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Knowledge of actual wheel-rail contact forces under a service environment is critical for fatigue damage pre-
diction of rail vehicle bogies. This paper presents a method for reconstructing operational wheel loads based on
the strain gauge measurements on the bogie of a tram. The strain gauge placement is solved as an optimisation
problem, and the actual load-strain relationship is verified by physical calibrations. A novel calibration
arrangement is presented to produce linearly independent load cases for a fully equipped bogie. A good corre-

lation of the reconstructed operational stresses with the measured stresses indicated that the identified loads are

valid for fatigue assessment.

1. Introduction

Virtual sensing and real-time information on the structural behav-
iour of vehicles during operation provides essential information of
structural integrity and is an important part of the intelligence of vehi-
cles. For railway vehicles, measuring wheel loads while running pro-
vides valuable information about loads to the bogie structure and also
the quality of the track. In addition, knowledge of wheel-rail contact
forces during operation is essential from a running safety point of view.
However, the direct measurement of wheel loads is difficult in practice.
It has been recognised that, in general, the standardised determination
of the service spectrum and the derivation of the real load spectrum for
rolling stock applications is not sufficiently well developed [1,2]. The
assessment of fatigue strength of a bogie frame is traditionally based on
the endurance strength approach in terms of constant amplitude loads
and a defined number of cycles. Another approach is to define the stress-
time history based on variable amplitude load cases and use the cu-
mulative damage approach. In that case, the load history can be
generated, for example, by using multi-body simulation (MBS) [3]. In
this approach, actual operational loads are considered, and the fatigue
assessment can be performed for a specific rail network. However, it is
challenging to create a stress-time history that corresponds sufficiently
to reality, including, e.g., a wide variety of track geometry details and a
huge number of unknown track irregularities.

Prediction of operational stresses and fatigue damage based on

measured service loads provides actual service loads and their charac-
teristics for specific railway network. This approach allows prediction of
the fatigue damage of bogies under similar application conditions.
Different methods have recently been developed and applied to predict
the operational load and fatigue damage of a bogie of the railway ve-
hicles. Wu et al. have applied a frequency domain transfer function
method based on axle box acceleration measurements to estimate fa-
tigue damage of the bogie frame of a rail vehicle [4]. Wang et al. [5] and
Ji et al. [6] measured the service loads and dynamic stresses of a high-
speed train bogie under operational conditions with strain gauges
installed in high stress response regions in order to measure bending or
tension loads on specific locations of the structure. Static load-strain
transfer coefficients were estimated by calibration measurements in a
test rig. However, strain gauge placement optimisation was not applied
in this study, which may be needed to minimise, e.g., cross-coupling
effects in the case of complex structural geometries.

Wheel-rail interaction and measurement methods for wheel-rail
contact forces during vehicle operation have been investigated in
several studies. Matsumoto et al. applied non-contact displacement
sensors installed on the non-rotating parts of a bogie to measure lateral
and vertical wheel forces [7]. In this study, the bending deflection of a
wheel was measured by a gap sensor mounted on the axle bearing box,
and vertical force was measured from the displacement of a primary
suspension spring by an LVDT displacement sensor. However, lateral
movement of the wheelset relative to the axle box and possible
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misalignment between the wheel and the axle introduces measurement
error in this approach and must be compensated. Urda et al. [8] pre-
sented a scaled dynamometric wheelset, where vertical forces were also
calculated from deflections experienced by the primary suspension el-
ements, measured by two displacement laser sensors. Lateral forces were
measured by strain gauges installed on the wheel web and also by
displacement lasers installed on the bearing box.

Indirect methods to predict wheel forces have also been studied
recently. Xia et al. [9] developed an inverse wagon model to predict
wheel-rail contact forces from measured wagon body responses only.
Sun et al. [10] introduced a two-dimensional inverse wagon model that
was used to predict wheel-rail dynamic forces based on acceleration
measurements from a car body and bogie frame. Weia et al. [11] pre-
sented an inverse model-based method for the wheel-rail force mea-
surement based on acceleration measurements on the bearing box and
the relative displacements of the primary suspension. However, the
main focus of these studies has not been on the fatigue assessment of a
bogie, and these methods have not been validated by operational strain
measurements on the bogie frame, for example. It is evident that model
uncertainties have an impact on the accuracy of these type of model-
based methods.

In this study, a method for reconstructing wheel loads by using strain
gauge measurements from optimised locations of the bogie frame
structure is developed. The methodology was applied to the bogie of a
tram. Just by measuring stresses in some optimally selected locations of
a bogie frame, the wheel loads of a vehicle can be identified and stresses
at any point of the whole bogie structure can be recovered. Online
measurements of these few stress measuring locations can be easily
performed, and thus real-time information on operational loads of bogie
structure and track condition can be obtained. A novel calibration
arrangement is presented to produce linearly independent load cases for
the fully equipped bogie, which is essential for experimental determi-
nation of influence coefficients between the strain responses and the
external loads.

The method includes the following steps: First, optimal strain gauge
locations and angular orientations are chosen by using an optimisation
procedure based on FEM simulations. Then, by calibration measure-
ments with linearly independent load cases, the load-stress relationship
of chosen measuring locations is measured, and an influence coefficient
matrix is determined. Finally, in track tests, the quality of the developed
model is verified by comparing the reconstructed stress with a reference
stress signal measured directly on the structure.

2. Methodology

In the case of complex structural geometries, it is very challenging or
almost impossible to determine optimal strain gauge locations and the
minimum number of gauges needed for load identification based on
engineering judgement only. In the case of simple structures resembling
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a cantilevered beam, for example, the gauge location may be intuitive
under certain loading conditions, but for complex structures the optimal
gauge placement is no longer evident. Therefore, the strain gauge
placement must be solved as an optimisation problem to eliminate errors
due to cross-coupling effects, for example. The applied methodology is
briefly presented in this chapter. An overview of the whole operational
stress recovery process is shown in Fig. 1.

In a quasi-static linear elastic problem, the relationship between
strains ¢ of the structure caused by external loads F can be expressed by:

{F} = {e}[C] @

where Fis 1 x k row vector of external loads, ¢ is I x m row vector of
strains, and C is m x k matrix of influence coefficients. In this case, k
represents the number of load components to be identified, and m rep-
resents the number of strain gauges (m > k). To identify elements of C, n
linearly independent load cases should be performed (n > k), either from
a numerical model (e.g. the FE-model) or physical calibration mea-
surements. The Eq. (1) becomes:

F =¢C (2

where F is the n x k matrix of loads of n calibration cases and ¢ is the n x
m matrix of corresponding strains. The influence coefficients can now be
estimated as:

C= (sre)flsTF =¢F 3

where C denotes the least squares estimate of the unknown influence
coefficient matrix and (.)! represents the Moore-Penrose pseudoinverse.
It is assumed here that the confidence of strains at all locations are equal,
and variances of the strain noise are also equal. The error covariance

matrix of the weighted least squares estimate of Cis:

Z = ("¢) - @

C

Because F is a linear combination of C and measured strains € ac-
cording to Eq. (2), minimising variance of C also results in the mini-
misation of variance of the load estimates F. The inverse of a matrix can
be calculated by dividing the adjoint of the matrix by the determinant of
the matrix; therefore, the objective function in strain gauge placement
optimisation was defined as maximisation of the determinant |¢’¢| (the
so-called D-optimal design technique). In addition, the condition num-
ber of matrix € is a good evaluation criterion for the quality of the gauge
placement result. The condition number can be considered as a measure
of stability of C; the lower value indicates insensitivity to measurement
noise and gauge placement accuracy, and vice versa.

Strain gauge placement
optimisation

* FE analysis; linearly
independent load
cases

« Strain gauge
placement optimisation
based on FEM

Experimental
calibration

« Strain gauge
instrumentation

« Calibration measurements
in a calibration bench

* Determination of the
influence coefficient matrix

Fig. 1. Overview of the operational stress recovery process.

Operational track
tests

» Measurement campaign
on track

* Wheel load recovery

* Operational stress
reconstruction for whole
bogie structure

* Fatigue assessment
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2.1. Gauge placement optimisation procedure

Optimal strain gauge locations and angular orientations were opti-
mised based on the FEM simulations. Loads were applied separately to
the structure corresponding the loads to be estimated, and the resulting
strain fields from each of the load cases were calculated. The elements
on the surface of the structure were defined as the candidate strain gauge
locations for the optimisation. Because strain gauge sensitivity also de-
pends on the gauge angular orientation, the strain tensors for each
candidate strain gauge locations must be transformed to determine
strain values for different gauge orientations. Orientations of all the
candidate strain gauges were varied during optimisation in order to
discover optimal locations as well as optimal orientations of the strain
gauges. Each combination of location and angular orientation of m strain
gauges formed a subset of all possible combinations and represented a
candidate set for inclusion in the matrix e. An iterative sequential-
exchange algorithm was utilised to select optimum sensor locations
and orientations as follows [12,13]:

i. An initial subset of m gauge locations and orientations was
selected randomly from the surface element set and an initial
value for |¢e| was evaluated.

ii. Utilising a forward sequential sensor placement scheme, one
additional gauge location/orientation was added in turn to the
selected gauge set, and the optimisation target function |eTe| was
evaluated. The location/orientation leading to the largest in-
crease in the target function was selected as an additional gauge.

iii. Utilising a backward sequential sensor placement scheme, one
gauge location/orientation was removed in turn from the
selected gauge set, and the location/orientation resulting design
with the minimum possible degrease of |¢”¢| was removed from
the optimum gauge set.

iv. Steps ii) and iii) were repeated until the target function |eTe| was
not able to be further improved.

It should be noted that the chosen optimal strain gauge locations/
orientations are not necessarily the same as most loaded locations in the
structure, which are typically monitored in type tests.

Number of strain gauges should be greater than number of load
components to be identified because equation (3) must be over-
determined. However, in practice, due to measurement noise and in-
verse problem nature of equation (3), the number of strain gauges
should clearly exceed the number of load components to avoid adverse
errors in load estimates.

2.2. Utilisation of physical calibrations

The numerical model always includes uncertainties and ideal-
isations, such as, in this case, an assumption of linear behaviour. In
addition, strain gauge measurements include uncertainties related to
gauge placement and orientation accuracy, for example. Therefore, it is
important to determine the actual relationship between the strains and
the external loads, i.e., C, by physical calibrations. Calibration load
cases should be linearly independent, which means that the matrix F in
Eq. (3) should be a diagonal matrix in an ideal case, where elements of
the main diagonal are applied calibration loads.

Identified operational loads can be validated by installing additional
independent reference strain gauges, which will not be used for the
identification of the matrix C. The strains for single reference strain
gauge during the physical calibrations can be expressed by:
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{enr} = [F{A} )

where &, isn x 1 column vector of reference strains at calibration cases
and A is n x 1 column vector of sensitivity coefficients. The sensitivity
coefficients for each reference strain gauge can be estimated by:

{4y = F'{e.y} 6)

Reference strains during driving can now be reconstructed by
substituting the estimated sensitivity coefficients (6) into Eq. (5). In this
strain reconstruction phase, matrix F contains the identified wheel load
component time histories, where each row contains identified load com-
ponents at a single time step. Because the sensitivity coefficients for each
reference strain gauge are identified from physical calibrations, the recon-
structed reference strains can now be compared with the measured refer-
ence strains for validation of the identified loads. This comparison also gives
information on contributions of each load component for the total reference
strains. After validation of the identified operational loads, strains of the
whole structure can now be recovered from Eq. (5) by applying sensitivity
coefficients calculated by the FE-model for the unmeasured locations.

It should be noted that identified load estimates are based on linear
static elastic equations, so they are valid only for static and quasi-static
loading cases. In dynamic cases, the equation of motion can be
expressed as:

M3+ Dx+ Kx = Fgy, (@]

where M is mass matrix, D is viscous damping matrix, K is stiffness
matrix and Fgy, is external dynamic force. However, at a low frequency
range, where elastic modes of the bogie frame can be ignored, the strain-
based identified loads are related to the potential energy stored in the
bogie frame, and they are the sum of external forces, inertia forces and
damping forces according to the equation of the motion:

Fisenifiea = Kx = F gy, — M — Dx (8)

Therefore, the reconstructed strains calculated according to equation
(5) are still valid at a low frequency range, where the elastic modes of
the bogie frame can be ignored, as can be seen in the reconstructed
reference stress histories presented in Section 3.2. The lower the fre-
quency, the smaller the contribution of the inertia and damping forces
for the total force balance of the system. Consequently, at frequencies
near zero, the difference between the external dynamic force and the
total identified force becomes small.

In cases where the elastic modes will be significantly excited during
operation, the strain reconstruction in a dynamic frequency range can be
carried out based on the modal superposition principle, i.e., mode
shapes and modal coordinates. This approach can be applied based on
the strain gauge measurements [12] or vibration measurements, such as
acceleration measurements [14,15]. However, the sensor placement
optimisation algorithm used must be adapted for the applied strain
reconstruction method.

3. Experimental validation

The methodology was applied to the bogie of an MLRVO3 Smart Artic
X54 tram, see Fig. 2 and Fig. 3. The tram is manufactured by Skoda
Transtech and it is used in the Helsinki railway network. It is a bi-
directional low-floor tram, consisting of five modules, and there are
four pivoting traction bogies. The test route in the validation track tests
was fairly long (the duration was about one hour) and included different
types of routes around the Helsinki railway network.
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Fig. 2. MLRV03 Smart Artic X54 tram.

Secondary springs

Primary springs

Bolster beam

Traction bar

Fig. 3. Bogie of MLRV03 Smart Artic X54 tram and coordinate system used.

Before instrumentation, the strain gauge locations were optimised
utilising the FE-model of the bogie frame, see Fig. 3 and Fig. 4. The el-
ements on the surface of the bogie frame were defined as the candidate
strain gauge locations for the optimisation. A total of ten independent
loading cases were simulated: vertical (Z) as well longitudinal (X)
loadings for all four wheels separately and transversal (Y) loadings for

the right wheel of the front axle and the left wheel of the rear axle. The
bogie frame was instrumented by 21 strain gauges in total at optimised
locations, see Fig. 4. In addition, several additional reference strain
gauges were installed.
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Fig. 4. FE-model of the bogie frame and part of the optimised strain gauge locations. The reference strain gauges used are shown in red.

3.1. Calibration measurements

Calibration measurements were conducted for a fully equipped
bogie, see Fig. 3. Physical calibrations using external loads were carried
out in the workshop, where the bogie was installed on the test rig. The
bolster beam of the bogie was fixed to the test rig by a bolt joint. The
calibration loads were measured by force transducers and strains were
measured by strain gauges. A total of ten calibration cases were
measured: vertical (Z) as well as longitudinal (X) loadings for all four
wheels separately, and transversal (Y) loadings for the right wheel of the
front axle and the left wheel of the rear axle. Thus, each calibration case
corresponds to an individual external load component to be identified.

Calibration arrangements are presented in Fig. 5. A fully equipped
bogie was fixed to the test rig from the bolster beam. The calibration
force was produced by a hydraulic jacket. During calibrations, it is
essential that the boundary conditions of the bogie frame correspond as
closely as possible to normal operational conditions during driving.
When the bogie was fixed to the test rig without external loading, the
gravitational force of the tram modules was not present; therefore,
primary and secondary springs were at the limits of their travel, due to
preloading of the springs. In addition, the primary springs of the wheels
have non-linear elastic behaviour. Consequently, this situation does not
correspond to operational conditions and, therefore, the test arrange-
ments were modified as follows.

All wheels were loaded by crane in a vertical direction via slings with
a nominal operational load to reach nominal displacement for all pri-
mary (and secondary) spring elements. It is important that the load cases
are linearly independent, which means that all load components, except
the load under calibration, should remain as constant as possible during
the calibrations. To produce linearly independent load cases, a specially
designed lifting frame was applied between the slings and the crane.
Support points of the lifting frame were designed so that in the vertical
calibration case, vertical loads for all other wheels, except the wheel
under calibration, remained equal during calibration, even though the

bogie was tilted due to secondary spring deformations, see Fig. 5. Tilting
moments of the lifting frame were balanced around the lifting point so
that the tilting angle of the lifting frame and the bogie was approxi-
mately equal during calibration and consequently the vertical forces of
the slings were also approximately equal. This was also verified by
installing force transducers between the slings and the lifting frame. In
addition, to reduce changes in the sling forces during calibrations, spring
elements were installed between the slings and the lifting frame. The
stiffness of these spring elements was approximately 25 times lower than
the stiffness of the primary springs. In lateral and longitudinal calibra-
tion cases, all wheels were loaded in a vertical direction by slings with a
nominal operational load. In these cases, the lifting point was in the
middle of the lifting frame.

3.2. Results

Before estimating the influence coefficients from the calibration
measurements, the linearity of the structure was checked. Fig. 6 shows
samples of measured stresses as a function of the external calibration
force. Moderate non-linear behaviour can be seen in the stress plots. The
relationship between stress and calibration force was linearised for all
strain gauges by least squares fit, and these linearised coefficients were
used in the estimation of the influence coefficient matrix. The condition
number of the experimental strain matrix € was in this case 27, which
can be considered acceptable. Heuristic evidence has been indicated that
acceptable strain matrices have condition numbers of 50 or less [16].

Identified wheel loads during normal driving conditions and a
comparison of reconstructed stresses with reference strain gauge mea-
surements are presented in Fig. 7. The highest stress levels during vali-
dation track tests occurred on the bogie frame during this presented
driving condition. Two different reconstructed stresses are presented in
the figure: the reconstruction including vertical and lateral wheel loads
for the reconstruction, and including vertical loads only. The presented
signals are scaled with reference values due to confidentiality reasons:
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Jacket (
calibration load)

Force
transducer
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b)
Lifting point for
vertical calibration

%

—
b

B

Sling support points (for
wheels not under calibration)

Fig. 5. Calibration arrangements for the vertical wheel load calibration case (a), lifting frame (b) and calibration test rig used (c). The test rig also includes sup-

porting brackets for the lateral and longitudinal calibration loads.

Fifis the average dynamic amplitude of the vertical load of the front left
wheel (W1Z), and 6y is the measured average stress amplitude of strain
gauge SGF07. The reference values are calculated from measurements of
about one hour in length during normal driving. The comparison reveals
that there are relatively small differences between these two recon-
structed stresses except SGVTT10, which implies that the lateral forces
have a limited impact on the bogie stresses. Naturally, the actual impact
depends on the location on the bogie structure where the stress is
observed. The reconstructed stresses of reference strain gauges with
vertical and lateral identified loads correlate satisfactorily with the
measured stresses, which indicates that the identified loads are valid for
operational stress recovery.

The measured stress levels during longitudinal calibrations were
fairly low, resulting in a worse signal-to-noise ratio. Consequently, the
operational longitudinal force estimates included more uncertainties
compared with vertical and transversal load estimates. Therefore, lon-
gitudinal forces were excluded from the stress recovery process. How-
ever, because reconstructed stresses of reference strain gauges without
longitudinal forces were relatively close to the measured ones, it can be

concluded that the contribution of the longitudinal forces for the bogie
stresses were small.

Time Response Assurance Criterion (TRAC) was applied to quantify
the degree of correlation between the reconstructed and measured
stresses, which is defined by:

(X Fmi(0xi(1))’
(Zt?’c\m,i (t)k\m,i (t)) (the,i (t)xe,i(t))

TRAC; = (C)]

where X, (t) and x.;(t) are reconstructed and measured time histories
for stress i. TRAC will range from 0 to 1; values closer to 0 indicates poor
correlation, and values approaching 1 correspond to perfect correlation.
The TRAC values calculated from measurements of about one hour in
length during normal driving conditions are presented in Table 1. This
period included a wide variety of different types of routes and driving
conditions, and it was assumed that it sufficiently covers all relevant
driving conditions statistically. These long-term correlation values also
confirm the validity of the identified loads.

The most significant sources of stress reconstruction errors are
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Table 1

Degree of correlation between the reconstructed and measured reference
stresses (TRAC). The values are determined from measurements of about one
hour in length during normal driving.

Reference strain gauge SGF07 SGF08 SGVTTO03 SGVTT10

with vertical and lateral loads 0.940 0.983 0.976 0.993
(reconstl)

with vertical loads only (reconst2) 0.939 0.990 0.943 0.895

probably caused by:

i. Non-linearities of the structure of the bogie assembly caused by
anti-roll bar, traction bars and primary springs, for example.

ii. In extreme operational loading events during driving, free travel
of the secondary springs was exceeded so that the bump stop
carried the load. This changed the boundary conditions of the
bogie frame and increased uncertainties for the load estimates.

iii. The operational forces caused by dampers were not present
during calibrations and, therefore, are not taken into account in
the stress reconstruction.

iv. Inertial loads of the traction motor and gearbox were not present
during calibrations and are not considered in the stress
reconstruction.

v. Longitudinal wheel forces are not included in the stress
reconstruction.

However, overall correlation of reconstructed stresses indicated that
these phenomena have a limited impact on the stress reconstruction in
this type of low-speed railway bogie.

To identify the dynamics of the bogie in a low frequency range, the
lowest mode shapes of the bogie were determined experimentally by
operational modal analysis (OMA) using acceleration responses recor-
ded during the test trials. The tram modules and bogie under one module
were instrumented by capacitive (DC-type) triaxial accelerometers
during test trials. A total of nine triaxial accelerometers were installed
on the bogie and 18 accelerometers on the tram modules. Natural fre-
quencies, modal damping factors and operational reference factors were
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identified using the poly-reference least squares complex frequency
method (p-LSCF) [17]. The least-squares frequency-domain (LSFD)
method was used to identify the mode shapes. It was found that all
significant components of the bogie frame stresses appear clearly below
the frequency of the lowest elastic mode of the bogie frame (bogie frame
twisting). Identified modal damping of this mode was 3 %. Fig. 8 pre-
sents the autospectra of measured bogie stresses averaged over mea-
surements of about a minute in length shown in Fig. 7. The abscissa of
the graph is relative frequency, which is scaled by the natural frequency
of the identified lowest elastic mode of the bogie frame. The frequency of
this mode (f.of = 19.4 Hz) is identified by the dashed red line in the
graph.

To verify the validity of the reconstructed loads for the fatigue
assessment of the bogie frame in the long term, the stress range distri-
bution was calculated using the Rainflow counting method from one-
hour long-term measurements. A comparison of Rainflow counts of
reconstructed stresses with reference strain gauge measurements in-
dicates relatively good correlation, see Fig. 9. The contribution of the
lateral wheel forces for the reconstructed stresses can be seen for the
strain gauge location SGVTT10. Generally, the greatest differences for
all gauges appear at the lowest bin in the Rainflow spectra. However, the
stress range at the lowest bin is so small that when considering appro-
priate S-N curves, the contribution of these cycles for the cumulative
fatigue damage is negligible.

4. Summary and conclusions

In addition to optimal strain gauge placement, the physical calibra-
tions are essential in the strain recovery process to reduce uncertainties
of the simulation model, originated from idealisations and uncertainties
related to strain gauge placement and orientation accuracy, for example.
A novel calibration arrangement was introduced to produce linearly
independent load cases for the fully equipped bogie. The boundary
conditions of the bogie frame during the calibrations corresponded
sufficiently to the normal operational conditions. This is essential for the
reliable experimental determination of the influence coefficients be-
tween the strain responses and the external loads. The strain recon-
struction on the bogie frame was successfully conducted using strain

—— SGFO07_ASpect
—— SGVTTO03_ASpect

—— SGF08_ASpect
—— SGVTT10_ASpect

Fig. 8. Autospectra of measured bogie stresses aver-
aged over measurements of about one minute. The
frequency of the lowest elastic mode of the bogie

G/Gref

frame is shown by the dashed red line. Signals are
scaled with reference values: 6. is the measured
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Fig. 9. Comparison of Rainflow counts of reconstructed stresses with reference strain gauge measurements. The abbreviation “_reconstl” refers to reconstruction
with vertical and lateral wheel loads and “_reconst2” refers to reconstruction with vertical loads only.

gauges installed only on the bogie frame without a specially instru-
mented wheelset, for example.

The reconstructed stresses of reference strain gauges correlated
satisfactorily with the measured stresses, which indicated that the
identified loads are valid for the operational stress recovery and fatigue
assessment. This case study indicated that the reconstructed strains on
the bogie frame of the tram are valid at low frequency range, where the
elastic modes of the bogie frame can be ignored. This method enables
the reconstruction of strains of the whole bogie structure from the
identified operational loads and provides essential information on the
real service load spectrum of the tram, also providing useful data for
comparing the different fatigue assessment methods and creating more
accurate and realistic stress time histories.
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