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Abstract:
Aims:
Background:

quality of track geometry, and the life of track components.

Objective:

section in a turnout.

Methods:

This study aims to determine the in-plane stiffness of the track in a turnout of the railway in Vietnam.

Track stiffness is a basic parameter of railway tracks that influences the bearing capacity of the track, the dynamic behavior of passing vehicles, the

The objective of this research is to determine the in-plane stiffness of the track based on substructure modulus, and rail pad stiffness at a track

Various tests which included the field tests of the substructure modulus, and rail pad stiffness tests in the laboratory were done. Substructure
modulus was investigated at ten locations in the field. Rail pad stiffness was tested with five samples in the laboratory. In-plane stiffness of the
track was calculated through substructure modulus and rail pad stiffness. The finite element method was used to evaluate the bearing capacity of
bearings with different in-plane stiffness values.

Results:

Based on the results obtained, the substructure modulus was from 0.49 N/mm® to 1.48 N/mm’. The rail pad stiffness is from 32.99 kN/mm to 34.92
kN/mm. These results are used to calculate the in-plane stiffness of the track. The in-plane stiffness of a track section in a turnout in Vietnam is
from 25.18 kN/mm to 30.19 kN/mm. According to the finite element method, it is possible to determine the maximum value of forces transmission
to the supports from 37.743 kN to 38.989 kN corresponding to the above stiffness values with the axle load of train 14 tons and rail P60.

Conclusion:

The stiffness of the supporting is proportional to the value of the force transmitted to the supporting. This study clearly showed that the
substructure (soil and ballast) properties had the most impact on the total in-plane stiffness of the track. The results will be a tool for the track
maintenance engineer to implement correct maintenance activities.
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1. INTRODUCTION stiffness have been implemented over the years [1 - 6].
However, understanding of track stiffness and its effect on

The stiffness of the track is an important parameter in .
track performance is not yet complete.

railway track engineering, both from a design and maintenance
point of view. Many research works and surveys on track

* Address correspondence to this author at the Department of Railway,
University of Transport and Communications, Hanoi, Vietnam;
E-mail: trananhdung@utc.edu.vn

The simplest representation of a continuous elastic
foundation is the Winkler foundation model. In this model, the
rail is represented by an infinite, uniform, Euler-Bernoulli
beam supported by a continuous damped, elastic Winkler
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foundation. The effective mass of the sleepers is distributed
uniformly and added to the mass of the rail [7 - 12]. In 1994,
Vertical rail deflection under a specified load or change in
load, track stiffness defined as the ratio of change in load to
change in rail deflection, and track (foundation) modulus as
defined by the beam-on-elastic-foundation model are given
from tests on a heavy haul line by Eberséhn and Selig [13]. In
2009, Burrow et al. studied and described the use of numerical
models to assess the influence of track stiffness variations on
the wheel/rail contact force of high-speed railways [14].
Fenander research on frequency-dependent stiffness and
damping of rail pads [15]. Ilias studied the influence of rail pad
stiffness on wheelset/track interaction and corrugation growth
[16] and Thompson et al. studied the influence of the non-
linear stiffness behavior of rail pads on the track component of
rolling noise [17] in 1999. Some tests for Pandrol fastening
were done in 2003 [18]. Some authors researched the effect of
track stiffness on track performance [19 - 22]. Techniques for
continuous measurement of vertical track stiffness have been
developed in China [23], the United States of America [24],
[25], and Sweden [26, 27]. Some other authors researched
methods to measure the stiffness of the track [24, 28 - 33].
Foundation stiffness was studied by some authors [34 - 36]. In
2011, Xin and Gao researched on slab mat stiffness of high-
speed railway in China [37]. The main factor that influences
the longitudinal lengths of dynamic stresses of the subgrade
surface is the stiffness of the concrete structure of the
ballastless track [38]. Bodare et al. evaluated track stiffness
with a vibrator for prediction of train-induced displacement on
railway embankments [39]. J.Y. Choi., et al. study the
evaluation of track support stiffness on the various track types
in urban Transit [40] and research on the effect of track support
stiffness for ballasted track to dynamic wheel-rail forces [41].
Frohling et al. studied spatially varying stiffness, and the
vertical dynamic response of a rail vehicle caused by track
stiffness variations along the track and deterioration of railway
track due to dynamic vehicle loading [42, 43]. Vertical track
stiffness effect on the dynamic behaviour of track structure was
studied by Moravcik in 2004 [44]. Na et al. studied
experimental the variation of track stiffness between earthwork
and bridge [45]. In addition, stiffness is an important input
parameter in determining material strength. The steel strength
was considered by Chandrasekaran and Srivastava [46, 47].

The different track stiffness along the track causes
variations in vehicle-track interaction forces and leads to
differential settlement and therefore differential track geometry
deterioration and potential vibration problems. Therefore, the
research on track stiffness is an important parameter in both
railway design and maintenance. In this paper, the authors
study the in-plane stiffness of the track of a railway section in a
turnout location in Vietnam (1000 mm gauge), and track
strength.

2. MATERIALS AND METHODS

2.1. Theoretical Basis for Calculating In-plane Stiffness of
the Track

In the continuous beam model on elastic supports, the
stiffness of the rail supporting represents the elastic
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characteristic of the supporting (Fig. 1).

Supporting stiffness is defined as the ratio between force
and supporting deflection.

k
k=1 (X 1)

y ~mm

Where:

F is the force applied on the top surface of the rail
supporting (kN)

y is the deflection of rail supporting under the effect of
force (mm).

In this study, the supporting stiffness is considered the in-
plane stiffness of the track. Modeling in-plane stiffness of the
track is the stiffness total of the rail pad, sleeper, and
substructure (Fig. 2).

Where:

k.. 18 a coefficient of quasi elasticity (in-plane stiffness of
the track) of the rail supporting (kN/mm);

k; is the stiffness of each layer (kN/mm);

Kt paa 18 the stiffness of resilient rail pads in the track
structure (kKN/mm);

k.
k

is the stiffness of sleeper (kN/mm);

sleeper

is the stiffness of substructure (kN/mm);

substructure

For prestressed concrete sleepers, ki can be

eeper
approximated = oo, stiffness of resilient rail pad is determined
in the laboratory. Stiffness of substructure according to the

following formula:

_ Cop.lb
ksubstructure_ 2 )

Where:

C is the substructure modulus (kN/mm’), and C is
determined from the field test.

1 is sleeper length (mm)
b is sleeper width (mm)

Coefficient of quasi elasticity:

Krail padAksubstructure

ktotalz 3)

Krail pad+ksubstructure

3. EXPERIMENTAL STUDY TO DETERMINATE IN-
PLANE STIFFNESS OF THE TRACK

3.1. Modulus of Substructure

The track structure can be seen as a system consisting of
rails that are elastically supported by means of rail pads by
sleepers spaced at a fixed distance. The sleeper is supported by
an elastic substructure consisting of ballast plus roadbed.

The experiments were implemented on the substructure in
turnout with a full-scale model (Fig. 3).
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g rail S

rail supporting

Fig. (1). Beam model on elastic supporting.

Krail pad rail pad
ksleeper sleeper
Ksubstructure substructure

Fig. (2). Model of the total in-plane stiffness of the track.

Rail pad

Superstructure

Substructure

- Roadbed

Fig. (3). Components of track.
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There are some methods that may be used to measure the
in-plane stiffness of the track. The measurements are made at
discrete intervals while standstill and the measurements are
continuous while moving. Standstill measurements have been
more widely used, often for research purposes.

In this study, the measurements with discrete intervals
while standstill were done. The authors research and produce

Fig. (4). Equipment system to measure modulus of substructure.

Dung and Quy

an equipment system for measuring the modulus of the
substructure under sleepers (Figs. 4 and 5). The loading is set
through the jack and rack system. This force is transmitted to
the substructure through the press plate. The dimensions of the
pressing plate are 230 mm x 230 mm. Two strain gauges are
installed to measure displacement relative to the applied load.
Carry out continuous loading and record the corresponding
displacements through strain gauges.

‘ Rack system ‘

Pressure plate

Strain gauge 1 :

Strain gauge 2

Fig. (5). Test at the field.
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Fig. (6). Displacement of substructure.

The survey of the elastic modulus of the substructure was
carried out at 10 different locations at the turnout (From
location 1(LC1) to location 10(LC10)). Preload is applied to
reduce the effect of gaps and slips. When the load-
displacement relationship graph is stable, data is collected. The
load versus displacement curves under test load for the
substructure are given in Fig. (6).

The displacement graph at positions is different due to
moisture of the substructure, and the impact load of the
previous trains. In some cases, low substructure stiffness values
can also result from fouled or dirty ballast that prevents
adequate support for the train load. This problem occurs
especially when the ballast and roadbed deteriorate in the
presence of water due to train-induced repeated loading. The
resulting migration of fines into the ballast and subsequent
formation of wet spots can lead to a reduction in the stiffness of
the track support system.

Based on the relationship between load and displacement,

Table 1. Modulus of the substructure.

we can determine the elastic modulus of the substructure as
shown in Table 1.

The average substructure modulus is 1.05 N/mm’. We
calculate for a sleeper with dimensions of length 1800 mm and
width 230 mm. Based on Formula 2, the stiffness of the
substructure such as in Table 2. Average of the substructure
stiffness is 216.73 kN/mm. Substructure stiffness is very useful
for investigations related to the bearing capacity of the track.
3.2. Stiffness of the Rail Pad

High stiffness leads to faster deterioration of the track and
its components due to higher dynamic loads. In such cases, a
method that may be used to reduce the stiffness is the
installation of rail pads under the rail foot. The stiffness of the
rail pad is also an important parameter in determining the
overall stiffness of the track.

In order to determine the stiffness of the rail pads, in this
study they were determined through laboratory tests (Fig. 7).
Rail pads were made of rubber with a thickness of 10mm.

No.|Location Modulus of Substructure C (N/mm”) No.|Location Modulus of Substructure C (N/mm’)
1 LCl1 1.02 6 LCe6 1.17
2 LC2 1.01 7 LC7 0.98
3 LC3 1.48 8 LC8 0.49
4 LC4 0.93 9 LC9 1.19
5 LCS 1.41 10| LCI10 0.80
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Table 2. The stiffness of the substructure.

Dung and Quy

No. Location Stiffness of the Substructure (kN/mm) No. Location Stiffness of the Substructure (kN/mm)
1 LCI 210.37 LC6 242.65
2 LC2 209.59 LC7 202.08
3 LC3 305.65 LC8 101.30
4 LC4 191.77 LC9 245.79
5 LCS 292.20 10 LCI10 165.85

Fig. (7). Test of the rail pad.

The test was done with 5 specimens of the rail pad. The
results of the rail pad’s stiffness are shown in Table 3 and the

Table 3. Stiffness of rail pad.

rail pad’s corresponding displacement curves are shown in
Figs. (8 - 12). The average rail pad’s stiffness is 33.50 kN/mm.

Specimens Stiffness of Rail Pad (kN/mm)
1 34.92
2 33.28
3 33.14
4 33.18
5 32.99

Displacement (mm)

I

(98]
1

[\
1

—
1

()
1

10 0 10 20 30 40 50 60 70 80

Load (kN)

Fig. (8). The load-displacement curve of the rail pad’s specimen 1.
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Fig. (9). The load-displacement curve of the rail pad’s specimen 2.
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Fig. (10). The load-displacement curve of the rail pad’s specimen 3.
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Fig. (11). The load-displacement curve of the rail pad’s specimen 4.
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Fig. (12). The load-displacement curve of the rail pad’s specimen 5.

3.3. In-plane Stiffness of the Track

Total track stiffness is important for track maintenance and
design. Track stiffness determination provides useful
specifications for the evaluation of track system safety and
performance. The overall stiffness of the track is determined by
the stiffness of the track's components. In this study, the track
stiffness is determined through the stiffness of the rail pad and

Table 4. In-plane stiffness of the track.

the stiffness of the substructure.

According to Formula 3, the in-plane stiffness of the track
is shown in Table 4. The average in-plane stiffness of the track
is 28.73 kN/mm. The results are consistent with references [48]
and recommended that rail supporting static stiffness (for the
track using concrete sleeper and rubber rail pad) should be
taken as 22~42 kN/mm.

No.|Location In-plane Stiffness of the Track Value (kN/mm)|No.|Location In-plane Stiffness of the Track Value (kN/mm)
1 LC1 k1 28.90 6 LC6 k6 29.44
2 LC2 k2 28.88 7 LC7 k7 28.74
3 LC3 k3 30.19 8 LC8 k8 25.18
4 LC4 k4 28.52 9 LC9 k9 29.48
5 LCs kS 30.06 10 LCI0 k10 27.87

Load Load
| 2425 26 27 28 29 30 31 \
 *E@Zoz® @§@§@§@§T
—
= T = = = =
rail supporting rail

Fig. (13). Discretization of rail.
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Fig. (14). An element of rail.

4. USING THE FINITE ELEMENT METHOD TO
DETERMINATE FORCES ACTING ON THE RAIL
SUPPORTING

4.1. Finite Element Method

When we consider the rail as a beam on elastic supports.
Using the finite element method to discrete the rails into non-
overlapping elements and satisfy the strain continuity and force
balance conditions (Fig. 13).

Considering a rail element as shown in Fig. (14).
We have the element's node displacement vector:
Vi
0.
{o)=1y 4
Vin @
0i1

Since in direction v,, v,, has an elastic supporting of
stiffness k, so we have an element stiffness matrix:

- 12E 6EJ 12EJ 6EI -
—+k — — —
23 22 23 22
6EJ 4E] 6EJ 2E]
az a az a
[K]=| 12m3 6EJ 12 6er| ()
el a2 a3 e
6E] 2EJ 6EJ 4E)
a2 a 3.2 a
1-1 1

Moving the load to the node. Node force of element:
Vi
M.
Fy=qy. 6
Vis ©

Mi+1

Set up the overall hardness matrix K*. Solving the system
of equations:

K ")) 0

Displacement at nodes:

(AR ®
Substituting into the equation:
[k]{o}°={F}° ©)
We have:
Vi
{F}°= \1,\4“ (10)
\Y P

Determining the forces on rail supports R; (Fig. 15):

1+1

Al
N

= \J\JW

Fig. (15). Forces on rail supporting.

Al
\}\M

Ri+1
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AQ=Q- Q" =Vi-(-V[) =R;-P =R =V{+ V' +P (11)
4.2. Calculating the Forces Transmitted on the Rail
Supports by Finite Element Method

Using the P60 rail with the characteristics shown in Table
5. A section of rail with a length of 50m is divided into 80
elements. The length of each element is 0.625m. The distance

Table 5. Specification of rails.

Dung and Quy

between rail supportings is 0.625m. The locomotive has 4 axles
with an axle load of 14 tons/axle. Calculating the force
transmitted on the rail supporting with the values of in-plane
stiffness of track in Table 4. Forces acting on the rail supports
such as in Fig. (16). The value of the maximum force acting on
the rail supporting is determined at the position under the
wheel, and is shown in Table 6.

Rail P60

Specification Symbol Value
Elastic modulus E 210 GPa
Inertia moment 1 3217 cm*

Table 6. The maximum force acting on the rail supports.

No.| In-plane Stiffness of the | The Maximum Force Acting on the |No.| In-plane Stiffness of the | The Maximum Force Acting on the
Track Rail Supports Track Rail Supports
(kN/mm) (kN) (kN/mm) (kN)
1 28.90 38.439 6 29.44 38.534
2 28.88 38,435 7 28.74 38.411
3 30.19 38.989 8 25.18 37.743
4 28.52 38.371 9 29.48 38.543
5 30.06 38.645 10 27.87 38.253
=3000
10 20 3n 41 50 &0 T0 80
0 — —— =, o —— Node
5000
g
E 10000
=
=
Z
= 15000
b=
=4
=
A
£ 20000
or
£
b=
ES
w 25000
o
g
I_=
=
30000
35000
40000
==kl so8 ) em—mk} == ok4 ——k5 —k§ ——k7 ——k8 —UkO —kl10

Fig. (16). Chart of forces acting on the rail supports.
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These results show that the stiffness of the rail support is
proportional to the value of the force transmitted to the rail
support. High stiffness increases the track's bearing capacity
under the effect of train dynamic load. However, this will also
cause large dynamic forces transmitted to the substructure.
Therefore, research to choose the appropriate stiffness to create
comfort for passengers and increase the life of the structure is
necessary.

5. RESULTS
5.1. Calculating Track Strength

5.1.1. Calculating Rail Strength

The greatest dynamic bending tensile stress in the rail foot
center can be determined from:

6. =DAF.c..=71.94 N/mm’

max mean

The mean value of the rail bending stress follows from:

QL

Omean— m =40.65 N/mm? < [6] =100 N/mm?

Where:
DAF is a  dynamic
V-60Y .
DAF=1+tp (1+2) if 60 <V < 200kmv/h [11],

With t=3, ¢=0.2, V=100 km/h, DAF=1.77.

amplification factor,

4|4.E.la
k

L is characteristic length (cm), L= =88 cm

a is the distance between rail supporting (cm), a = 62.5 cm
W, is section modulus, relative to the rail foot (cm”), W=
377 cm’
5.2. Calculating Sleeper Strength

The maximum bearing force on a (single) discrete rail
support due to the wheel load is:

F,. =DAFF, =4422kN
Qa
Fmem=ﬁ=14_98 kN

Contact pressure between rail and sleeper:

Fy+F - .
515=£ =12 N/mm* < [¢] =4 N/mm”
A

Where:

F is the total pre-tensioning force of fastening on rail
support (kN), F = 20 kN

A, is the area of rail pad (cm’), A, = 550 cn’.

6. DISCUSSION

The experimental results of the elastic modulus of a section
of substructure in turnout show that the modulus of the
substructure changes at different locations on the track. It

The Open Construction & Building Technology Journal, 2023, Volume 17 11

depends on temperature, moisture content, dirty ballast, and
applied preload of the track.

The higher the stiffness of the rail support is, the greater
the force transmitted to the rail support is, which may cause
disadvantageous effects on track components. Also, a
particular problem is changes in-plane stiffness of the track
along the railway track, which causes variations in wheel-rail
interaction forces and leads to differential settlement and
differential track geometry deterioration and potential vibration
problems.

The stiffness of different components of the track structure,
such as the rail pad and substructure, is nonlinear.

CONCLUSION

The actual in-plane stiffness of the track during operation
will have different values. Accurate determination of the in-
plane stiffness of the track helps the engineer to have the
correct solution during track maintenance.

In-plane stiffness of the track is beneficial because it
provides enough resistance to the track to the applied load and
leads to a reduction in rail deflection, which reduces track
deterioration. However, the high in-plane stiffness of the track
results in increased forces acting on the supports, which can
cause wear and fatigue of the track components. Therefore,
determining and using the appropriate in-plane stiffness of the
track has the effect of reducing the negative forces on
components of the track under the effect of train load.

The authors performed in-plane stiffness of the track
research for the track section in turnout in Vietnam. The results
can be used to provide a design process. Besides, this research
may also be used in calculating railway maintenance and
repair. There are many in-plane stiffnesses for the railway, but
in this article, the authors assess the in-plane stiffness of the
track as supporting stiffness which includes rail pad and
substructure (1,000 mm gauge).

With the stiffness values of the current road section at the
turnout, the track strength is ensured during the operation of
the train.

CONSENT FOR PUBLICATION
Not applicable.

AVAILABILITY OF DATA AND MATERIALS

The data and supportive information are available within
the article.

FUNDING

This research is funded by the Ministry of Education and
Training (MOET) under grant number B2022-GHA-07.

CONFLICT OF INTEREST

The authors declare no conflict of interest financial or
otherwise.

ACKNOWLEDGEMENTS

Declared none.



12 The Open Construction & Building Technology Journal, 2023, Volume 17

REFERENCES

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]
[9]

[10]
(11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

(191

[20]

[21]

[22]

(23]

[24]

[25]

R. Arnold, S. Lu, C. Hogan, S. Farritor, M. Fateh, and M. El-Sibaie,
"Measurement of vertical track modulus from a moving railcar",
Proceedings of the AREMA Annual Conference, 2006 Louisville, KY
E. Berggren, "Dynamic track stiffness measurement - a new tool for
condition monitoring of track substructure”, Licentiate Thesis, Report
TRITA AVE 2005:14, Royal Institute of Technology (KTH),
Stockholm, 2005.

E. Berggren, "The role of vertical track stiffness measurements in
condition based maintenance of railway tracks — A pilot study", In:
Report TRITA AVE 2005:31, Royal Institute of Technology (KTH):
Stockholm, 2005.

C. Esveld, "Track stiffness measurements using an adapted tamping
machine", Rail Int, vol. 11, no. 2, pp. 103-113, 1980.

M. Hosseingholian, M. Froumentin, and A. Robinet, "Feasibility of a
continuous method to measure track stiffness", Proceedings from
Railway Foundations conference, 2006 Birmingham

A.L. Pita, P.F. Teixeira, and F. Robusté, "High speed and track
deterioration: The role of vertical stiffness of the track", Proc. Inst.
Mech. Eng., F J. Rail Rapid Transit, vol. 218, no. 1, pp. 31-40, 2004.
[http://dx.doi.org/10.1243/095440904322804411]

E. Winkler, Die Lehre von der Elastizitet and Festigkeit., 1st ed Verlag
von H. Dominicus, 1868.

E. Winkler, Der Eisenbahnoberbau., 3rd ed Verlag von H. Dominicus,
1875.

M.M. Hetényi, and M.I. Hetbenyi, Beams on elastic foundation:
theory with applications in the fields of civil and mechanical
engineering., vol. Vol. 16. University of Michigan Press: Ann Arbor,
1946.

F. Fastenrath, Die Eisenbahnschiene., 1st ed Verlag von Wilhelm
Ernst & Sohn, 1977.

C. Esveld, Modern Railway Track., 2nd ed MRT-Productions: Delft,
2001.

K. Knothe, S.L. Grassie, and J.A. Elkins, Interaction of railway
vehicles with the track and its substructure., 1st ed Taylor & Francis,
199s.

W. Ebersohn, and E.T. Selig, "Track modulus measurements on a
heavy haul line", Transp. Res. Rec., no. 1470, pp. 73-83, 1994.

M. Burrow, P. Teixeira, T. Dahlberg, and E. Berggren, "Track stiffness
considerations for high speed railway lines", In: N.P. Scott, Ed.,
Railway Transportation: Policies, Technology and Perspectives, Nova
Publishers, 2009, pp. 303-354.

A. Fenander, "Frequency dependent stiffness and damping of rail
pads", SAGE open, vol. 211, pp. 51-62, 1997.

H. Ilias, "The influence of rail pad stiffness on wheelset/track
interaction and corrugation growth", J. Sound Vibrat., vol. 227, no. 5,
pp. 935-948, 1999.

[http://dx.doi.org/10.1006/jsvi.1999.2059]

D.J. Thompson, "The influence of the non-linear stiffness behaviour of
rail pads on the track component of rolling noise", Proceedings of the
Institution of Mechanical Engineers, vol. vol.213, 1999pp. 233-241
[http://dx.doi.org/10.1243/0954409991531173]

"Tests on studded rubber rail pads to establish a technique for
measurement of high frequency dynamic stiffness of rail pads", Report
no.41369-1, 2003.

G.A. Hunt, "Review of the effect of track stiffness on track
performance", Research Project T372, AEATR-II-2004-018, Rail
Safety and Standards Board, 2005.

Review of the effect of track stiffness on track performance, Rail Safety
& Standards Board: Evergreen House, 160 Euston Road, London
NW1 2DX, UK, 2005.

M.X.D. Li, and E.G. Berggren, "A study of the effect of global track
stiffness and its variations on track performance: Simulation and
measurement", Proceedings of the Institution of Mechanical
Engineers, vol. vol 224, 2010pp. 375-382
[http://dx.doi.org/10.1243/09544097JRRT361]

T. Konstantinos, The Effect of Track Stiffness on Track
Performance.The Railway Track and Its Long Term Behaviour.,
Springer, 2013, pp. 79-87.

W. Wangqing, Z. Geming, Z. Kaiming, and L. Lin, "Development of
inspection car for measuring railway track elasticity", Proceedings
from Sixth International Heavy Haul Conference, 1997 Cape Town

D. Li, R. Thompson, and S. Kalay, "Development of continuous lateral
and vertical track stiffness measurement techniques", Proceedings
from Railway Engineering, .London

C. Norman, S. Farritor, R. Arnold, S.E.G. Elias, M. Fateh, and M. El,

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

Dung and Quy

"Design of a system to measure track modulus from a moving railcar",
Proceedings from Railway Engineering, 2004 London

E. Berggren, "Railway track stiffness—dynamic measurements and
evaluation for efficient maintenance"”, PhD Thesis, Royal Institute of
Technology (KTH), Stockholm, 2009.

E.G. Berggren, A.M. Kaynia, and B. Dehlbom, "Identification of
substructure properties of railway tracks by dynamic stiffness
measurements and simulations", J. Sound Vibrat., vol. 329, no. 19, pp.
3999-4016, 2010.

[http://dx.doi.org/10.1016/j.jsv.2010.04.015]

D.J. Thompson, W.J. van Vliet, and J.W. Verheij, "Developments of
the indirect method for measuring the high frequency dynamic
stiffness of resilient elements", J. Sound Vibrat., vol. 213, no. 1, pp.
169-188, 1998.

[http://dx.doi.org/10.1006/jsvi.1998.1492]

E. Berggren, A. Jahlénius, and B.E. Bengtsson, "Continuous track
stiffness measurement - an effective method to investigate the
structural conditions of the track", Proceedings of the conference
Railway Engineering, 2002 London

E. Berggren, A. Jahlénius, B.E. Bengtsson, and M. Berg, "Simulation,
Development and Field Testing of a Track Stiffness Measurement
Vehicle", Proceedings of 8th International Heavy Haul Conference,
2005 Rio de Janeiro

E. Berggren, "Measurements of track stiffness and track irregularities
to detect short waved support conditions", Proceedings of
International Conference on Railway Track Foundations, 2006
Birmingham

M. Hosseingholian, "Continuous dynamic measurement technique of
railway track stiffness”, PhD thesis, Caen University, France, 2007.

J. Yang, K. Lan, S. Zhu, K. Wang, W. Zhai, and X. Yuan, "Dynamic
analysis on stiffness enhancement measures of slab end for
discontinuous floating-slab track", Comput. Sci. Eng., vol. 21, no. 3,
pp. 51-59, 2019.

[http://dx.doi.org/10.1109/MCSE.2018.2880781]

T.X. Wu, and D.J. Thompson, "The effects of local preload on the
foundation stiffness and vertical vibration of railway track", J. Sound
Vibrat., vol. 219, no. 5, pp. 881-904, 1999.
[http://dx.doi.org/10.1006/jsvi.1998.1939]

K. Okada, and G.S. Ghataora, "Use of cyclic penetration test to
estimate the stiffness of railway subgrade", NDT Int., vol. 35, no. 2,
pp. 65-74,2002.

[http://dx.doi.org/10.1016/S0963-8695(01)00036-6]

L. Andersen, and S.R.K. Nielsen, "Vibrations of a track caused by
variation of the foundation stiffness", Probab. Eng. Mech., vol. 18, no.
2, pp. 171-184, 2003.
[http://dx.doi.org/10.1016/S0266-8920(03)00012-2]

T. Xin, and L. Gao, "Reducing slab track vibration into bridge using
elastic materials in high speed railway", J. Sound Vibrat., vol. 330, no.
10, pp. 2237-2248, 2011.

[http://dx.doi.org/10.1016/j.jsv.2010.11.023]

J. Huang, Q. Luo, J. Li, and L. Zhang, "Analysis on distribution of
dynamics stress of ballastless tack subgrade under axle loading of
vehicle", J. China Railw. Soc., vol. 32, no. 2, pp. 60-65, 2010., 2010.
C. With, and A. Bodare, "Evaluation of track stiffness with a vibrator
for prediction of train-induced displacement on railway
embankments", Soil. Dyn. Earthquake Eng., vol. 29, no. 8, pp.
1187-1197, 2009.

[http://dx.doi.org/10.1016/j.s0ildyn.2008.11.010]

J.Y. Choi, D.W. Lee, and Y.G. Park, "A study on the evaluation of
track support stiffness on the various track type in urban transit", J.
Korean Soc. Radiol., vol. 14, pp. 262-270, 2011.

J. Choi, "Influence of track support stiffness of ballasted track on
dynamic wheel-rail forces", J. Transp. Eng., vol. 139, no. 7, pp.
709-718, 2013.
[http://dx.doi.org/10.1061/(ASCE)TE.1943-5436.0000543]

R.D. Frohling, H. Scheffel, and W. Ebersohn, "The vertical dynamic
response of a rail vehicle caused by track stiffness variations along the
track", Veh. Syst. Dyn., vol. 25, no. supl, pp. 175-187, 1996.
[http://dx.doi.org/10.1080/00423119608969194]

R.D. Frohling, "Deterioration of railway track due to dynamic vehicle
loading and spatially varying stiffness”, Ph.D. thesis, University of
Pretoria, 1997.

M. Moravcik, "1. Vertical track stiffness effect on dynamic behaviour
of track structure", Commun. - Sci. Lett. Univ. Zilina, vol. 6, no. 3, pp.
10-16, 2004.

[http://dx.doi.org/10.26552/com.C.2004.3.10-16]

S.H. Na, S.B. Suh, K.J. Son, and J.H. Kim, "Experimental study on the


http://dx.doi.org/10.1243/095440904322804411
http://dx.doi.org/10.1006/jsvi.1999.2059
http://dx.doi.org/10.1243/0954409991531173
http://dx.doi.org/10.1243/09544097JRRT361
http://dx.doi.org/10.1016/j.jsv.2010.04.015
http://dx.doi.org/10.1006/jsvi.1998.1492
http://dx.doi.org/10.1109/MCSE.2018.2880781
http://dx.doi.org/10.1006/jsvi.1998.1939
http://dx.doi.org/10.1016/S0963-8695(01)00036-6
http://dx.doi.org/10.1016/S0266-8920(03)00012-2
http://dx.doi.org/10.1016/j.jsv.2010.11.023
http://dx.doi.org/10.1016/j.soildyn.2008.11.010
http://dx.doi.org/10.1061/(ASCE)TE.1943-5436.0000543
http://dx.doi.org/10.1080/00423119608969194
http://dx.doi.org/10.26552/com.C.2004.3.10-16

Experimental Study on In-plane Stiffness of Track

[46]

variation of track stiffness between earthwork and bridge",
Proceedings of the Korean society for railway autumn conference,
2001pp. 281-288

S. Chandrasekaran, Advanced Steel Design of Structures., CRC press:
Florida, 2019.

The Open Construction & Building Technology Journal, 2023, Volume 17 13

[47]

[48]

[http://dx.doi.org/10.1201/9780429279157]

S. Chandrasekaran, and G. Srivastava, Design aids of offshore
structures under special environmental loads including fire
resistance., Springer Nature Singapore, 2017.

L.V. Cu, Railway superstructure., 1st ed Construction Publishing
House, 2013.

© 2023 The Author(s). Published by Bentham Open.

(©F0H

This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International Public License (CC-BY 4.0), a copy of which is
available at: https://creativecommons.org/licenses/by/4.0/legalcode. This license permits unrestricted use, distribution, and reproduction in any medium, provided the
original author and source are credited.


http://dx.doi.org/10.1201/9780429279157
https://creativecommons.org/licenses/by/4.0/legalcode
https://creativecommons.org/licenses/by/4.0/

	Experimental Study on In-plane Stiffness of Track in a Turnout of the Railway in Vietnam 
	[Aims:]
	Aims:
	Background:
	Objective:
	Methods:
	Results:
	Conclusion:

	1. INTRODUCTION
	2. MATERIALS AND METHODS
	2.1. Theoretical Basis for Calculating In-plane Stiffness of the Track

	3. EXPERIMENTAL STUDY TO DETERMINATE IN-PLANE STIFFNESS OF THE TRACK
	3.1. Modulus of Substructure
	3.2. Stiffness of the Rail Pad
	3.3. In-plane Stiffness of the Track

	4. USING THE FINITE ELEMENT METHOD TO DETERMINATE FORCES ACTING ON THE RAIL SUPPORTING
	4.1. Finite Element Method
	4.2. Calculating the Forces Transmitted on the Rail Supports by Finite Element Method

	5. RESULTS
	5.1. Calculating Track Strength
	5.1.1. Calculating Rail Strength

	5.2. Calculating Sleeper Strength

	6. DISCUSSION
	CONCLUSION
	CONSENT FOR PUBLICATION
	AVAILABILITY OF DATA AND MATERIALS
	FUNDING
	CONFLICT OF INTEREST
	ACKNOWLEDGEMENTS
	REFERENCES




