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Development of an efficient finite element model hlee dynamic
analysis of the train-bridge interaction

S. Neves, A. Azevedo & R. Calgada
Faculty of Engineering, University of Porto, Porto, Portugal

ABSTRACT: The design of hic-speed railway bridges corrises a set of demands, from sal
and serviceability aspects, to new types of equigiraed construction solutions. In order to per-
form an accurate and realistic evaluation of theresponding dynamic behavior, adequate
analysis tools that take into account the compfeait the train-bridge system are required.
These computational tools must be based on effialgorithms to allow for the completion of
detailed dynamic analyses in a reasonable amouninef The classical methods of analysis
may be unsatisfactory in the evaluation of the dyioaeffects of the train-bridge system and
fully assessment of the structural safety, tra¢ktgaand passenger comfort. A direct and versa-
tile technique for the simulation of the train-lg&interaction was implemented in the FEMIX
code, which is a general purpose finite elementprdar program. The presented case study is
an application of the proposed formulation, whicbved to be very accurate and efficient.

1 INTRODUCTION

The dynamic behavior of railway bridges carryingtispeed trains can be analyzed with or
without the consideration of the vehicle's own stiee. The simulation of the train-bridge sys-
tem requires several independent submeshes ancbtfsgderation of contact conditions that
represent their interaction.

The formulation of the contact between nodal ponitge vehicle and internal points of a fi-
nite element is briefly described in this papern&wic equilibrium equations in non prescribed
degrees of freedom, in contact degrees of freedudnim prescribed degrees of freedom are
separately developed. Contact compatibility equatimetween points of the vehicle and internal
points of a finite element are also separately libpesl. All these equations constitute a single
system of linear equations involving displacemeatsitact forces and reactions as unknowns.
After the solution of this system of linear equatidhe displacements, velocities and accelera-
tions at the current time step can be calculatedaanew time step is started. This heterogene-
ous system of linear equations can be efficierdlyesd by means of the consideration of several
submatrices with specific characteristics. Thesehrigjues have been implemented in
FEMIX 4.0, which is a general purpose finite elet@mputer program (Azevedo et al, 2003).

The new formulation is applied to the analysishe dynamic behavior of the S&o Lourengo
bridge, which is a bowstring arch bridge. The beidg located in the North Line of the Portu-
guese railway system, in a section that was recemjraded to allow the passage at greater
speeds of the Alfa pendular train. The numericatlehavas validated with the results of the
ambient vibration test and those measured duringrakpassages of the Alfa pendular train.
The dynamic response of the train-bridge systecalisulated for train speeds exceeding the al-
lowable speed for that section of the North Linee Torresponding results provide precise in-
dications on the structural safety, track safety passenger comfort.



2 HHT METHOD WITH TRAIN-BRIDGE INTERACTION

A simple example is used to introduce the typedegfrees of freedom that are considered in the
formulation of the vehicle-structure interaction the context of a time step of the Hil-
ber-Hughes-Taylor method (see Fig. 1). On the righgimply supported beam with two spans
(B1 andB2) is subjected to the contact of a vehicle, showthe left. The structure of the vehi-
cle is also composed of two bean3 (andB4). Nodes 7, 8 and 9 are internal points of the
beamB1. The location of these nodes may change betwaensteps, depending on the posi-
tion of the vehicle. Eventual gaps between bothcstires ¢;) can be easily considered in the
compatibility equations, as will be shown later.
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Figure 1. Vehicle and structure: beams and nodakfo

In each nodal point two degrees of freedom areidered (vertical displacement and rota-
tion). Figure 2 shows the generalized displacemintsodal points (1 to 12), the generalized
displacements of the contact points of the strec{@i8, 14 and 15), the interaction forces in the
vehicle (X7, Xo andX;;) and the interaction forces in the structurg, (Y14 andYis). The interac-
tion only involves the translational degrees oéftem.
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Figure 2. Vehicle and structure: degrees of freedathinteractions forces.

The following classification of the degrees of fiteen is considered:
- F —free;
- X-—interaction (vehicle);
— P — prescribed;
- Y —interaction (structure).
This classification is used later in this section.
In the context of the Hilber-Hughes-Taylor methbtH{'), the dynamic equilibrium equation
that involves the degrees of freedom in nodal gaibtto 12) is the following

Ma°+{+a)Cu"~aCu’+(+a)Ku'~aKu®=(1+a)E ~aE? (1)

In this equatiorM is the mass matrixZ is the damping matriX is the stiffness matrixg
are the applied generalized forcesare the generalized displacements arid the main pa-
rameter of the HHT method. Wherr 0 the HHT method reduces to the Newmark metand,
for other values of the parameternumerical energy dissipation is introduced in kigher
modes. The superscriptindicates the current time stetpt(At) and the superscrigtindicates
the previous one){

According to Figure 2 and to the classificationigated above, th& type degrees of free-
dom are the following: 2, 4, 6, 8, 10 and 12. Thtype degrees of freedom correspond to the



"supports" of the separated vehicle structure,déie following: 7, 9 and 11. THe type de-
grees of freedom are the main structural supporésahd 5. Thé type degrees of freedom 13,
14 and 15 consist on the internal displacemenkeamBl at the contact points.

According to Azevedo et al (2007), the dynamic oese can be obtained by solving the fol-
lowing system of linear equations

EFF EFX (1+a)ng uf EF
Ky K _(1+a)|_xx uy |=| Ex (2)
(1+a)9XF _(1+a)|_xx _(1+a)f_xx X% 9,

It is possible to demonstrate that in Equationtii2)coefficient matrix of the system of linear
equations is symmetric.

3 APPLICATION TO THE DYNAMIC ANALYSIS OF A BOWSTRINGARCH BRIDGE
3.1 Dynamic model of the bridge

The S&o Lourenco bridge is located at the km +BB@& the North Line of the Portuguese
railway system, in a recently upgraded sectiontifier passage of the Alfa pendular train at a
maximum speed of 220 km/h.

The bridge is a bowstring arch composed of two-tlatfks spanning 42 m with a single track
in each (REFER, 2003). Figure 3 shows a view ofithdge. Each deck consists of a 40 cm
thick prestressed concrete slab suspended by tiealaarches (see Fig. 4). The arches are
linked in the upper part by transversal girderdwaitrectangular hollow section and diagonals in
double angles that assure the bracing of the arches

| e
Figure 3. Séo

The bridge was modeled with 2D beam elements. fitheeince of the deck-track composite
effect in the dynamic behavior of railway bridgdse to the transmission of shear stresses be-
tween the deck and the rails at the ballasted |ayas treated by Ribeiro et al (2007) and con-
sidered in the current finite element model (seg #).
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Figure 4. FEM model of the S&o Lourenco bridge.



The first three vertical mode shapes of the briflg¢, 2V and 3V) are represented in Fig-
ure 5.

T vertical mode (1V): f = 4.25 Hz

f‘? iR R RN RN s A A s unE ] :::s:"”::w :’:::H TIEERF

Figure 5. Mode shapes and corresponding frequencies

3.2 Dynamic model of the Alfa pendular train

The Alfa pendular train is composed of six carriadgeach carriage has two bogies with two ax-
les each. The total weight of the composition i8.29, tare weight, and 323.3 t for a regular
loading. The maximum weight per axle is 14.4t dine total length of the composition is
158.90 m.

The dynamic model of the train is shown in Figur@n@ consists of rigid bodies simulating
the vehicle box (mass Mand the bogies (mass,Msprings with stiffness K(or Ks) and dash-
pots with damping g£(or &) simulating the primary (or secondary) suspensispsings with
stiffness kK, simulating the wheel-rail contact and massessivhulating the axles and wheels.
The train is modeled with 2D beam elements (see@jig
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Figure 6. Dynamic model of the Alfa pendular train.



3.3 Experimental validation of the numerical model

In order to validate the numerical model an expental campaign was undertaken, which in-
cluded an ambient vibration test and several measemts of passages of the Alfa pendular
train (Ribeiro et al, 2007). The ambient vibratiest was used to identify the dynamic proper-
ties of the structure, namely its natural frequescmode shapes and damping coefficients. The
vertical accelerations at some points of the deekewneasured during several passages of the
Alfa pendular train. A good agreement between thieinal frequencies obtained with the nu-
merical model and the experimental values coulddserved (Azevedo et al, 2008).

3.4 Dynamic response of the train-bridge system

Several dynamic analyses were performed for speadgng between 140 an 420 km/h, with a
5 km/h step, consisting of 57 simulated passagles.diynamic analyses were performed using
the HHT method with constant average acceleratign, with a =0, p=1/4 andy=1/2
(Hughes, 2000), and a time step equal to 0.002gleRh damping is adopted in the present
study. The damping ratios of modes 1V and 3V wdraioed in the experimental campaign,
and are equal to 1.4% and 2.4%, respectively.

Figure 7 shows the maximum vertical acceleratiahatspan quarter-point and mid-point for
the passage of the Alfa pendular train at speaudgng between 140 and 420 km/h.
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Figure 7. Maximum vertical acceleration at quapeint and mid-point.

Resonance peaks can be observed in Figure 7 forsipaeds of 395 km/h, at the span quar-
ter-point, and for train speeds of 195 km/h, 230295 km/h and 310 km/h, at mid-point.

The resonance phenomena may occur for trains egfhlarly spaced axles, traveling at criti-
cal speeds defined in EN1991-2 (2003).

V@(i,j)=¥,i =1234,.1/2334,.. 3)



whered is the characteristic length ands thejth natural frequency of the bridge. The char-
acteristic length is a distance (many times reg@dietween the vehicles or axles that at some
critical speeds may induce a periodic excitatiothefbridge and cause the resonance phenome-
non.

The characteristic length of the Alfa pendularrtres 25.9 m (see Fig. 6). According to Fig-
ure 7 and to Equation (3), the critical speeds Bréaking into consideration the span quar-
ter-point and an excitation of the structure witfiegquency which is equal to the mode 1V fre-
quency Vres = 25.%4.25/1x3.6 = 396 km/h 395 km/h); i) considering the mid-point and an
excitation with a frequency which is equal to 1fid/3 of the frequency of mode 2V, =
25.9%6.20/23.6 = 289 km/h= 295 km/h andv,es = 25.96.20/3«3.6 = 193 km/h= 195 km/h)
and 1/3 and 1/4 of the frequency of mode 3\ £25.9x9.94/3<3.6 = 309 km/l= 310 km/h
andv,e = 25.%9.94/4x3.6 = 232 km/h= 230 km/h).

The consideration of the train-bridge interactioritie dynamic analysis is particularly useful
since it allows for an accurate evaluation of theations of the rail cars, and, consequently, for
an assessment of the riding comfort of the passengeyure 8 shows the time histories of the
vertical acceleration in the first and last caribedat a speed of 395 km/h, for which resonance
of mode 1V occurs.
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Figure 8. Vertical acceleration in the first cadig@and last car body.

Figure 9 shows the maximum vertical acceleratiothinfirst and last car bodies of the train
for speeds ranging between 140 and 420 km/h. Théman level of acceleration occurs in the
last car body for speeds that correspond to tteneege of the bridge.
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Figure 9. Maximum vertical acceleration in thetficar body and last car body.

The dynamic analyses with train-bridge interactioere performed for 57 different speeds,
which corresponded to a total execution time of26%44 min) in a 2.13 GHz personal com-
puter. The bridge submesh has 1860 non prescribgies of freedom and the train submesh



has 192. The total execution time of each analy@isesponds to the period between the entry
of the first axle in the bridge and the exit of thst axle.

4 ASSESSMENT OF THE DYNAMIC BEHAVIOR

Based on the regulations of EN1991-2 (2003) and¥=alI4A2 (2005), the dynamic response of
the bridge is evaluated in terms of structural tyateack safety and passenger comfort. The cor-
responding results are presented in this section.

4.1 Sructural safety

The calculation of the dynamic amplification fatst,o¢;yn, resulting from the passage of the
train at high speeds, is based on the resultseofitine history analysis of the train-bridge sys-
tem. These values a;f;yn are corrected by a fact@” in order to take into account for the track
irregularities. Table 1 shows a comparison betwbermaximum vertical displacements, at the
span quarter-point and at mid-point, obtained witdynamic analysis with the Alfa pendular
train, and by means of the application of the loamtlel LM 71, being these results multiplied

by the corresponding dynamic amplification fac@®s .

Tablel. Maximum vertical displacements at the span
quarter-point and mid-point.

Model Quarter-point Mid-point
mm mm

LM 71 12.75 8.01

Alfa pendular 18.95 2.15

4.2 Track safety

The norm EN1990-A2 (2005) specifies deflection aitation limits that must be taken into
account in the design of railway bridges. Thesdédiguarantee traffic safety in terms of: i) ver-
tical acceleration of the deck; ii) deck torsidi);vertical deformation of the deck; and, iv) hori
zontal deformation of the deck.

When, for example, the vertical acceleration ofdbek exceeds its limit value, instability of
the ballast may occur, or even a loss of contawtden wheel and rail. For the case of ballasted
deck bridges, the peak value of the vertical acatts of the deck should not exceed 3.5°m/s
(= 0.350).

The acceleration limit is violated only at the spgrarter-point and for speeds exceeding
310 km/h (see Fig. 7).

4.3 Passenger comfort

Since the passenger comfort depends on the vestocaleration of the car body, the norm
EN1990-A2 (2005) limits its value to 1.0, 1.3 06 20/$, which correspond to a comfort level
classification of "very good", "good" or "acceptabl

By observing Figure 9 it can be readily concludeat the comfort level at the first car body
is "very good" for any speed included in the stddi@nge. For the case of the last car body, the
comfort level is "very good" for speeds up to 3k&m/h. For speeds near 395 km/h (resonance

speed) the comfort level remains close to acceptabl

5 CONCLUSIONS

In the present work an integrated model whose aithe dynamic analysis of structures by the
Hilber Hughes Taylor method is proposed. This ator treats the interaction between moving
vehicles and a structure such as a bridge. Thig wmvides a significant improvement rela-



tively to the method proposed by Delgado & Cruz9@9and Calcada (1995), since the com-
patibility between vehicle and structure is no lengmposed by an iterative method, but by
means of an integrated formulation that considengasiables displacements and contact forces.
The governing system of equations comprises dynagudibrium equations and compatibility
equations. The system of linear equations thaes@ each time step is efficiently solved by
Gaussian elimination, by considering several suboget and their own characteristics.

The proposed formulation is applied to the dynabpabavior of a bowstring arch bridge. The
dynamic response of the train-bridge system wasuksked for train speeds only occurring in
high-speed lines, allowing for a better understagdif the behavior of the system and its reso-
nance effects, in terms of structural safety, traafety and passenger comfort. A significant
improvement in terms of efficiency could also bes@lyed, without compromising the accuracy
of the results.
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