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Abstract
[

Regular use and the effects of time can affect the behavior of a structure. Over time, problems such as the occurrence of small fissures, oxidation of
steel elements, and excessive displacements at some points may arise in a structure. In this context, the monitoring of structures through experimen-
tal tests has gained more importance, because it allows for the identification of the dynamic characteristics (natural frequencies, mode shapes, and
damping rate) of structures. The dynamic characteristics can be obtained through forced vibration tests, which are based on measuring the response
of a structure subjected to an excitation of known magnitude, or through tests in which only the structural response is measured, such as free vibration
and ambient vibration tests. The present study aims to identify the modal parameters of bridge 44 of the Carajas Railroad, using experimental data
obtained on site by monitoring the vibration caused by a group of people jumping, and it compares them with the results obtained through numerical
modeling performed using the finite element method, developed in CSiBridge. The modal parameters were obtained using the commercial software
ARTeMIS Modal, and stochastic subspace identification was used for modal identification.

Keywords: bridge, operational modal analysis, stochastic subspace identification, numerical modeling.
Resumo

A utilizacao e os efeitos do tempo podem afetar o comportamento de uma estrutura. Problemas como pequenas fissuras, oxidagéo de elementos
de ago e deslocamentos excessivos em alguns pontos poderdo surgir. Nesse contexto, 0 monitoramento de estruturas por meio de ensaios ex-
perimentais ganhou mais importancia, por permitir a identificagdo das suas caracteristicas dinamicas (frequéncias naturais, modos de vibracéo e
taxa de amortecimento). Estas podem ser obtidas a partir de ensaios de vibragao forgada, que se baseiam na medigéo da resposta da estrutura
sujeita a uma excitacéo induzida com magnitude conhecida, ou a partir de ensaios em que apenas a resposta da estrutura € medida, como os
ensaios de vibragéo livre e vibragdo ambiente. O presente trabalho tem como objetivo identificar os parametros modais da Ponte 44 da Estrada
de Ferro Carajas, com base em dados experimentais obtidos “in loco” durante o monitoramento com vibragéo de carater aleatério e compara-los
com os resultados obtidos por meio da modelagem numérica via método dos elementos finitos, desenvolvido no CSiBridge. A obtencéo dos para-
metros modais foi realizada no software comercial ARTeMIS Modal e o método de identificagdo modal utilizado foi de identificagdo estocastica
em subespago (SSI-UPC).

Palavras-chave: ponte, analise modal operacional, identificacdo estocastica de subespago, modelagem numérica.
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Modal identification of Bridge 44 of the Carajas Railroad and numerical modeling

using the finite element method

1. Introduction
EE
The safety conditions of large civil engineering structures
are usually analyzed from the initial design and construction
phases to the eventual end phases to check whether they
need to be rehabilitated or reinforced. These analyses can
be conducted using numerical models, in general with finite
element formulations, for static and dynamic analysis. Simu-
lation of structural behavior by means of numerical models
is important; however, such models do not always represent
the real behavior of the structure, because modeling a real
structure is complex, and thus some simplifications need to
be made.
Adopting techniques for identifying the modal parameters of
a structure (natural frequencies, mode shapes, and damp-
ing rate) based on the performance of dynamic tests may
be a suitable approach to obtain more effective responses
because they allow for the analysis of correlations between
identified and calculated parameters. These results can con-
tribute significantly to the updating and experimental vali-
dation of developed numerical models and the consequent
evaluation of the effective load capacity of structures.
Modal parameters of a structure can be identified through
the following two approaches: experimental modal analysis
or operational modal analysis (OMA). In the first case (also
called input—output analysis), the modal parameters are esti-
mated from the relationship between the input data (applied
excitation) and output (dynamic response). In OMA (also
called output-only analysis), the modal parameters are esti-
mated only with the output data.

OMA has been shown to be efficient and has been used main-

ly for the validation and refinement of finite element models,

structural modification, damage detection, and analysis of
complex structures. In this context, the modal parameters of
bridge 44, were identified through data acquisition using OMA.

This study is a joint project between Fapemig Vale Federal

University of Ouro Preto and Federal University of Para. The

main objectives of the study are as follows:

B To estimate the dynamic properties of bridge 44 of the Cara-
jas Railroad through OMA, using the commercial software
ARTeMIS Modal, the experimental data on site were ob-
tained based on vibrations in the structure caused by ran-
dom characteristics;

B To develop a numerical model calibrated with data ob-
tained during the monitoring of bridge 44.

During the channel post-processing phase, the following

problems were identified:

i. There was supersampling of the data obtained: The high-
est numerical frequency obtained was 25 Hz; however,
during the monitoring phase, the sampling frequency of
the test was 500 Hz and the maximum limit of the repro-
duced signal was 250 Hz (the Nyquist frequency). As the
energy applied by people jumping on the bridge was not
sufficient to excite the main bending modes, the excess
data may contain spurious information.

ii. Some accelerometers did not work and had to be discarded.

To improve the results, several analyses were performed;
these included signal filtering during the post-processing
phase and changing the number of projection channels and
order of the model.

The data used in this study were provided by the Nucleus of
Instrumentation and Applied Computing to Engineering (NI-
CAE), an associate group of the Federal University of Para
that has performed experimental vibrational analyses of the
concrete and steel bridges of the Carajas Railroad. The au-
thors did not participate in the monitoring, so all information
on the tests was passed on by the group.

Currently, the structures are in high demand owing to their
performance and useful life. Consequently, the engineering
branch known as structural health monitoring (SHM) has at-
tracted more attention and gained visibility. SHM facilitates
the detection of unusual structural behavior that indicates
structure malfunction, to minimize repair and maintenance
costs and to provide a higher level of safety to users. Ac-
cording to Farrar et al. [1], this process of damage detection
using SHM involves the acquisition, validation, and analysis
of data. The following are some of the works developed in this
area that point to new approaches.

Lobato et al. [2] presented the results of an experimental and
computational modal analysis of a metallic railroad bridge
spanning the Mearim River (Maranh&o). The objective of the
analysis was to verify the numerical models used in the struc-
tural analysis of a metallic span, to facilitate greater precision
in the computational simulations of the static and dynamic
behaviors of a structure.

Sampaio et al. [3] identified the modal parameters of four
railroad bridges located in the north of Brazil. The analyzed
bridges were constructed of reinforced concrete and had me-
dium and short extensions, varying between 9.50 and 25.00
m. Temporal series were obtained using different excitation
sources: free vibration after a train passage, vibrations due
to people jumping, and vibrations arising from a “drop weight”
system under ambient conditions. The identification of the
modal parameters was performed using the commercial soft-
ware ARTeMIS Modal (SVS 2011). Finally, the experimental
results were compared with those obtained with the compu-
tational model.

Costa et al. [4] calibrated a numerical model of a railroad
bridge, using modal parameters estimated through an ambi-
ent vibration test.

Suleyman [5] developed an algorithm to automate the dynamic
identification of structures using the stochastic subspace iden-
tification (SSI) method. Afterward, he used this algorithm to de-
termine the modal parameters of the Sao Joao railroad bridge.

2. Stochastic Subspace Identification (SSI)
EE

The SSI method is based on the analysis of the experimental
data of the response temporal series to perform the mod-
el adjustment; thus, it is classified as a time-domain modal
identification method. Problems of this nature can be solved
through two distinct methods: SSI-COV and SSI-DATA. The
first method is based on an adjustment of the correlation
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functions of the system response, while the second entails di-
rect adjustment of the system response series (Rodrigues, [6]).

2.1 Description of the method

For identifying stochastic systems, in which the input data
have unknown (random) magnitude, it is assumed that the ex-
citation force has characteristics of a white-noise signal with
zero mean. This condition needs to be met to ensure that the
formulations presented below are valid.

According to van Overschee et al. [7], SSI algorithms calculate
state space models from the output data. Figure 1 shows a
linear, time-invariant stochastic (output-only) system with out-
put data y, and states x,, described by matrices A and C. The
random (unknown) input and output data are represented, re-
spectively, by w, and v,. The symbol A represents a delay.
Following the approach used by Subspace Identification for Lin-
ear Systems: Theory, implementation, applications van Over-
schee et al. [7] and Peeters [8], the purely stochastic state
space model can be described by the following set of equations:

X1 = Ax + Wy )
Y, =Cxp+ v

where y, is the vector that allocates measurements at time
instant k of the | output of the process, x, eR" is the state vec-
tor of the process at the discrete time instant k and contains
the numerical values of n states, and v,eR' and w,eR" are
unmeasurable vector signals (i.e., process noise and sensor
inaccuracies). It is assumed that they are zero mean, station-
ary, white vector sequences.

The matrix AeR™ is called the n order system matrix; it de-
scribes the dynamics of the system. CeR*" is the output data

where X is the state covariance matrix (also called simply the
covariance matrix), independent of k time.
After algebraic manipulations, we arrive at:

2=434"+¢Q
A =C:C"+R ®
G=A43C"+S

These equations are formed by the system matrices (A and
C), noise covariance matrices (QeR™", ReR"™ and SeR™),
response covariance matrix (A,), and covariance matrix be-
tween the state vectors at instant k+1 and the response at
instant k (G). Through this set of equations, it is possible to

establish the equality:
A =CAlG @

There are two distinct methods to determine the system ma-
trices (A and C), which were previously defined by Equations
(1) — (4): the SSI-COV and SSI-DATA methods.

In the present work, only SSI-DATA was used. Some theo-
retical foundation about the method and its formulation are
presented below.

2.2 SSI-DATA

The SSI method is used to identify the system matrices A and

C from the system output measurements y,. We follow the ap-

proach used by van Overschee et al. [7] and Weng et al. [9],

using the following steps for calculating the system matrices:

1. By using the (measured) output data y,, the Hankel matrix
(Y) is constructed by:

o . . . Yo ¥ 7T YN
matrix; it describes how the internal state is transferred to the Y. v, I
external state in the measures y, eR'.
Assuming that the stochastic system is stationary, we have Y= Yia ¥ 7 Vw2 | Y, )
the following set of equations: Vi Yigr T Yien-t Yy
Elx]=0 ? Yier Yz YN
T —
Elx(x)"] =X Voic1 Yo Yai+n-2]
Vs
L
Y rs1 X,
@& A g D >
¥ 3
J._\. -}

Figure 1

Representation of a purely stochastic system (Adaptado de Van Overschee et al. [7])
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Here i is a user-defined index that corresponding to the number of
row blocks; this must be greater than the n order of the system.
Once each line block has | lines (number of output channels), the
Y matrix must contain 2li lines. N corresponds to the number of col-
umns in the Hankel matrix. To ensure that all time samples from the
output vector fill this array, the value of N must be equal to s — 2i + 1.
2. We then calculate the orthogonal projection (P) of the
“future” response series Y, in the space of the “past” re-
sponse series Y according to:

T 7\t
P=Y;/Y,= yfyp(ypyp) Y, ©)

where eof is the pseudo-inverse matrix (Moore—Penrose matrix)
of e. The products YfY,T, and YpY,f are Toeplitz matrices of the
response correlation functions. However, Equation (6) is only the
definition of the orthogonal projection of spaces P, because it is
not possible to ascertain how this projection is calculated in the
SSI-DATA method (Rodrigues, [6]). Therefore, the orthogonal pro-
jection for the SSI-DATA method is calculated by means of QR
decomposition.
3. Singular value decomposition (SVD') of the orthogonal
projection (P) is then performed. In this case, it is used to
decompose the orthogonal projection of Hankel’s matrix:

P=usv" )
The order n of the system is determined through the inspection

of the rank of matrix S (number of nonzero singular values) and
partitioning the SVD to obtain U, and S:

T
usv' =, uy)(St © <V1> 8
@ U (g o)y ®)

5. The extended observability matrix (I') can be calculated
through:

Cc

CA
r;=| ca? O
6. The state matrices A of the system are calculated through

I according to:
+
A=TT, (10)
where T, € R'“"D* js T without the last | lines (number of
channels) and T; € R”V"" is T without the first | lines.
7. The matrix C can be determined from the first | lines of T
as shown in Equation (9).
After determination of the state matrices (A and C) by means
of the SSI-DATA method, the modal parameters (natural fre-
quencies w,, mode shapes ¢, and damping rates §) of the
dynamic system are determined. This calculation entails ex-
tracting the eigenvalues p, and eigenvectors , from A, but as
the calculation of these eigenvalues y, takes a discrete time
(with steps of time A), it is necessary to transform to continu-
ous time.

"SVD is a factorization tool used for real matrices or rectangular complex matrices.

8. The eigenvalues of Aiin continuous time (A,) are calculated
according to:

L) an

i A,

in which the eigenvalues (p, or A) of A, also called poles, are com-
plex numbers that appear in conjugate pairs.

The natural frequencies are the modules (amplitudes of vec-
tors in the imaginary-real plane) of the poles of A:

w; = |4 = ,Im(ﬂi)z + Re(1,)? (rad/s),

w;
fi = E (HZ);

(120)

(12b)

where Im(m) represents the imaginary part and Re(m) the real
part of m. Therefore, the damping rates are calculated as:

£ = —Re(4;)

: -100 (% 13
(=T 100 () 1)

The mode shapes ¢, are obtained by multiplying the matrix C
with the eigenvectors (y,) of A:

¢ = C (14)

In this way, the modal parameters of the system are calcu-
lated for the various modes identified. The number of modes
obtained is equal to the number of eigenvalues of A that have
conjugate pairs and a positive imaginary component. For this
reason, because this matrix is of order n (order of the model),
it is concluded that, at most, n/2 modes can be identified.

2.3 Stabilization diagram

Up to the present moment, no analysis has been carried out
to determine the order n that the state space model must
have to identify the dynamic parameters of the system ef-
ficiently. This analysis is one of the most important aspects in
parametric methods of modal identification because it directly
affects the quality and authenticity of the identified modes.

The order n of the model must be at least twice as high as the
number of modes (or poles) expected, because they appear
in conjugated complex pairs (with each pair corresponding to
a calculated mode). Initially, it is not possible to measure the
number of physical modes only through the experimental data,
because this is one of the results of the modal identification
analysis. Therefore, to assist in the definition of the appropri-
ate order, there are some procedures through which models of
different orders are estimated and compared based on quality
criteria, such as the Akaike information criterion, Akaike’s final
prediction error, or the minimum descriptive length of Rissanen
(Peeters [8]; Andersen et. al 1997 [10]; Ljung [11]). These cri-
teria, which are actually measures of the error of the paramet-
ric models, demonstrate that, as the order of the model in-
creases, the error tends to decrease to a certain order in which
it becomes asymptotic; that is, the error does not considerably
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increase with the order of the models. Therefore, the order for
which the beginning of the asymptotic variation of the error oc-
curs is indicated to represent the system.

Although it is possible to use the above-mentioned error cri-
teria to assist in choosing the order of the model to be identi-
fied, in practice its use is not always easy. In addition, it is
known that modal identification aims to estimate the modal
characteristics of the structural system and not of its own
model of this system, expressed through the matrices of state
A and C. Thus, for the analysis of modal identification with
parametric models (in the time domain), a new tool, called a
stabilization diagram, has emerged that is more practical to
use than those previously mentioned.

According to Rodrigues [6], the stabilization diagram gathers
the results of the identification for several orders of models
of the same system. In this diagram, the abscissa axis rep-
resents the frequencies of the modes and the ordinate axis
represents the order of the model used for identification. To
construct the diagram, the poles of a model of a particular
order are compared to the poles of a model of a close order.
If the difference between these poles does not exceed certain
predetermined limits in terms of frequency, damping rate, and
modal components, the pole is stable; otherwise, the pole is
unstable. It is verified that the system’s own modes, that is,
those that exhibit higher amplitudes of vibration and conse-
quently more prone to excitation, stabilize for models of lower
order. In contrast, the slightly excited modes, those that ex-
hibit amplitudes almost of the same order as the noise, only
stabilize for models of higher orders. Therefore, it is conve-
nient to consider high-order models to enable identification of
these modes, which are barely evident in the experimentally
measured responses.

2.4 Projection channels

According to Herlufsen et al. [12], when many sensors take

measurements simultaneously, many spurious modes can be
estimated, compared with the number of physical modes of
the system during the adjustment of the parametric model.
This is because many channels have the same physical in-
formation but different random errors. One way of reducing
the number of spurious modes is to reduce the number of
channels during the data acquisition process, without losing
information of the physical modes and the representativeness
of the system.

Projection channels are used to reduce the amount of redun-
dant information, which results in the estimated models stabi-
lizing faster. The selection of projection channels starts with
the selection of the channel that correlates the most with the
others; in the case of sets of arrangements, the reference
channels (those common to all the arrangements) are used as
initial projection channels (Sampaio, [3]). Failure to do so may
cause some modes to be detected as noise (Nguyen, [13]).

A description of the method can be found in Herlufsen et al. [12].

2.5 Modal complexity

The graphical representation in the complex plane (Argand
plane) for a given identified mode is given by the vector rep-
resentation of the components of this mode. This means that
the higher the values of the imaginary components (repre-
sented in the plane outside the horizontal axis, the real axis),
the greater is the tendency for a non-physical mode to occur.
In Section 4, referring to the results, two plots are shown, one
referring to a real mode and another referring to a complex mode.

3. Case study: Bridge 44

over the Martirio River
EE
The object of this study is bridge 44 of the Carajas Railroad,
shown in Figure 2. It is located at km 615+500, in the munici-
pality of Sao Luis, over the Martirio River.

Figure 2
(a) View of the bridge deck over the Martirio River (b) Bridge overview (Rodrigues Janior et al. [14])
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S1 S2 |S3 S4 S5 S6 S7 S8
Sao Luis | = ' = || Carajas
P1 P2
| | 7m (6m | 7m | 7m | 6m [ 7m L /m  6m 7m
|
ROm 20m | 20m

Figure 3
Sections adopted in the fest

This bridge, constructed of reinforced concrete, has a total exten-
sion of 60.00 m, consisting of three spans of 20.00 m each. The
superstructure is composed of two main girders (stringers) and
transversal beams distributed every 5.00 m in the span of the
bridge deck. The stringers and the bridge deck form a continuous
structural system simply supported on a neoprene elastomeric
bearing pads. The bridge deck has a total width of 5.85 m.

The mesostructure is formed by isolated columns with a rectan-

S1V-D

gular cross section of 1.20 x 2.80 m and a height of 10.00 m,
inserted in foundation blocks of reinforced concrete on a drilled
pier. The drilled piers are 1.40 m in diameter, with an enlarged
base of 2.90 m, which constitute the infrastructure of the bridge.

4. Monitoring program
E—

The phase that preceded the on-site vibration test was the

S2V-D  gayp S4V-D 854D S6V-D  S7V-D S8V-D
SITD - 4 A S4T.D . . A . [ S8T.D
3 [ 3 ® ® ® £l
Encontro E1| S2TD S3TD  lem S5T-D S6TD STT-D  ww | Encontro E2
Sao Luis | Carajas
lado direito
P1 P2
‘ m Gm‘?m 7m ‘6m‘7m ‘7m 6m . 7m
‘ ‘ ‘ ‘ ‘ (a)
S1v-E S2V-E S3V-E S4V-E  SBV.E SevE S7VE JS8V-E
— : : 3 : '
Encontro E1L = - = Encontro E2
Séo Luis | | Carajas
lado esquerdo
L (b)
P1 P2

Figure 4

Arrangements of accelerometers on the right side of the superstructure (b) Arrangement of
accelerometers on the left side of the superstructure. Where Sn represents the section to which the
accelerometer is positioned, n corresponds o the section number, V is the vertical direction, T is the
fransverse direction, D is the right side, and E is the left side
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development of a numerical model using the finite element
method in the commercial software CSiBridge [15]. For that,
the geometric and mechanical properties of the structural ele-
ments obtained from the original project were used. By ide-
alizing all the acting actions, it was possible to simulate the
behavior of the structure and thus identify the approximate
value of the natural frequencies and the mode shapes.

For measuring the bridge deck vibrations, 24 low-frequency
piezoelectric accelerometers (Wilcoxon® model 793L), with a
frequency response between 0.2 and 2300 Hz and a nominal
sensitivity of 500 mV/g, were arranged in selected locations
(sections) to measure the acceleration in the vertical and trans-
verse directions. The sampling frequency used was 500 Hz.
The accelerometers were positioned at 1/3 and 2/3 of the
span, in agreement with the ABNT NBR [15] 15307:2006
(Non-destructive tests: Dynamic loads tests on large struc-
tures - Procedure) and by considering the modal configura-
tions obtained from the numerical model. The structure was
divided into eight sections, according to Figure 3, and the
distribution of the accelerometers along the bridge deck is
shown in Figures 4(a) and 4(b).

During data acquisition, the following were performed: posi-
tioning and fixation of the accelerometers according to the
sections, connection of the accelerometers to the data acqui-
sition system (LYNX® ADS-2000) through cables, and config-
uration of the test parameters (sampling frequency and dura-
tion of the test) in the commercial software AqDados 7 [17a].
The structure was subjected to three types of excitation: (i)
ambient vibration (under the action of wind); (ii) excitation re-
sulting from the passage of loaded and unloaded trains, and
(iii) vibrations with random characteristics introduced by peo-
ple jumping on each of the spans. The temporal series related
to the passage of the loaded train was used only to mea-
sure the acceleration of the structure, since previous studies
demonstrated that the use of this series does not generate
reliable results of the dynamic characteristics of the bridge.
This is because the mass of a loaded train can influence the
dynamic characteristics of the structure during the tests [2].

Accoleration [m/s®]
01

Accoleration Time Series for Channel: S2V-D

When this temporal series is used, it is difficult to stabilize
the dynamic characteristics for creating the stabilization dia-
grams [2]. The temporal series of the wind was insufficient for
exciting the structure. Therefore, the signals used to perform
OMA, through the ARTeMIS Modal commercial software [18],
were those of vibrations resulting from people jumping on
each span of the structure in a nonconcomitant manner. The
test lasted 3 min and 39 s and a sampling frequency of 500
Hz was used. Figure 5 shows the temporal series obtained
for the accelerometers S2V-D and S2T-D during monitoring.
These temporal series presented in Figure 5 were not post-
processed; it was verified that all the signals exhibited spuri-
ous signals in the initial and final instants of monitoring. To
improve the quality of the signals acquired, the AqDAnalysis
7 [17b] program was used to perform post-processing; all the
time series were numerically filtered by a high-pass filter of
0.2 Hz and order 5. In this type of filter, a cutoff frequency is
defined; frequencies up to this value suffer infinite attenuation,
whereas higher frequencies suffer null attenuation. The cutoff
frequency of 0.20 Hz was chosen to increase the accuracy of
the test, because the frequency response of the accelerometer
used was 0.2 to 2300 Hz. Another signal post-processing tech-
nique employed was the cut in the initial and final stretches
of the monitoring, so that only the stretches that had energy
concentrated were used. The duration after the cut was 1 min
and 35 s. Figure 6 shows the temporal series of the same ac-
celerometers shown in Figure 5 after these interventions.
From the analysis of the temporal series presented in Figures
5 and 6, it was verified that the use of the high-pass filter and
the cut in the duration of the monitoring had a positive influ-
ence on the signals because they eliminated spurious fre-
quencies lower than 0.2 Hz and considered only the stretches
in which there was excitement. Even after the interventions,
six channels (S1V-E, S2V-E, S3V-D, S4V-E, S8V-E, and S8T-
D) did not show improvement and hence were discarded.
From the collected and post-processed signals, the modal
parameters were identified using ARTeMIS Modal. For this,
two tests were performed:

Statistics

Maximum = -0.159 [m/s%]
Minimum = -0.206 [m/s%]
RMS = 0.181 [m/s%]
Madian = -0.182 [m/s%]
Maan = -0.181 [m/s%]
Variance = 0 [m/s*)*
Skewness = -1.089
Kurtosis = 5.801

Tine [s]

é

ation [m/s?]

Accoleration Time Senes for Channel: S2T-D

250

Statistics

béobdodd o
288528882

Madmum = 0 [m/s%]
Minimum = -0.008 [m/s%]
RMS = 0.004 [m/s*]
Median = -0.003 [m/s"]
Maan = -0.003 [m/s%]
Variance = 0 [my/s®)*
Skewness = -0.035
Kurtosis = 2.666

Figure 5
Temporal series of the accelerometers S2V-D, S2T-D
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Acceleration Time Series for Channel: S2V-D

Statistics

Maximum = 0.018 [m/s*]
Minimum = -0.017 [m/s%]
RMS = 0.002 [m/s%]
Median = 0 [m/s%]

Mean = 0 [m/s’]
Variance = 0 [m/s’
Skewness = 0.055
Kurtosis = 15.526

Tume [s]

Statistics

Acceleration Time Series for Channel: S2T-D

Maximum = 0.004 [m/s%]

Minimum = -0.004 [m/s%)
RMS = 0 [m/s?)

Median = 0 [m/s*]

Mean = 0 [m/s’]
Variance = 0 [m/s]

Skewness = 0.141
Kurtosis = 9.879

Tume [s]

Figure 6

Temporal series of the S2V-D, S2T-D accelerometers after using the high-pass filter

i. Case I: 21 active channels were used, with the 6 channels
mentioned above discarded.

ii. Case Il: 14 active channels were used. Six accelerom-
eters that did not work and all the transverse accelerom-
eters were discarded.

For Case |, where 21 active channels were used, the results
obtained were poorer than expected because the number of
unstable modes was higher than the number of stable modes.
This may have occurred because of stretches considered in
the monitoring that did not contain any concentration of en-
ergy. To improve the results, the accelerometers that did not
work and the transverse accelerometers were discarded, be-
cause the type of excitation applied in the structure was es-
sentially vertical; thus, the transverse modes were not prop-
erly excited.

The results presented in Section 4 refer only to the analyses
performed for Case Il, as described above.

5. Results

B

Figure 7 illustrates the bridge under study, modeled in ARTeMIS
Modal [18]. The vertical arrows indicate the accelerometers.
The dynamic properties of the bridge were obtained automati-
cally by ARTeMIS Modal [18], using the SSI unweighted principal
component (SSI-UPC method). The use of projection channels
in the estimation of these parameters is very important owing
to the number of channels present in the test. In this sense,
some analyses were performed in which the number of projec-
tion channels and the order of the model were changed; how-
ever, before presenting them, it is necessary to describe some

All channels of Test Setup: PULOMETRIAS_F

Top View (-Z)

Figure 7
Overview of bridge 44 in the ARTeMIS Modal [18]

Side View (+X) ho oo
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Figure 8

Stabilization diagram using 3 projection channels, 180 as model order and sampling frequency of 500 Hz

characteristics of the software used. The standard order mod-
el used by ARTeMIS Modal [18] is 100, but this order can be
changed by the user. Whether or not to use projection channels,
as well as the quantity, is at the discretion of the user. How-
ever, the choice of channels is made automatically by ARTeMIS
Modal [18], which first selects the channels that have the high-
est correlation in relation to the other channels. In case there is
one more setup?, the reference accelerometers® are taken as
projection channels initially. The number of channels can be de-
termined manually or automatically.

To visualize the influence of the projection channels in the
estimation of the modal parameters, in the first analysis, the
order model was considered equal to 100 and only the num-
ber of projection channels was modified (three, four, or six).
In this first analysis, it was verified that the stabilization dia-
gram that presented the least number of unstable modes was
the one referring to three projection channels.

In the second analysis, the model order is varied for the different

quantities of projection channels. In this way, the results were an-
alyzed by considering model orders equal to 160 and 180 and by
varying the quantities of projection channels (three, four, or six). A
comparison of the obtained results showed that the analysis that
considered the set with model order equal to 180 and three pro-
jection channels achieved the best results. This is because in this
analysis, there was a reduction in the number of unstable modes
in the stabilization diagram and in the determination of modes
with lower frequencies, as shown in Figure 8. As the frequencies
estimated by the SSI-UPC method are <100 Hz, the spectrum
was enlarged to more clearly visualize the estimated modes.
Table 1 lists the most significant natural frequencies obtained
by the method. In cases where the frequencies were very
close together and the mode shapes were similar, we list the
ones that presented the least modal complexity.

Figures 9-12 show the well-defined mode shapes, i.e., those
that can correspond to actual modes of the structure, and
their respective natural frequencies.

Table 1
Frequencies and damping factors extracted from experimental modal analysis
Frec[||l-|.lze]ncy Std. frﬁgtjlency Dal[TJASmg Std. d[%?pmg ConELzlfxny Mode type
8.513 0.003 0.956 0.069 0.450 Vertical bending
10.290 0.042 2.626 0.294 20.535 Vertical bending and and torsion
11.763 0.006 4.421 0.084 24.573 Bending and and torsion
17.47 0.002 2.422 0.040 26.844 Bending and and tforsion

2 Setup corresponds to the positioning of the accelerometers.

3 Reference accelerometers are those that repeat when there is more than one setup.
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Figure 9
Vertical bending mode obtained by the SSI-UPC
method in ARTeMIS Modal [18]

Figures 9-12 and Table 1 show that among the modes ob-
tained, few represented physical modes. This could be veri-
fied from the parameter of modal complexity, which indicated
that only the first mode, with a frequency of 8.513 Hz, pre-
sented low modal complexity. The others can be considered
as complex modes. Figures 13(a)-13(d) illustrate the plots of
complexity for the estimated modes.
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Figure 10
Vertical bending and forsion mode obtained by the
SSI-UPC method in ARTeMIS Modal [18]
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Figure 11
Vertical bending and torsion mode obtained by the
SSI-UPC method in ARTeMIS Modal [18]

Despite the sophistication of the method used for identifying
the modal parameters, only the first mode presented a physi-
cal mode. This may have occurred because of:

i. the limitation in the form of the excitation source applied

All channels of Test Setup: PULOMETRIAS_F Modal Values
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Top View (-Z) Side View (+X) Complity = 26844 %
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Figure 12
Vertical bending and torsion mode obtained by the
SSI-UPC method in ARTeMIS Modal [18]
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Modal complexity with respect to (a) mode 1 f=8.513 Hz, (b) mode 2 f=10.29 Hz, (c) mode 3f=11.763,

(d)mode 4f=17.47 Hz

to the structure, caused by a group of people jumping on
each span of a continuous beam (not concomitantly);

ii. the energy contained in the excitation source; and

iii. an insufficient number of measurement points because
some vertical accelerometers did not work and had to be
discarded from the analysis.

6. Finite element models

EE

For characterizing the dynamic behavior of a structure, it is
necessary to have an adequate idealization of the actuating
actions, knowledge of the geometric and mechanical proper-
ties of the constituent structural elements, and a numerical
model that can obtain, in a rigorous manner, the main charac-
teristics of the structural response according to the character-
istics of the excitation. The definition of the numerical model
depends on the stiffness and mass of the simulated structure.
A numerical model was developed in CSiBridge [16] to deter-
mine the natural frequencies and their modal shapes.

In the numerical model, the superstructure, the mesostruc-
ture, and part of the infrastructure (drilled pier) were rep-
resented by frame elements. The foundation blocks were
modeled as shell elements. Because the columns and the su-

Table 2

Values of the stiffnesses of bearings

pads of the extremities and the columns

Stiffnesses of the extremities bearing pads

Direction Stiffness Units
Axial (y direction) 3413837.56 (KN/m)

Shear in x 2949.66 (KN/m)

Shearin z 2949.66 (KN/m)
Rotation around y 0.00 (KN.m/rad)
Rotation around x 0.00 (kN.m/rad)
Rotfation around z 9290.35 (kN.m/rad)

Stiffness of the columns bearing pads

IBRACON Structures and Materials Journal ¢ 2020 « vol. 13 *n° 1

Direction Stiffness Units
Axial (y direction) 20264475.64 (KN/m)

Shear in x 7163.45 (KN/m)

Shear in z 7163.45 (KN/m)
Rotation around y 0.00 (kN.m/rad)
Rotation around x 0.00 (kN.m/rad)
Rotation around z 137020.54 (kN.m/rad)
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Table 3
Values of the soil rigidities
(Rodrigues Junior et al. [14])

Block 1

z (m) Kh (kN/m) Kv (KN/m)

0.00 10452 14419

19.00 211127 339083
Shearin z 2949.66 (KN/m)

Block 2 (Column 1)

z (m) Kh (kN/m) Kv (kN/m)

0.00 13947 20983

10.00 275867 555676
Shear in z 2949.66 (KN/m)

Block 3 (Column 2)

z(m) Kh (kN/m) Kv (KkN/m)

0.00 13947 20983

10.00 275867 555676
Shear in z 2949.66 (KN/m)

Block 4

z (m) Kh (kN/m) Kv (kN/m)

0.00 10452 14419

19.00 211127 339083
Shear in z 2949.66 (KN/m)

perstructure were modeled in this manner, it was necessary
to use rigid elements (links) to connect different elements
(stringers with columns, columns with foundation blocks, and
foundation blocks with the drilled pier) to preserve the correct
geometry of the structure.

Spring elements were placed on the top of the columns to simu-
late the bearing pads and in the infrastructure elements (blocks
and the top and base of the drilled piers) to represent the verti-
cal and horizontal soil stiffnesses. The drilled piers were consid-
ered to be fixed. The values of the stiffnesses and the rotations
of the bearing pads are given in Table 2. These were calculated
according to empirical expressions presented in Pfeil [19].

Table 4
Values of the elastic modulus of concrete
(Rodrigues Junior ef al. [14])

Elastic modulus

Element (GPa)
Abutment E1 CPO1 31.986
Abutment E1 CP02 28.948

Column P1 CPO1 35.071
Column P1 CP02 34.113
Block B2 CPO1 33.234
Block B2 CPO2 30.250
Stringer CPO1 36.551
Stringer CP02 37.576
Average superstructure 35.828
Average Infrastructure 31.1045

Figure 14
Variation of the sections of the elements of the
structure, modeled in the CSiBridge software [16]

Soil rigidities were obtained from a standard penetration test
and are listed in Table 3. These were simulated by placing
springs on the top and base of the drilled piers, on the foun-
dation blocks, and on the other elements that were in contact
with the soil.

The superstructure was modeled as a lN-shaped section, in
agreement with the original project. The bases of the string-
ers ranged from 35 to 70 cm in the longitudinal axis direction.
To represent this variation, the variable stretch of the string-
ers was discretized into three parts: 70-57 cm, 57-41 cm,
and 41-35 cm, as shown in Figure 14. The stretches with a
constant section (35 cm) were discretized into six elements
to provide a more precise analysis, and the bridge deck was
discretized into 38 elements.

The elastic modulus of the concrete was calculated from the
average of the elastic moduli obtained via experimental tests
conducted by Rodrigues Junior et al. [14], as presented in
Table 4.

For the modeled elements (drilled piers, foundation blocks,
columns, stringers, and slabs), a specific weight of 25 kN/
m? was used, referring to reinforced concrete. The additional
mass on the deck (ballast, sleepers, rails, etc.) and transver-
sal girders were modeled as distributed masses or concen-
trated along the structure, respectively. Table 5 summarizes
the load and mass values used in the model.

After the structure was modeled in CSiBridge [16], it was pos-
sible to visualize the modes identified numerically and their
respective natural frequencies. Table 6 lists these results with
their respective modal participation factors (effective mass
ratio). According to Macaia [6], the participation factor allows
one to evaluate the relevance of a certain mode of vibration in
the response of a structure when subjected to an excitation.

As can be seen in Table 6, modes 6 and 8, shown in
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Table 5
Loads used in the numerical model
Element Weight Mass
Ballast, sleepers, rails and accessories 60.98 kN/m 6218.00 kg/m
Intermediate fransversal beams (2.80m x 1.75m x 0.30m) 36.75 kN 3747.32 kg
Central support fransversal beams (2.80m x 2.45m x 0.70m) 120.05 kN 12241.25 kg
Transversal beams of the extreme supports (2.80m x 2.45m x 0.50m) 85.75 kN 8743.75 kg
Refuge. including refuge railing 11.50 kN 1172.63 kg
Table 6
Factors of modal mass participation
Mode F’e?lﬂl‘ze]"cy ux uy uz % UX s UY 3 Uz
1 1.054 2.32E-10 0.99431 7.959E-15 2.322E-10 0.99431 7.959E-15
2 1.064 1.00E+00 2.316E-10 5.784E-11 1 0.99431 5.785E-11
3 1.446 1.16E-13 5.305E-10 1.512E-13 1 0.99431 5.8E-11
4 3.624 8.46E-14 0.00567 1.6E-12 1 0.99998 5.96E-11
5 8.407 6.79E-16 1.234E-13 5.457E-10 1 0.99998 6.053E-10
6 8.604 1.92E-10 1.007E-16 01114 1 0.99998 0.1114
7 9.865 2.17E-07 8.792E-18 1.295E-11 1 0.99998 0.1114
8 12.181 1.78E-11 8.71E-17 0.76201 1 0.99998 0.87341

Figure 15, exhibited the highest modal participation factors
(highest effective mass ratio values). It is noted that mode 8,
whose frequency was 12.18 Hz, exhibited the highest modal
participation factor, ~76%. Therefore, it was expected that
this mode would correspond to the first mode identified ex-
perimentally; however, this was not the case, because mode 6
exhibited a modal shape and natural frequency closest to the
experimentally identified ones, as can be seen in Figure 16.

Experimentally identifying the eighth numerical mode requires
the imposition of displacements on the three spans with suf-
ficient energy to induce vibration and with sufficiently high
amplitude (signal/noise ratio). This was not possible owing
to the limitation in the manner in which the excitation source
was applied during the testing phase (i.e., a group of people
jumping on each continuous beam section, in a nonconcomi-

Deformed Shape IMODAL) - Mode & T = 0.11622: 1 = B0 14

(A)
Figure 15

tant manner). The excitation energy provided by the mass of
the group of people jumping was low when compared with the
high mass required to induce vibration in the section.

7. Conclusions

EE

The main objective of this study was to obtain the modal pa-
rameters of bridge 44 of the Carajas Railroad, located over
the Martirio River, through experimental data obtained dur-
ing in situ monitoring. The results were then compared with
the results obtained through a numerical model developed in
CSiBridge software [16].

In this case study, vibration produced by a group of people
jumping on each span of the bridge was monitored. The sam-
pling frequency used during data acquisition was 500 Hz.

| Deformed Shape (MODAL) - Mode 8: T = 0.08209; f = 12.18153 |

(B)

(a) Sixth mode identified from the numerical model, developed in CSiBridge [16],
(b) Eighth mode identified from the numerical model, developed in CSiBridge [16]
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Comparison between the first mode obtained via the SSI-FUPC method with the first mode obtained via

the numerical model

For the estimation of modal parameters, ARTeMIS Modal soft-
ware [18] was used. Two tests were performed: In the first one,
only the accelerometers that did not capture a signal were re-
moved; in the second, the transverse accelerometers as well
as the ones that did not capture a signal were discarded. In the
first test, the results obtained were not satisfactory, because
there were more unstable modes than stable ones. Therefore,
we presented only the results obtained from the second test.

For the SSI-UPC method, analyses were performed by vary-
ing the number of projection channels and the model order. It
was observed that using three projection channels and 180 as
the model order reduced the number of unstable modes in the
stabilization diagram and the appearance of modes with lower
frequencies. Consequently, only those results were presented.
Despite the sophistication of the method used to obtain the
modal parameters experimentally, only the first mode of ver-
tical flexion was identified and validated with the numeri-
cal model. This may be justified by the manner in which the
structure was excited and by the limited energy provided by
a group of people jumping. To experimentally identify mode
8, the application of a simultaneous excitation to the three
spans of the bridge will be required, which was not possible
during the monitoring phase owing to the limited number of
people, who could not produce sufficient excitation energy.

To identifying the frequency of mode 6, which corresponds to
the first experimental vertical bending mode, only one of the
spans requires excitation. This can be explained based on
the theory of vibration of continuous girders, which establish-
es that a continuous girder with n spans of length L will have
the same first vibration frequency (fundamental frequency) of
a simply supported beam L [20].
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