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One of the major causes of train accidents is derailment due to axial or lateral
buckling of the track. This problemis more prominent in continuously welded rails
(CWR), which are now very common because of their advantages of reduced noise
and damage and more comfortable rides. As for the effect of earthquakes on track
buckling, the axial force they induce seemsto be much lessthan that of temperature
change as well as those caused by tractive action and braking of locomotives. This
does not mean that earthquakes cannot have a detrimental effect on railroad tracks.
Their main cause of damage is the large reduction they may produce in the lateral
resistance of ballast due to shaking of the ballast bed. This paper deals with the
problem of axial and lateral buckling of CWR and the effects of earthquakes and
temperature change on the stability of the track. A three-dimensional macro-ele-
ment is used to model the track. A program, developed in Mathcad environment, is
used to conduct a series of parametric studies. The results show that the simple
sinusoidal form often used for determining buckling loads of tracksisonly valid for
totally homogeneous tracks, a rather rare situation. It was ascertained that the
buckled shapes observed in practice are due to local inhomogeneities of the track.

1. Introduction

The advent of replacing jointed rails with
continuously welded rails (CWR) has had the
beneficial effect of reducing the noise and vibration
and increasing thelife of thetrack as well as comfort
of the passengers. It has also had an adverse effect
of increasing the likelihood of buckling. A survey of
track-related accidents [1] from 1976 to 1980 shows
a rate of about 4000 per year. A large number of
these accidents have been due to track instability.
Stability of CWR tracks is highly affected by [2-6]
loads (thermal, vehicle and earthquake) and by
the reduction of lateral resistance due to lack of
maintenance or other causes. In this regard, the
most detrimental effect of earthquakes on railroad
tracks seems to be the substantial reduction they
can cause in the lateral resistance of the ballast.

At temperatures much above the neutral tempera-
ture (at which the track was laid), high compressive

axial forces may develop [3] in therails. The axial
forces may also increase because of the tractive
forces and braking of locomotives. These forces may
cause the track to shift in the lateral direction and
producetrack irregularity. Shouldtheaxial forcereach
a critical value, the track could lose its stability.
This instability may be in the form of axial or
lateral-torsional buckling. A combination of vehicle
loads and reduced lateral resistance of the track
(e.g. due to earthquake) added to high thermal
forces can exacerbate [4-5] the situation and become
acausefor instability. If the strength of thetrack can
be evaluated against instability, a maintenance
program can be instituted accordingly. That is,
maintenance can be performed before resistance is
reduced to a critical value.

In view of the various parameters affecting it,
buckling of railroad tracks can be a complex
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In Eqg. (1) the dastic energy of the system is
divided into two parts; the elastic energy of the
rail, U, and that of the support system (ballast,
ties, fasteners and subgrade), U,. The potential
energy of the loads is also divided into two parts;
the potential energy of the axial load, V, and that
of the lateral loads, V,,. Since our main concern
is instability, the secondary effects of the loads
must be included in the formulation. Thus, the
expressions [19] for the different energy terms are
asfollows:

U, %Q'J(EAu +EI V' 2+El W2+

) , 2
GIb2+EG"? )dx

Here E is the modulus of dasticity of the rail, G

its shear modulus, 1, its moments of inertia

about y- and z-axes, J is torsion constant. The last
term in EqQ. (2) is due to warping of the section, to
account for warping of the thin portions of the rail
section. Due to warping, parts of the section can
get distorted, undergoing a displacement in the
x-direction. Warping is a function of derivative of
the rotation, b, with respect to x. The dastic energy
associated with torsional, lateral and vertical re-
sistances of the ties, fasteners, ballast and subgrade
is

and I,
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3

|\)||—\ I\)|I—‘

= 2 3| koV2 + kg + (K + kyh?) b?- 2k, hvb|dx

The second term in the above expression indicates
that lateral resistance of the track acts at or near
the bottom of the rail, at a distance h from the
shear center. The potential energy of the axial load,
P,is
242(z, +E)Vb'+

) 4
d2+eX)p2ew? r2ugdx )
A ly a
In Eq. (4), theterm X =2z, - oz(y* +2°)d A
A
is a property of the track section. For sections that
are symmetric with respect to the y-axis, X vanishes.

In the last equation z, is the coordinate of the
shear center, S |, is the polar moment of inertia
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and A is the area of the cross-section of the rail.
The eccentricity of the axial load, e, is positive when
the load is above the centroid. W,, and W, are the
vertical and horizontal loads, acting at distances a
and b (in the vertical direction) from the shear
center. The potential energy of lateral loads [20]
consists of two parts. The first part, v,,, is the
product of the applied loads and their corresponding
displacements. The changes in the potential energy
dueto flexural and torsional actions areincorporated
in the second part, V,

Vi =V + Vi ©)
where
Vio = - QW, 2w+ W, (v+ bb)] d x-

(Quuva +QyoV, + QW + QoW +
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For a conservative torque the potential energy is
given by
1

|
Vi =-5M xg)(V'W'- WV')dx 6)

3. Earthquake Effects

Theenergy equations 2 to 6, can beused for static
and stability analyses. For earthquake, studies the
ground acceleration renders the problem dynamic.
In that case, the right-hand side of the latter equa-
tions will have a time integral as well. The inertia
forces are due to the mass of the rail, m and an
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added mass due to other components, such asties, tie
plates and the part of the ballast, m,, vibrating with
the system. The centroid of the rail section and the
center of the added mass are located at distances ¢
and d from the shear center. Thus, for lateral
motion the kinetic energy is:

T =g [m +m)e + (mc+ m,d) bZ|dt )

The subscript t indicates total displacement
whose value in the lateral direction is: v, =V, +V,
Here v, is the lateral displacement of the centroid
and Vy is that of the ground. In the derivation of
the equilibrium equations the variables are expressed
in terms of the values of the shear center. The
relation between the latter displacements and those
of the centroid are derived by various authors [21].
Substitutionfor v, inEqg. (7) andthenfinding the equi-
librium equations (Section 4), will lead to the ground
accderation asaninput force. For agiven earthquake,
such as that of Tabas, the accderation function can
be used along with a step-by-step solution process.

4. Shape Functions and Stiffness of the Element

In order to use the displacements and rotations of
the nodes as basic variables of the system, we start
out expressing the displacement and rotation of an
arbitrary point in the e ement by polynomials with a
number of constant coefficients equal to that of the
degrees of freedom at the two ends of the dement.
For the axial displacement we can write, u= M?(‘
The d)grnents of the row matrix M are M; =1- T
M;=1 and s =[u; u,]. Similarly expressions
for the lateral displacements and torsional rotation
are v=Ns,,w=Ns; and b=Ns,. The dements of
the vector of shape functions, N, are N, =1-

2 3 2 3 2 3
X X _ X X _aX X
3—|2 +2—|3,N2—x— 25 +—|2,|\|3_3—|2 - 2—|3 and
X2 X3 ape
N, =- 5-+=. These are the familiar Legendre

[
polynomials. The displacement vectors are s, =
(Vi 04 Vo CIzz]aSsT =[w g, W, q,,] and S4T =
[0y A% Oy %]

u and v, are nodal displacements, rotations
about the y- and z-axes and nodal torsional rotations.
q, are the degrees of freedom associated with
warping.

Substituting the derivatives of the displacement
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terms in the expression for dastic energy, Eq. (2),
and taking the terms that are independent of x
outside the integral, results in the éastic energy in
terms of the nodal displacement vectors:

1
(UR :E(SlT Kis, +5," Ky, +55TKgs; +5,7K,s,) (8)

where K; EAdvl M'dx isthe snffn&ss of the

element against aX|aI deformation. K, = El d\l

N"d x is the stiffness matrix for deformation in
the y-direction. The stiffness matrix for deformation
in the z-direction, K;, has a similar form with 1,
replaced by 1. The stiffn&ss matrix for torsion and

d\l N"dx.
Eachtermof this snffn&ss matrix can be directly ca-

warping is K ——d\l N'dx +ES

culated from K, = 2 d\|¢\|¢dx+ d\ldeij
Proceeding in a S|m|Iar fashion with other energy
terms, the dastic energy of the support springs, Eq.

(3), yidds,

U.=

S

(S-ZFKSZSZ + S:SFKSZ%SB +

N[

(9)

T T T
S5 KsaSy + 8, Ky 5, KypS5)

with
K :kzl(‘)NTNd X,
0
K= 3|(‘)NT Nd x,
0
Koy = (kg + kzhz)l(‘)NT Nd x,
0

|
Ko = Kesp =- KN Nd x.
0

The last term of Eq. (3) results in the last two
terms of Eqg. (9). This splitting of the terms is done
in order to preserve the symmetry of the stiffness
matrix. The potential energy of the axial load, EQ.
(4), resultsin an expression in terms of the geomet-
ric stiffness matrices as:

1
:E(Sgngsz + S§K93S3 + SIKQ4S4 +
10
257P) (10)

T T
S Kg2aSs + 84 KyspS; -

with
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|
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The potential energy of the lateral loads becomes
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For the vertical loads the load vector, associated
with the displacement vector s;, is:
P =[p,L+Rp Ll p,) i
z z 2 1z Mz 12 z 2 Zz z 12

For theloadsin they-direction, with displacement
vectors s, and s,, thetermsin Eq. (11) yield

I |2 I

T_¢© 120
Py _gpy§ 1ypy12 py2 2y

- Py 12LJ

12, 120
bR, §opy2+bp D9, 155Py 5 *bPey - P, 15

Substitution of the shape functions for displace-
ments in Eq. (7) of the kinetic energy will yidd the
mass matrix for the eement.

5. Equilibrium Equations

The equilibrium equations for the static and
stability problems can be obtained by minimizing the
total energy of the systemin space, i.e. by setting the
first variation of the total energy equal to zero. In
view of equations 6 to 9, the variation of the total
energy of the system becomes:

ds, [K,s, - Px]+d52T[(Kz+Ksz+ng)Sz' P+
dssT[(K3+K53+K93)53_ Pz] +

ds,’ (Kt Ky Ky 2K gy )s4 +

T
[(Ksos 7K g2s K gua) S4 +
ds, 24 TN g2a TR gnoa )4 (13)

ds, [(Kes +Kga +ng4z)52+d52T KguzsSs +
ds;' KgueeS,- ds;' P,- ds,' P, - ds,'bP,]1=0

Since ds are nonzero variations, for the above
identity to be satisfied, the factor of each of these
variations must vanish, leading to the following
equilibrium equations for the éement:

(Ke+KS+Kg +ng)s:S 14

Assembling the elements to get the stiffness
matrices for the structure, and obtaining equilibrium
equations for the whole system follow the standard
procedure of the finite dement method.

For dynamic analyses, such as earthquake
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problems, the equilibrium equations are solved for
each time step of a step-by-step solution process.

6. Results

Based on the macro eement described above, a
program was developed in Mathcad environment
for the nonlinear analysis of CWR tracks. Geometric
and material nonlinearities can be considered for
theanalysis of large deformation and buckling of the
track. The validity of the program was verified by
comparing its results with known solutions [19-23]
of axial and lateral buckling of beams, Figures (2)
and (3). The properties of the section for these
problems were the same as those of Table (1). For
all these cases with three elements the results
were within 1% of the exact solutions. As we can
see from Figures (2) and (3) for more complex
displaced shapes more elements are needed for
convergence.

Results of the parametric investigations for axial
and lateral buckling of the track are described
below.

IR Euler Formula
Program Result

Pcr

40007 ... .. H‘—
3000
e e
5 20000 0 meea-aaEEE
o
Per
1000 T ¢
Per
1 g—(—
0 L
0 1 2 3 4 5

Number of Element

Figure 2. Verification of the critical axial load obtained by the
FE solution.

LT Close form Solution
—— Program Results

Number of Element

Figure 3. Verification of the critical lateral load obtained by the
FE solution.
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Table 1. Properties of the rails and ties used in the model.

Rail Type: ulC54
Modulus of Elagticity (N/m) 2.1x10
Cross-Section Area (m) 6934x10°
Moment of Inertial, (m") 2346x10°
Moment of Inertial, (m®) 417x10®
Weight Per Unit Length (N/m) 544.3
Coefficient of Thermal Expansion (m/m/!C) 0.0000115

TieType: B58
Length (m) 24
Mass (kg) 250
Spacing (m) 0.6

7. Axial Buckling of the Track

One of the main problems of railroads is axial
buckling of the track because of large temperature
variations, and tractive or braking forces of lo-
comotives. Earthquakes do not appear to produce
significant increases in the axial force of the track.
However, they can reduce the lateral resistance
of the track substantially [4, 5, 6, 24], making it
vulnerabletoinstability.

The modes of buckling appear to be different
for homogeneous and inhomogeneous tracks. The
major parameters affecting the axial buckling of the
track arelateral resistance of the ballast and flexural
resistance of the rail. To evaluate the effect of
these parameters on thecritical load, a homogeneous
track was modded first with a sufficient number of
macro elements (100 elements) over an adequate
length of thetrack (60m). This mode wasfor UIC54
rails and B58 ties, which are common in the Iranian
Railroads. Table (1) givestheproperties of theserails
and ties.

The lateral resistance of the track is possibly
[25] the most important parameter regarding track
stability. An earthquake can easily reduce the lateral
resistance of the ballast to half its original strength
or less by shaking the base of the track. Figure (4)
shows the variation of the critical axial load with
lateral resistance of the track. The length of the
track, over which buckling takes place, is indicated
on the right-hand side of this figure. This length
is reduced by increasing lateral resistance. The
variation of buckling length, in terms of the lateral
resistance of the track, is depicted in the lower
curve. This diagram was fitted by an exponential
function leading to the following general expression
for the buckling length in terms of the stiffness of
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Figure 4. Variation of the critical load with the lateral resis-
tance of ballast, and the associated buckling length.

therail, El, and lateral resistance of the ballast, k,

_ o, 4EL
| =32 ”

Variation of the buckling load with lateral resis-
tance is depicted by the upper curve of Figure (4).
In a manner similar to that of buckling length a
curve is fitted to the results of the buckling load
and when expressed in terms of the rail bending
stiffness and lateral track resistance, becomes:

R. = 2VEIk

As we can see, the critical load is increased with
increasing lateral resistance. This expression is the
same [26] as the one derived by assuming a sinu-
soidal buckling shape. That is, for homogeneous
tracks the assumption of a sinusoidal buckling shape,
commonly used in practice, is correct. In reality,
though, a different buckled shape[3, 6] is observed.
In most cases, such asthat of Figure (5), the buckled

(15)

(16)

23

Figure 5. Photograph of a buckled track from www.modern-
ghana.com/news/305521/1/earthquake-twists-
railway-tracks.html.

JSEE/ Fall 2010, Vol. 12, No. 3

shapeisdifferent from sinusoidal. This appearsto be
due to inhomogeneity along the length of the track.
To investigate this discrepancy, sections of track
with varying values of reduced resistance have
been instituted along the length of the track and the
results obtained are shown in Figure (6). In this
figurea isthefraction by which lateral resistance of
a portion of the track is reduced. When the total
lateral resistance of the track is lost over five ties,
the buckling load is decreased by some 45%. Other
scenarios may be deduced from Figure (6).

25004 AT=70°C

o =1
2000 ST 005
\\
2 1500{ AT=40°C\ oo— 0=025
<
5 \
& 1000 \
5001 AT=10°C o~ =0
e —— -
0 : : : .
0 5 10 15 20

Number of Ties

Figure 6. Effect of a series of damaged ties on the critical
axial load of the track.

8. Lateral Buckling of the Track

The more common problem encountered in the
operation of railroads is probably due to lateral
buckling of the track. Lateral buckling, a common
problem with deep beams, may occur in rails as
well, even though the rail section is not degp. This
is because of the lateral force, L, exerted on the
head of the rail at the contact point of the whed
and therail. Thisforce, when it is a large percentage
of the vertical load of the whedl, V, can cause a
significant lateral deformation of the rail head.
Along with the compression force in the rail head,
thelateral force may induceinstability. This process,
called rail overturning in the railroad terminology,
will result in the wheel getting off the rail and
causing derailment of the train. Obviously, the
greater the L/V ratio, the more likely is derailment.
Research [27] has indicated that the ratio L/V of
about 0.64 can result in derailment when the rail
restraint is damaged. The source of |ateral force may
be the centrifugal effect in curves, coupler forces,
wheel creep forces and irregularity in the track
geometry. Vertical forces are due to vehicle weight,
as well as unbalanced forces in curves, coupler
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forces, track geometry and braking and acceleration
of locomotives.

Resistance to this type of instability is dependent
on bending and torsional stiffness of therail, lateral
resistance of the ballast and torsional resistance of
therail pads. In order to evaluatethelateral-torsional
capacity of the track, a mode consisting of macro
elements was loaded by concentrated lateral and
vertical loads, equivalent to thetrainloads. Torsional
loads were induced by the eccentricity of the vertical
and horizontal wheel loads. Figure (7) shows the
variation of the critical load with lateral resistance of
the ballast.

Figure 7. Effect of the reduction in ballast resistance on the
lateral-torsional stability of the track.

In this figure, Q is the vertical load and | is the
ratio of the lateral to vertical load. For small values
of lateral resistance of the ballast, k, the critical load
varies greatly with this parameter. However, beyond
a minimum value (1kg/cm for the track considered)
the critical load is unaffected by k. This is akin to
the lateral bracing of deegp beams against lateral-
torsional buckling. Most codes require the braces to
resist a force equal to about 2% of the axial force
in the compressive part of the beam section.

9. Combined Effects of Temperature I ncrease
and Earthquake

The formulation described above can be used for
investigating the effects of earthquakes with or
without other effects, such as that of temperature
change. One parameter which is absent in the
above formulation is the ballast shear transfer. This
effect was investigated using the 3D model of
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Figure (8), with the stiffness and mass properties
of track components. This effect was found to be
insgnificant.

This model was also used as a check for finding
the axial load due to earthquakes. Figure (9) shows
the axial load induced by Tabas earthquake record
with different PGA's.

Figure 8. 3D model of track Including shear transfer of ballast.

Figure 9. Axial force due to Tabas earthquake with different
intensities.

For the actual Tabas earthquake (PGA =0.99)
the axial load thus aobtained is about 20%, when
compared with the axial load induced by a 40°C
temperature change, Figure (10). Such temperature
changes are not uncommon in most regions of Iran.
Therefore, even for a track with an average lateral
resistance of 8kN/m, the total axial load is about
1600kN. The actual buckling load for such a track
is 3200kN, apparently still a safe situation, if the
lateral resistance of the track remains intact.
However, because of the lack of cohesiveness of
ballast, the devastating effect of an earthquake is
the loss of ballast resistance it can cause. Figure
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