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Abstract The main purpose of this work is to evaluate amehgare the dynamic response of a ballasted
single-span simply supported viaduct using avadlabdels for the track system composed by the this
sleepers and the ballast. The dynamic respons@etitirom field measurements is used to establish t
dynamic characteristics of the structure and thétraffic response acceleration to be used asenede for

the comparisons. For the numeric calculations tyypeg of loading model are considered, namely the
moving forces model and the interaction bridgekhaghicle model.

Key words: Railways Viaducts, High Speed Train, Ballastedksa dynamic models

1. INTRODUCTION

Among the several safety checks that must be peddrduring the design of small to medium singlenspa
railway viaducts, the one concerning vertical aealons is often crucial for high speed railwagisce
under these conditions resonance is much likebctmr.

Recent results [4,5,6] of several field measuremeatried out on simply supported medium span eacr
railway viaducts showed that the non-linear behawidhe superstructure composed by ballast amslcan
play an important role in the dynamic behaviorh@ structure and consequent evaluation of its maxim
vertical accelerations. The conclusions drawn ftbose measurements pointed out that the supersteuct
must be taken into account in the numerical anatyssmall to medium span bridges, mainly with ezspo

the global ballast-structure damping. This reveatetie particularly important when decisions ardo¢o
taken, related to the strengthening of existingctires in order to increase traffic speeds anchwbenfort

of passengers is an important issue.

In order to evaluate the vertical vibrations of inelges when the dynamic behavior of the tradkken into
account, the authors [7,8,9,10,11] have alreadyqgwed different models including vertical springs,
dampers and masses, which are interposed betwedoatlis and the structure in order to simulate the
railway track behavior. The main purpose of thipgrais to compare the dynamic behavior of ballasted
simple supported viaducts with and without the nrefé track models, taking into account the struadtur
dynamic response obtained from the field measur&snenorder to evaluate the influence of the triactkhe
safety check.
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2. DYNAMIC MODELSOF RAILWAY BALLASTED TRACK

The railway ballasted track model is made of sdvaements which represent the rails, the sleeples,
connections between rails and sleepers, and thesbarhe rails are an important component in thekt
structure, since they transfer the wheel loadsdasitibute them over the sleepers and supportslegine
wheels in the lateral direction, provide a smoathning surface and distribute acceleration andibgak
forces over the supports. In Europe the typichlsed in the high speeds lines is the flat-bottain UIC60.

The connections rail/sleeper are materialized btefangs and rail pads. This system provides #rester of
the rail forces to the sleepers, damps the vibmatand impacts caused by the moving traffic arminetthe
track gauge and rail inclination within certainei@nces.

The sleepers are elements positioned just belowaileeusually made of timber or concrete. Thewe
support for the rail, sustain rail forces and tfanthem as uniformly as possible to the ballakeylpreserve
track gauge and rail inclination and provide adég@dectrical insulation between both rails. Theepkers
must be resistant against mechanical and weathiefilngnces over a long period.

Finally, the ballast bed consists of a layer obarse-sized, non cohesive, granular material. Ticegilly
angular, crushed, hard stones and rocks have lmeidered good ballast materials. The interloclohg
ballast grains and their confined condition indidke ballast bed permit the load distributing fuoctand is
damping. They also provide the lateral and longtadsupport of the track, as well as the draireffgct.
The thickness of the ballast bed should allow tiiegrade to be loaded as uniformly as possible.uEnal
depth for the ballast is about 0.3 meters meadvoed the underside of the sleeper.

In the early studies, the models of the ballastacktwere developed in order to investigate thefrack
interaction problem. A review of these studiesrespnted in Fryba [1]. In the 1900’s Timoshenkolishled
papers on the strength of rails; later on, Inglgs\active in this issue. Knothe [2] and Popp [&spnted an
overview of existing tracks models in the fieldm@in/track interaction. The main purpose of theselies in
the time domain was to evaluate the deflectionheftrack and the vertical displacements of theckes,
while the contact force wheel/rail is evaluatedha calculations. Complete models of the vehictestae
effects of the wheel and rail irregularities argoahvestigated.

A large variety of ballasted track models has beeestigated, from simple 2D model, where a simglkis
modeled as an infinite Bernoulli-Euler or Timosherieam resting on supports defined by springs, éanp
and point masses, to more complex 3D models, whette rails are taken into account and bending and
shear deformation of the sleepers are includethdse models, the ballast bed is included throwgtical
spring and damper elements. Some of these modetsden the mass of the ballast as a point masseldca
below each sleeper and its value is taken relédiviee amount of stiffness and damping. Furtherpairear
springs and dampers may interconnect these mejses |

The values for the mechanical properties of thekti@mponents, such as mass, inertia and elastiory
mentioned as an essential input for dynamic traaiakior and, of course, for the study of the inttoa
between train and track.

Since the purpose of the investigation was onrifieence of the ballast track on the vertical vilmas of
the railway bridges by comparison of the numerneabllts with the dynamic response obtained froral fie
measurements, only the 2D tracks models were censidglecting unimportant torsion effects.

For this purpose, three different models of badlddtacks are presented in Figures 1, 2 and 3,[2,10In
Model | the rails are considered as infinite lorgaims with in-plane and out-of-plane flexural sefs as
well as axial stiffness. The linear springs and pars on the vertical and longitudinal directiongresent
the ballast. These three models are included irfitite element model of the bridge, which is actsd
moving loads representing real trains. The modedpaters remain constant along the track, despites
deviations due to construction and maintenance svankthe other two models, Model Il and Model tifie
connections between rail and sleeper are includdohear springs and viscous dampers acting inlipara
Their elastic and damping properties are mainlemeined by the properties of the material and the
manufacturing processes. The sleepers are incladeuyid bodies with point mass. The ballast bed is



included as discrete linear springs and viscouspaasn In Model 11l the mass of the ballast is imgdd as
point mass instead of distributed mass, and spangsiampers are used to simulate the connectioarebe
bridge and ballast [11]. The parameters used inéMibdvere obtained from [9].

The values of the mechanical properties for eactiainare included in Table 1 to Talde
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Figure 1: Ballasted track Model | [10].
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Figure 2: Ballasted track Model Il [9].
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Figure 3: Ballasted track Model 111 [11].
Components of the track model | |  Notatioh Valud gnit
Rail UIC60
Young Modulus E, 210E+09 N/
Density jol 7850 kg/nd
Flexural moment of inertia I 3055E-08 )
Sectional area A, 76.9E-04 M
Ballast




Per unit of length Vertical stiffness Koy 104E+06 N/m

Per unit of length Vertical damping C,, 50E+03 N.s/m

Per unit of length Horizontal stiffness Kon 104E+06 N/m

Per unit of length Horizontal damping C 50E+03 N.s/m

Table 1: Properties of track Model | [10].
Components of the track model Il | Notatioh Valud tgni
Rail UIC60

Young Modulus E, 210E+09 N/rf

Density joa 7850 kg/m

Flexural moment of inertia I 3055E-08 !

Sectional area A, 76.9E-04 n

Connection rail/sleeper

Vertical stiffness K 300E+06 N/m

Vertical damping C, 80E+03 N.s/m
Sleeper

Mass M, 300 kg

Length between sleepers d, 0.60 m
Ballast

Vertical stiffness K, 120E+06 N/m

Vertical damping C, 114E+03 N.s/m

Table 2: Properties of track Model 11 [9].
Components of the track model Il | Notatioh Valug itgn
Rail UIC60

Young Modulus E, 210E+09 N/

Density Jol 7850 kg/nd

Flexural moment of inertia I 3055E-08 mh

Sectional area A, 76.9E-04 M

Connection rail/sleeper

Vertical stiffness K 500E+06 N/m

Vertical damping C, 200E+03 N.s/m
Sleeper

Mass M, 290 kg

Length between sleepers d, 0.60 m
Ballast

Vertical stiffness ballast/sleeper Kos 538E+06 N/m

Vertical damping ballast/sleeper Cpe 120E+03 N.s/m

Mass M, 412 kg

Vertical stiffness bridge/ballast Koo 1000E+06 N/m

Vertical damping bridge/ballast Cy 50E+03 N.s/m

Table 3: Properties of track Model Il [11].




3. ANALYSISOF A RAILWAY BRIDGE
3.1. Description of the Bridge

In this item the dynamic behavior of a medium sgalway bridge [4, 6] subject to real traffic isayzed.
The bridge deck is a simply supported slab spanovey 23.5 meters, made of prestressed concreteawit
slightly variable depth and a mass per unit lerajtabout 21 Ton/m. The geometrical characteristies

shown in Figure 4.
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Figure 4: Structural layout of the bridge.

Figure 4a: General view of the bridge.

The bearing supports, two at each extremity ofsthb, as shown in Figure 5, are made of steel fjlzis
with elastomeer. There is no continuity of the staler the supports to the abutments, except the one
materialized by the ballast track, see Figure 6.

Figure 6: View of the railway track over the
bridge.

Figure 5: Bearings supports.



3.2. Numerical M oddl

Using the software RM2004 [14] a numerical modek wiaveloped with the purpose of comparing the
computed dynamic characteristics, modes, frequen@ad damping, with those obtained from
measurements. Although the structural layout usethe bridge design corresponds to a simply supgor
bridge, the measurements showed that the bridgavbshas a simply supported slab with some flexural
stiffness at the supports. Therefore, the numemalel includes a spring of stiffne&s,, over the supports

at the level of the rails (see Fig. 7) simulatihg tontinuity of the rail track, and a spring offsess K at
the level of the bearing supports, simulating heresistance.

Since, in this model, only the rail axial stiffnessn be estimated from the rail characteristics]
information can be obtained for the slip resistamicthe supports, this stiffness, was considered equal to

K...,» which can be estimated by

rail

— ETXAI’

rail — 4xd (1)

whereE,, A, andd, correspond to the Young modulus, section arealemgth between sleepers, with
values given in Table 1. Using these value¢s=K _, =670 MN/m.

rail

Krall
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Figure 7: Model of the support.

Other values for the concrete properties used éncthmputations are: specific weiglpt,=25 kN/nt,
Young modulusE, = 54.6 GP:. For the ballast, the specific weigpt = 20 kN/nf was considered.

F1=4.40Hz F,=13.70Hz



F3=16.00Hz ;=28.75Hz
Figure 8: Computed natural modes and frequenciésedbridge.

The values of the natural frequencies of the madelin good agreement with those from free low
amplitude vibration measurements. However, if larg@plitudes are considered, as it happens when
the bridge is loaded during train passages, theeagent is poorer due to the non-linear behavidhef
support flexural stiffness included in the modgl [Eo adjust the model to the measured responsaglur
forced vibrations, a lower stiffness was consideeadl the first natural frequency of the bridge
decreased about 10% approximatdn@l Hz.

3.3. Dynamic Response during train passages

In this item the numeric dynamic response is coraguwnd compared with the response obtained from
the measurements. The main purpose is to analyzevitbration of the bridge with and without
consideration of the track models. The resultsodt@ained separately for the moving forces model and
for the model including interaction between tranddridge. Two different trains are consideredtfar
comparison: (i) a single locomotive type 1116 aindaf ICE train with seven vehicles — power cgray
1044 and six carriages type 2094.

3.3.1. Some Considerations about the Dynamic Analyses

The dynamic response is computed by direct timegnation of the system of the dynamic equilibrium
differential equations using the Newmark and thds@i-0 methods. For these unconditionally stable
algorithms a time step may be selected indepenaiestability considerations and thus can resulain
substantial saving of computational effort. In it to being unconditionally stable, when only lavede
response is of interest it is often advantageouari@lgorithm to have same form of numerical gigson to
damp out any spurious participation of the highedes. Same examples of algorithm commonly used in
structural dynamic which possess these propriaieshe Wilsor® method and the Newmark family of

methods, restricted to parameter valuesyofl/2 and ﬁ20.25><(y+12)2, where the amount of
dissipation, for a fixed time stefit, is increased by increasing. On the other hand, the dissipative

properties of this family of algorithms are conseatkto be worse then the Wils@method, since the lower
modes are strongly affected. The Wilsbmethod, withd = 1.4, is highly dissipative at the highest modes,
unconditionally stable and accurate whsiT, < 0.01, whereT, is the lowest vibration period to take into

account in the structural response analysis,[16].
Concerning the damping, the Rayleigh matrix waslusgat isC = a [M + S [K , with constantsr = 2.507
and £ =6.983E- 04 which correspond to a damping ratio, for thetfirequency of the bridge of about



5%. Although this value is higher than the one recamdedin [13], it is the value obtained from the
vibration measurements in that bridge.

At first, the analysis of the bridge using the nmgvforces model is performed. In this simple metiogy,

the interaction effects between train and bridgeeaglected. A second analysis, using the more aampl
methodology that takes into account the referréeraction is performed. In this case two situatians
considered: (i) the only-bridge model and (ii) thrédge-track model. All the computations are masiag

the algorithm of contact between several bodiedempnted in software ADINA [12].

The interaction model including the traveling mdssaping-stiffness systems of the train are scheadjti
shown in Figure 9 for the track Model I. The tramglsystems represent the primary suspension and th
mass of the vehicles. This simplified form consitheat the mass of the traveling system is equahi®
guarter of the whole vehicle mass and that thénetsis and damping are taken equal to the primary
suspension. Unsprung mass of the wheelsets iscgtedle

M, M,

BEBOGBGBGGBB000000L ]

S} S} E} Track model

L

Figure 9: Simplified interaction model.

3.3.2. Analysis of the Locomotive type 1116 passage

The locomotive data for the moving forces modekmesented in Figure 10. The speed of the locampoti
130 km/h, was measured with a speedometer when it passedrebridge.

210. 925](1\1@ @0 925kN  210. 925@ @0 925kN
3 19 6.90

319

4 19.28 m b

Figure 10: Locomotive type 1116.

" For a prestressed concrete bridge, with spanegreatn 20 meters, the modal damping to be addptie dynamic analysis according to [13]
should be 1%.
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Figure 11: Comparison between numeric and measasgobnse of the bridge,

without the track model, during the passage ofldhemotive.

Response of the bridge at mid-span with the ballast tr ack

Accelerations (m/zs

model |
0.4
0.3 ——Numeric_MF | |
——Measurements
0.2 )
AN
0.1 f
iaw
0.0 Lan—cal \J.‘ \ I I\H mmm\/\%ﬂ\f
'0-1 ‘ v
-0.2 \
W !
-0.3
-0.4
0.0 0.5 1.0 15 2.0 25 3.0

Time (s)

Figure 12: Comparison between numeric and measasgibnse of the bridge,

with the track Model |, during the passage ofltemotive..
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Figure 13: Comparison between numeric and measasgibnse of the bridge,

with the track Model Il, during the passage of ld@motive..



Response of the bridge at mid-span with the ballast track
model 11
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Figure 14: Comparison between numeric and measasgobnse of the bridge,
with the track Model 1ll, during the passage af thcomotive..

Figure 11 to Figura4 depict the comparison between the measured ancbothputed acceleration at the
mid-span of the bridge for all studied cases, withand with the ballast track models, considerimg t
moving load model. Analyzing the evolution of times histories, it is obvious that during the pgesaf
the locomotive, all the numeric responses fit weeyl. In the numeric model, the first frequencyda®l Hz
remains constant for the entire duration. In thasaeements, for the initials seconds when the ot is

on the bridge, the first frequency match quite wath the 4.01 Hz, after the passage of the vehicle, an
increase on the value of the frequency is obse@tjrming what was stated before.

In addition to that, the measurements reflect tieience of the vehicle mass in the first frequeatyhe

bridge. If one considers the mass of the vehicléherbridge, the modified first frequency of thédge f,
can be estimated as follows

)

where M, represents the total mass of the vehicle. Assuntivg mass of the locomotive to be

M, =86000 kg the first natural frequency of the bridge is likéb decrease to abof} =3.70 Hz, during

the passage of the locomotive. This value remammstant until the locomotive leaves the bridge, twha
happens at timé.4 s. After that the first frequency of the bridge ieases passing throw the value, referred
in Figure 8, up t®.2 Hz as identified in the free vibration measuremesis In terms of damping, the
comparison between the calculations and the measmts, for the bridge in free vibration, fits quitell,

so £ =0.05 seems to be suitable.

Analyzing Figure 12 to Figure4, the values calculated for the bridge considethmgtrack models are
similar to those calculated without the track medelowever, the use of the ballast track model segges
the contribution of frequency components of theldpei response in the range 20-30 Hz, acting as pies
filter. This effect is shown in Figure 15, where tlepresentation is made in the frequency domaom fhis
point of view the track model Ill is the most eféint in filtering the higher frequencies.



FRF of the acceler ations of the bridge at mid-span due tolocomotive 1116 -
Moving for ces model
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Figure 15: Frequency domain representation oféspanse acceleration of the bridge mid-span setzlang for all
the three ballast track models.

Unlike the case of the ICE, the values of the rsti$s and damping of the primary suspension of the
locomotive are not known, therefore no comparisetmben the numerical results, using interactiod,the
measurements is presented. Nevertheless, a prafyngstudy using assumed values was done, which
showed that those values of the primary suspemgoisively influence the results.

3.3.3. ICEtrain

The available measurements include the accelereggponse to the passage of the ICE train, atedspie
140 km/h, with seven vehicles as defined before and shoviigure 16.

Power car 1* Coach R 6% Coach
204.05kN 204.05kN 127.53kN 127.53kN 127.53kN 127.53kN
2.58 2.90 5.10 290 2.58 2.80 2.50 15.18 2.50 2.80 2.80 2.50 15.18 2.50 2.80
13.48 26.40 26.40

127.53

Figure 16: Train ICE549, identical ICE train.

Figure 17 to Figure0ocompare the measured and the computed acceleattioa mid-span of the bridge for
all cases, with and without the ballast track megdebnsidering the moving load model. The represkent
time histories point out the goodness of fit betélee numeric response and the measurements. The
dampingé =0.05 for the first frequency seems to fit quite welhce again. The decreasing of the first

natural frequency only takes place when the powepasses over the bridge, because of its high amaks
because the distance between the boogies of titbeoas greater than the span of the bridge.

" The ICE train characteristics defined in [13] spenewhat different from those in the figure, whichirespond to the real on.



Response of the bridge at mid-span without the ball ast
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Figure 17: Comparison between numeric and measasgobnse of the bridge,
without any track model, subject to the passagh@fCES549 train at a speed of 140km/h.
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Figure 18: Comparison between numeric and measasgobnse of the bridge,
with a track model |, subject to the passage efl@E549 train at a speed of 140km/h.
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Figure 19: Comparison between numeric and measasgibnse of the bridge,
with a track model Il, subject to the passagéheflCE549 train at a speed of 140km/h.



Response of the bridge at mid-span with the ballast tr ack
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Figure

20: Comparison between numeric and measesgibnse of the bridge,

with a track model Ill, subject to the passagthefICE549 train at a speed of 140km/h

The results in time domain obtained from the madehe bridge with and without any track model are
similar. However, if the comparison is made in fleguency domain, it is concluded that the baliestk
Models | and Il influence the response at a frequeange between 15 and 45 Hz (see Figure 21)trabk
Model Il seems to concentrate its influence aroR@e25 Hz (see Figure 22).
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Figure 21: Comparison of the accelerations of tidgewith a track model | and lh frequency domain during the

passage of the ICE549 train at a speed of 140km/h.
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Figure 22: Comparison of the accelerations of tidgie with a track model Ilin frequency domain during the
passage of the ICE549 train at a speed of 140km/h.

Analyzing the frequency response accelerationhatmid-span of the bridge taking into account the
train-track-bridge interaction model with differesytstems (see Figure 23), it is concluded oncenabait
the ballast track model acts like a low-pas filire results considering train-bridge interactiathaut any
track model show a contribution of higher frequesavhen compared with the equivalent system when th
moving force model is used (compare figures 2228)d

FRF of the accel er ations of the bridges at mid-span dueto 1C549 - inter action

model
8.0E-02
7.0E-02 —— without track model
6.0E-02 —— with track model |

—— with track model Il

5.0E-02

——with track model llI

Amplitude
N
o
m
o
N

0O 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95|100
Frequencies (Hz)

Figure 23: Comparison between the FRF of the acatidas of the bridge,
with all the ballast track models for the ICE54&itrunder a speed of 140km/h.

4. CONCLUSIONS

This study has the purpose of analyzing the beha¥ione simply supported bridge under real trafstng
bridge-track models. The experimental program regoin [15] concerning the identification of the
dynamic characteristics of several bridges wastaeing point for the numerical study presentee h€he
measurements of one of the bridges were used fopanson with the numerical results.

During the analysis it was confirmed that some hio@ar effects at the supports together with theatian

of the mass during the passage of the locomotivare wesponsible for the variation of the first fregcy



from about3.7 Hz to 5.2 Hz. When the bridge is under the effect of the tcatfie first frequency remains
between3.7 Hz and 4.0 Hz and when the low amplitudes of vibration of théoaded structure are used for
system identification the first frequency increasese than 40%.

Because the train velocities (130-140 km/h) usethi® computations are much lower than the crispaled
(about 380 km/h) the results obtained from the rhofiile bridge with and without any track moded aery
similar. Nevertheless, if the comparison is madééfrequency domain, we conclude that the baltask
Models I and Il influence the response at a frequeange between 15 and 45 Hz and the track Maldel |
seems to concentrate its influence around 20-25 Hz.

According to the results obtained for the acceilenatin the frequency domain, it can be concludied the
application of the Wilso® method shows to be suitable in filtering the higlequencies, instead of the
Newmark method. The examples reveal a good nuniafissipation of the spurious participation of the
higher modes when that method is used.

The consideration of the interaction model in takglations shows that the exact knowledge abautitta

of the train, namely the mass, the stiffness aediimping of the first suspension, is very impdrfanthe
accurate evaluation of the history response obtluige. Future works will deal with this aspect avith the
evaluation of the bridge response for train spéedtise range of the critical one.
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