10. Local substructure models of the Vinersborg bridge and their locations.

the bridge through displacement fields. The model updating approach is
used to appraise the global numerical model, reducing uncertainties in
the problem by measuring strain at each strain gauge during the lifting
of the bascule truss. Once calibrated, the global model predicts the
displacements resulting from the passage of a typical Regina X55 train,
and the refined submodels are used to derive the stress time-histories.

4.1. Global modelling

A global numerical model of the bridge truss has been developed
with MIDAS®software [39] (Fig. 9). The global numerical model is
carried out with beam elements (main stinger beams, diagonals, cross-
beams, and bracings). Shell elements are used to model the wooden
planks connected to the main crossbeams through rigid translational
links. Ballastless railway tracks, such as rails and wooden sleepers,
are modelled with beam elements connected with the bridge grid.
The wooden sleepers transfer the traffic loads to the stringers and
crossbeams. The geometric characteristics are, where possible, taken

from original design drawings. Concerning the representation of the
bearings, they are modelled as fixed translational constraints on the
trunnion side, as rollers on the opposite side, allowing longitudinal
translations. For the main structural elements, steel grade S275 is
considered, defined by elastic modulus E = 210 GPa, Poisson’s ratio
v = 0.3 and mass density p = 7850 kg/m>. Riveted connections’
elastic modulus is assumed equal to E, = 199 GPa [11,40]. Sleepers
have wooden material properties (E, = 14 GPa, p,, = 1020 kg/m?,
v, = 0.2). The truss structure of the counter-weight system is not
considered in the FEM formulation of this paper as it is supposed to be a
statically determined independent structure, maintaining the structure
in equilibrium conditions without affecting its static behaviour in the
horizontal configuration.

4.2. Local modelling

Local submodels are required to investigate the behaviour in terms
of local principal stress values. Solid elements submodels are carried
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(a) Reference configuration.

(b) Lifting configuration.

Fig. 11. Bridge’s lifting of the bascule truss. Photographs from the publicly available digital records of Vénersborg’s Museum.
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Fig. 12. Numerical principal and experimental strain comparison after the model
updating procedure.

out, and the local geometrical properties (i.e. dimensions and thick-
nesses) are assessed following the available design drawings as well
as visual surveys. The connections between the local submodel to the
global beam model are obtained through master nodes to which the
displacements (D,, D, D, R, R, R)) of the global beams model
are assigned. The master nodes are connected with the edge extreme
nodes through infinite rigid links in the three rotations and the three
translations. In Fig. 10, the local submodels developed with Midas FEA
NX®software [39] are described.

In particular, the model substructures involve the connection be-
tween the stringer beams, the crossbeams, and the floor deck diagonals.
The second submodel is related to the tension diagonal where SG5-
6 are located for an overall length of about 1.91 m from the gusset
plate connection. The fourth substructure involves the upper chord
(SG7-8 locations) for a length equal to 1.27 from the connection
to the second vertical. The mesh is defined by a combination of 5-
nodes pentahedrons, 8-node hexahedrons, and tetrahedrons with mean
element size according to Fig. 10. Contact between parts (e.g. plates,
girders, angles) is modelled as linear contact in which surfaces are not
allowed to separate, and all the connected nodes have displacements
associated with their compatibility conditions. Riveted connections are
modelled only in the proximity of numerical measurement nodes in
order to increase the computational efficiency of the numerical model.
This hypothesis is made according to [11], in fact, considering the small
displacement domain in civil engineering structures, the local effects
of the riveted clamping force will not influence the local behaviour of
stresses where strain gauges are put far from the riveted locations.

4.3. Model calibration: the lifting of the bascule truss
The local model calibration is carried out in terms of measured

strains at strain gauges 1-8 after the complete lifting of the bascule
truss, as depicted in Fig. 11. The final inclination reached by the truss

system is equal to 75° (Fig. 7). During the lifting, the bridge’s boundary
conditions change, in fact in the reference configuration, the bridge is
considered simply supported in its extremities. When the lifting system
is activated, the truss becomes clamped due to the restraints caused by
the trunnions and the link to the counterweight system. Consequently,
the measured values of strain are obtained considering the difference
between the strain in the final configuration and those in the initial
state. The calibration analysis is carried out according to the multi-
level detailing approach (Fig. 1). In particular, the displacements of
the initial configuration caused by the self-weight of the bridge were
calculated and derived in the local submodel using the multi-scale
approach. The same procedure was repeated for the final inclined
configurations. Local submodels allow the identification of the principal
strain related to the position of strain gauges in the numerical model
for the two configurations. The strain values are obtained from the
difference between the values in the final configuration (inclination of
the bascule truss) and the initial ones (horizontal configuration).

The model updating procedures are carried out considering the
main uncertainty structural parameter in the numerical global model
which is the lateral deck weight density p. Indeed, although the orig-
inal design drawings showed the presence of wooden planks, recent
visual inspections had revealed the presence of a steel layer upon
that wooden deck. Moreover, the mass correction may also include
unintentionally neglected structural parts. According to the Douglas-
Reid approach [41], the dependence between the measured strain at
each ith locations ¢; (response parameter) and the uncertain structural
parameters p can be expressed as:

€ (p)=Aip+ Bip2 +G ©)

where € is the approximation of the ith strain measure of the finite
element model. The coefficients A4;, B;, and C; are computed for each
approximated strain measure before the comparison with the experi-
mental one. In this context, the base value of the structural parameter is
assumed to be equal to pB = 3000 kg/m?* and an upper bound and lower
bound limits for the parameter pX = 1020 kg/m’ (timber material),
pY = 7850 kg/m’ (steel material) are defined, such that: p~ < p8 < pV.
Consequently, the A;, B;, and C; coefficients are determined by comput-
ing the ith strain location, for the (2N + 1) unknown according to the
known conditions [42,43]. The optimal parameter value is estimated
by minimizing the following error function:

J= i (q.Ex‘U - ei*)z (7)
i=1

where eiEX” is the ith experimentally identified strain and ¢} is the
ith polynomial approximation of the numerical strain with updated
structural parameters. The model calibration at SG1-8 is shown in
Fig. 12 for the optimal parameter estimates p = 1600 kg/m>.
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(a) Photograph of the train.
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Fig. 13. Regina X55 characteristics.
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4.4. Railway loading conditions simulation

The loading conditions considered in the numerical analyses pro-
cedures correspond to an X55 Regina train, Sweden (SJ3000), from
Bombardier with 3 cars. It is one of the more common trains passing
through the bridge. The axle loads and corresponding positions are
shown in Fig. 13.

From a numerical point of view, the traffic loading conditions are
transferred from the rail nodes to wooden sleepers supported by the
stringers. The load function has been applied to two bridge tracks that
were spaced 1.8 m apart. Subsequently, the load is directly conveyed to
the crossbeams. The load distribution is calculated based on the length
of the element, the distance between the vehicle wheels, and the speed
of the train. This load function is then applied to each node based on
its arrival time, as illustrated in Fig. 14. The axle load is modelled as a
triangular pulse load, in which the transition from node i to node i + 1
is considered loading, while the move from node i + 1 to node i + 2 is
regarded as unloading.

The maximum allowable velocity on the bridge is limited to 40
km/h. The dynamic loadings are applied to the FEM model of the bridge
with a time history analysis with a duration equal to 50 s and a time
increment equal to 0.05 s The X55 Regina axle weights are applied
as time forcing functions to the bridge sleepers nodes considering a
passing velocity equal to 10 km/h (Fig. 13-b). The resulting displace-
ments and rotations for the railway passages are thus defined in Fig. 15
for two master nodes belonging to stringer beam connections to the
crossbeam where SG1-SG2 are located.

5. Methodology application

Provided the reliability of the local numerical models with the
experimental bridge behaviour, it is possible to express a local re-
sponse function approximation if an empirical correlation exists among
measurements. Subsequently, the stress response at different structure
parts can be predicted based on the information of some measurement
locations.

5.1. Experimental data correlation

The least-square operator # in Eq. (2) can be defined if there exists
a high correlation between response and structural parameters. The
correlation between stress histories at different locations is shown in
Fig. 16 based on three typical train type passages experimental output.
In this context, the considered train types are chosen because they
represent the whole loading conditions on a typical bridge in-service
day. It is possible to notice higher R-Pearson coefficient values between
SG2-SG4, SG2-SG5, SG6-SG8, SG6-SG7, SG5-SG7.

However, the correlation is too low for stress history registered at
SG1-SG5, SG2-SG8, SG1-SG8, showing the impossibility to establish a
proper response function approximating the stress history from SG1 as
controllable input or response variable. The reason for this behaviour
can be due to the close locations of the strain gauge to the riveted con-
nections, influencing locally the stress distribution. Similar behaviour
is observed between data from SG2 located on the crossbeam and SG8
located on the upper chord. In this sense, the suggested surrogate model
cannot be established to estimate the upper chord stress history, start-
ing from the measured values of stress in the crossbeams in connections
with the stringer beams (respectively SG1-2-3-4).

5.2. Surrogate model-based estimation of stress at different locations

Considering the master nodes displacements in the truss global
model, the local principal stress history has been derived for the Regina
X55 train passage according to procedures in Fig. 1. The approximate
numerical response & prediction obtained by the least square estimation
of p (surrogate models) is shown in Fig. 17 for SG2-6 and SG5-8.

The trained least square estimators from the numerical substructure
models are then used to estimate the stress response S at several
locations starting from the stress measures at strain gauges locations.
The experimental stress values are obtained by multiplying the exper-
imental strains with the same elastic modulus as that of the numerical
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Fig. 18. Comparison of experimental and numerical stress values for several strain gauges locations.

models (E = 210 GPa). In Fig. 18, the numerical response predictions
are compared with the measurements for the passages of three train
types during the bridge’s normal in-service conditions. The comparison
between experimental and numerical stress values shows a remarkable
agreement. In particular, a closer match is observed between SG5-SG7
and SG5-SG8 (Fig. 18-d-i) with respect to SG2-SG5 (Fig. 18-a-c and
-j-1), this aspect is due to the lower correlation shown in Fig. 16-b
between the measured strain at those locations. In the latter cases,
the experimental data correlation increases their sparsity for differ-
ent loading conditions on the bridge, as a consequence, the response
function estimations resulted in a higher difference with respect to the
experimental trends, as demonstrated in Fig. 18-b and -1.

10

6. Results: local damage assessment

The local response function-based methodology can be used to in-
vestigate the stress time history in specific locations prone to structural
damage. With this aim, the methodology is firstly applied to study the
cycle counting in a view of fatigue damage assessment with cumulative
damage method approach [27]. The second application involves then
the stress investigation related to a specific region of the upper chord
characterized by corrosion phenomena and far away from the measure-
ment sensors, with the aim to analyse the theoretical stress sensitivity

to the damage severity.
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6.1. Cycle counting for fatigue damage assessment

With the objective of counting stress cycles for cumulative damage
method application, stress time-history at SG7-SG8 are compared (lo-
cated in the truss upper chord, as depicted in Fig. 4). Indeed, their close
locations allow a higher match between the experimental and the pre-
dicted output, as shown in Figs. 19 and 20. In this case, the maximum
error between experimental measurements and local response function
prediction is equal to 7%.

The stress range spectra are derived from three train types loading
sequences in Fig. 20. Results in Fig. 21 show that, although the ex-
perimental stress range values can slightly differ from the numerical
predictions in terms of mean stress ranges, the rainflow cycle counting
subroutine leads to identical results in terms of stress range spectra.

6.2. Critical damaged location stress assessment

The local response function approach is applied to stress investi-
gation related to the damaged detail in Fig. 22-a in the upper chord
(approximately located from the connection between compression and
tension diagonal, gusset plate and the vertical). The detail geometry is
shown in Fig. 22-b. From a numerical point of view, in absence of direct
measurements related to the damage geometry, its effects have been
studied with a simulated triangular reduction of material in the upper
chord’s cross-section. The analysis aims to investigate the theoretical
stress sensitivity to the damage features in the P1 location (Fig. 22-b).

In Fig. 23-a, the theoretical relationship between the stress pre-
diction 6p;(c;) obtained from SG7 output and the stress numerical
history derived at position P1 is illustrated, showing a good theoretical
approximate. Fig. 23-b shows the numerical prediction with response
function-based surrogate models.

The actual stress history prediction at the P1 location (Sp;(S;)) is
illustrated in Fig. 24 for the three train typologies passages, and for the
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Fig. 21. Comparison of experimental and numerical average stress ranges for cycle
counting algorithm.

bridge lifting of the bascule system during a day of in-service conditions
related to the measured period.

The stress history prediction at the P1 location is then compared
with the results derived for the undamaged model in Fig. 25 for the
three train types passages. The stress time-history reaches a maximum
difference equal to 8%, corresponding to section area reduction equal
to 10% with respect to the undamaged state. These results show the
theoretical stress history sensitivity to damage features and, in a more
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general sense, the possibility to monitor the damage severity by in-
stalling strain gauges at the P1 location, or by using the proposed
local response function method, starting from the experimental output
measured at SG7 or SG8.

rediction | |
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Surrogate model prediction for the critical location.

7. Conclusions

In this paper, a surrogate models-based procedure based on the
local response function method is presented which can predict reliable
stress results in specific regions of the bridge without the availability of
directly measured data at those locations and without the knowledge
of the bridge’s actual loading conditions. The procedure adopts a
polynomial regression analysis of numerical output data to approximate
the complex implicit correlation between experimental samples. This
approach allows the investigation of the stress histories affecting dif-
ferent bridge parts that are prone to structural damage (i.e. fatigue,
corrosion) during in-service loading conditions. The methodology is
calibrated based on direct strain measurements on a railway bridge in
Vinersborg, Sweden. The bridge, inaugurated in 1914, is an openable
bascule bridge constructed by riveted steel members. The bridge was
recently monitored with a set of strain gauges, accelerometers, and
an inclinometer allowing the investigation of its in-service conditions
during the train passages and the lifting of the bascule truss. Two main
applications of the approach are finally illustrated that is the stress
history estimation for cycle counting procedures for fatigue cumulative
damage investigation and the stress history prediction at some damaged
locations. Results show that the accuracy of the stress prediction in-
creases significantly in cases with higher correlation. Stress time history
with an error of less than 7% was predicted in the case of the bridge
upper chord (R = 0.9963). The method is independent of the actual
loading conditions as it was tested based on the numerical output of
a typical Regina X55 train. In this sense, the approach is based on
the stress domains that characterize the response and the function
parameters. The method can reliably predict the stress time histories at
non-instrumented locations and facilitate a more detailed knowledge of
stress severity in critical or damaged parts.
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Appendix. Cubic response function for stress estimation

With the aim to establish a polynomial relationship of the complex
implicit relationship between stress history at different locations, a
third-order polynomial expression is used in this study:

o1; (02;) = Bo + B1os; +ﬂ202j2+ﬁ3‘72j3 (AD

13

The third cubic polynomial envelope is used because of the higher
accuracy approximates, as shown in Fig. A.26. Indeed, higher values
of the R? are obtained in the former case. Bo: B> B>, B3 in Eq. (A.1) are
the 4 unknown coefficients to be determined.

The least-square estimator of § can be computed from U matrix (N x
4 parameters) for each jth time step in the cubic form and N is the total
number of considered jth time step in the stress time history spectrum.
U matrix takes the form:

2 3
Loy (o) (o)
"2 "3
(ean)”  (oaw)
After the g, p,,p,,p; unknown coefficients are determined, the ap-
proximated response oy; at any untried o,; can be computed with Eg.
(A.1).

U (A.2)

1 oy
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