
Bull Earthquake Eng (2009) 7:485–501
DOI 10.1007/s10518-008-9074-5

ORIGINAL RESEARCH PAPER

Structural identification of Egnatia Odos bridges based
on ambient and earthquake induced vibrations

Evaggelos Ntotsios · Christos Karakostas ·
Vasilios Lekidis · Panagiotis Panetsos ·
Ioannis Nikolaou · Costas Papadimitriou ·
Thomas Salonikos

Received: 11 January 2008 / Accepted: 11 June 2008 / Published online: 5 July 2008
© Springer Science+Business Media B.V. 2008

Abstract The dynamic characteristics of two representative R/C bridges on Egnatia Odos
motorway in Greece are estimated based on low amplitude ambient and earthquake-induced
vibrations. The present work outlines the instrumentation details, algorithms for computing
modal characteristics (modal frequencies, damping ratios and modeshapes), modal-based
�nite element model (FEM) updating methods for estimating structural parameters, and
numerical results for the modal and structural dynamic characteristics of the two bridges
based on ambient and earthquake induced vibrations. Transverse, bending and longitudinal
modes are reliably identi�ed and stiffness-related properties of the piers, deck and elastomeric
bearings of the FEMs of the two bridges are estimated. Results provide qualitative and
quantitative information on the dynamic behavior of the bridge systems and their components
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under low-amplitude vibrations. Modeling assumptions are discussed based on the differences
in the characteristics identi�ed from ambient and earthquake vibration measurements. The
sources of the differences observed between the identi�ed modal and structural characteristics
of the bridges and those predicted by FEMs used for design are investigated and properly
justi�ed.

Keywords Modal identi�cation · Model updating· Ambient vibrations· Earthquake
excitations· Bridges

1 Introduction

The evaluation of the actual dynamic characteristics of civil engineering structures through
measurements of their dynamic response has been attracting an increasing research effort
worldwide. Measured response data of bridges from ambient and earthquake-induced vibra-
tions offer an opportunity to study quantitatively and qualitatively their dynamic behaviour
within the resulting vibration levels. These vibration measurements can be processed for the
estimation of the modal characteristics of the bridges, as well for the calibration of corre-
sponding (�nite element) models used to simulate their behaviour. The information for the
identi�ed modal models and the updated �nite element models (FEM) is useful for validating
the assumptions used in model development or for improving modelling, analysis and design
procedures. Also, such information is useful for structural health monitoring purposes.

The estimation of the modal characteristics requires the application of system identi�ca-
tion methods that process output-only (ambient) as well as earthquake-induced vibrations.
Modal identi�cation algorithms provide estimates of the modal frequencies, modal damping
ratios and modeshapes at the measured DOFs using classically damped or non-classically
damped modal models. For the case of ambient vibrations, there are a number of methods
and respective software developed either in time or frequency domain for the identi�cation
of modal properties. The methods, based on output measurements only, assume that the input
can be well represented by a vector white noise process. Recent developments are reported in
Peeters and De Roeck(1999, 2001) andBasseville et al.(2001) using time domain stochastic
subspace identi�cation methods, inBeck et al.(1994) using time domain least-squares meth-
ods based on correlation functions of the output time histories, inVerboven(2002),Gauberghe
(2004) andBrincker et al.(2001) using frequency domain least-squares methods based on full
cross-power spectral densities (CPSD), and inPeeters and Van der Auweraer(2005) based on
half spectra. Bayesian and maximum likelihood statistical methods have also been proposed,
for example, inKatafygiotis and Yuen(2001), Guillaume et al.(1999) andVerboven(2002).
For the case of earthquake-induced vibrations, modal identi�cation methods have also been
developed either in time (Beck 1978; Beck and Jennings 1980) or in frequency (McVerry
1980) domains, based on a minimization of the measure of �t between the time history or
its Fourier transform of the acceleration responses estimated from the measurements and
the corresponding ones predicted from a classically damped modal model of the structure.
Extensions for identifying non classically damped modal models in the frequency domain
has also been developed byChaudhary et al.(2000). These methods have been applied to
identify the modal characteristics of bridges (Werner et al. 1987; Chaudhary et al. 2002) and
buildings (Papageorgiou and Lin 1989) by processing input-output earthquake recordings.

Model updating algorithms based on the identi�ed modal characteristics have also been
developed (e.g.Mottershead and Friswell 1993; Bohle and Fritzen 2003; Teughels et al. 2003;
Lam et al. 2004; Christodoulou and Papadimitriou 2007) to estimate structural parameters
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associated with a FEM of a structure. This calibration procedure provides useful insight into
the range of validity of the modelling assumptions and is used to improve our understanding
of the dynamic behaviour of the structure and its components. Structural model parameter
estimation methods based on the identi�ed modal data are often formulated as weighted
least-squares problems in which the optimal values of the structural parameters of a FEM are
obtained by minimizing a measure of the residuals between measured and FEM predicted
modal characteristics.

The proposed work develops and applies modal identi�cation and model updating method-
ologies for estimating the dynamic modal and stiffness characteristics of two representative
bridges on the Egnatia Odos motorway, using both ambient and earthquake induced vibra-
tion measurements. In the present paper, Sect.2 gives an overview of the two bridges and
the instrumentation procedure. Section3 outlines the main points of the modal identi�cation
algorithms developed to estimate the modal characteristics from both ambient and earth-
quake induced vibration measurements. Section4 outlines a weighted least-squares residuals
method for FEM updating based on the identi�ed modal characteristics. Results for the modal
characteristics and the values of stiffness-related parameters of the piers, deck and bearings
of the instrumented bridges are presented in Sects.5 and6. Modelling assumptions are dis-
cussed based on the differences in the dynamic characteristics identi�ed from ambient and
earthquake vibration data. Moreover, modelling issues related to the structural behaviour
of the bridges under low amplitude vibrations are investigated based on comparisons with
analytical FEMs used for earthquake design of these bridges. The conclusions of this work
are summarized in Sect.7.

2 Description of bridge systems and instrumentation

Egnatia Motorway is a new, 670km long highway, that transverses Northern Greece in an
E–W direction. The two R/C bridges that were instrumented with special accelerometer
arrays are the 9th Ravine Bridge on the Veria—Polymylos section (Fig.1a) and the 2nd
Kavala Bypass Ravine Bridge (Fig.1b). Both bridges have two, almost identical, statically
independent branches, one for each traf�c direction, one of which was instrumented in each
case.

The T-shaped 9th Polymylos bridge is curved in plan and has a total length of 170m. The
deck cross section is a box girder of height varying parabolically from 9m at the central pier to

Fig. 1 View of (a) 9th Polymylos bridge, and (b) 2nd Kavala bridge
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4m at the two abutments. It is supported monolithically by a central pier (M1), of 35m height,
which is founded on a massive rectangular R/C rock socket at its basement and continues with
two transverse �anges for the rest of its height. Each of the two 85m-long cantilever parts
of the deck girder rests on each abutment through special elastomeric bearings that allow
free sliding in the longitudinal direction (to accommodate thermal expansions/contractions),
while functioning as normal elastomeric pads in the transverse (radial) direction.

The 2nd Kavala Bypass Ravine Bridge, with a total length of 170m, comprises four
identical simply supported spans of 42.5m, each span built with four precast post-tensioned
I-beams of 2.80m height, supporting a 26cm thick deck, which is continuous throughout the
bridge length. The I-beams are supported through laminated elastomeric bearings on the two
abutments and the three piers. The piers have a 4m×4m square cross-section with 40cm
wall thickness and heights of 30m (M1, M3) and 50m (M2). The four spans of the deck are
interconnected through a 2-m long 20-cm thick continuity slab over the piers.

Two 12-channel Kinemetrics K2� recording units were installed on the northern branch
of the 9th Polymylos bridge (on deck level at the middle of the total bridge deck), each
supporting 12 uniaxial Kinemetrics Episensor� accelerometers (±2g full scale) installed
on both sides of the bridge deck. The recording units have a 19-bit resolution, a sampling
rate capacity of up to 200sps and a dynamic range of 108dB @ 200sps. Fifteen sensors
were installed on the deck, three on the basement of the central pier and three on each of
the two abutments (at the support level of the elastomeric bearings), as shown in Fig.2a.
Thus, the nine sensors monitor the earthquake-induced excitations at the two abutments and
the basement of the pier. The particular layout of the instrumentation permits the analysis
of both ambient and earthquake-induced response of the bridge. The 3- to 4-letter sen-
sor labels follow the following convention: The last letter denotes the orientation of the
uniaxial sensor (L: longitudinal, T: transverse, V: vertical). The previous one denotes the
side of the bridge deck on which the sensor lies (R: right, L: left). Finally, the �rst one
or two letters denote the bridge section that the sensor lies on (�rst letters U1 and U3
refer here to the abutment level where the elastomeric bearings are seated, U2 refers to
the base of the central pier and all other letters refer to positions on the level of the bridge
deck). The numbers next to each sensor label denotes the length of the cable used to con-
nect the sensor to each recording unit. Among the 15 accelerometers located on the bridge
deck, eight record in the vertical, one in the longitudinal and the rest six in the transverse
direction.

A similar, 24-accelerometer special array was used for the instrumentation of the southern
branch of the 2nd Kavala Bypass Ravine Bridge. The two recording units were installed one
at each deck side, at the middle of the total bridge span. The accelerometers were installed
on both edges of the bridge deck (external sidewalk and internal New Jersey barrier). As
shown in Fig.2b, of the 24 sensors, 18 were installed on the deck and two at the top of each
of the three piers (six in all) next to the elastomeric bearings so that adequate information is
provided to distinguish between the pier and bearing stiffness. The sensor labels in Fig.2b
follow the same convention used for the previous instrumentation case (Fig.2a): letters U1,
U2 and U3 refer to the top of the piers, all the rest refer to positions on the deck of the bridge.
The particular layout of the instrumentation permits the recording of the dynamic response
of the bridge under ambient (traf�c and wind) loads.

Both recording systems have common start/common trigger capabilities to enable syn-
chronous data acquisition. The trigger threshold can be set independently for each sensor,
and the user can de�ne the sensors that will cause a system trigger. The systems are equipped
with GPS boards as well as with external GSM/GPRS cellular modems that allowed telematic
control and data transfer to the user of�ces.
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Fig. 2 Instrumentation layout of (a) Polymylos and (b) Kavala bridges

3 Identification of structural modes

3.1 Ambient vibrations

The estimation of the modal characteristics using ambient vibration data is based on a least
squares minimization of the measure of �t

E (ψ) =
Nω∑

k=1

tr

[(
S(k�ω;ψ)− Ŝ(k�ω)

)∗T (
S(k�ω;ψ)− Ŝ(k�ω)

)]
(1)

between the cross power spectral density (CPSD) matrixŜ(k�ω) ∈ C N0×N0 estimated from
the measured output acceleration time histories and the CPSD matrixS(k�ω;ψ) ∈ C N0×N0

predicted by a modal model, whereN0 is the number of measured degrees of freedom
(DOF),�ω is the discretization step in the frequency domain,k = {1, . . . , Nω} is the index
set corresponding to frequency valuesω = k�ω, Nω is the number of data in the indexed
set, andψ is the parameter set to be estimated. Assuming general non-classically damped
modes, the CPSD matrixS(k�ω;ψ) based on the modal model of the structure is given by
Gauberghe (2004)

S(ω;ψ) =
m∑

r=1

[
φr gT

r

( jω)− λr
+ φ∗

r g∗T
r

( jω)− λ∗
r

+ grφ
T
r
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rφ
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−( jω)− λ∗
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]
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( jω)4

A + B (2)
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where m is the number of contributing modes in the frequency range of interest,
λr = − ζrωr ± jωr

√
1 − ζ 2

r is the complex eigenvalue of ther -th contributing mode,ωr is
ther -th modal frequency,ζr is ther -th modal damping ratio,φr ∈ C N0 is the complex mode-
shape of ther -th mode,A ∈ RN0×N0, B ∈ RN0×N0 are real symmetric matrices accounting
for the contribution of the out-of-bound modes to the selected frequency range of interest,
and gr ∈ C N0 are vector quantities that depend on the characteristics of the modal model
and the CPSD of the white noise input vector, while the symbolu∗ denotes the complex
conjugate of a complex numberu.

The modal parameter setψ to be identi�ed contains the parametersωr , ζr ,φr , gr ,

r = 1, . . . ,m, A andB that completely de�ne the CPSD matrix in Eq.2. The total number
of parameters is 2m(1 + 2N0)+ N 2

0 + N0 for non-classically damped modal models.
The minimization of the objective function (1) can be carried out ef�ciently, signi�cantly

reducing computational cost, by recognizing that the error function in (1) is quadratic with
respect to the complex modeshapesφr and the elements in the matricesA and B. This
observation is used to develop explicit expressions that relate the parametersφr , A and B
to the vectorsgr , the modal frequenciesωr and the damping ratiosζr , so that the number
of parameters involved in the optimization is reduced from 2m(1 + 2N0) + N 2

0 + N0 to
2m (N0 + 1). This reduction is considerable for a relatively large number of measurement
points. Applying the optimality conditions in Eq.1 with respect to the components ofφr ,

A andB, a linear system of equations results for obtainingφr , A andB with respect to the
gr , ωr andζr , r = 1, . . . ,m. The resulting nonlinear optimization problem with respect to
the remaining variablesgr , ωr andζr , r = 1, . . . ,m, is solved in Matlab using available
gradient-based optimisation algorithms.

The starting values required in the optimization are obtained from a two-step approach as
follows. In the �rst step, conventional least squares complex frequency algorithms (Verboven
2002) are employed, along with stabilization diagrams, to obtain estimates of the modal
frequenciesωr and modal damping ratiosζr and distinguish between the physical and the
mathematical modes. These values in most cases are very close to the optimal values. In the
second step, given the values ofωr andζr , the values of the residue matricesRr = φr gT

r
∈ C N0×N0 in Eq.2 are obtained by �rst recognizing that the objective function in (1) is
quadratic with respect toRr , A and B, then formulating and solving the resulting linear
system of equations forRr , A andB, and �nally applying singular value decomposition to
obtain estimates ofφr andgr from Rr . Usually, this two-step approach gives results that are
very close to the optimal estimates. However, for closely spaced and overlapping modes it
is often recommended to solve the original nonlinear optimization problem with respect to
gr , ωr andζr , r = 1, . . . ,m, using the estimates of the two-step approach as starting values.

3.2 Earthquake-induced vibrations

The methods developed by Mc Verrry (1980) in the frequency domain andBeck and Jennings
(1980) in the time domain have been extended in this work to treat non-classically damped
modal models, since damping may not be proportionally distributed in various structural
components, especially due to the energy dissipation mechanism provided locally by the elas-
tomeric bearings and the foundation soil. The modal identi�cation methodology also accounts
for different support excitations encountered in bridges. The modal identi�cation carried
out in the frequency domain using earthquake vibration data is next outlined. The modal
identi�cation method is based on a minimization of the measure of �t between the Fourier
transform ˆ̈y(k�ω) ∈ C N0 of the measured acceleration response vector and the Fourier

123



Bull Earthquake Eng (2009) 7:485–501 491

transform ÿ(k�ω;ψ) ∈ C N0 of the acceleration responses predicted from a parameterized
modal model of the structure. The Fourier transform vectorÿ(k�ω;ψ) of the acceleration
responses based on the non-classically damped modal model can be obtained in the form

ÿ(ω;ψ) =
{

m∑

r=1

[
φr gT

r

( jω)− λr
+ φ∗

r g∗T
r

( jω)− λ∗
r

]
+ P

}
f (ω) (3)

where the vectorf (ω) contains the Fourier transforms of the input acceleration time histories.
The parameter setψ to be identi�ed contains the modal frequenciesωr , the modal

damping ratiosζr , the complex modeshapesφr , the modal participation factor vectorsgr ,
r = 1, . . . ,m, and the constant matrixP which contains the pseudostatic response of the
structure due to multiple differential base excitations. The total number of parameters is
2m(1 + N0 + Nin)+ N0Nin for non-classically damped modal models. The formulation in
Eq.3 assumes that measured vibrations start from zero. Non-zero starting vibration levels
have also been accounted for by adding additional terms in Eq.3and augmenting the parame-
ter setψ to include parameters that account for the initial conditions of the modal equations.
It should be noted that a similar modal identi�cation method has been developed in the time
domain based on minimizing a measure of �t between the measured acceleration response
vector and the acceleration response vector predicted from a parameterized non-classically
damped modal model.

The optimal values of the parameter setψ are obtained by minimizing an objective function
similar to (1) with the CPSDs replaced by the Fourier transform vectors. Similar to the CPSD
case, the number of the design variables can be reduced toωr , ζr andgr by recognizing that the
objective function in (1) is quadratic with respect to the complex modeshapesφr and the real
matrix P . Applying the optimality conditions in Eq.1 with respect to the components ofφr
andP , a linear system of equations results for obtainingφr andP with respect to the vectors
gr , ωr andζr . The resulting nonlinear optimization problem with respect to the 2m(3+ Nin)

parametersgr , ωr andζr , r = 1, . . . ,m, is solved in Matlab using available gradient-based
optimization algorithms. The derivatives of the objective function with respect to the modal
parameters are evaluated analytically, accelerating the convergence of the algorithm. Modal
sweep approaches (Werner et al. 1987) are also implemented to improve the effectiveness of
the proposed algorithm.

4 Finite element model updating methodology

The objective in a FEM updating methodology is to estimate the values of the structural para-
meter setθ ∈ RNθ of a class of linear FEMs so that the modal frequencies and modeshapes
{ωr (θ),φr (θ) ∈ RN0, r = 1, . . . ,m} predicted by the linear class of models best matches,
in some sense, the experimentally obtained modal data{ω̂r , φ̂r ∈ RN0, r = 1, . . . ,m} con-
tained in the setψ , wherem is the number of observed modes, andN0 is the number of
recorded DOFs. The optimal values of the parameter setθ are obtained by minimizing the
weighted modal residuals (Christodoulou and Papadimitriou 2007)

J(θ;w) =
m∑

r=1

⎡

⎢⎣wωr

[ωr (θ)− ω̂r ]2
[ω̂r ]2 + wφr

∥∥∥βrφr (θ)− φ̂r

∥∥∥
2

∥∥∥φ̂r

∥∥∥
2

⎤

⎥⎦ (4)

The �rst norm in Eq.4 represents the difference between the measured and the model pre-
dicted frequency for ther -th mode, while the second norm represents the difference between
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the measured and the model predicted modeshape components for ther -th mode, where

βr = φ̂
T
r φr (θ)/φ

T
r (θ)φr (θ) is a normalizing scalar guaranteeing that the measuredφ̂r is

closest toφr (θ) for given θ . The weighting factorswωr ≥ 0 andwφr ≥ 0, r = 1, . . . ,m,
satisfy the condition

∑m
r=1 [wωr + wφr ] = 1. The objective functionJ (θ;w) represents an

overall measure of �t between the measured and the model predicted modal characteristics.
The sensitivity of the updated models to the choice of the weight values has been studied
in Christodoulou and Papadimitriou(2007). Herein, conventional weighted least squares
methods are used which assume equal weight values.

The optimization ofJ (θ;w) in Eq.4 with respect toθ can readily be carried out numer-
ically using any available gradient-based algorithms for optimizing a nonlinear function of
several variables. In the case of multiple local/global optima, a hybrid optimization algorithm
(Christodoulou and Papadimitriou 2007) is used that exploits the advantages of random search
evolutionary strategies (Beyer 2001) and gradient-based methods. Speci�cally, an evolution
strategy is used to explore the parameter space and detect the neighborhood of the global
optimum, avoiding premature convergence to a local optimum. Then the method switches
to a gradient-based algorithm starting with the best estimate obtained from the evolution
strategy and using gradient information to accelerate convergence to the global optimum.

5 Structural modal identification of Polymylos and Kavala bridges

Modal identi�cation results (modal frequencies and modal damping ratios) for the Polymylos
and Kavala bridges are shown in Table1 for ambient vibration (AV) data of approximately
30minutes duration each. Also, for the Polymylos bridge, modal identi�cation results are
shown in Table1 for a low level, magnitudeML = 4.6, earthquake event that occurred on
21/2/2007 (2:04:38 GMT) at a distance 35km Northeast of the bridge. The 20s earthquake
recordings are clear and not hidden by the ambient vibrations since the latter are much smaller
in amplitude due to the fact that the earthquake occurred after midnight, so the traf�c of the
bridge was scarce. It is noted that eight (8) modes were successfully and reliably identi�ed for
the Polymylos bridge: �ve transverse modes and three bending modes. From the earthquake
vibration (EV) data, in addition to these modes, one more longitudinal mode was identi�ed.
Representative measured modeshapes (1st bending and 2nd transverse) are shown in Fig.3
for the Polymylos bridge. For the Kavala bridge, seven modes were reliably estimated from
the AV data: two transverse, one longitudinal, and four closely spaced bending modes. The
four closely spaced modes, predicted also by the design FEM of the structure, are due to
the weak connection of the four spans through the 2-m long 20-cm thick continuity slabs
described in Sect.2.

Comparing the modal damping ratios in Table1, it is observed that the bending modes
have signi�cantly lower values of damping, of the order of 0.4–0.7% for the Polymylos and
Kavala bridges, than the damping values of the lower transverse and longitudinal modes
which are of the order of 0.8–5.9% for the Polymylos bridge and of the order of 1.4–5.6%
for the Kavala bridge. The higher damping values observed for the lower transverse and
longitudinal modes can be attributed to the energy dissipation arising from the higher modal
deformation levels of the elastomeric bearings at the ends of the bridges which dominate the
motion of these modes. Also, soil damping could also have contributed to the higher damping
values observed for these modes.

For the Polymylos bridge, Table2 compares the measured peak acceleration responses
and the root mean square (RMS) acceleration responses for the ambient and the earthquake

123



Bull Earthquake Eng (2009) 7:485–501 493

Table 1 Identi�ed and design FE model predicted modal frequenciesω and damping ratiosζ
(AV/EV=Ambient/Earthquake Vibrations)

Mode Polymylos bridge Kavala bridge

AV EV FEM AV FEM

ω (Hz) ζ (%) ω (Hz) ζ (%) ω (Hz) ω (Hz) ζ (%) ω (Hz)

1st Transverse 1.13 2.0 1.29 1.8 0.96 0.81 1.4 0.53
1st Longitudinal − − 1.17 1.8 0.70 1.29 5.6 0.57
2nd Transverse 1.20 5.6 1.30 5.9 0.70 1.61 5.2 0.67
1st Bending (deck) 2.13 0.6 2.20 0.6 2.18 3.40 0.6 2.78
3rd Transverse 2.22 1.1 2.56 3.5 1.91 − − −
2nd Bending (deck) 3.07 0.4 3.20 0.7 3.21 3.46 0.7 2.82
4th Transverse 4.10 0.8 4.23 3.2 3.77 − − −
3rd Bending (deck) 6.66 0.5 6.89 0.6 7.10 3.47 0.4 2.82
5th Transverse 6.78 0.8 7.24 1.2 7.02 − − −
4th Bending (deck) − − − − − 3.51 0.5 2.83
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Fig. 3 (a) 1st bending and (b) 2nd transverse modeshape of the Polymylos bridge

Table 2 Comparison of peak and RMS acceleration response obtained from ambient (AV) and earthquake
induced vibrations (EV) for the Polymylos bridge

Channel Peak response (cm/s2) RMS (cm/s2)

AV EV AV/EV AV EV AV/EV

B2LV 23.2470 7.1062 3.2714 0.9181 1.9397 0.4733
M2LL 2.1767 1.0009 2.1747 0.0922 0.2407 0.3830
M2LV 11.2310 2.9575 3.7975 0.6044 0.7350 0.8223
SLV 15.9950 6.6148 2.4181 0.8847 2.0163 0.4388
T3RT 5.9160 3.3652 1.7580 0.1825 0.7129 0.2561
B2RV 26.9220 7.3206 3.6776 0.9704 1.7120 0.5668
B2RT 7.7054 2.3919 3.2215 0.2928 0.6667 0.4392
M2RT 4.3362 2.5179 1.7221 0.2582 0.6141 0.4204
A2RT 5.5674 2.5210 2.2084 0.2559 0.5911 0.4329
SRV 17.4100 12.3900 1.4052 0.9418 2.5206 0.3737
SRT 4.9252 2.5542 1.9283 0.2783 0.5786 0.4810
T1RT 1.2481 2.3865 0.5230 0.0401 0.6104 0.0657
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Fig. 4 Accelerations time history measurements from ambient and earthquake vibrations at sensors B2RV
and SRT, (a, c) ambient, (b, d) earthquake

excitations. The results for only twelve out of the �fteen sensors installed on the deck are
reported in Table2 since three out of the eight sensors recording along the vertical direc-
tion malfunctioned during the earthquake event. Also, Table2 reports the ratio between the
ambient and the earthquake vibrations for the peak and the RMS responses for each output
channel. Figure4 gives a comparison between the ambient and the earthquake acceleration
time histories for two representative recordings along the vertical (sensor B2RV) and the
transverse (sensor SRT) directions.

From the Polymylos results in Table1, it is observed that the modal frequencies due
to earthquake vibrations are 4–15% higher than the modal frequencies identi�ed from the
ambient vibrations. No conclusive explanation can be given for these differences without
making assumptions about the bridge behavior within the measured vibration levels given in
Table2 and Fig.4. These differences could be attributed to the nonlinear softening hysteretic
behavior of the structural components, especially the elastomeric bearings. The results in
Table2 reveal that the peak acceleration responses for the earthquake induced vibrations
are 1.4–3.8 times lower than the peak acceleration responses of the ambient vibrations.
Accepting that the estimation of the equivalent modal frequencies is dominated by the peak
vibration levels, this could justify a higher secant stiffness of the elastomeric bearings for the
lower earthquake peak vibration levels which results in stiffer structures and thus justi�es the
increase in the equivalent values of the modal frequencies observed in Table1 for earthquake
induced vibrations. However, this explanation cannot be used to justify the higher modal
frequency values observed for the modes associated with bending of the deck since these
modes are not affected by the bearing stiffness. It is unlikely that similar softening nonlinear
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effects will arise by the deformation of the pier and deck elements in these low vibration
levels.

To further support the above argument, the values of the modal frequencies were also
identi�ed using much shorter duration segments of the ambient vibrations recordings shown
in Fig.4, selected so that the peak acceleration levels are approximately the same as or
smaller than the peak acceleration of the earthquake recordings. The estimated values of the
modal frequencies obtained by analyzing these short duration segments were found to be
almost identical to the values of the modal frequencies that were estimated using the whole,
approximate 30min in duration, segment of the records shown in Fig.4. This veri�es that at
the low vibration levels considered, the aforementioned differences in the peak acceleration
levels between the ambient and the earthquake induced vibrations cannot justify the large
differences in the modal frequencies observed in Table1.

In contrast to the peak vibration levels, the levels of the RMS response in Table2 of
the approximately 30min ambient acceleration measurements are 0.25–0.82 times the
corresponding root mean square earthquake response levels. Accepting that the estimation
of the equivalent modal frequencies in Table1 is dominated by the RMS vibration levels, the
modal frequencies due to higher RMS earthquake vibration levels are expected to decrease
if softening of the elastomeric bearings takes place, which is not consistent with the opposite
increasing trend observed in Table1.

A more reasonable explanation that can account for the differences in the identi�ed values
of the modal frequencies in Table1 is soil structure interaction effects (Safak 1995). Specif-
ically, in the earthquake vibration case, the modal properties of the system were identi�ed
using as input accelerations the nine recordings at the two abutments and the base of the cen-
tral pier and as output accelerations the twelve available recordings along the bridge deck.
Thus, ignoring the rigid body rotation of the central pier foundation at the low vibration
levels measured, the modal frequencies identi�ed by the input–output earthquake vibration
measurements are those of the �xed-base bridge. The effects of soil-structure interaction
have been “�ltered out” since the base motion of the abutment and the pier foundation were
used as input accelerations in the modal identi�cation process. In contrast, for the ambient
vibration case, the modal properties of the system, obtained from the ambient measurements
due to excitations from the traf�c and wind loads, were identi�ed using only the twelve output
accelerations recorded along the bridge deck. Thus, the modal frequencies due to ambient
vibrations correspond to the dynamic characteristics of the combined system consisting of
the bridge and accounting for soil-structure interaction effects. This interaction effect is due
to the additional soil �exibility provided at the base supports of the bridge. The presence of
this effect is also supported from the non-zero vibration levels recorded at the base of the
pier and the top of the side abutments during ambient measurements. Thus, soil-structure
interaction effects cause the combined soil-foundation-superstructure system to appear as
less stiff than the superstructure (�xed-base bridge) itself, resulting in lower values of the
modal frequencies which is consistent with the results observed in Table1.

Figure5compares the measured power spectral densities with the power spectral densities
predicted by the identi�ed optimal modal models for selected sensors for the Polymylos
bridge (Fig.5a) and the Kavala bridge (Fig.5b) zoomed at the frequency range near the four
closely spaced and overlapping modes. As it is seen, the �t of the measured power spectral
density is very good which validates the effectiveness of the proposed modal identi�cation
software based on ambient vibrations. Figure6 compares the Fourier transform (FT) of the
earthquake-induced accelerations and the FT of the accelerations predicted by the optimal
modal model for selected sensors. A very good �t is also observed, validating the effectiveness
of the proposed modal identi�cation software based on earthquake recordings.
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Fig. 5 Comparison between measured and optimal modal model predicted power spectral densities for
selected sensors (a) Polymylos bridge, and (b) Kavala bridge (zoomed at frequency range of four closely
spaced modes)
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Fig. 6 Comparison between measured and optimal modal model predicted Fourier transforms of the Polymy-
los earthquake accelerations recordings for selected sensors

6 Finite element model updating of Polymylos and Kavala bridges

Detailed FEMs were created that correspond to the model used for the design of the two
bridges. The models were constructed based on the material properties and the geometric
details of the structures. The entire simulation is performed within the COMSOL Multi-
physics (COMSOL 2005) modeling environment. The FEM for the Polymylos bridge is
created using three-dimensional two-node beam-type FEs to model the deck and the piers,
and spring elements to model the bearings. This model is shown in Fig.7a and has 1350
degrees of freedom. The FEM of the Kavala bridge is simulated using three-dimensional two-
node beam-type FEs exclusively to model the deck, the piers and the bearings. This model
is shown in Fig.7b and has 900 degrees of freedom. Each span consists of four longitudinal
beams, representing the post-tensioned beams supporting the deck, and six transverse beams,
which form a horizontal grid. The cross-sectional parameters of each one of the longitudinal
beam elements are those of an “equivalent” cross-section that accounts for the section of
the post-tensioned beam, as well as the corresponding effective width of the deck plate.
The transverse beams at the two ends of the span correspond to the existing cross-beams
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Fig. 7 Finite Element Model of (a) Polymylos bridge, and (b) Kavala bridge

above the bearings, whereas the other four transverse beams represent the coupling of the
longitudinal beams in the transverse direction due to the presence of the deck. Adjacent spans
are interconnected with a 20-cm thick 2-m long plate, which is also simulated in the FEM.
In both bridge models, the abutments are considered as non-deformable (rigid foundation),
whereas the piers are assumed to be rigidly connected to the foundation, ignoring soil structure
interaction effects to the dynamics of the bridge systems.

For comparison purposes, Table1 lists the values of the modal frequencies predicted by
the nominal design FEM. Comparing with the identi�ed modal frequency values it can be
seen that the design FEM-based modal frequencies are signi�cantly lower than the identi�ed
modal frequencies. This is partly due to the fact that the design FEM was constructed taking
into account the high vibration levels associated with the strong design earthquake prescribed
by the seismic code, while the ambient vibrations are very low amplitude vibrations. During
low amplitude vibrations, the structure is found to be much stiffer as predicted by the identi�ed
modal frequencies. In order to identify the main sources of stiffness increase in the case of
low amplitude ambient and earthquake-induced vibrations, the FEMs are next updated using
the identi�ed modal properties in Table1.

The parameters in the setθ to be updated are stiffness related parameters that scale the
contribution of the nominal values of stiffness properties in the initial FEM. Thus, the nominal
FEM corresponds to parameter valuesθ = 1. For the Polymylos bridge, one parameter scales
the stiffnessE of the elastomeric bearings along the transverse directions, two parameters
scale independently the modulus of elasticityE of the deck and pier beam elements that affect
the deck and pier stiffness, respectively, and four parameters scale independently the cross-
sectional moment of inertiasIxx , Iyy and Izz of the deck and top pier beam elements with
respect to the global coordinate axes shown in Fig.7a. For the Kavala bridge, one parameter
scales the modulus of elasticity of the deck that affects the deck stiffness, one parameter scales
the stiffness of the three piers assumed to be fully correlated, and one to two parameters scale
the stiffness of the bearings assumed to be either fully correlated or the stiffness of the pier
bearings to vary independently of the stiffness of the abutment bearings.

Model updating results for the Polymylos and the Kavala bridges are presented in Table3
using the available ambient and earthquake-induced modal data in Table1. For the Polymylos
bridge, the modal properties �tted are the lowest three transverse modes and the lowest
two bending modes. For the Kavala bridge, the modal properties �tted are the lowest two
transverse modes, the lowest longitudinal mode and the lowest four closely-spaced bending
modes. The model updating results are presented for a different combination of parameters.
Case 1 and Case 2 differ by the number of parameters used for model updating. Each case
is distinguished by subcases A and B. In subcase A both modal frequencies and modeshape
components of the involved modes are updated simultaneously, while in subcase B only the
modal frequencies of the involved modes are updated.
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Table 3 Model updating results for the Polymylos and Kavala bridge

Parameter type Polymylos Kavala

Ambient vibrations Earthquake vibrations Ambient vibrations

1-A 1-B 2-A 2-B 1-A 1-B 2-A 2-B 1-A 2-A

Bear E 3.09 3.24 3.19 3.46 3.78 3.70 3.83 3.94 9.07
E Abut 9.27
E Piers 7.57

Deck E 0.96 0.91 1.04 1.03 1.57 1.58
Iyy 0.91 0.90 0.99 0.99
Izz 0.90 1.12 1.60 1.68

Piers E 0.99 0.94 1.53 1.56 1.63 1.66
Ixx 1.02 0.78 1.47 1.30
Iyy 1.75 1.12 0.99 0.98

Results for the percentage error�ω between the values of the measured modal frequencies
and the modal frequencies predicted by the optimal FEM for the Polymylos bridge are
shown in Table4 for the cases considered in Table3. Similar results for the Modal Assurance
Criterion (MAC) values between the measured modeshapes and the modeshapes predicted
by the optimal FEM are also shown. The closer the value of the MAC is to one, the closer
the �t between the measured and model predicted modeshapes. From the percentage error
values in the modal frequencies presented in Table4, it can be observed that a very good
or even an exact �t in the modal frequencies is obtained when only the modal frequencies
are included in the updating process (Case B). Including also the modeshape components in
the updating process, a trade-off in the �t between the modal frequencies and modeshapes
is observed by comparing the�ω and MAC values between Cases A and B. Speci�cally,
the �t in the modeshape components is improved as it is evident by the overall increase in
the MAC values to values closer to one, at the expense of deteriorating the �t in the modal
frequencies observed by the increase in the percentage error values�ω.

It is worth noting that for all cases considered for the Polymylos bridge, the stiffness values
of the elastomeric bearings for the ambient vibrations are approximately 3.2–3.5 times the
nominal design values and for the earthquake vibrations are approximately 3.7–3.9 times
the nominal design values. The identi�ed values of the bearing stiffness are much higher
than the nominal design values due to the highly nonlinear hysteretic force-displacement
relationship of the elastomeric bearings. At low strain levels experienced by the bearings due
to low amplitude ambient and earthquake-induced excitations, their secant stiffness is much
higher than the one at the signi�cantly much higher strain levels associated with the design
of the bearings for the strong design earthquakes prescribed by the seismic code. These large
differences of the elastomeric bearings stiffnesses between the identi�ed and the design ones
are also consistent with the results obtained byChaudhary et al.(2002) for base-isolated
bridges and byStewart et al.(1999) for base-isolated buildings. Qualitatively similar results
are observed for the bearing stiffness values in Table3 for the Kavala bridge, although these
values are signi�cantly higher than those identi�ed for the Polymylos bridge.

Another issue worth pointing out is the very good �t of the modal frequencies in the range
of 0.4–2.0% obtained from the updated FEM for the case of �ve parameters (Case 2-A) and
earthquake measurements as compared to a much worse �t, as high as 4.5% in at least three
modes, for the Case 2-A of ambient vibrations. The good �t for the earthquake case validates
the FEM used, while the large errors for the ambient vibration case suggest that the model is
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inadequate, probably due to soil structure interaction effects ignored in the FE modeling of
the bridge. This observation supports once more the contributing effect of the soil structure
interaction in the dynamics of the identi�ed system for the ambient vibration case.

For the case of ambient vibrations, the bending stiffness values of the deck vary from 0.90
to 1.12 its nominal design values, depending on the bending axes, while the stiffness values
of the piers are approximately closer to the nominal design values of 1.00 for the Cases 1-A
and 2-A. For the case of earthquake vibrations, the bending stiffness values with respect to
the globaly axis (Fig.7) along the transverse direction of the bridge are very close or slightly
higher (up to 4%) than their nominal values. The bending stiffness values with respect to the
global z axis for the deck beam elements and globalx axis for the pier beam elements are
approximately 1.5 times their nominal values. These latter bending stiffness along with the
stiffness of the bearings provide the main resistant mechanism to the transverse motion of the
bridge. The 50% increase in the identi�ed stiffness values from the nominal design values is
within the levels expected for the piers and the columns and are attributed to the low strain
levels experienced by the deck and the piers due to motion in the transverse direction.

7 Conclusions

The proposed modal identi�cation methods for ambient and earthquake-induced low level
vibrations reliably identi�ed the lower transverse, longitudinal and vertical modes of the two
representative bridges of the Egnatia Odos motorway in Greece, included four-closely spaced
and overlapping bending modes for the Kavala bridge. The damping values of the bending
modes are of the order of 0.4–0.7% which is signi�cantly lower than the damping values
of the lower transverse and longitudinal modes. This is attributed to the higher damping
provided mostly by the elastomeric bearings and the soil for the latter modes. The modal
frequencies due to earthquake-induced vibrations are found to be 4–15% higher than the
modal frequencies due to ambient vibrations. This is attributed mainly to the soil-structure
interaction effects contributing to the dynamics of the bridge systems during excitation from
wind and traf�c loads. These effects are not present in the identi�ed dynamics of the system
based on the earthquake induced-vibrations due to the use of the input acceleration mea-
surements at the base of the piers and the abutments. Finally, the identi�ed values of the
modal frequencies of the two structures are signi�cantly higher than the modal frequencies
suggested by the design FEM. The updated FEMs based on the identi�ed modal properties
present clear evidence that these differences are mostly due to the much higher stiffness
values of the elastomeric bearings at the low amplitude vibration levels actually experienced
by the bridges. This dynamic behaviour is consistent for both bridges and is attributed to
the highly nonlinear softening hysteretic behaviour of the laminated elastomeric bearings.
Speci�cally, the secant stiffness of the bearings for low deformation (strain) levels under
the low magnitude vibrations associated with the measurements is signi�cantly higher than
the one that corresponds to the high deformation levels associated with the strong design
earthquake prescribed by the seismic code.
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