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Abstract. This paper proposes two stochastic approaches for numerical prediction of the
effect of seasonal temperature changes on dynamic bridge parameters. The first simpler
approach, appropriate for bridges modeled as Euler-Bernoulli beam, assumes that the
fundamental bridge frequency is a bilinear (or multi-linear) function of the environmental
temperature, specified as random variable. In the second more sophisticated approach used
in elaborate finite element bridge models, the seasonal frequency change is related to the
frost depth in subsoil and ballast (in case of railway bridges). Here it is assumed that the
unfrozen and the fully frozen condition, both modeled as stochastic variables, are correlated
with the daily minimum temperature at the ground. Monte Carlo simulation of a case study
railway bridge shows that this environmental model captures qualitatively the seasonal
temperature changes of the natural bridge frequencies, as observed in monitored bridges.

1 INTRODUCTION

In structural dynamics the modal structural paramseti.e., natural frequencies, mode
shapes and damping coefficients, are commonly dersil as constant quantities. This
implies that the structural stiffness remains camisthroughout the life cycle of the building.

It has, however, been recognized that changesadrthironmental conditions may modify
the dynamic behavior of certain structures. Fotaimse, under severe earthquake excitation
non-structural elements such as in-fill walls ortiian walls may fail, reducing significantly
the lateral stiffness of the building. In the lobtgrm, the structure may be subject of
environmental induced corrosion, which graduallycrdases the stiffness of structural
components. Sedimentary depositions (for instainctiye ballast of railway bridges, or at the
supports) may lead to a stiffening of the structimesome buildings also wind (Xu et .
and humidity (Moser and Moavéhimay affect the stiffness. In particular, the matu
frequencies of bridge structures are vulnerableetsonal temperature changes. For instance,
Moser and Moavehiobserved during a 16 weeks monitoring period fofagbridge variations
of the first natural frequencies between 4% andiB%e air temperature range from -1 °
to 39 €. While above freezing the effect of the environtaémemperature on the natural
frequencies is small, a drop of temperature bel®ezing increases significantly - and in
some cases even stepwise - the natural frequerR@esers and De Roécieport on a 17%
maximum variation of the first natural frequencefsa highway bridge during a one-year
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monitoring campaign, and Gonzalez ef &und an increase of 12% of the first and an
increase of 20% of the second natural frequency béllasted single-span railway bridge if
temperature drops below the freezing point of waléis behavior can be attributed to the
increase of stiffness through the formation of i®zen water in the ballast, ground,
abutments, and supports, and it is confirmed berostudies such as Alampallin contrast

to the bridge stiffness (and consequently the mhtirequencies), seasonal temperature
variations do, however, not change noticeably thmmging behavior, as reported by Moser
and Moaverfi Frequency changes due to material deterioratienstiffness reduction) are in
general lower than temperature induced frequenayatkans, but may be according to
Alampall® also in the order of 3% to 8%.

Neglecting the variation of natural frequencies rhaye a grave effect on the numerically
predicted structural safety. For instance, tunedsrampers aimed at protecting a building
against prohibitively large vibration amplitudesyr@ecome detuned, and thus, loosing much
of their efficacy. Other examples are railway badgwhere resonance speeds may be shifted
to operating speeds of high-speed trains, thustiegcthe structure to unexpected large
vibrations. Consequently, for a reliable predictiaf the failure probability of the
serviceability limit state respectively the ultirmatimit state of affected buildings, the
environmental impact on the dynamic structural peai@rs must be considered. However,
there is a lack of appropriate models that are @héapture this effect in numerical analyses.

In an effort to overcome this shortage, based ewipus accomplishments of the authors
(Salcher et ', Salchef), in the present contribution two stochastic apphes are
proposed, aiming at modeling the seasonal variaifamatural frequencies and mode shapes
of ballasted railway bridges for numerical analyses

2 OBSERVED ENVIRONMANTAL EFFECTSON BRIDGE PARAMETERS

As an example presented in Gonzales €t ah Figure 1 the first vertical bending
frequency and the first torsional frequency of e@y supported single-span ballasted
railway bridge located in Skidtrask, Sweden, arettptl against the environmental
temperaturel. The natural frequencies have been identified frobration data recorded
during a one-year measurement campaign. It islealdserved that, globally, with dropping
temperature the frequencies become larger. Whiteraperatures above zero degree Celsius
the dependence of the frequenciesliaa small, at temperatures close to the freezingt pd
water, T=0 C, a significant frequency discontinuity is observddhis behavior can be
attributed the stiffness change of ballast and @lldsie to phase shift of water from liquid to
solid and vice versa. In the considered bridgepmting to Gonzales et §l.the vertical
bending mode is more affected by the subsoil &) while the frozen ballast contributes
more to the torsional stiffness of the bridge durtee The first vertical natural bending
frequency is at temperatures below the freezingtpm an average about 12% larger than at
positive temperatures. The first torsional freqyesbows even a difference of about 27%.
Similar temperature dependent discontinuous behafiohe natural frequencies of bridges
has been detected by Moser and Mo&vand Peeters and De Ro&ckmong others. In some
bridges the frequency-temperature relation is &édimwith a kink at the freezing point, while
in others this relation shows a step-wise discaritijyrclose to zero degree Celsius (Figure 1).

In an alternative representation, Figure 2 depitte natural frequencies and the
corresponding environmental temperature of the ipusly discussed bridge located in
Skidtrask, Sweden, as a function of the seasors fidpresentation reveals that there is no
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direct relation between the environmental tempeea&und the natural frequencies. While the
temperature shows a large fluctuation throughoaitydar, the frequencies remain at two more
or less constant levels, the higher one from tllearNovember to April, and the lower one
in the remaining period of the year. Based on thiservation, Gonzales et‘atonclude that
the seasonal frequency shift depends on the figghdn subsoil and ballast, and it is not a
direct function of the environmental temperature.

From this discussion it becomes obvious that modeadf the seasonal impact on dynamic
bridge parameters is not straightforward.
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Figure 1: Natural frequency-temperature relatiopstiia simply supported ballasted railway bridgeated in
Skidtrask, Sweden. Modified from Gonzales ¢t al.
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Figure 2: Natural frequencies identified from oreaymonitoring of a ballasted railway bridge lodaite
Skidtrask, Sweden, and corresponding environméeaperature. Modified from Gonzales ef al.

3 BLACK BOX APPROACH FOR SEASONAL EFFECTSON BRIDGES

The in several bridges observed, in essence, ailingatural frequency-seasonal
temperature relationship is the basis of a phenofogital black box environmental model,
appropriate for simple bridge structures that gpopreximated as Euler-Bernoulli beam
(Salcher et &). In this approach the fundamental bridge freqyefads assumed to be a
bilinear function of the daily mean temperatuie i.e., f(T)= fro+k(T)(T —TO),
K(T)=kOT<Ty and k(T)=kyOT>Ty, as shown in Figure 3. Deterministic Input
parameters that need to be defined are slepasdky (with k; > ky) of the linear branches,
the initial fundamental frequendy; at temperatur@;,;, and temperatur€, (close to 0 C) at
the kink of this function. From these data the fameéntal frequenciso at To is deduced. In
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numerical simulations, bending stiffne&s)(T) is considered as temperature dependent
variable, derived from the fundamental frequerigif) of the Euler-Bernoulli beam as
EJ(T)= f12(T),0A/ a'12. a, is a parameter depending on the boundary conditbthe beam
model. For a simply supported beam= 77/ (2L2).

The daily mean temperatufels considered as a random variable, specified Gpassian
or extreme value distribution (SalcRerThe distribution is calibrated to temperaturéada
recorded close to the site of the bridge.
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Figure 3: Bilinear natural frequency-temperatutlatien of a black box environmental model for beanmages.

It should be noted that this approach is not lichite a bilinear fundamental frequency-
temperature function, but any relation can be pilesd. As an example, in Figure 3 at
temperatureTy a stepwise discontinuity is introduced, as it leen observed in some
monitored bridge structures. That is, in the terapee range up td, the dashed line governs
thef;-T relation, and in the temperature rarfige Ty frequencyf; follows the linear function
with slopekg.

4 STOCHASTIC MODELING OF SEASONAL EFFECTSON BRIDGES

The approach based on a bilinear (respectivelyifindar) natural frequency-temperature
relation cannot be applied to a more sophisticatest or three-dimensional finite element
model of a bridge structure, because no globafnstk parameter (such as the bending
stiffness in a beam) does exist. Therefore, fortdirelement models a more elaborate
stochastic approach is proposed to describe tresahimpact on the dynamic parameters,
related to the frost depth of the adjacent sulzsull (in case of railway bridges) the ballast.

As in the previous approach, the daily mean tenipesd is a random variable with
suitable distribution, calibrated to temperaturtadacorded close to the bridge site. The frost
depth, which has the most distinct and instanuarite on the seasonal frequency change, is
modeled simplified, defined by the limits statedlyfuirozen respectively unfrozen. It is
assumed that the fully frozen state, where up ¢ontlaximum frost depth all water is in the
phase of ice, is attained at a daily minimum terapge measured at ground levé),, less
than 10 € (i.e., T; <10°C). In the unfrozen statél, is assumed to be equal or larger than -
1°C (i.e., Tg 2 -1°C), implying that freezing is initiated i drops below-1°C. The fully
frozen state is governed by random temperatureabiaiT;, defined by the conditional
distribution of the daily mean temperatdravith respect to the daily minimum temperature at
ground level Ty <10°C: ¢r4(T [Ty <-10°C). Random temperature variablg, for the
unfrozen state Is described by the conditionakitistion ¢rq(T |T, <-1°C). @11 and ¢
are fitted to temperature data of the bridge §itais, in this model the two limit states of the
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frost depth are described probabilistically asrecfion of temperature data only. Transitional
phases between the fully frozen and the unfrozate stre linearly interpolated. Since in the
fully frozen state the temperature must be lowantht freeze initiation, the transition from
fully frozen to unfrozen condition follows a stemttion if g < @r¢.

Fully frozen ballast is stiffer than in the unfrozeondition, approaching Young's modulus
of ice. Thus, in the fully frozen state to the hatl Young’s modulus of ice is assigned,
modeled as a random variable. The material pragseudf ice vary in a quite large range
because they depend on ice formation, temperatenmeperature changes, humidity, load
speed, etc. (HobBs In the proposed environmental model, Young's ulosl of the ballast is
modeled as a Gaussian distributed random variaitheanmean of 9.45 GPa and a coefficient
of variation of 0.05 GPa (see HoBpsin the fully frozen condition the stiffness diet
modeled subsoil domain is increased proportionatigording to the increase of the ballast
Young’'s modulus. The unfrozen state is defined H®y itnmodified (in some circumstances
random) variables of the ballast and subsoil.

If the bridge is built of steel components, theeeffof the surrounding air temperature on
Young's modulus of steelE;(T), is captured through a linear temperature dependen
function as proposed in ASMS% i.e., Eqr(T)=E;—1.67x% 108(T —TEO). Reference valué&g
corresponds to Young's modulus of steel at temperd; = 20°C.
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Figure 4: Time history of the daily mean temperafuand the daily minimum temperatufg recorded at the
ground recorded at Munich Airport, Germany. Modiffeom Salcher et dl.

5 APPLICATION

In an example application the Munich Airport, Genyais selected as location of a bridge
structure to be studied, internationally known agpresentative for the climate at the latitude
of Central Europe. Public available temperature dat this particular site (DWB) are used
to define the distribution of the daily mean tengtereT, which serves both for the black box
and the more elaborate stochastic seasonal modahdem variable. In Figure 4 the black
graph represents the time history of the daily nteamperaturd measured at a height of 2 m
above ground in the 20-year period from 1992 to220he histogram shown in Figure 5(a) is
the corresponding relative frequencyTgfand the gray graph in Figure 5(b) the cumulative
frequency ofT. Now a suitable distribution is selected to ddsemppropriately the statistics
of T as random variable. In Figure 5(a) the dashed lire@l corresponds to a Gaussian
distribution fitted to the histogram. After testitltge assumption of a Gaussian distribution for
the data representation usingﬁ and a Lilliefors test, this hypothesis has begected at a
significance level of 5%. The extreme value disttibn shown in Figure 5 by a black graph,
and with mean of 9.00C and coefficient of variation (CV) of 1.0LT; is, thus, a more
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appropriate representation of temperature data

For the second proposed seasonal model, in theeguést step the conditional
distributions  ¢1(T |Tq <-10°C) and @ro(T [Ty <-1°C) are derived. In Figure 4
additionally toT also the corresponding time history of the dailjwyimum temperature at
ground, Tg, (i.e., measured at 0.05m above ground levellapicted in red. Dashed
horizontal lines indicate the limit temperature dsv -1°C and -10°C, defining the
unfrozen and the fully frozen ballast. The two dggams shown in Figure 6 represent the
distribution of the daily mean temperatiref those days in the 20-year observation period,
where the daily minimum temperature at groufig was less than-10°C respectively
-1°C. These histograms can be accurately approximatedcdnditional Gaussian
distributions gy, (mean -6.33C, CV 0.54 T) respectivelyg;, (mean 0.69C, CV 7.38 T),
as depicted in Figure 6. Based on these distribstibigure 7 shows the freezing condition of
100 random samples with respect to the daily maatemperaturel determined in a Monte
Carlo simulation. The transition from fully frozelw unfrozen substruction is linear, as
assumed in the model. Vertical lines indicate ihasome cases freezing is initiated at the
same temperature as the fully frozen state isnattiaiThis model does, however, not allow
freeze initiation at temperatures lower than fa maximum frost depth.
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Figure 5: (a) Histogram of the daily mean tempeaiuand corresponding fitted distributions. (b) Cuntivia
frequency and corresponding cumulative distribufiorctions. Modified from Salch&r
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Figure 6: Conditional histograms offor givenTg, and fitted normal distributions. Munich AirpoGermany.

(@) Ty < -10 °C (b)T, < -1 °C. Modified from Salchér

A simply supported single-span ballasted railwaidde located close to the Munich
Airport, Germany, is considered as case study objectest the proposed stochastic
environmental model. The steel bridge with crosgise depicted in Figure 8(a), span
L =16.48 m, and width, = 4.67 m carries a single track. The fundameméajuencyf; of this
bridge at temperature= 9.0 T is 9.28 Hz. The detailed geometry of structure @ack, and
the material parameters of its components are dethjn Salchét: A full three-dimensional
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finite element model of the bridge with six degreédreedom per node is built. The rails
resting on the bridge and the adjacent subsoih(@icess length of 5.2 m at both sides) are
discretized by means of Euler-Bernoulli finite bealaments. Linear elastic springs support
the rails in the domain outside of the bridge tptaee the behavior of the ballast and subsaoill
properties. For details on the numerical moded ieferred to Salcher

Based on the proposed environmental model with andariables specified before, a
direct Monte Carlo simulation with 1000 random gadsamples has been performed to reveal
the temperature induced dispersion of the natuidhe frequencies. Figure 8(b) shows the
resulting histogram for the first and the secontura frequency. The dispersion left of the
mean frequency results mainly from uncertain makgrarameters of the structure, while the
lower densities larger than the mean frequencybsafed back to the random environment
model. Subsequently, the computed frequencies lateeg against the corresponding daily
mean temperaturé, resulting in the scatter plot shown in Figurelfese outcomes prove
that the proposed stochastic environmental modelioas qualitatively the virtually stepwise
change of the natural frequencies around the ingeeimperature of water.
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Figure 7: Frozen state as a function of daily mesatemperature for 100 random samples, basednopeiature
data recorded at Munich Airport, Germany. Modiffesm Salcher et dl.
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Figure 8: (a) Cross-section of the case study bridg) Distribution of the first and the secondunal frequency
of 1000 bridge samples due to seasonal tempeneduiggions. Ballasted railway bridge located at Mtn
Airport. Modified from Salchér

6 SUMMARY AND CONCLUSIONS

Two approaches for capturing in numerical simuladidhe seasonal effect on natural
frequencies and mode shapes of bridge structuses been described. In the first black box-
like model an appropriate relation between fundaalefrequency and environmental
temperature has been established. This approachearsed for reliability assessment of
bridges, based on Euler-Bernoulli beam models. Sde®nd approach relates the frost depth
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in subsoil and ballast and the natural frequenayatian in a stochastic manner. Two limit
states of the frost depth, i.e. the fully frozestestand the frozen state, are expressed in terms
of random variables with conditional distribution$ the daily mean air temperature for
defined thresholds of the daily minimum temperateedrded at ground level. Application of
this approach to a ballasted railway bridge sholet the predicted scatter of natural
frequencies with respect to the environmental teatpee reflects qualitatively the stepwise
scatter around the freezing point of water, as# been observed in monitored bridges.
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Figure 9: First and second natural frequency o0D1@ge samples plotted against temperatuigallasted
railway bridge located at Munich Airport, Germaiodified from Salcher et dl.
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