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Abstract Many structural elements are exposed to condi-
tions of load that are difficult to consider during the design
stage, such as environment uncertainties, random impacts,
overloads and inherent material idealization amongst others,
hence, miss-estimating its life-time cycle. One way to test
those designs is to construct a representative full-scale spec-
imen and test it under the most critical load conditions in a
controlled laboratory. Herein, we present a case of study of
the fatigue test performed over a bolster beam redesigned in
Universidad EAFIT belonging to a railway vehicle. The test
was composed by three stages, each one testing a different
load hypothesis. The bolster beam was instrumented at the
most critical locations, following the results of a FEM analy-
sis previously computed. As results, the most critical welds
were identified and the total damage computed for an equiv-
alent operation of eighteen-years, and also the behaviour of
the specimen in presence of extreme longitudinal loads.

This work was partially funding by the “Patrimonio autónomo Fondo
Nacional de Financiamiento para la Ciencia, la Tecnología y la
Innovación, Francisco José de Caldas”.

B R. E. Gutiérrez-Carvajal
rgutier7@eafit.edu.co

German R. Betancur
gbetanc4@eafit.edu.co

J. Barbosa
jbarbosa@eafit.edu.co

Leonel F. Castañeda
lcasta@eafit.edu.co

G. Zaja̧c
grzegorz.zajac@mech.pk.edu.pl

1 GEMI research group, Universidad EAFIT, Carrera 49 N◦ 7
Sur-50, Medellín, Colombia

2 Instytut Pojazdów Szynowych M8 Politechnika Krakowska,
Kraków, Poland

Keywords Fatigue test laboratory · Full-scale fatigue test ·
Railway vehicle component · Structural damage · Strain
signal analysis

1 Introduction

Modern manufacturing requires to produce reliable goods in
short time [21]. It is usually performed following almost five
steps: problem description, a non intrusive analysis, model-
ing, interactive simulation and simulating the product using a
virtual model [13]. However, computer models impose sup-
positions that could not fit the real operation. For this reason,
it is necessary to include amechanical test on the product pro-
totype when designing critical components. This tests allows
to obtain information about the product life span, useful to
analize the product life cycle[23]. In the case in which the
product does not behave in theway itwas expected, the design
must be rejected and tune again the computermodels. It could
be noted that the success of interactive design and manufac-
turing is strongly based on the accuracy of the models tested,
being the ground truth the physical final product. In this arti-
cle, we present the fatigue test performed over an prototype
of the structural component of a railway vehicle, using same
materials and assembly process than expected for the final
product. The test was supervised continuously and the stress
of the critical points identified and its behavior during it life-
span recorded and analyzed.

Although structural test are performed typically over small
specimens as it is cheaper than full-scale test, are repro-
ducible at several location yielding similar results and are
regulated byASTM,may of them are oriented to obtain para-
meters impossible to extract analytically, hence there is naive
to extrapolate those parameters to simulate the performance
of actual structures [31].
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On the other hand, full fatigue test is nowamature technol-
ogy andconsidered as a crucial stage in theproduct evaluation
process. It allows to emulate several properties of a prod-
uct, such as its life span, damage accumulated under certain
load cases, it allow to locate probable fissures, analyze the
effects of loads over critical weldings and joints, confirm
the structural design and calculation amongst others avoid-
ing assumptions different from the case of loads applied [2].
Hence, it has been implemented in several industries, such as,
civil industry in redesign of bridges[2], aeronautical indus-
try testing elements and also testing technology for structural
health monitoring [20,22,30], testing fatigue effect in weld-
ings [7] and railway industry testing [28], carbodies and other
components [18].

Application of full scale fatigue tests is especially relevant
at validating critical structure elements relevant for safety of
the device.An accurate fatigue test takes into accountmixture
of loads that affect the structure and are hard to be considered
during the design stage. In particular, railway-vehicles are
designed to operate atmore than twenty-five years [5,14], but
real-life conditions present a complex mixture of alternated
loads specific for each railway system implementation, such
as railway routes, type of vehicles, schedule of operation
and maintenance program amongst others. This could result
in early wearing of components, namely: wear, cracks and
fissures of structural elements; requiring frequent corrective
maintenance tasks and also reducing dramatically its life-
time of operation [3,24].

The bolster beam is the main structure of the carbody, and
is not a disposable piece inwhich a failure could be catastrofic
[29]. A diagram of the location of the bolster beam in the rail-
way vehicle is shown in Fig. 1. Its is designed to support the
bogie yaw, but maintaining enough comfort for passengers
[19]. Several authors reported occurrence of cracks after few
years of operation [1,29], reappearing after welding them,
so requiring posterior analysis of their causes. The diag-
nosis of a bolster beam consists in a set of nondestructive
test, such as magnetic particles, ultrasound, permeable liq-
uids, amongst others, that requires to get out of service the
entire train operation, thus decreasing its availability. On the
other hand, in presence of fissures, the repair action con-
sist in look for an expert operator to weld the fissure, which
level of expertize depends on the location and type of weld
[8]. Hence, it is critical to maintenance manager to estimate
when andwhere a fissurewill appear. Considering this issues,
EAFITUniversity designed and produced a newbolster beam
element [15] to which we performed a destructive fatigue
test.

Bearing these ideas in mind, the rest of the article is orga-
nized as follows: Sect. 2 explains the experimental setup and
methods used; Sect. 3 presents the results obtained with our
method, Sect. 4 discusses the main results; and finally Sect.
5 introduces the main conclusions of this study.

Fig. 1 Railway vehicle components. The bolster beam support loads
coming from the carbody and also from the bogie through the pivot as
interface element

Table 1 Relation of the case of
load tested at each stage

Stage Load case

P R Q S T

Stage 1 X X

Stage 2 X X

Stage 3 X X

2 Materials and methods

A fatigue test was performed on the bolster beam of a railway
vehicle. Five (5) cases of load were programed and imple-
mented in three stages of the fatigue test as presented in
Table 1, namely:

Case P Longitudinal loads transmitted by the bogie to
the pivot during starts and stops of the vehicle.

Case R Vertical loads applied at the right and left
dampers due to the weight of the carbody and
passengers.

Case Q Transverse load over the pivot due to the move-
ment of the carbody during curves.

Case S Vertical load over the secondary damper due to
carbody weight and passenger weight.

Case T Longitudinal loads transmitted by the bogie to
the pivot via impacts between the pivot and the
plastic limiters in the bogie.

The sections below introduce the materials and methods
required to perform the fatigue test.

2.1 Experimental setup

The bolster beam was instrumented at fifteen (15) points,
monitoring the deformation of the most critical weldings
during the fatigue test. Both, materials used to perform the
fatigue test at the product test laboratory of the Universidad
EAFIT and the sensors used to collect the information are
explained below.
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Fig. 2 Diagram of conformation of the test laboratory at testing a par-
ticular element. Four systems interacts amongst them, namely: reaction,
power, control and monitoring system

2.1.1 The product test laboratory

The load test was performed using the Product Test Labo-
ratory located at the Universidad EAFIT. It is made up four
main systems as presented in Fig. 2, namely:

Reaction structure It supports the loads applied to the spec-
imen. It consist in a reaction frame in
several configurations, a reaction wall
and underframe, that permit to place the
test specimen and actuators in several
configurations according to test proto-
col.

Power system It is composed by the set of elements
required to transmit power throughactu-
ators to the test specimen. It consist
of a 6CTAA8.3-G1 Cummins Motor,
three actuators Shore-Western refer-
ence 922.5E designed to apply 102kN
at tension and at 167kN compression
and two actuators Shore Western refer-
ence 927E designed to apply 995 and
1500kN [27].

Control system Power system is governed by a SC6000
controller system, an industrial com-
puter running a software specifically
designed for this purpose by Shore
Western company [26].

Monitoring system The laboratory counts with a HBM
MGCPlus equipment configured with
five (5) AP815 cards devoted to deal
with strain gauges signals.

Fig. 3 Location of sensors on the bolster beam

2.1.2 Bolster beam Instrumentation

The bolster beam instrumented correspond to the element
patented in [15]. It was welded and designed according to
european standards [8–10]. On the other hand, two types of
sensors were located across the bolster beam as presented in
Fig. 3, namely:

– Thirteen (13) triaxial strain gauges reference K-RY8-3-
45-120-0, one disposed in the underframe of the structure
(DEBT), and the rest symmetrically at left and right side
of the bolster beam at: crossbars at front and rear location
(DEL{D,T}), at the top surface of the bolster beam, close
to theweld that joins it with the crossbars at front and rear
location (DETL{D,T}); at the frontal and rear surfaces
of the bolster beam close to the welds that join it with the
underframe (DETL{D,T}).

– Two uniaxial strain gauges reference HBW-35-125-6-
3VR located at the pivot of the bolster beam, specifically
disposed to acquire signal from longitudinal (DEPLT)
and transverse (DEPT) deformations.

The relation between sensor, location type of welding
and stress cycle standard curves (S-N Cycle) is presented in
Table 2. It is considered that the element survives the fatigue
test if the stress data collected resides below the ideal curve.

Strain signals were collected using a MGCplus device
using 41 channels of acquisition and processed in an external
computer.

2.2 Methods

Themethod followed during this study consisted in the analy-
sis of data coming from a fatigue test performed over the
bolster beam of a railway-vehicle. Three hypothesis of load
were tested over the specimen. At each stage, the stress over
the welds were estimated using strain information and the
material characteristics. Thereafter, the resultswere analyzed
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Table 2 Type of welding, sensor and S-N ideal curve related according
to [9]

Base material DEBT

Full penetration butt weld DETID_I

DETID_D

DETIT_I

DETIT_D

Full penetration T weld DETLT_I

DETLT_D

DETLD_I

DETLD_D

Partial penetration T weld DETLD

DETLT

DELTD

DELLD

and compared with the ideal S-N curve reported in the stan-
dard [9]. It is considered that the specimen will survive the
design life if resultant stress plots undergo the ideal curve.
The method overview is show in Fig. 4.

2.2.1 Load hypothesis

Three load hypothesis were implemented during the fatigue
test of the bolster beam as presented in Fig. 5. Stage 1 consist
in the implementation of loads during starts and stops of
the train at entrance and outsides of the station (case P) and
loads due to the weigh of the carbody and the passengers
(case R) as presented in Table 3 during the equivalent to
18years of operation. Stage 2 emulates the forces over the
pivot during curves and (case Q) and the vertical load over
the secondary damper due to the weigh of the carbody and
passengers (case S) as presented in 4 equivalent to 18years of
operation. Finally, stage 3 implements extreme longitudinal
loads over the pivot at the grip and bogie limiters (cases P

and T) as presented in Table 5 until the presence of cracks in
the specimen was confirmed by a visual inspection.

2.2.2 Signal processing

The signals coming from the strain gauges in the configu-
ration presented in Fig. 6 were acquired at a sample rate of
300Hz, and initially lowpass-filtered at a cutoff frequency of
7Hz to avoid the aliasing effect and highlight the frequen-
cies of interest and also subtractingmeasures obtained at zero
load. Hence, the instantaneous principal stresses σ1,2 at each
location was computed as a combination of the strain εa,b,c

and the Young module of the material as [16]:

σ1,2 = E

1−υ

εa+εc

2
± E√

2(1+υ)

√
(εa−εb)2 + (εc − εb)2.

(1)

2.2.3 Data analysis

The signals were analyzed extracting the frequency compo-
nents of interest, firstly by computing the Fourier transform
of each stress signal using a flat top window of one (1) hour
length and secondly, taking out the magnitude of the compo-
nent excited according to the fatigue protocol at each stage.
Finally, the data were plotted and compared to the corre-
sponding ideal curve [9].

3 Results

At stage 1 were applied the equivalent to eighteen (18) years
of alternate loads over the principal dampers (case of load
R) and the longitudinal over the pivot in normal operation
conditions (case of load P). In all cases, the stress measured
is lower than the ideal curve for this type of welding reported
in [9], therefore, the life span estimated for those regions is
109 cycles and their cumulative damage was computed as
0.0035. At the end of this stage, it was performed a visual

Fig. 4 Method Overview. A fatigue test was performed evaluating
three different stages: 1Vertical loads at the dampings and longitudinal
load to the pivot, 2 Vertical load at the secondary damper and trans-
verse load to the pivot and finally, 3 Extreme start and stop loads of

the railway-vehicle. Data coming from several sensors were recorded,
preprocessed and analyzed to obtain stresses at critical places of the
structure
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Fig. 5 Implementation of the three stages of the fatigue test. a Stage 1
Load over dampers and regular starts and stops. b Stage 2 Loads over
the Secondary damper and transverse load on the pivot due to pass over
curves. c Stage 3 Critical starts and stops

Table 3 Cases of load implemented during the stage 1 of the fatigue
test

Case of load Value

P Maximum load [kN] 27.13

Minimun load [kN] −23.58

Average load [kN] 1.58

Frequency [Hz] 5.00

R Maximum load [kN] 122.73

Minimun load [kN] 58.73

Average load [kN] 90.73

Quasistationary load frequency 0.25

Dynamic load frequency [Hz] 5.00

Table 4 Cases of load implemented during the stage 2 of the fatigue
test

Case of load Value

Q Maximum load [kN] 18.47

Minimun load [kN] −18.47

Average load [kN] 0.00

Frequency [Hz] 5.00

S Maximum load [kN] 4.00

Minimun load [kN] −4.00

Average load [kN] 0.00

Frequency [Hz] 5.00

Table 5 Cases of load implemented during the stage 3 of the fatigue
test

Case of load Value

P Maximum load [kN] 64.80

Minimun load [kN] −64.80

Average load [kN] 0.00

Frequency [Hz] 1.00

T Maximum load [kN] 214.06

Minimun load [kN] −214.06

Average load [kN] 0.00

Frequency [Hz] 1.00

inspection to confirm the absence of fissures on the bolster
beam.

At stage 2 the loads applied correspond to the vertical
load over the left secondary damper (case of load Q) and
transverse load over the pivot (case of load S) the equivalent
to the alternate loads received during eighteen (18) years of
normal operation. All stresses measured resides below the
ideal curves for this type of welding reported in [9], hence,
the life span estimated for those regions is 109 cycles and their
cumulative damage was computed as 0.0035. At the end of
this stage, it was performed a visual inspection and also a dye
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Fig. 6 Internal orientation of the triaxial strain gauges

penetrant liquid inspection to confirm the absence of fissures
on the bolster beam. The cumulative damage after stages 1
and 2 was computed as the sum of cumulated damages at
each stage.

The stage 3 was designed as a destructive test in which
extreme starts and stops of the vehicle were considered, i.e.,
longitudinal loads over the pivot due to the guide rode grip-
per (case of load P) and the impact over the pivot with the
bogie limiters (case of load T) as the loads present when the
train collides with the end of line. The test was finished when
the appear a crack in the pivot, after 3180 cycles. Although,
the object of the test, the bolster beam, do not present fis-
sures when evaluated with visual and dye penetrant liquids
inspection.

The damage cumulated at after the fatigue test of nor-
mal conditions (stages 1 and 2) was computed following the
Miner’s linear rule, being d the damage cumulated during
a specific cases of load i , ni the current number of cycles
applied to the specimen, and Ni the number of cycles inwhich
the current stress value intercept he ideal curve reported in
[9]:

di = ni
Ni

. (2)

If the measured stress is lower than any value in the ideal
curve, N is assumed as the maximum number of cycles in
the scale. The cumulate damage covering all fatigue stages
was computed following the Miller’s linear rule as [12]:

D =
∑

i∈�

di =
∑

i∈�

ni
Ni

, (3)

that is, the sum of the damage cumulated at each stage inde-
pendently.

Results of cumulative damage across the three test are
presented in Figs. 7, 8 and 9, namely, the stress measured at
the right lateral face of the bolster beam close to the welding

that joints it with the floor at DETLD_D, the stress measured
at the left lateral face of the bolster beam close to the welding
that joints it with the floor at the DETLD_I and the stress
measured at the floor of the structure DEBT.

The stress measured at DETLD_D,I are not symmetric
as the left side of the bolster beam at the rear side con-
tains a cavity to install the left secondary damper. At the first
stage, stresses of the sensors presented were in the order of
100MPa. The second stage present different behaviour for
each of the locations shown. The stress on the DETLD_D
location decrease as the only effect over this location was
the moment due to the transverse load over the pivot. On the
other hand, the stress over the weld at DETLD_I presented a
notable increment of stress, as the left secondary damper is
acting close to this location, so, even if the load simulating
the secondary damper effect is of only 4kN, its consequences
over the welds is flagrant, being a place candidate to be prior-
itized during inspections activities. The effect of this stage is
negligible on DEBT. Finally, during the third stage, the stress
at those location were maximum, but the cumulative damage
received during this stage was small compared with [9], also
taking into account that the bolster beam was pretested with
the equivalent of 18 of operation.

4 Discussion

The bolster beam is the principal structural component of a
railway vehicle, although its maintenance program consist
in visual inspection separated by several years. In case of
find a fissure, the corrective task consist on gouge and weld
the location [1,3], however, presence of fissures at the early
life of the component is a common issue in railway vehi-
cles [3,6,29]. Moreover, materials as aluminum have a finite
number repairs and then, after several welds, it is necessary
to replace the entire element, being an expensive task that
reduce drastically the vehicle availability [4], so the bolster
beamsmadeon thismaterial requires of special care during its
design stage to reduce those maintenance task at maximum.
Full-scale mechanical tests could help to predict the most
probable location of fissures and when they could appear in
order to program its maintenance, increasing the reliability
of the entire vehicle better than other techniques such as scale
test and numerical simulation, which miss-estimates several
factors [32]. However, resources to performmechanical tests
at full scale requires of facilities that are not disposable in
every country.

Therefore, the Universidad EAFIT implemented a labora-
tory to test full scale elementswhich is unique inColombia. It
allows to test several load hypothesis, allowing to command
simultaneously until five linear actuators. The reaction wall
and floor allows to locate the tested element in several con-
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Fig. 7 Stress history at the DETLD_D location. Top panel shows the alternate stress measured and bottom panels presents the cumulated damage
at each cycle

Fig. 8 Stress history at the DETLD_I location. Top panel shows the alternate stress measured and bottom panels presents the cumulated damage
at each cycle
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Fig. 9 Stress history at the DEBT location. Top panel shows the alternate stress measured and bottom panels presents the cumulated damage at
each cycle

figurations and its controller is capable to manage complex
load profiles.

The experience at instrumenting the specimen is crucial
to post processing and data analysis. To instrument the spec-
imen also in during the test and also during commercial
use is a topic of research interest in mechatronics called
structural health monitoring [11,17,25]. It allows to com-
prehend the nature of the mechanical system using electronic
devices, obtain data that permit to implement maintenance
programs strongly based in data analysis, machine learn-
ing and also coming back to physical interpretation. It is
only possible combining the art of several disciplines as
mechanics, electronics, informatics, data driven decision
and automatic control in mechatronics platforms intelli-
gent maintenance could happen. It is what EAFIT Uni-
versity is implementing via its laboratory, mixing together
mechanical actuation, control of strength (load profile),
data acquisition (instrumentation of the element) and data
analysis.

Particularly, itwas tested a bolster beamas case of study. In
the fatigue test herein proposed, four (4) load cases were per-
formed during a two (2) stages fatigue test on a bolster beam
following the procedure planned by the laboratory of materi-
als and construction research, institution that also supervised
the test. The results of each stage were presented and the
cumulative damage due to each stages was computed.

At the end of two stages of the fatigue test, i.e., all load
cases were performed during the equivalent to eighteen (18)
years, the bolster beam was inspected using non-destructive
methods, namely: visual inspection, permeable liquids, mag-
netic particles and ultrasound. It was reviewed all welds
present in the bolster beam and also the pivot pin. The results
of such tests state that neither the bolster beam nor the pivot
in presented crack or other effects that affect negatively their
physical integrity during operational conditions of load. On
the other hand, the pivot got fatigued before the bolster beam
tested when extreme cases of load were tested.

5 Conclusion

The project herein presented the results of the full scale
fatigue test performed over a new design of bolster beam of
a train. Four cases of load were applied during three stages
of a fatigue test corresponding to the mail loads of opera-
tion: loads due to weigh to the carbody and passengers over
the principal and secondary dampers, loads due the pass over
curves and loads due to starts and stops of the train. The spec-
imen survive not only the eighteen years of work of design
in normal conditions, but also a destructive test that yields in
a crack on the pivot, i.e., the interface element between the
carbody and the bolster beam.
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