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Chapter 12

APPLICATION OF VIBRATION MEASUREMENTS AND
FINITE ELEMENT MODEL UPDATING FOR
STRUCTURAL HEALTH MONITORING OF BALLASTED
RAILTRACK SLEEPERS WITH VOIDS AND POCKETS

Sakdirat Kaewunruen™" and Alex M Remennikov'
'School of Civil, Mining, and Environmental Engineering, Faculty of Engineering,
The University of Wollongong, Wollongong 2522 NSW, Australia
*RailCorp — Track Engineering, Level 13, 477 Pitt St, Sydney 2000 NSW, Australia

Abstract

Although vibration measurements are very useful and common in practice nowadays in
many applications related to mechanical, civil, and aerospace engineering, the utilisation in
railtrack infrastructure and facilities is not widely established. This chapter deals with the
application of vibration measurements and finite element model updating to the assessment of
ballasted railtrack sleepers, in particular with a void and pocket condition. It describes the
concept of vibration measurements and the understanding into the dynamic behaviour of
ballasted railtrack sleepers. It discusses briefly on the development of finite element model of
in-situ sleeper and its updating. Then, the application to structural health monitoring of the
rail-track sleepers is demonstrated. Dynamic load effects on the in-situ concrete sleepers in a
railway track system are very significant and highly regarded in the viewpoint of structural
engineers since the resonant excitation frequencies amplify the vibration magnitudes and
cause cracking of railway concrete sleepers. New concept for the design criteria of railway
concrete sleepers considers such resonant effects. As one of the main components of railway
tracks, ballast interacts with the sleepers and influences the dynamic characteristics of railway
sleepers, as well as the dynamic modulus of railtracks. The ballast support configurations are
often changed by the effects of wheel load, breakage of gravel, or loss of confinement, which
therefore creates voids and pockets underneath railway sleeper. This chapter presents a
comparison between the experimental investigation on free vibration behaviour of an in-situ
railway concrete sleeper with voids and pockets underneath, and the numerical prediction
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incorporating sleeper/ballast interaction. It is aimed at demonstrating the development and
application of the vibration measurement and model updating to railway engineering practice.
Using finite elements, Timoshenko-beam and spring elements were used in the in-situ railway
concrete sleeper modelling, whereas the voids and pockets could be superiorly treated. This
model had been proven its effectiveness for predicting the free vibration characteristics of in-
situ sleepers under different circumstances. In addition, the modal testing results have clearly
exhibited that the simplified approach is ample to predict the natural vibrations of voided
railway concrete sleepers. This study has led to the prediction and understanding of dynamic
characteristics of railway concrete sleepers under various configurations of voids and pockets.

Key words: Free vibrations; In situ concrete sleepers; Rail pad; Ballast; Voids and pocket;
Modal testing; Vibration measurement; Finite element model updating.

1. Introduction

Railway tracks consist of several components grouped into two categories: substructure and
superstructure. The substructure includes ballast, sub-ballast, and subgrade, while the
superstructure includes sleepers (or sometimes called ‘tie’), rail pads, fasteners, and rails.
Figure 1 schematically depicts the typical ballasted railway tracks. Rolling stocks usually ride
over the rails to transport passengers, goods, etc. The burden of vehicle and transported mass
will transfer to axle, to wheel, and then to track structures. The loading conditions acting on
railway tracks are normally time dependent since the wheels interacts with rails, causing
dynamic effects. The dynamic loads often excite the railway track components with increased
magnitudes at specific frequencies associated with such components. It is found that the
railway concrete sleepers deteriorate greatly when they are subjected to dynamic loads at their
resonant frequencies, especially in flexural modes of vibration (Barke and Chiu, 2005;
Remennikov and Kaewunruen, 2007). Therefore, resonant characteristics of in-situ railway
concrete sleepers are essential in their own analysis and design.

rail pad & fasteners

subgrade

Figure 1. Typical railway tracks
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Based on a number of research studies, it has been found that the resonant vibrations of
sleepers affect not only the sleepers themselves, but also the wheel-rail interaction forces
(Clark et al., 1982; Knothe and Grassie, 1993; Remennikov and Kaewunruen, 2007). Grassie
and Cox (1984) presented the dynamic responses to high frequency excitation of a railway
track. They found that the higher pad stiffness tends to increase the contact forces, and that
the typical corrugation-passing frequencies (e.g. 750 Hz for a corrugation of 60 mm
wavelength and train speed of 45 m/s) are most likely to cause much damage on concrete
sleepers at their second and third dynamic mode shapes. It should be noted that the normal
train operation causes the dynamic forces at the frequency bandwidth between 0 and 20 Hz
for sprung mass and between 20 and 125 Hz for unsprung mass. In particular, some defects
on wheels or rails, such as corrugations, bad welds, or wheel flats, can create the forces with a
variety of frequency spans varying from O to 2,000 Hz, depending on the train speeds and
type of defects (Esveld, 2001; Remennikov and Kaewunruen, 2007). These dynamic force
frequencies are often matched with the resonances of railway concrete sleepers, resulting in
the accelerated deterioration of such elements as previously described. Therefore, it is
imperative to investigate and monitor the dynamic characteristic of railway concrete sleepers
under different circumstances. Structural health monitoring can be found by two main
investigations: experimental and analytical studies. The most common practice involves the
experimental modal analysis whereas the vibration measurement is performed to obtain
modal parameters. The analytical investigations are often achieved by finite element
approach. However, the integration between experimental and analytical studies can lead to
calibrated models, which can be used for structural condition assessment and monitoring.
This procedure is so-called ‘finite element model updating’ as described in Figure 2 (Friswell
and Mottershead, 1995).

Esveld (2001) discovered that the ballast breakage increases substantially at a track
resonance, so-called in-phase vibration. This phenomenon causes the voids and pockets, or
even the poor packing of ballast support underneath railway concrete sleepers (Barke and
Chiu, 2005; Kaewunruen and Remennikov, 2007a). A sleeper having voids and pockets
underneath is hereafter referred to as ‘voided sleeper’. There are several investigations on free
vibrations of in-situ railway sleeper in track system. Dahlberg and Nielsen (1991) and
Nielsen (1991) developed an analytical model for analysing the dynamic behaviors of
concrete sleepers in both free-free and in-situ conditions, using the Wittrick-Williams
bisection method. This method makes it inconvenient to handle with the variations of voids
and pockets. Grassie (1995) carried out experiments and a two-dimensional dynamic
modelling for vibration analysis of concrete sleepers in free-free condition. Based on these
studies, the Timoshenko beam element was the best approximation for the concrete sleepers,
even though the elastic properties of prestressed concrete sleepers may not be exact.
Noteworthy, the sleepers are generally designed using ‘permissible stress’ concept whereas
their behaviour under service loads is elastic (Kaewunruen and Remennikov, 2008).
Therefore, the model is accurate to sufficiently explain the sleeper dynamic behaviour. The
effects of rail pad parameters on the dynamic behaviours of in-situ railway concrete sleepers
are significant, and have been previously presented (Kaewunruen and Remennikov, 2006a).
Recently, Plenge and Lammering (2003) have investigated the influence of a voided sleeper
on the frequency response functions of the sleeper, two adjacent sleepers, and a track
segment. The test programs dealt only with sleepers B70W60, designed in accordance with
the German standard. It was found that the partially supported sleeper dramatically increases
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the receptance level (at sleeper end) at frequencies varying from O to 150 Hz whilst at
frequencies beyond 150 Hz the receptance level decreases slightly. Moreover, the voids and
pockets would also allow the sleepers to vibrate freely with greater magnitudes and lead to
larger crack widths or fatigue (Kaewunruen and Remennikov, 2007a). Based on the literature
survey, the influence of voids and pockets on the dynamic behaviors of local railway concrete
sleepers has yet been investigated, although it is vital to the damage detection and structural
health monitoring of the in-situ railway concrete sleepers in particular. In addition, although
the sleepers are pressed down onto the ballast when a train passes, no one can guarantee
whether under any circumstances the voids (at least most of them) are closed and the ballast
fully supports the sleepers at the train passages. The fundamental reason of derailment and
track overturning can be of numerous theories. One possible way is the high risk of
overturning instability of railway tracks whereas the resonances due to void effects could
enhance the overturning instability of global tracks.

Structural conceptual model

l

Selection of essential structural
model parameters

l
l l

Vibration measurements to obtain Finite element modelling to
experimental responses obtain analytical responses
A

Response selection/comparison and
—> Differential sensitivity analysis [

l

Correlate?

j!
Updated model to be used for

prediction and monitoring of
structural behaviour

Figure 2. Flowchart of finite element model updating procedure
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This chapter presents the experimental and numerical studies for the better understanding
into free vibration characteristics of voided railway concrete sleepers. A type of void
configurations was selected for demonstration in this study, which is called ‘the single-side
hover voided sleeper’ as illustrated in Figure 3. Modal testing was employed for the
dynamical experiments on a selected Australian-manufactured concrete sleeper. The concrete
sleeper modeled herein is the modified Australian standard gauge sleeper type, adopted from
previous work (Kaewunruen and Remennikov, 2006a; 2007a). This type of sleepers is the in-
situ mono-block cross tie usually used in Australian ballasted railway tracks. The main aim of
this study was to calibrate the prediction model for the dynamic behaviors of in-situ sleepers
in which the in-situ conditions and the sleeper/ballast interaction had been also taken into
account. The voided sleepers were considered as beams on elastic foundation of the Winker
type. The model was developed using the finite element package, STRAND7. Two-
dimensional beam element, considering shearing effects, was used to model the concrete
sleeper taking into account the shear deformation and rotational inertia. The ballast-support
system and rail pad were modeled using elastic support feature and spring elements,
respectively. The elastic support feature allows some changes in order to investigate the
effects of the potential voids. The numerical results have been compared against the
dynamically experimental results. In practice the sleeper is also connected to the rails and that
influences the dynamic behaviours. Since the case study has been simplified, the normalized
trends of natural frequencies of the sleeper are displayed to give a better insight into the
dynamic stability and behaviors of the voided railway concrete sleeper in the actual tracks.
Vibration measurements and finite element model updating provide a successful tool for
monitoring the dynamic behaviour of railway sleepers with voids and pockets underneath
them. These investigations have resulted in the further studies on dynamic characteristics of
other configurations of voided railway concrete sleepers (Kaewunruen and Remennikov,
2007c).

Figure 3. Schematic model of a type of voided railway concrete sleepers (single-side hover)
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2. Contemporary Design Concept of Railway Sleepers

At present, many organisations (e.g. American Railway Engineering and Maintenance-of-
Way Association, Standards Australia, European Committee for Standardization, and
International Union of Railways) address the design methodology of railway sleepers. Most
of them prescribe a design methodology for concrete sleepers using permissible stress design
concept. The life cycle of the sleepers based on this standard is 50 years. The design process
relies on the permissible or allowable stress of materials. A load factor is used to increase the
static axle load to incorporate dynamic effects. The design load is termed ‘combined quasi-
static and dynamic load’ which has a specified lower limit of 2.5 times static wheel load.
Load distribution to a single sleeper, rail seat load, and moments at rail seat and centre can be
obtained using tables provided in AS1085.14. It should be noted that the ballast pressure
underneath sleepers is not permitted to exceed 750 kPa for high-quality ballast. Factors to be
used for strength reduction of concrete and steel tendons at transfer and after losses can be
found in the standard, ranging between 40% to 60% reduction. However, the minimum pre-
camber compressive stress at any cross-section through the rail seat area is set at 1 MPa after
all losses (loaded only from prestress). It should be noted that 25% loss of prestress is to be
assumed for preliminary design or when there is no test data. A lower level of 22% loss has
been generally found in final design of certain types of sleepers (Standards Australia, 2003).

Past practice has indicated that utilisation of this permissible stress design concept is
adequate for flexural strength design. AS1085.14 (Standards Australia, 2003) states that if the
design complies with AS1085.14, there is no need for consideration to checking stresses other
than flexural stresses, because the permissible stress design concept limits the strengths of
materials to comparatively low values compared to their true capacity. Under the design
loads, the material is kept in the elastic zone so there is no permanent set. In particular,
sleepers that comply with AS1085.14 have all cross sections of the sleepers fully in
compression, under either pre-camber or design service loads. This approach ensures that an
infinite fatigue life is obtained and no cracking occurs.

As a result, the railway sleepers designed compliant with the permissible design concept
are behaving only in elastic zone. The use of Timoshenko beam theory has then become the
most suitable means for simplified dynamic analysis of railway sleepers. In fact, experimental
test results have shown that the sleepers designed based on this concept have a significant
reserve of strength within their 50 year life cycle under normal service loads (Remennikov et
al., 2007). This permissible design concept is considered to be based on empirical methods
that rely on simplistic impact factors to roughly represent dynamic forces by trains. The
impact factor is obtained from short-term on-track measurement, which is very limited for
long-term risk assessment of rail tracks. These have led to the development of a new limit
states design concept for railway sleepers. This topic currently attracts a number of research
funds and is being investigated under a research framework of Australia Centre for Railway
Engineering and Technologies (Rail-CRC) or currently called ‘CRC for Rail Innovation’.

3. Vibration Measurements

Experimental modal analysis (EMA) or modal testing is a non-destructive testing strategy
based on vibration responses of the structures. Over the past decade, the modal testing has
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become an effective means for identifying, understanding, and simulating dynamic behaviour
and responses of structures. One of the techniques widely used in modal analysis is based on
an instrumented hammer impact excitation. By using signal analysis, the vibration response of
the structures to the impact excitation is measured and transformed into frequency response
functions (FRFs) using Fast Fourier Transformation (FFT) technique. Subsequently, the
series of FRFs are used to extract such modal parameters as natural frequency, damping, and
corresponding mode shape. In a wide range of practical applications the modal parameters are
required to avoid a resonance in structures affected by external periodic dynamic loads.
Practical applications of modal analysis span over various fields of science, engineering and
technology. In particular, numerous investigations related to aeronautical engineering,
automotive engineering, and mechanical engineering have been reported (Kaewunruen and
Remennikov, 2005; Remennikov and Kaewunruen, 2005). In this study, the modal testing is
sound and has been employed in the experiments.

The test specimen was the prestressed concrete sleeper designed in accordance with
AS1085.14-2003 (Standards Australia, 2003). The dimensions and masses of the test sleeper
are tabulated in Table 1. The sleeper is the heavy-duty sleeper type provided by ROCLA.
The excitation points were located on the top surface of the sleeper at every 150 mm along
the perimeter. It is important to note that the number of these positions should be sufficient to
represent the vibration modes of interest. In this case, an accelerometer had a fixed position
whilst an instrumented impact hammer was roved along the excitation points. Figure 4 shows
the experimental setup of the voided sleeper.

Figure 4. Experimental setup of a voided railway concrete sleeper
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Table 1. Dimensions and masses of the test sleeper*

Sleeper Mass Total length At railseat (m) At centre (m)
Type (kg) (m) width depth width depth
standard 206.0 2.50 0.20 0.23 0.21 0.18
*adopted from [16]

From previous experiments (Remennikov and Kaewunruen, 2006), the best position for
installing the accelerometer is at the end of the sleeper. At this point, the FRFs recorded are
clear at all modes of vibration without any noise. The instruments used in these experiments
include a PCB accelerometer, the PCB impact hammer, and the Bruel&Kjaer PULSE
vibration analyser. The accelerometer was mounted at both sleeper ends for two series of
dynamic testings, in order to investigate the discrepancy when using the FRFs obtained from
different ends. Using the instrumented hammer to excite vibrations in the sleeper over the
frequency range O to1600 Hz, the 10-time average vibration responses represented by the
FRFs were obtained using the PULSE system. Then, processing the recorded FRFs by
STARModal gave the natural frequencies and modal damping constants of the sleeper. All
procedures were performed twice per a voided sleeper as the percentage of sleeper/ballast
contact zone (artificial void) would vary from full contact (a/L =0.00), 90% (a/L =0.10), 80%
(a/L =0.20), 70% (a/L =0.30), and 60% (a/L =0.40), see Figure 4. It was also found that the
instability of the voided sleeper occurs at about 58% sleeper/ballast contact where the over-
hanging part of the sleeper tends to tip over. This was the reason why the experimental data
were limited up to a/L = 0.40. The experimental techniques in details can be found in
Remennikov and Kaewunruen (2006).

4. Finite Element Modelling and Updating

A dynamic finite element simulation of the in-situ railway concrete sleeper, which was
developed earlier in two dimensions and successfully validated (Kaewunruen and
Remennikov, 2006a; 2007a), has been adopted for this study. The railway concrete sleeper is
modelled using fifty Timoshenko beam elements with a trapezoidal cross-section while rail
pads and ballast systems were modelled as a spring-dashpot element and the elastic beam
support features in STRAND7 (G+D Computing, 2002; 2005). The elastic support feature
allows the changes in any element along the beam, making it possible to investigate any type
of potential void configurations. The standard input data and engineering properties of those
components have been adopted from previous investigations as tabulated in Table 2
(Dahlberg and Nielsen, 1991; Cai, 1992; Grassie, 1995; Sadeghi, 1997; Kumaran et al., 2003;
Kaewunruen and Remennikov, 2006a; 2007a; Remennikov and Kaewunruen, 2006). The in-
situ boundary condition is simplified using spring elements as rail pads connected to rails.
Verifications of the model have been done earlier in both free-free and in-situ conditions. The
results of either eigenvalues or eigenmodes are in very good agreement with the previous
findings in (Kaewunruen and Remennikov, 2006a). The results have clearly proven that the
finite element model and the simplified approach are capable of predicting the dynamic
characteristics of in-situ railway concrete sleepers in a track system.
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Table 2. Properties used in concrete sleeper validation model*

Parameter lists

Flexural rigidity El =460, EI =6.41 MN/m’

Shear rigidity KGA, =502, kGA, = 628 MN

Ballast stiffness k,=13 MN/m’

Effective stiffness k,=17 MN/m

Sleeper density £,=2,750 kg/m3
*adopted from [11]

The voids and pockets of ballast underneath railway concrete sleeper are varying
depending on many factors such as railway tracks, dynamic loads, and substructure strength.
This chapter highlights only a type of voided sleepers when a side of the sleeper is hovering,
and whereas the experimental results are available. The present model is developed based on
experimental and numerical validations of an Australian standard gauge sleeper, which is
identical to the test specimen. The numerical analysis has been carried out, by omitting the
elastic support stiffness step by step. The numerical results based on the standard data input
are given in Table 3. However, in the experiments, the concrete sleeper was simply laid on
the ballast and a sample of such sleeper batch was performed under the static ultimate load
(Kaewunruen and Remennikov, 2006b; 2006¢). These static ultimate tests also result in the
model updating by correcting the effective elastic modulus of concrete sleeper (EI = 8.4) and
setting the rail pad spring to nil (k, = 0). The numerical results of the updated finite element
model based on Grassie’s results (1995) are given in Table 4. The updated model excludes the
rail assembly to imitate the actual experimental setup. It should be noted that the experimental
modal testing was first performed to identify structural parameters of the sleeper. Then, the
finite element model was developed using available data from the manufacturer. The model
was then updated through the comparison of modal parameters and dynamic responses as
shown in Figure 2 (Friswell and Mottershead, 1995).
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Table 3. Natural frequencies of standard sleepers under various percent sleeper/ballast

contacts
% Frequencies (Hz)

sleeper/ballast Rigid Body Motion Flexural Vibrations
contact Translation Rotation Mode Mode Mode Mode Mode5

1 2 3 4
full contact 68.66 70.59 12221 31344 607.3 997.47 148549
90 (a/L=0.1) 69.28 63.82 11991 312.86 607.08 997.36 1485.42
80 (a/L=0.2) 69.27 59.09  119.53 31279 60693 99721 1485.32
70 (a/L=0.3) 69.17 5572 119.44 31230 606.65 997.15 148527
60 (a/L=0.4) 68.83 53.43 11875 311.72 606.61 997.00 1485.17
50 (/L=0.5) 51.85 68.06 11750 311.60 60635 996.89 1485.10
40 (a/L=0.6) 50.76 66.69 11636 311.46 606.08 996.79 1485.03
30 (a/L=0.7) 50.04 64.61 11590 310.87 606.04 996.63 1484.93
20 (a/L=0.8) 49.60 61.68 11585 31038 605.76 996.57 1484.88
10 (/L=0.9) 49.34 57.66  115.11 31032 605.62 996.42 1484.78
free-free - - 111.60 307.38 602.12 99446 1484.33

Table 4. Natural frequencies of the updated sleeper model under various percent
sleeper/ballast contacts

% Frequencies (Hz)

sleeper/ballast Rigid Body Motion Flexural Vibrations

contact Translation Rotation Mode Mode Mode Mode4 Mode5
1 2 3

full contact 48.29 48.27 145.83 382.13 744.09 1227.32 1831.12
90 (a/L=0.1) 48.28 38.96 143.97 381.62 74390 1227.23 1831.06
80 (a/L=0.2) 48.23 30.56 143.65 381.57 743.79 1227.11 1830.98
70 (a/L=0.3) 48.03 23.19 143.57 381.18 743.56 1227.06 1830.94
60 (a/L=0.4) 47.54 17.12 14296 380.71 743.53 1226.94 1830.86
50 (a/L=0.5) 46.53 12.14 141.83 380.61 743.31 1226.85 1830.80
40 (a/L=0.6) 44.65 08.08 140.75 380.50 743.10 1226.76 1830.74
30 (a/L=0.7) 41.43 04.87 140.24 380.03 743.06 1226.64 1830.66
20 (a/L=0.8) 36.18 02.43 140.19 379.64 742.84 1226.59 1830.62
10 (a/L=0.9) 27.61 00.80 139.71 379.59 74272 1226.47 1830.54
free-free - - 137.63 379.07 74253 1226.38 1830.48

5. Results and Discussions

The simplified test bed has been used to clearly identify the effect of voids and pockets on the
dynamic behaviours of railway sleepers. The results of vibration tests for the test sleeper are
depicted in Tables 5-6. In these tables, the first four bending modes of vibration are presented.
The results in Table 5 were obtained from the first vibration test when the accelerometer was
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mounted on the hovering end, whilst Table 6 shows the modal results of the test when the
accelerometer was placed on the other end. It is very clear that both results are fairly close at
all cases, proving the precision of vibration testing methodology. It is also found from Tables
4-6 that the updated model can accurately predict the dynamic characteristics of the voided
sleepers. The discrepancies found are less than 5% for the flexural cases and about 10% for
the rigid body motions. However, the experimental results are limited to only flexural
vibrations up to 1,600 Hz, or on the other hand they accommodate only the first four modes
associated with impact loads on railway tracks (Kaewunruen and Remennikov, 2007b).
Comparing experimental results between free-free condition and the case with ballast support
in Tables 5 and 6, it is found that the ballast support played a major role in escalating the
damping values of all vibration modes. The increment of damping constant due to sleeper-
ballast interaction could be up to 40 times. The damping topic is however not in the scope of
this chapter and will not be described at this state. By the way, it should be noted that the
mode shapes of ballasted sleepers tabulated in Tables 5 and 6 were quite difficult to identify
since some mode shapes were sometimes too closely spaced between each other complex
mode of vibration (e.g. torsion). In this study, the experiments on the ballast test bed were
stopped at 60 percent of sleeper/ballast contact where beyond this point the static instability
can be observed. Due to the overhang mass, the dynamic hardening phenomenon of rigid
body dynamics may occur. Based on the FRFs obtained from the experiments, the rigid-body
modes of vibration can be identified. The translation mode can be extracted as tabulated in
Table 7. Nonetheless, it is very hard to discover the rotation modes in the low frequency
range because the FRFs were obtained in the large frequency band and the zoom function
feature was not used during the measurements. It is found that the experimental results of the
rotation mode are slightly different from the numerical ones. However, the normalized
results, as shown in Figure 5, tend to be similar.
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Table 5. Modal parameters of ROCLA Heavy Duty with different single hover conditions (001Z Response)
Full Contact 90% Contact 80% Contact 70% Contact 60% Contact Free-Free
(a/L=0.1) (a/L=0.2) (a/L=0.3) (a/L=0.4)
Mode Frequency | Damping Frequency Damping Frequency Damping Frequency Damping Frequency Damping Frequency | Damping
(Hz) (%) (Hz) (%) (Hz) (%) (Hz) (%) (Hz) (%) (Hz) (%)
/ ~
: ,4:,7 A Val :
e / >/ [/\VVJ / 4 = /~
g = & Ny 4 o o
7 / . L / = Yo,
Vv ~— S sl va =L
/ yave
pa 7% -
15039 | 8.460 147.61 | 9338 14592 | 4435 143.93 | 10.38 14334 | 17485 13571 [ 266.37m
2 /] [ [/ [/ ¢ , /\7
7 /7 i ) ~/
4 /7 AN 5
R / T P M - / * Y <\
LT f\/?iyl: /4\?'%& LTNE QLN AR
4~/ f L / A #/ N\ /J/ /;\/
/\// /\7 /Z\/ L/ v y v
L/ ay L/ L] L7
41493 | 2586 414.64 2.531 41457 | 2472 41449 | 2546 409.37 | 1517 404.83 | 298.96m
3 = 7 ~ 7
/ [/ [/
S /\/7 < /K 4 S~ /\// s /\/7 /%\
(TN R 5 N R ARG A
A/ QA N >4/ Ay QJJ Yy
=/ z\x/ [ &/ = L/
/ / N
775.56 | 1.624 77561 | 1.528 775.40 1.577 77561 | 1.644 77598 | 1.450 767.84 | 279.37m
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Table 5. Continued.

Full Contact 90% Contact 80% Contact 70% Contact 60% Contact Free-Free
(a/L=0.1) (a/L=0.2) (a/L=0.3) (a/L=0.4)
Mode Frequency | Damping Frequency Damping Frequency Damping Frequency Damping Frequency Damping Frequency | Damping
(Hz) (%) (Hz) (%) (Hz) (%) (Hz) (%) (Hz) (%) (Hz) (%)
4 s ~ a > ™
/ /Sy /7y /
A A &7 N ~ N
<7 N =z /Y : / \/ /Yy Q / N ,[\, <\
Tl I T A7 [ R j{wﬁ*
=4 (T L KL/ (o VTS
N N N /V N =7
~ ~ ~ /\ \/
1,207.18 | 1.628 1,206.08 | 1.543 1,207.79 | 1.435 1,208.31 | 1.429 1,20421 | 1.002 | 1,198.36 | 288.91m
Table 6. Modal parameters of ROCLA Heavy Duty with different single hover conditions (017Z Response)
Full Contact 90% Contact 80% Contact 70% Contact 60% Contact Free-Free
Mode (a/L=0.1) (a/L=0.2) (a/L=0.3) (a/L=0.4)
Frequency | Damping Frequency Damping Frequency Damping Frequency Damping Frequency Damping Frequency | Damping
(Hz) (%) (Hz) (%) (Hz) (%) (Hz) (%) (Hz) (%) (Hz) (%)
1 & = /] L7 L7
/ Jw/ ~7 /7 /4\ 7
< Y, yA 7/ Yawd ya 7 L\
/5\\ /L/N /L/\/ / AN 57 = // ‘7/ / 7
/~/ ~. ./ >~ L \ v <. 4
f/7 = > g T \\.\\{? “\t\:@/
&
148.62 | 7.520 147.70 8.906 147.63 | 9.823 146.19 9.496 145.89 | 8.746 135.71 266.37m
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Table 6. Continued.
Full Contact 90% Contact 80% Contact 70% Contact 60% Contact Free-Free
Mode (a/L=0.1) (a/L=0.2) (a/L=0.3) (a/L=0.4)
Frequency | Damping Frequency Damping Frequency Damping Frequency Damping Frequency Damping Frequency | Damping
(Hz) (%) (Hz) (%) (Hz) (%) (Hz) (%) (Hz) (%) (Hz) (%)
2 / /7 / 7
/o S~/ TN =
/\\/’ /™~ /@;\ﬂ\ /L;p\;\ ﬁ\\ \ /~ 7/
Vad —~_ /| M~ A w /7Y H R >l
TR TN CH 2N Y RGN A
/ S~ AN N L/ N L [/
/ﬁ/ / / 4 \\\\Cé\] \%/J AN // ) 7
L/ L L/
41561 | 2720 41497 | 2632 41494 | 2.602 41457 | 2519 40928 | 1.603 404.83 | 298.96m
’ ] [ /] [/
e ~/ — / = I
N R [ RN R R
/] N L =~ /7L 'y, yava\ QL LA ‘ 7
NV T ] \\ /] = v /) /L) Y,
AN QA N A NV Q 2
/] = =G /7 26/ =L/ [
[~ K/ o ’ /7
L) - L/
77577 | 1.602 77553 | 1.627 77521 | 1575 77528 | 1.622 77569 | 1.426 767.84 | 279.37m
4 I
K / /;7 N /C’7 N \] /
/,?il\(\/ /?@\ &/ /f&QJ /\%é/v ﬁf/@ L\Zy/ N \7;&
//\wé% /ﬁ\\?\;g// /<ﬁ%/ :\?’1\ / / %\\ ///’/ B ™ /7 “2{?/
N/ - //\/ ) . // \ // =k &/ \7& m\/‘
L J/ L/ / / [ ) / /
N ~_/ Y /
120553 | 1512 | 120622 | 1442 | 120703 | 1439 | 120872 | 1598 [ 120407 | 1006 | 1,198.36 | 288.91m
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Table 7a. Rigid body motion of ROCLA Heavy Duty with different single hover conditions (001Z Response)
Full Contact 90% Contact 80% Contact 70% Contact 60% Contact
Mode (a/L=0.1) (a/L=0.2) (a/L=0.3) (a/L=0.4)
Frequency Damping Frequency Damping Frequency Damping Frequency Damping Frequency Damping
(Hz) (%) (Hz) (%) (Hz) (%) (Hz) (%) (Hz) (%)
; Yol —d
Q= //\\C(g A <N
PN P = = O
N S < = @\%’
4175 | 423 4169 | 499 37.72 6.97 3755 | 1736 3205 | 158
R — g 4 A
= e = P L
= == P //;7/
= = = - &
el = éy 5 <7
4170 | 744 3936 | 3.94 2983 | 274 2966 |  4.28 20.47 4.06
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Table 7b. Rigid body motion of ROCLA Heavy Duty with different single hover conditions (017Z Response)

Full Contact

90% Contact

80% Contact

70% Contact

60% Contact

Mode (a/L=0.1) (a/L=0.2) (a/L=0.3) (a/L=0.4)
Frequency Damping Frequency Damping Frequency Damping Frequency Damping Frequency Damping
(Hz) (%) (Hz) (%) (Hz) (%) (Hz) (%) (Hz) (%)
T ]
=4 < & &7 et
= < = L P
L S P Y P
s P T L =
~ = e = —
Yo &
4212 | 239 4202 | 242 4254 | 284 4098 | 343 3657 | 456
= = /?7 < S
)4 ave < P —
= e A5 il /[v/y
=4 = & T &
el - P s <
4071 | 247 39.57 8.68 3032 [ 593 29.72 3.67 2074 | 424
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Figure 5. Normalized modal changes of a voided railway concrete sleeper
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Figure 5 presents the comparison between experimental and numerical results of dynamic
behaviours of the voided sleeper in terms of normalized frequencies. At all cases, the trend of
dynamic characteristics of the voided sleeper using the simplified model is very similar to the
experimental modal results. The discrepancy in the rigid body dynamics is attributable to the
instability of the test sleeper corresponding to particular modal displacements. The
experimental results clearly confirm the dynamic softening phenomenon in rigid body modes
associated with those from the updated finite element model (beam on elastic foundation).
The dynamic softening phenomenon occurs when the natural frequency diminishes as the
amplitude of vibration or other parameters. It is found that out of all flexural modes, the most
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significant change in natural frequencies among all void conditions was the first bending
mode. The maximum frequency increase was about 10 percent found in the numerical results
and about 11 percent noticed in the experimental results. However, it was found that at higher
resonant frequencies, the effect of voids and pockets was remarkably decreased to only two
percent difference in eigenfrequencies of the second to fourth vibration modes. Accordingly,
the finite element model is sufficient for the dynamic analysis of voided railway concrete
sleepers.

In addition, it is discovered from the numerical analyses considering the rail assembly
(in-situ sleeper model) that there are cross-over phenomena of dynamic mode shapes of
voided railway concrete sleeper in a track system due to static instability during the transition
of sleeper/ballast contact from 60 to 50 percent (a/L 0.4 to 0.5). These phenomena involve
only rigid body dynamics: translation and rotation, as depicted in Figure 6. For the translation
mode, the displacements of the translation eigenvectors at both rail seats tend to exist in the
same direction. In contrast, the directions of displacement vectors at rail seats behave
conversely for the rotation mode. It is found in Figure 6 that when the void expands, the
lowest mode will suddenly shift from rotation to transition. Simultaneously, the subsequent
mode will change from transition back to rotation. The reason is that the translation mode
relies mostly on the allowable displacements of springs (rail pads) at rail seats (Kaewunruen
and Remennikov, 2007a). As shown in Table 3, when the void initiates, the over hanging
mass pre-stresses on rail seat springs, resulting in the slightly higher translation frequencies
since it becomes a stiffer system to translate. As the rotation is prone to the void size, the
rotation frequencies reduce by degrees. When the void is larger enough to induce static
instability of the continuum sleeper in the track system, it causes the cross over phenomena
when over hanging mass is large enough to sway the sleeper to the void region and the
sleeper forms a new stable configuration. The new stable configuration allows translation but
rotation, so that the translation mode shifts down to the lowest resonance, and vice versa. This
understanding is fundamentally important to the dynamic health monitoring of a railway track
and its components. Also, this study has led to the numerical prediction associated with the
influences of voids/pockets and contact mechanisms underneath the sleeper (Kaewunruen and
Remennikov, 2007¢).



Application of Vibration Measurements and Finite Element Model Updating... 19

rotation (53.55Hz) translation (51.95Hz)

translation (69.07Hz)

rotation (68.41Hz)
a)a/L=0.4 b) a/L=0.5

Figure 6. Transition of rigid body mode shapes

6. Conclusions

Free vibration characteristics of a type of voided railway concrete sleepers in a track structure
system are investigated using both experimental modal testing and finite element approach.
Modal testing was performed on an Australian-manufactured sleeper on a ballast test bed. The
single-side hovering voids and pockets underneath sleeper were artificially created. Modal
data are obtained from the experiments in order to investigate the capability of the simplified
finite element analysis developed earlier for predicting free vibration behaviors of voided
railway concrete sleepers. Either experimental or numerical results show that the voids and
pockets have significant effect on the rigid body dynamics and the first bending vibration of
the voided sleepers. However, the voids are unlikely to substantially affect the higher flexural
modes of vibration. Nonlinear degree of dynamic softening and hardening due to voids and
pockets can be detected not only in translation and rotation modes of vibration, but also found
in the flexural modes of vibration. On the basis of both experimental and numerical
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investigations, the finite element model has been proven to accurately predict the trend of
dynamic behaviours of voided railway concrete sleepers. Thus, the health monitoring of
railway sleepers with different void configurations can be investigated.

Importance of this study involves the development of dynamic health monitoring tool for
in-situ concrete sleepers in the modern railway track using integrated vibration measurement
and finite element model updating. It is found that using the vibration measurement provides
high accuracy of the condition assessment of railway sleepers in track systems, since other
methods for health monitoring of sleepers, e.g. radar, ultrasonic, microwave, or image
analysis, could not properly detect voids underneath or cracks in sleepers. It should be noted
that a voided or damaged sleeper may not much affect the global track responses but it may
result in the dynamic overturning instability of tracks and the abnormal wheelset movements,
of which further study is required. Nonetheless, this understanding into the effect of boundary
condition will help indicate the influential parameters associated with impact loading and its
effect particularly on track components.
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