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Abstract

This paper addresses the dynamic response of a continuous beam bridge with different levels of track irregularities under a
single, moving high-speed train. The train is modeled as one-foot sprung masses. The bridge is described as an Euler-Bernoulli
beam supported by several hinged supports. Rayleigh damping coefficients of the bridge are calculated by using the modal
damping ratio. Random track irregularities are generated by power spectrum density functions. The interaction equation of
motion is derived and then solved by using the Newmark-beta method combined with the Newton-Raphson method. The
dynamic impact factors of a single-span simply supported bridge and a five-span continuous beam bridge under the same train
are calculated and compared for verification. Additionally, a three-span continuous beam bridge with various damping ratios
and track irregularities under a Korea Train Express (KTX) train is used as an example to investigate the dynamic impact factors
at the midpoints of different bridge spans in both downward and upward directions, the deck rotations at the bridge supports,
and the average maximum acceleration of the train bodies under different conditions.
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1. Introduction

In recent decades, train operating speeds have been
greatly enhanced, and many new high-speed railway lines
have been built. However, a lack of preliminary dynamic
analysis in the bridge design procedure may lead to
various problems during operation, especially for normal
or short span continuous beam bridges, owing to the
naturally high frequencies of bridges. For bridges, trainload
is a type of heavy periodic load. Resonance between the
train and bridge may lead to vibrations over the limits for
the bridge and train. Large and unexpected bridge vibrations
cause structural damage to the bridge, intensifying the rail
wear and reducing the driving comfort of the train. Thus,
a relatively fast and accurate estimation of bridge and
vehicle vibration can provide necessary data for engineers
to adjust their designs or choose the effective way to
strengthen the existing bridges.

Note.-Discussion open until May 1, 2015. This manuscript for this
paper was submitted for review and possible publication on March
10, 2014; approved on December 1, 2014.
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There are two main ways to analyze bridge vibration
problems: analytical and numerical. In early studies,
researchers used concentrated forces or uniform distributed
forces to model trainloads. This type of model only considers
the train gravity and can determine the analytical solution
for bridge vibration. Thambiratnam and Zhuge (1996)
analyzed the dynamic behavior of a beam with variable
thickness on an elastic foundation subjected to a moving
concentrated force. Yang ef al. (1997) and Fryba (2001)
modeled a train as a series of concentrated forces and
discussed the effects of bridge span length and resonance
behavior. Lacarbonara and Colone (2007) applied this
model to an arch bridge. The moving force model can
maintain sufficient accuracy when the train mass is relatively
small compared to the bridge mass, but in realistic
conditions, the train mass is large enough to cause
significant geometric nonlinearity to the system. To consider
the inertia of the train, the lumped mass model was
developed. Akin and Mofid (1989) and Dehestani et al.
(2009) used the modal superposition method to derive the
analytical-numerical solution for a moving mass on an
Euler beam and discussed the influence of mass moving
speeds. Wang (1998) investigated a finite inextensible beam
on an elastic foundation under an accelerating mass.
However, this model ignored the cushioning ability of
train suspension systems; thus, the calculated vibration
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responses were larger than the real conditions. To solve
this problem, the train was modeled as a series of lumped
masses supported by springs, also called the sprung mass
model. In this model, there is no direct contact between
train masses and the bridge. Lu et al. (2012), Mao and Lu
(2013), and Mazilu (2013) used this model to determine
a closed-form solution for bridge vibration. To consider
the direct contact between wheel sets and rail, the one-
foot moving sprung mass model was developed. This model
divided the car into several individual parts, usually
located at the centers of the bogies or wheel sets. Yang
and Lin (1995) studied the interaction between one-foot
sprung masses and bridges and discussed the impact
effects with different train speeds. Yang and Yau (1997)
added ballast stiffness into the train-bridge model and
performed an incremental dynamic analysis, solved with
iteration steps. The one-foot sprung mass model can
provide more accurate results for both bridge and train
responses.

The Euler-Bernoulli beam model is the most widely
used model of bridges because it can conveniently generate
both analytical and numerical solutions. For representing
the vertical vibration of slender bridge structures, the two-
dimensional Euler-Bernoulli beam model can provide
satisfactory results. Most studies on bridge vibration use
the one-span simply supported bridge model as a sample
of practical multi-span simply supported bridges. Chu
et al. (1986) studied the dynamic impact of one-span
prestressed concrete bridges with track irregularities.
Nikkhoo et al. (2007) developed a modal control algorithm
for the moving mass problem. Majka and Hartnett (2008)
discussed the effects of train speed, mass, and damping
ratio. Wu and Yang (2003) expanded the single-span simply
supported bridge model to multispan simply supported
bridges to determine the steady-state response of the
bridge. The continuous beam bridge is a popular railway
bridge type, particularly the prestressed concrete continuous
beam bridge. The dynamic responses of this type of bridge
are slightly different from those of simply supported beam
bridges. Olsson (1985) studied a two-span plate girder
model with surface irregularities and different train models.
Another study on two-span continuous bridges is that of
Shin ef al. (2010), who used the moving force model and
discussed adding special length cars to the normal train to
reduce the resonance. Kwark er al. (2004) analyzed a
two-span KHST railway bridge vibration and verified the
analysis with a field test. Stancioiu ef al. (2011) experimentally
studied a four-span continuous flexible structure subjected
to moving mass and compared the result with the theoretical

{[M,W] [O]H{ﬁw}H[q} —[CJHWH[M [k,
01 L) rea el ) e e

solution. Recently, Johansson et al. (2013) used the
concentrated force model and modal superposition method
to determine the analytical solution for multispan beam
bridges. However, studies on continuous bridges with three
different spans and various levels of track irregularities
under a moving train have not been performed in detail.

This paper describes the one-foot moving sprung mass
model of a train with a continuous beam bridge as an
Euler beam supported by several hinged or rolling supports.
The bridge Rayleigh damping coefficients are calculated
from the modal damping ratio and natural frequencies of
the bridge. Vertical, random track irregularities are generated
based on the empirical power spectrum density (PSD)
formula. The responses of bridge, train, and wheel with
different levels of track irregularities and damping ratio
are investigated. To investigate the response of the continuous
beam bridge, a three-span continuous beam bridge with
various damping ratios and track irregularities under a
KTX train is taken as an example. The dynamic impact
factor at midpoints of different bridge spans in both
downward and upward directions, the deck rotations at
the bridge supports, and the average maximum acceleration
of the train bodies are calculated and discussed.

2. Model of the Train

The planar train model with N, numbers of one-foot
sprung masses is shown in Fig. 1. Each car is divided into
four one-foot sprung masses located at the positions of
the wheel sets. Each one-foot sprung mass has two
vertical degrees of freedom, u, and u,, which represent
the displacements of the wheel and the car body, respectively.
For the jth one-foot sprung mass, the upper mass, m,;,
represents a quarter of the car body and half of the front
or rear bogie; the lower mass, m,;, represents the wheel
set; the suspension system connecting these masses has
stiffness &, and viscosity ¢, . The distance between the jth
and j+1th one-foot sprung mass is ;. Cheng et al. (2001)
indicated that the contact force between the bridge and
the lower mass is f;, which consists of a static element,
Juj» due to weight and a dynamic element, f, due to
vertical vibration, as shown below:

Jo=hitfa (1)
f;i/j :(mvj + my; )g (2)

Initially, the train is in the vertical force equilibrium
condition. Its dynamic equation of motion can be
constructed as follows:

{uw}}:{{fd}} 5
il Loy



Dynamic Responses of a Continuous Beam Railway Bridge under Moving High Speed Train with Random Track ... 799

L Lys, Ly

Loy L YO,

il
m,
g kg
m,;
3 g

EE

©l

?

©l £

Figure 1. Model of the train and bridge.

3. Model of the bridge

Most high-speed railway bridges are simply supported
box girder bridges or continuous beam bridges. These
bridges can be modeled as two-dimensional homogeneous
Euler beams, and the finite-element method can be used
for analysis, as shown in Fig. 1. The beam is supported
by hinges and rollers that stand for piers and abutments.
The bridge is divided into N,, beam elements with same
length, L, that are shorter than the minimum length
between any one-foot sprung masses. In this case, at any
time there will be, at most, one one-foot sprung mass on
any beam element.

The linear density of the beam is m, the stiffness
modulus is E, and the second moment of inertia is /. The
homogeneous beam element mass matrix, [M,,.], and
stiffness matrix, [Kj.], are as follows:

156 22L 54 —13L

_L 2 _ 2
(M, ] = 7L|22L 4L° 13L 3L @

420\ s4 131 156 —22L

131 -3L* -22L 4I°
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L*|-12-6L 12 —6L
6L 21° —6L 4L*

Bridge damping type is Rayleigh damping with the
coefficients a and f, and the corresponding element
damping matrix can be calculated as follows:

[Cbe]:a [Mbe]+ﬂ [Kbe] (6)

The corresponding Rayleigh damping coefficients can
be solved as:

o= 20,0, )

where ¢ is the modal damping ratio, @, and @, are the
first and second modal natural frequencies, respectively.

The bridge is initially in the static force equilibrium
condition, so when the train approaches the bridge, the
external loads acting on the bridge are contact forces,
—[N]{f.}, between wheel and bridge, where [N] is the

u, thh sprung mass
—=>V(t)
Usi ) Ui+t

Ovi+1

Xji £

X

—

be
ith beam element

Figure 2. Definition sketch for the relative displacement
between beam element and sprung mass.

cubic Hermit interpolation matrix for the bridge elements
with dynamic supporting force { p,} at the supports. The
equation of motion of the whole bridge can be assembled
as

[M,]{us} +[Cyl{us} + Ky {uy} =—[NI{fi} +{p} 9
4. Existing Function and Shape Constraints

The relation between the ith beam element and jth one-
foot sprung mass is illustrated in Fig. 2. If the right end
of a beam element is subject to counterclockwise rotation,
the element will deflect in downward direction; meanwhile
if the left end of a beam element is subject to counter-
clockwise rotation, the element will deflect in upward
direction. To show the sprung mass existing on the beam
element, the unit step function is included in the analysis:

H(x):{o x<0 (10)

1 x>0

For the ith beam element from the left end of the
bridge, its left node is located at x;=(i—1)L, whereas its
right node is located at x;.= iL. At time ¢, the position of
the jth one-foot sprung mass is located at x;. Thus, the
relative positions of the sprung mass to the left and right
nodes of the beam element are x;;= x; — x; and x;;1 =x; —
x;-, respectively. Then the existing function for the jth
one-foot sprung mass on the ith beam element is shown
in Eq. (11). The H;; only has a nonzero value when the
one-foot sprung mass is on the beam element.

H;i=H(x;)~H(x; 1) (11)

The displacement relationship between the jth one-foot
sprung mass and the ith beam element can be expressed
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as a cubic Hermit vector {N;;}, as shown in Eq. (12).
This vector links the beam nodal displacements and the
vertical displacement of any point on the beam.

1-3(x; /L)’ +2(x; /L)’
X, [1-2(x; /L) +(x;, /L)’]
3(x, /L) ~2(x; /L)’
xj,,»[(xj, /L)— (xj’ /L)]

N =Hyi (12)

For the jth one-foot sprung mass moving through the
bridge, according to the sequence of beam nodes, the
{N;:} can be assembled into one vector, {N;}, which
shows the relationship between the bridge vertical
displacement, u;, at the position of the jth sprung mass
and all beam elements nodal displacements:

w;= (N} {uy} (13)

For the whole train, the interpolation vectors, {N; }, can
be assembled into a cubic Hermit interpolation matrix as
in Eq. (14).

(N[N N2} - {Nw 1] (14)

The track irregularities, ir(x), and their time derivations
at the positions of all one-foot sprung masses are

{ir(x)} = (r(x,) ir(x,) ... ir(xNv))T (15)
diir(x)} _ d{ir(x)}dx _ .
7 R [V{ir(x)} « (16)
2. 1
i)  AUTEDLD _ 14 gira) + P40 o
dr t

an

where [V] and [4,] are the speed and acceleration of the
one-foot sprung masses, respectively. Assuming that the
wheel set is always in contact with the bridge, the vertical
vibrations of wheel sets can be replaced by the bridge
nodal displacements and track irregularities, as shown in
Eq. (18) to (20).

(u,} = [NT" {up} + {ir(x)} (18)
(e} = [NT" Lo} + [VIIND {up} + [V {ir(x)} . (19)

(i} = [NT"{an} + 20 V1IN Lot} + AN Ly}
VP INL Ly + (A () A+ TV ir(x) ) (20)

5. Random track irregularities

Track irregularities can cause large self-excitation within
the train-bridge system, especially for high-speed railways.
The characteristics of track irregularities are influenced
by many factors; and for engineering requirements, they
can be generated through the PSD function S(¢ ), where
¢ is the spatial frequency. According to the measured
results of U.S. railway tracks, the PSD function for vertical
track irregularity can be summarized as follows:

2 2 2
s(g) = AL 0) @n
46+ F)
where the roughness coefficient, 4, and the cutoff frequencies,
¢ and ¢,, are determined based on measurements
(Hamid and Yang, 1982). The values for different levels
of tracks are listed in Table 1. The vertical irregularities
are zero-mean stationary Gaussian random processes. Au
et al. (2002) generated these irregularities by using a
simple inverse Fourier transformation with a PSD
function.

Ny

ir(x) = )" aicos(fx+6,) (22)

k=1

where the coefficient gy is the wave amplitude, N, is the
amount of the cosine series, ¢ is the spatial frequency
within the range [@min @max], and 6, is the random phase
angle that varies between 0 and 2. For the evaluation of
a certain level track, choosing the corresponding 4 and
defining [ @min dmax] can produce the required level vertical
track irregularities.

a = 2./53)Ap (23)
R (=Y (24)

AP = (Prax— Pmin)/ Nk (25)

6. Coupling the Equation of Motion for a
Train and a Bridge

The relationship of the equation of motion for a train
and a bridge consists of the contact forces and shape
constraints. The objective of coupling the equation is
eliminating the vibrations of wheel sets, {u,}, {uw},
and {u,} . Substituting Egs. (18)-(20) into Eq. (3) results
in the expression of dynamic contact forces {f;}:

Table 1. Coefficients in power spectrum density function

Track level 1 2 3 4 5 6
A (m*/cycle) 15.563 8.865 4.925 2.758 1.556 0.887
&1 (cycle/s) 0.0233 & (cycle/s) 0.1312
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+ (M JTANINT A DMV IND A+ LCVIINT +[KAINT ) {uy )~ [C1 {un}
—[K ], + MV (6} s+ (M TA]HTCITVD ()} o+ [K 1 {ir(x) )

(26)

Then, substituting the above equation and Eq. (3) into
Eq. (9), and writing it into matrix form, the coupled

{[Mn] [0] H{ﬁv}H{cu] [CU]HWH[M [klz]H
01 o)) 1eat 1€ Liny) [Tl o)

where

(M), ] =[M,] (28)
[My,] = [M,]+[N][M,][N] (29)
[Cul=1[C] (30)
[Cl =—{CIIN 31)
[Cy]=-INI[C] (32)
[Cia] = [C,1+2[NIIM, JIVIINL L+ INIICINT (33)
(K] =[K)] (34)
[Kpp] ==~ [CAVIINL KN (35)
[Ky]=-[N][K] (36)
(K] = [K,]+ [NIIM,, J[A ) INTS+ INTDVT V]

+ [MICAIVIINT,+ INIKJINT (37)
{P,} = [CAVIHir(e)} .+ K ]{ir(x)} (38)

{Py} = =[N3 HINIIK ] ir () + [N][CIIVI{ir(x)§
+INIIM,, LA Lir ()} INITM VT Lir ()} o+ )
(39)

7. Solution Procedures

Equation (27) can be solved through direct time integral
methods such as the Newmark-£ method or Wilson-6
method. Considering that its submatrices are almost time-

{[Mf] [%.W{{A&f}H[cf] [Cﬁ]}{{wf}}{[m K,
] K,

[Mrf] [Mr]

[CA [C] (K

{0} {0} "
Step 4
Calculate the coefficient matrices in time increment

calculation:

equation of motion without the degrees of freedom of the
wheels is generated:

{uv}} _ {{Pv}}

{uy} {Py}
dependent, this equation is nonlinear, and the Newton-
Raphson iteration has to be applied in each time step to
fix the errors. With both initial conditions of the bridge
and train in vertical force equilibrium, the equation of
motion is solved by average acceleration Newmark-£
combined with the Newton-Raphson method by using the

following steps. To easily express the equation of motion,
the short form of Eq. (27) is written as Eq. (40).

@7n

[MI{U} +[CI{UM+[KI{U} = {P(D)} (40)

Step 1

At the beginning of each time step, update the time,
speed of the train, [V], position of each one-foot sprung
mass, and relative positions, x;;. Judge the existing
functions, H;;, and calculate the cubic Hermit interpolation
matrix, [N]. Next, calculate the dynamic contact forces,
{fa}, and track irregularities, {ir(x)}.

Step 2

Assemble the mass matrix, [M]; damping matrix, [C];
and stiffness matrix, [K]. Update the external load, {P(?)},
and calculate the increment of external load by using Eq.

(A1).

{AP} = {P()} - {P(1-A1)} (41)

The time increment form for Eq. (40) at time ¢ is

[M],{AU} +[C1,{AU} +[K]{AU} = (AP} (42)
Step 3
Rearrange Eq. (42) according to the free f'and fixed r
degrees of freedom. Subscripts and denote the free and
restrained degrees of freedom, respectively.

)
0y | liary
(4] = Ait[Mf]”[Cf] (44)
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[B] = 2[M/] (45)
The equivalent external load increment is
(AP} = (AP} +[41 (U +[B]{U (46)

Determine the tangent stiffness matrix:

4
(At

(K] = (K + ZC1+ =5 (47

Step 5

Start the modified Newton-Raphson iteration and determine
the initial values from the present time step. The initial
displacement vector and internal resisting force vector are

(Ut+A0}Y " = (ULn)} (48)
3 = (49)
The initial unbalanced force vector is

(AR} = (AP} (50)
Step 6

Start the modified Newton-Raphson iteration loops. For
i=1,2,3, .., calculate the incremental displacement vector.

(Au}? = K] (AR} 1)

If the incremental displacement vector is smaller than
the given tolerance, terminate the current iteration step
and go to next time step. If not, update the displacement
vector:

(U+A " = (U e+ A0y D+ {Au}? (52)

Renew the internal resisting force vector and calculate
the unbalanced force vector for next iteration:

ARV = ARV [ (30— (11D (K- [K]) {Au} )

(53)
Step 7

Calculate the increments of speed and acceleration
vectors:

(auy =23 (4 "2 (U} (54)

4
(Aty’

(any = 3 -y -24003 - 69)

Update the speed and acceleration vectors:

(Ut+AD} = {UAD)} + {Au} (56)

(UA+ A0} = {UA1)} + {Au} (57)
8. Numerical Examples

In bridge structure design, the dynamic impact factor is
very important for engineers to determine the allowable
structural strength. This is described as the percentage
difference between the dynamic response and the static
response. The dynamic impact factor is usually evaluated
at the critical point of the bridge, such as the midpoint of
the span. The displacement dynamic factor is expressed
in Eq. (58).

U jax— U
Dd _ dm:(lx] smax (5 8)

smax
For dimensionless consideration, the speed ratio is
defined as

_ L
a——b/; (59)

When a =1, the half fundamental period of the bridge
is equal to the time taken by the first one-foot sprung
mass to travel through the bridge.

8.1. Example 1: A simply supported bridge under a
moving train with five cars

The properties of the bridge and train are described in
Table 2. This example is widely used to verify the accuracy
of the calculated result. The bridge has a constant cross
section and the train is moving at a constant speed. The
dynamic response is evaluated by the impact factor of the
midpoint of the bridge versus different train speeds, as
shown in Fig. 3. The result satisfactorily agrees with that
found by Cheng et al. (2001).

8.2. Example 2: A five-span continuous bridge under
a moving train with five cars

For verifying multispan bridges, a continuous bridge with
five equal spans is considered. The train properties are the
same as in Example 1. The piers are regarded as hinged
supports. The properties of the bridge are described in
Table 3. The bridge dynamic response, evaluated at the
midpoint of the central span versus the different train
speeds, is shown in Fig. 4. Compared to the result
obtained by Cheung et al. (1999), satisfactory agreement
is observed.

Comparing Fig. 4 with Fig. 3 indicates that although
the properties of each bridge span and train are the same,
the dynamic responses of the bridges are quite different.
When the speed ratio [0 0.35], the additional dynamic
impacts for both bridge and train are small. There are two
local resonance speed ratios: 0.12 and 0.17, for the simply
supported bridge, and 0.12 and 0.2, for the continuous
beam bridge. The impact of the simply supported bridge
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Table 2. Bridge and train properties in Example 1

Ly (m) m (kg/m) I (m") E (MPa) N, ¢
20 34088 3.81 29430 12 0%

m,, (kg) my (kg) ki (N/m) ¢;(Ns/m) N, Lg (m) Le (m)
4400 17600 9.12x10° 8.6x10* 10 6 18
Table 3. Bridge properties in Example 2
Ly (m) m (kg/m) I (m’) E (MPa) N, 4
5@?20 34088 3.81 29430 80 0%

6 6
- Present A = 5-_ /
e 3 a a aReference A a Os_ F & & oReference A
g = 4 Present
LE 4 ) a 5
2 g3 aan
§3 A 1 é- 2 13 &ﬁ/&
s 5
=2 a L2 r /
g # E 1- A
21 s * 3 B K xis o pnns KB
2 & £~ ° a, A0 any sl AxBEAsalNE

R
0 Acheal N A L 1

0 01 02 03 04 05 06 07 08
Speed ratio alpha

Figure 3. Dynamic impact factor at midpoint of simply
supported bridge with a span of 20 m, 0% damping ratio,
and no track irregularities under a train with five cars.

quickly increases from «=0.35 to «=0.6, then quickly
decreases. For the continuous beam bridge, the impact
increases quickly after «=0.48. When « is between 0.62
and 0.77, a plateau appears; the impact factor varies
around 2.7 in this area. After this plateau, the impact
factor increases again. This comparison shows that the
dynamic behaviors of these two types of bridges are
significantly different, although they share the same cross
section and span length.

8.3. Example 3: A 32 m-48 m-32 m continuous box
girder bridge under a Korea Train Express (KTX)
train

To investigate the effects of bridge damping and track
irregularity levels on the different bridge spans, a three-
span continuous box girder bridge undergoing a KTX
train is considered. The bridge spans consist of a widely
used span combination of 32 m-48 m-32 m. The cross
section of the bridge is shown in Fig. 5. The bridge is
divided into 70 equal length beam elements; it is supported
by abutments at the first and 71st nodes and by piers at
the 21st and 51st nodes, respectively. The one-foot sprung
masses are located at the positions of the 46 wheel sets of
the KTX train, as shown in Fig. 6. The properties of the
bridge and train are described in Table 4. Different levels
of track irregularities are considered. The generated N,

_1_.I.._.........|
0 01 02 03 04 05 06 07 038
Speed ratio alpha
Figure 4. Dynamic impact factor for a 100-m span
(5@20) continuous beam bridge with 0% damping ratio
and no track irregularities under a train with five cars.

669.8 669.8
125, 210 1072 2978 | 2278 1072 219 125
T T T T T L
]t e 1]
= los
[=
-
g4 226 4 226 | 4 8 .
42 ' 42 unit: cm

Figure 5. Cross section of the three-span continuous beam
bridge in Example 3.

random phase angles, &, remain constant at all track levels;
thus, the only effective parameter in track irregularities is
the roughness coefficient, 4.

There are three parameter variations in this example:
train speed, bridge damping ratio, and level of track
irregularities. The train speed varies from 200 to 400 km/
h, which is the normal operating range for high-speed
trains. The bridge damping ratio is set into three conditions:
no damping (£'=0%), normal damping ({'=2%), and high
damping ({=4%). Four track irregularity conditions are
considered: no track irregularities (smooth) and level 4, 5,
and 6 track irregularities.

The dynamic response of the bridge is evaluated in two
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P: Power Car M: Motorized Trailer R: Passenger Car

P M 16 xR

33293 157 3 15.7 3

3 15.7 3 157

Figure 6. Wheel set arrangement of KTX train.

Table 4. Bridge and train properties in Example 3

L, (m) m (kg/m) I(m* E (MPa) N,, N,
32+48+32 34666 16.24 34500 70 46
my, (kg) m, (kg) ki (N/m) ¢;(Ns/m) ¢
3400 13600 9.12x10° 8.6x10* 0%, 2%, 4%

Table 5. Maximum midspan static deformations for three-span continuous bridge in Example 3

Left span Central span Right span
downward upward downward upward downward upward
-0.601 mm 0.401 mm -1.400 mm 0.327 mm -0.601 mm 0.401 mm

ways. The first method is the dynamic impact factor
(DIF), both upward and downward at the midpoint of
each span. The static maximum upward and downward
deformations of the midpoint of each span, listed in Table
5, are calculated through the moving static load test. This
test set the train as a series of static concentrated forces
placed on the bridge and changed the positions of these
forces each time by a small distance. Figures 7, 8, and 9
show the DIFs of the left, central, and right spans, respectively,
of the three-span continuous beam bridge under different
conditions. Overall, the better track irregularity conditions
and higher bridge damping ratios result in smaller bridge
impact factors. However, the dynamic responses of different
spans are very different. The resonance speed for the left
span downward DIF is over 400 km/h, whereas those for
the central and right spans are 260 and 300 km/h, respectively.
For the upward DIF, the left span resonance speed is 260
km/h, whereas those of the central and right spans are 270
and 300 km/h, respectively. With the increased bridge
damping ratio, the DIF at the local resonance speed range
decreases significantly. For the non-resonance speed range,
the track irregularities control the DIF; inferior track
conditions produce much larger DIFs for all bridge spans.

The second way to evaluate the dynamic response of
the bridge is the maximum rotation angle in both clockwise
and counterclockwise directions at the ends of the spans.
Figures 10, 11, 12, and 13 show the clockwise and
counterclockwise maximum rotation angles of the bridge
deck at the left abutment, the left pier, the right pier, and
the right abutment, respectively. Overall, the bridge damping
significantly reduced the local resonance of deck rotational
displacements at four supports, but in most speed ranges,
the track irregularities control the displacements and

poorer track conditions result in larger rotation at the supports.
The resonance speeds for the rotational displacements at
the left abutment and the right abutment are similar to
those for the DIFs at the midpoint of the left and right
spans. The resonance speed for clockwise rotation at the
left pier is approximately 260 km/h; that for the counter-
clockwise direction is approximately 280 km/h. For the
right pier, the resonance speed for clockwise rotation is
approximately 300 km/h; that for the counterclockwise
direction is approximately 280 km/h.

Because there are 46 one-foot sprung masses, the average
maximum vertical acceleration of the upper sprung
masses is calculated to evaluate the train body vibration,
as shown in Fig. 14. The smaller vertical acceleration
produces better driving comfort. When the track is perfectly
smooth, the vertical acceleration of all train bodies is
smaller than 0.34 m/s*>. When the track condition changes
from smooth to rough, the dynamic responses of all train-
bridge systems increase. However, the increase in the
average acceleration of train bodies is much larger than
the increase in the DIF of bridge spans or deck rotation
angles at supports. When the train is running at approximately
300 km/h, the average vertical acceleration of the train
bodies reaches its maximum value. Meanwhile, the bridge
damping ratio has a low influence on the acceleration of
the train body.

9. Conclusion

This study performed the dynamic analysis of a continuous
beam bridge with different levels of track irregularities
under a moving train. The system is simplified into a planar
model. The bridge is regarded as an Euler-Bernoulli beam
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supported by hinged supports, whereas the train is modeled
as a series of one-foot sprung masses. The track irregularities
are generated by PSD functions and distinguished into six
different levels. The dynamic equations of motion for the
train and the bridge are derived with the finite-element
method. Through the shape constraints and contact force
between the train and bridge, their equations of motion
are coupled into the interaction equation of motion and
solved by the Newmark-beta method combined with the
Newton-Raphson method.

The calculated results are verified through comparisons
with other researchers’ results on the midpoint DIFs of a
single-span simply supported bridge and a five-span
continuous beam bridge under the same five-car train. To
investigate the effects of train speed, bridge damping, and
levels of track irregularities, the KTX train model and a
32 m-48 m-32 m continuous beam bridge is taken as an
example. The following conclusions can be reached from
this study:

(1) The bridge impact factors calculated in the verification
examples agree well with other researchers’ results.
Comparing the two verification examples shows that the
dynamic response of a continuous beam bridge is very
different from that of a simply supported bridge. The
resonance train speed range for a continuous beam bridge
is higher than that of a simply supported bridge with the
same cross section and span properties.

(2) Although the bridge span is symmetrical, the three
spans have their own dynamic behavior and different
resonance speeds. The rotational displacements at the
supports are also mutually independent. Unlike the simply
supported bridge, the upward displacement of the
continuous beam bridge spans and deck rotation at the
supports causes significant negative moment to the deck,
which may result in cracking and other damage to the
upper part of the deck. When designing a bridge, the
amounts and positions of prepressed reinforcements in the
deck can affect the dynamic analysis results for the bridge.

(3) Better track irregularities result in better performance
of the system. In most speed ranges, track roughness is
the primary cause of additional vibration of the train and
bridge. Bridge damping can significantly reduce the
resonance vibration of the bridge; however, it has almost
no effect on reducing the maximum vertical acceleration
of the train body.

Acknowledgments

This research was supported by the Basic Science
Research Program through the National Research
Foundation of Korea (NRF) funded by the Ministry of
Education, Science and Technology (NRF-2012R1A1A
2007054). The authors wish to express their gratitude for
this financial support.

References

Akin, J. and Mofid, M. (1989). ‘“Numerical solution for
response of beams with moving mass.” Journal of
Structural Engineering, 115(1), pp. 120-131.

Au, F.-T.-K., Wang, J.-J., and Cheung, Y.-K. (2002). “Impact
study of cable-stayed railway bridges with random rail
irregularities.” Engineering Structures, 24(5), pp. 529-
541.

Cheng, Y.-S., Au, F.-T.-K., and Cheung, Y.-K. (2001).
“Vibration of railway bridges under a moving train by
using bridge-track-vehicle element.” Engineering Structures,
23(12), pp. 1597-1606.

Cheung, Y.-K., Au, F.-T.-K., Zheng, D.-Y., and Cheng, Y.-S.
(1999). “Vibration of multi-span non-uniform bridges
under moving vehicles and trains by using modified beam
vibration functions.” Journal of Sound and Vibration,
228(3), pp. 611-628.

Chu, K., Garg, V., and Wang, T. (1986). “Impact in railway
prestressed concrete bridges.” Journal of Structural
Engineering, 112(5), pp. 1036-1051.

Dehestani, M., Mofid, M., and Vafai, A. (2009).
“Investigation of critical influential speed for moving
mass problems on beams.” Applied Mathematical
Modelling, 33(10), pp. 3885-3895.

Fryba, L. (2001). “A rough assessment of railway bridges
for high speed trains.” Engineering Structures, 23(5), pp.
548-556.

Hamid, A. and Yang, T.-L. (1982). Analytical descriptions of
track-geometry variations. Transportation Research
Board, pp. 19-26.

Johansson, C., Pacoste, C., and Karoumi, R. (2013).
“Closed-form solution for the mode superposition
analysis of the vibration in multi-span beam bridges
caused by concentrated moving loads.” Computers &
Structures, 119, pp. 85-94.

Kwark, J.-W., Choi, E.-S., Kim, Y.-J., Kim, B.-S., and Kim,
S.-I. (2004). “Dynamic behavior of two-span continuous
concrete bridges under moving high-speed train.”
Computers & Structures, 82(4-5), pp. 463-474.

Lacarbonara, W. and Colone, V. (2007). “Dynamic response
of arch bridges traversed by high-speed trains.” Journal
of Sound and Vibration, 304(1-2), pp. 72-90.

Lu, Y., Mao, L., and Woodward, P. (2012). “Frequency
characteristics of railway bridge response to moving
trains with consideration of train mass.” Engineering
Structures, 42, pp. 9-22.

Majka, M. and Hartnett, M. (2008). “Effects of speed, load
and damping on the dynamic response of railway bridges
and vehicles.” Computers & Structures, 86(6), pp. 556-
572.

Mao, L. and Lu, Y. (2013). “Critical speed and resonance
criteria of railway bridge response to moving trains.”
Journal of Bridge Engineering, 18(2), pp. 131-141.

Mazilu, T. (2013). “Instability of a train of oscillators
moving along a beam on a viscoelastic foundation.”
Journal of Sound and Vibration, 332(19), pp. 4597-4619.

Nikkhoo, A., Rofooei, F. R., and Shadnam, M. R. (2007).



810 Di Mu and Dong-Ho Choi / Intemational Journal of Steel Structures, 14(4), 797-810, 2014

“Dynamic behavior and modal control of beams under
moving mass.” Journal of Sound and Vibration, 306(3-5),
pp. 712-724.

Olsson, M. (1985). “Finite element, modal co-ordinate
analysis of structures subjected to moving loads.” Journal
of Sound and Vibration, 99(1), pp. 1-12.

Shin, J.-R., An, Y.-K., Sohn, H., and Yun, C.-B. (2010).
“Vibration reduction of high-speed railway bridges by
adding size-adjusted vehicles.” Engineering Structures,
32(9), pp. 2839-2849.

Stancioiu, D., Ouyang, H., Mottershead, J. E., and James, S.
(2011). “Experimental investigations of a multi-span
flexible structure subjected to moving masses.” Journal
of Sound and Vibration, 330(9), pp. 2004-2016.

Thambiratnam, D. and Zhuge, Y. (1996). “Dynamic analysis
of beams on an elastic foundation subjected to moving
loads.” Journal of Sound and Vibration, 198(2), pp. 149-
169.

Wang, Y.-M. (1998). “The dynamical analysis of a finite
inextensible beam with an attached accelerating mass.”
International Journal of Solids and Structures, 35(9-10),
pp. 831-854.

Wu, Y.-S. and Yang, Y.-B. (2003). “Steady-state response
and riding comfort of trains moving over a series of
simply supported bridges.” Engineering Structures, 25(2),
pp. 251-265.

Yang, Y.-B. and Lin, B.-H. (1995). “Vehicle-bridge interaction
analysis by dynamic condensation method.” Journal of
Structural Engineering, 121(11), pp. 1636-1643.

Yang, Y.-B. and Yau, J.-D. (1997). “Vehicle-bridge
interaction element for dynamic analysis.” Journal of
Structural Engineering, 123(11), pp. 1512-1518.

Yang, Y.-B., Yau, J.-D., and Hsu, L.-C. (1997). “Vibration of
simple beams due to trains moving at high speeds.”
Engineering Structures, 19(11), pp. 936-944.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /ACaslonPro-Bold
    /ACaslonPro-BoldItalic
    /ACaslonPro-Italic
    /ACaslonPro-Regular
    /ACaslonPro-Semibold
    /ACaslonPro-SemiboldItalic
    /AGaramondPro-Bold
    /AGaramondPro-BoldItalic
    /AGaramondPro-Italic
    /AGaramondPro-Regular
    /AgencyFB-Bold
    /AgencyFB-Reg
    /ahn2006-B
    /ahn2006-L
    /ahn2006-M
    /AmiR-HM
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArnoPro-Bold
    /ArnoPro-BoldCaption
    /ArnoPro-BoldDisplay
    /ArnoPro-BoldItalic
    /ArnoPro-BoldItalicCaption
    /ArnoPro-BoldItalicDisplay
    /ArnoPro-BoldItalicSmText
    /ArnoPro-BoldItalicSubhead
    /ArnoPro-BoldSmText
    /ArnoPro-BoldSubhead
    /ArnoPro-Caption
    /ArnoPro-Display
    /ArnoPro-Italic
    /ArnoPro-ItalicCaption
    /ArnoPro-ItalicDisplay
    /ArnoPro-ItalicSmText
    /ArnoPro-ItalicSubhead
    /ArnoPro-LightDisplay
    /ArnoPro-LightItalicDisplay
    /ArnoPro-Regular
    /ArnoPro-Smbd
    /ArnoPro-SmbdCaption
    /ArnoPro-SmbdDisplay
    /ArnoPro-SmbdItalic
    /ArnoPro-SmbdItalicCaption
    /ArnoPro-SmbdItalicDisplay
    /ArnoPro-SmbdItalicSmText
    /ArnoPro-SmbdItalicSubhead
    /ArnoPro-SmbdSmText
    /ArnoPro-SmbdSubhead
    /ArnoPro-SmText
    /ArnoPro-Subhead
    /AvantGardeITCbyBT-Book
    /AvantGardeITCbyBT-BookOblique
    /AvantGardeITCbyBT-Demi
    /AvantGardeITCbyBT-DemiOblique
    /AvantGardeITCbyBT-Medium
    /AvantGardeITCbyBT-MediumOblique
    /Batang
    /BatangChe
    /BauhausITCbyBT-Bold
    /BauhausLight
    /BauhausMedium
    /BellGothicStd-Black
    /BellGothicStd-Bold
    /BelweBT-Bold
    /BelweBT-Light
    /BelweBT-Medium
    /BelweBT-RomanCondensed
    /BenguiatITCbyBT-Bold
    /BernhardFashionBT-Regular
    /BernhardModernBT-Bold
    /BernhardModernBT-BoldItalic
    /BickhamScriptPro-Bold
    /BickhamScriptPro-Regular
    /BickhamScriptPro-Semibold
    /BirchStd
    /BlackadderITC-Regular
    /BlackoakStd
    /BodoniMT
    /BodoniMTBlack
    /BodoniMTBlack-Italic
    /BodoniMT-Bold
    /BodoniMT-BoldItalic
    /BodoniMTCondensed
    /BodoniMTCondensed-Bold
    /BodoniMTCondensed-BoldItalic
    /BodoniMTCondensed-Italic
    /BodoniMT-Italic
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanITCbyBT-Demi
    /BookmanITCbyBT-DemiItalic
    /BookmanITCbyBT-Light
    /BookmanITCbyBT-LightItalic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BradleyHandITC
    /BremenBT-Bold
    /BrushScriptStd
    /CalisMTBol
    /CalistoMT
    /CalistoMT-BoldItalic
    /CalistoMT-Italic
    /Candice
    /Castellar
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturyOldstyleBT-Bold
    /CenturyOldstyleBT-Italic
    /CenturyOldstyleBT-Roman
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbookBT-Bold
    /CenturySchoolbookBT-BoldCond
    /CenturySchoolbookBT-BoldItalic
    /CenturySchoolbookBT-Italic
    /CenturySchoolbookBT-Monospace
    /CenturySchoolbookBT-Roman
    /CenturySchoolbook-Italic
    /CGOmega
    /CGOmega-Bold
    /CGOmega-BoldItalic
    /CGOmega-Italic
    /CGTimes
    /CGTimes-Bold
    /CGTimes-BoldItalic
    /CGTimes-Italic
    /ChaparralPro-Bold
    /ChaparralPro-BoldIt
    /ChaparralPro-Italic
    /ChaparralPro-Regular
    /CharlemagneStd-Bold
    /CharlesworthBold
    /ChollaUnicase
    /Clarendon-Condensed-Bold
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlackStd
    /CooperBlackStd-Italic
    /CopperplateGothic-Bold
    /CopperplateGothicBT-Bold
    /CopperplateGothic-Light
    /Coronet
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /CurlzMT
    /CwritB
    /CwritL
    /CwritM
    /CwritUL
    /DauphinPlain
    /Dinbla
    /Dinbol
    /Dinlig
    /Dinmed
    /Dotum
    /DotumChe
    /DragonwickPlain001001
    /EccentricStd
    /EdwardianScriptITC
    /Elephant-Italic
    /Elephant-Regular
    /English111VivaceBT-Regular
    /EngraverFontExtras
    /EngraverFontSet
    /EngraversMT
    /EngraverTextH
    /EngraverTextNCS
    /EngraverTextT
    /EngraverTime
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /EstrangeloEdessa
    /Euclid
    /Euclid-Bold
    /Euclid-BoldItalic
    /EuclidExtra
    /EuclidExtra-Bold
    /EuclidFraktur
    /EuclidFraktur-Bold
    /Euclid-Italic
    /EuclidMathOne
    /EuclidMathOne-Bold
    /EuclidMathTwo
    /EuclidMathTwo-Bold
    /EuclidSymbol
    /EuclidSymbol-Bold
    /EuclidSymbol-BoldItalic
    /EuclidSymbol-Italic
    /ExpoM-HM
    /FelixTitlingMT
    /FencesPlain
    /FormalScript421BT-Regular
    /ForteMT
    /FranklinGothic-Book
    /FranklinGothic-BookItalic
    /FranklinGothic-Demi
    /FranklinGothic-DemiCond
    /FranklinGothic-DemiItalic
    /FranklinGothic-Heavy
    /FranklinGothic-HeavyItalic
    /FranklinGothic-Medium
    /FranklinGothic-MediumCond
    /FranklinGothic-MediumItalic
    /FrenchScriptMT
    /FuturaBlackBT-Regular
    /FuturaBT-Bold
    /FuturaBT-BoldCondensed
    /FuturaBT-BoldItalic
    /FuturaBT-ExtraBlack
    /FuturaBT-Heavy
    /FuturaBT-Light
    /FuturaBT-LightItalic
    /FuturaBT-Medium
    /FZSY--SURROGATE-0
    /Gaeul
    /GalliardITCbyBT-Bold
    /GalliardITCbyBT-BoldItalic
    /GalliardITCbyBT-Italic
    /GalliardITCbyBT-Roman
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Garamond-KursivHalbfett
    /GaramondPremrPro
    /GaramondPremrPro-It
    /GaramondPremrPro-Smbd
    /GaramondPremrPro-SmbdIt
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /GiddyupStd
    /Gigi-Regular
    /GillSansMT
    /GillSansMT-Bold
    /GillSansMT-BoldItalic
    /GillSansMT-Condensed
    /GillSansMT-ExtraCondensedBold
    /GillSansMT-Italic
    /GillSans-UltraBold
    /GillSans-UltraBoldCondensed
    /GloucesterMT-ExtraCondensed
    /GothicL-HM
    /GoudyHandtooledBT-Regular
    /GoudyOldStyleBT-Bold
    /GoudyOldStyleBT-BoldItalic
    /GoudyOldStyleBT-Italic
    /GoudyOldStyleBT-Roman
    /GoudyOldStyleT-Bold
    /GoudyOldStyleT-Italic
    /GoudyOldStyleT-Regular
    /GoudyStout
    /Gulim
    /GulimChe
    /Gungsuh
    /GungsuhChe
    /H2gprM
    /H2gsrB
    /H2gtrM
    /H2hdrM
    /H2mjsM
    /H2mkpB
    /H2porL
    /H2sa1M
    /HaansoftBatang
    /HaansoftDotum
    /Haettenschweiler
    /HeadG
    /HeadlineR-HM
    /HoboStd
    /Humanist521BT-Bold
    /Humanist521BT-BoldItalic
    /Humanist521BT-Italic
    /Humanist521BT-Roman
    /HYbdaL
    /HYbdaM
    /HYbsrB
    /HYBuDle-Medium
    /HYcysM
    /HYdnkB
    /HYdnkM
    /HYGoThic-Bold
    /HYGoThic-Light
    /HYgprM
    /HYGraPhic-Bold
    /HYgsrB
    /HYgtrE
    /HYhaeseo
    /HYHaeSo-Medium
    /HYHeadLine-Bold
    /HyhwpEQ
    /HYkanB
    /HYkanM
    /HYKHeadLine-Bold
    /HYKHeadLine-Medium
    /HYLongSamul-Bold
    /HYLongSamul-Light
    /HYLongSamul-Medium
    /HYmjrE
    /HYMokGak-Bold
    /HYMokPan-Bold
    /HYmprL
    /HYMyeongJo-Bold
    /HYMyeongJo-Light
    /HYMyeongJo-Medium
    /HYMyeongJo-Ultra
    /HYnamB
    /HYnamL
    /HYnamM
    /HYPillGi-Light
    /HYPMokPan-Bold
    /HYPMokPan-Light
    /HYporM
    /HYPost-Bold
    /HYRGoThic-Bold
    /HYRGoThic-Medium
    /HYsanB
    /HYSeNse-Bold
    /HYShortSamul-Bold
    /HYShortSamul-Light
    /HYSinGraPhic-Medium
    /HYSinMun-MyeongJo
    /HYSinMyeongJo-Bold
    /HYsnrL
    /HYSooN-MyeongJo
    /HYsupB
    /HYsupM
    /HYSymbolA
    /HYSymbolB
    /HYSymbolC
    /HYSymbolD
    /HYSymbolE
    /HYSymbolF
    /HYSymbolG
    /HYSymbolH
    /HYTaJa-Bold
    /HYTaJaFull-Bold
    /HYTaJaFull-Light
    /HYTaJaFull-Medium
    /HYTaJa-Light
    /HYTaJa-Medium
    /HYtbrB
    /HYwulB
    /HYwulM
    /HYYeasoL-Bold
    /HYYeaSo-Medium
    /HYYeatGul-Bold
    /HYYeatGul-Medium
    /Impact
    /ImprintMT-Shadow
    /KabelITCbyBT-Book
    /KabelITCbyBT-Demi
    /KabelITCbyBT-Medium
    /KabelITCbyBT-Ultra
    /Kartika
    /KozGoPro-Bold
    /KozGoPro-ExtraLight
    /KozGoPro-Heavy
    /KozGoPro-Light
    /KozGoPro-Medium
    /KozGoPro-Regular
    /KozMinPro-Bold
    /KozMinPro-ExtraLight
    /KozMinPro-Heavy
    /KozMinPro-Light
    /KozMinPro-Medium
    /KozMinPro-Regular
    /Latha
    /LetterGothic
    /LetterGothic-Bold
    /LetterGothic-BoldItalic
    /LetterGothic-Italic
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LetterGothicStd
    /LetterGothicStd-Bold
    /LetterGothicStd-BoldSlanted
    /LetterGothicStd-Slanted
    /Lithograph-Bold
    /LithographLight
    /LithosPro-Black
    /LithosPro-Regular
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSans-TypewriterBoldOblique
    /LucidaSans-TypewriterOblique
    /LucidaSansUnicode
    /MagicR-HM
    /MaiandraGD-Regular
    /MalgunGothicBold
    /MalgunGothicRegular
    /Mangal-Regular
    /Marigold
    /Mdam
    /MesquiteStd
    /MetaPlusBoldRoman
    /MetaPlusMediumRoman
    /Mforgem
    /MicrosoftSansSerif
    /MingLiU
    /MinionPro-Bold
    /MinionPro-BoldCn
    /MinionPro-BoldCnIt
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Medium
    /MinionPro-MediumIt
    /MinionPro-Regular
    /MinionPro-Semibold
    /MinionPro-SemiboldIt
    /MoeumTR-HM
    /MonotypeCorsiva
    /MonotypeSorts
    /MS-Gothic
    /MSHei
    /MS-Mincho
    /MSOutlook
    /MS-PGothic
    /MS-PMincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MSSong
    /MS-UIGothic
    /MT-Extra
    /MurrayHillBT-Bold
    /MVBoli
    /MyriadPro-Bold
    /MyriadPro-BoldCond
    /MyriadPro-BoldCondIt
    /MyriadPro-BoldIt
    /MyriadPro-Cond
    /MyriadPro-CondIt
    /MyriadPro-It
    /MyriadPro-Regular
    /MyriadPro-Semibold
    /MyriadPro-SemiboldIt
    /MyungjoL-HM
    /NewGulim
    /NimbusRomDGR-Bold
    /NimbusRomDGR-BoldItal
    /NimbusRomDGR-Regu
    /NimbusRomDGR-ReguItal
    /NSimSun
    /NuevaStd-BoldCond
    /NuevaStd-BoldCondItalic
    /NuevaStd-Cond
    /NuevaStd-CondItalic
    /OCRAExtended
    /OCRAStd
    /OilOnTheWater
    /Oliver
    /OratorStd
    /OratorStd-Slanted
    /OzHandicraftBT-Roman
    /PalaceScriptMT
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Papyrus-Regular
    /Perpetua
    /Perpetua-Bold
    /Perpetua-BoldItalic
    /Perpetua-Italic
    /PerpetuaTitlingMT-Bold
    /PerpetuaTitlingMT-Light
    /PianoB
    /PianoL
    /PianoM
    /Pleasantly-Plump
    /PMingLiU
    /PoplarStd
    /PostB
    /PosterBodoniBT-Roman
    /PostL
    /PostM
    /PrestigeEliteStd-Bd
    /Pristina-Regular
    /PyunjiR-HM
    /Raavi
    /RageItalic
    /Rockwell
    /Rockwell-Bold
    /Rockwell-BoldItalic
    /Rockwell-Condensed
    /Rockwell-CondensedBold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /RosewoodStd-Regular
    /SaenaegiR-HM
    /ScriptMTBold
    /SegoeUI
    /SegoeUI-Bold
    /SegoeUI-BoldItalic
    /SegoeUI-Italic
    /SeoulHangangM
    /SeoulNamsanEB
    /SeoulNamsanM
    /SerifaBT-Bold
    /SerifaBT-Italic
    /SerifaBT-Roman
    /SerifaBT-Thin
    /ShelleyAllegroBT-Regular
    /Shruti
    /SimHei
    /SimSun
    /SimSun-PUA
    /SouvenirITCbyBT-Demi
    /SouvenirITCbyBT-DemiItalic
    /SouvenirITCbyBT-Light
    /SouvenirITCbyBT-LightItalic
    /Staccato222BT-Regular
    /StencilStd
    /Swiss911BT-ExtraCompressed
    /SwitzerlandNarrowBold
    /SwitzerlandNarrowBoldItalic
    /SwitzerlandNarrowItalic
    /SwitzerlandNarrowPlain
    /Sylfaen
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TektonPro-Bold
    /TektonPro-BoldCond
    /TektonPro-BoldExt
    /TektonPro-BoldObl
    /TeXplusEF
    /TeXplusEF-Bold
    /TeXplusEM
    /TeXplusEM-BoldItalic
    /TeXplusEM-Italic
    /TeXplusEX
    /TeXplusMI
    /TeXplusMI-Bold
    /TeXplusRM
    /TeXplusRM-Bold
    /TeXplusRM-BoldItalic
    /TeXplusRM-Italic
    /TeXplusSA
    /TeXplusSB
    /TeXplusSY
    /TeXplusSY-Bold
    /TeXplusTE
    /TiffanyITCbyBT-Demi
    /TiffanyITCbyBT-DemiItalic
    /TiffanyITCbyBT-Heavy
    /TiffanyITCbyBT-HeavyItalic
    /TiffanyITCbyBT-Light
    /TiffanyITCbyBT-LightItalic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /TrajanPro-Bold
    /TrajanPro-Regular
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /TwCenMT-Bold
    /TwCenMT-BoldItalic
    /TwCenMT-Condensed
    /TwCenMT-CondensedBold
    /TwCenMT-CondensedExtraBold
    /TwCenMT-Italic
    /TwCenMT-Regular
    /TypoUprightBT-Regular
    /Univers
    /Univers-Bold
    /Univers-BoldExt
    /Univers-BoldExtObl
    /Univers-BoldItalic
    /Univers-BoldOblique
    /Univers-Condensed
    /Univers-CondensedBold
    /Univers-Condensed-Bold
    /Univers-Condensed-BoldItalic
    /Univers-CondensedBoldOblique
    /Univers-Condensed-Medium
    /Univers-Condensed-MediumItalic
    /Univers-CondensedOblique
    /Univers-Extended
    /Univers-ExtendedObl
    /Univers-Light
    /Univers-LightOblique
    /Univers-Medium
    /Univers-MediumItalic
    /Univers-Oblique
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /WP-ArabicScriptSihafa
    /WP-ArabicSihafa
    /WP-BoxDrawing
    /WP-CyrillicA
    /WP-CyrillicB
    /WP-GreekCentury
    /WP-GreekCourier
    /WP-GreekHelve
    /WP-HebrewDavid
    /WP-IconicSymbolsA
    /WP-IconicSymbolsB
    /WP-Japanese
    /WP-MathA
    /WP-MathB
    /WP-MathExtendedA
    /WP-MathExtendedB
    /WP-MultinationalAHelve
    /WP-MultinationalARoman
    /WP-MultinationalBCourier
    /WP-MultinationalBHelve
    /WP-MultinationalBRoman
    /WP-MultinationalCourier
    /WP-Phonetic
    /WPTypographicSymbols
    /YDI2002
    /YDIAsphaltB
    /YDIAsphaltL
    /YDIBirdL
    /YDIBirdM
    /YDIChbinB
    /YDIChbinL
    /YDIChbinM
    /YDIChunB
    /YDIChunL
    /YDIChunM
    /YDIDanB
    /YDIDanL
    /YDIDanM
    /YDIGoldB
    /YDIGoldL
    /YDIGoldM
    /YDIGukB
    /YDIGukL
    /YDIGukM
    /YDIHoopM-KSCpc-EUC-H
    /YDIJininB
    /YDIJininL
    /YDIJininM
    /YDIManB
    /YDIManL
    /YDIManM
    /YDIMatrix01
    /YDIMatrix02
    /YDIMatrix03
    /YDIMatrix04
    /YDIMatrix05
    /YDIMatrix06
    /YDIMatrix07
    /YDIMatrix08
    /YDINeoulB
    /YDINeoulL
    /YDINeoulM
    /YDIPaintB
    /YDIPaintL
    /YDIPaintM
    /YDISapphIIB-KSCpc-EUC-H
    /YDISapphIIL-KSCpc-EUC-H
    /YDISapphIIM-KSCpc-EUC-H
    /YDISolM-KSCpc-EUC-H
    /YDISongB
    /YDISongL
    /YDISongM
    /YDIWebBatan
    /YDIWebDotum
    /YDIWindM-KSCpc-EUC-H
    /YDIYahwaB
    /YDIYahwaL
    /YDIYahwaM
    /YDIYGO110-KSCpc-EUC-H
    /YDIYGO120-KSCpc-EUC-H
    /YDIYGO130-KSCpc-EUC-H
    /YDIYGO140-KSCpc-EUC-H
    /YDIYGO150-KSCpc-EUC-H
    /YDIYGO160-KSCpc-EUC-H
    /YDIYMjO110-KSCpc-EUC-H
    /YDIYMjO120-KSCpc-EUC-H
    /YDIYMjO130-KSCpc-EUC-H
    /YDIYMjO140-KSCpc-EUC-H
    /YDIYMjO150-KSCpc-EUC-H
    /YDIYMjO160-KSCpc-EUC-H
    /YDIYMjO240
    /YDIYuroB
    /YDIYuroL
    /YDIYuroM
    /YDSAH
    /YDSDJ
    /YDSHO
    /YDSHS
    /YDSJH
    /YDSJY
    /YDSMJ
    /YDSSH
    /YetR-HM
    /Ymjo420
    /Ymjo440
    /Ymjo450
    /ZapfCalligraphic801BT-Bold
    /ZapfCalligraphic801BT-BoldItal
    /ZapfCalligraphic801BT-Italic
    /ZapfCalligraphic801BT-Roman
    /ZapfElliptical711BT-Bold
    /ZapfElliptical711BT-BoldItalic
    /ZapfElliptical711BT-Italic
    /ZapfElliptical711BT-Roman
    /ZapfHumanist601BT-Bold
    /ZapfHumanist601BT-BoldItalic
    /ZapfHumanist601BT-Demi
    /ZapfHumanist601BT-DemiItalic
    /ZapfHumanist601BT-Italic
    /ZapfHumanist601BT-Roman
    /ZapfHumanist601BT-Ultra
    /ZapfHumanist601BT-UltraItalic
    /ZurichBT-BlackExtended
    /ZurichBT-Light
    /ZurichBT-RomanExtended
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


