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This paper characterizes the extensive research activities conducted in the Earthquake

Engineering Laboratory of University of Nevada, Reno, in the field of dynamic monitoring

and system identification of three 1/3-scale two-span bridges. The first part of the

study briefly presents the verification of target-tracking Digital Image Correlation (DIC)

results as compared to conventional sensors, e.g., string potentiometers and triaxial

accelerometers from one of the three bridge tests. Structural system identification is

presented in the second part for the other two bridges with a focus on determining

structural model parameters based on the DIC measured response data. All bridges

were tested under bidirectional earthquake loading using the multiple shake table array.

However, the system identification used data collected from white noise runs before and

after the seismic tests. A quasi-linear response of the system was assumed because of

the low intensity white noise base excitations, and the modal parameters were estimated

accordingly. Using the structural vibration data recorded by target-tracking DIC at various

locations on the bridges, five system identification methods were applied to analyze the

modal parameters of the tested bridges. The results were used to estimate the frequency,

damping ratio, and mode shapes of the bridges in two states. The initial state is before

seismic testing and the end state is the damaged state after the completion of the

seismic tests. The results show that the applied methods provide a reasonable estimate

of the natural frequency and damping ratio of the bridge systems in the original and

damaged states.

Keywords: bridge structures, target-tracking DIC, shake table tests, system identification, natural frequency,

damping ratio, mode shapes

INTRODUCTION

For system identification for civil engineering applications, structures such as bridges, buildings,
towers, etc. are the systems and the structural or system identification mostly stands for the
extraction of the modal parameters: Eigen frequencies, damping ratios, and mode shapes. In this
context, stochastic input is used, which means that the structure is excited by an unknown ambient
input force and only the output (e.g., acceleration) measurements are available (Peeters and De
Roeck, 2000). The estimated modal parameters could be used as input for damage localization
procedures. The aim of the system identification is to determine the structural modal parameters
from dynamicmeasurements, which are very useful in themodel update, damage assessment, active
control and original design reevaluation (Xu et al., 2002). Typically, for ambient testing of large
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FIGURE 6 | DIC target locations on Bridge #2 and Bridge #3 used in spectral analysis and system identification (top); sample acceleration (output, target #1) and

displacement signals (input) obtained for initial and end states of the bridges (bot).

ratios of each method are represented below and compared with
each other.

Spectral Analysis Method (FFT and AR
Methods)
Figure 7 shows the transverse ambient vibration responses of
Bridge#2 as well as the longitudinal response of Bridge#3,
recorded at the cap beam using the acceleration record before
and after the seismic tests. The total length of the initial record
is 23.5 s, with 784 data points and a sampling rate of 30Hz,
while the end record has a similar number of data points with
a duration of 19.6 s. Figure 7 shows the results of the spectral
estimation with the obtained Eigen frequencies summarized in
Table 5. If the FFT frequency spectrum of Bridge #2 is examined,
it is seen that the highest peak is at 3.78Hz with the smaller
one at 11.25Hz. The AR spectrum of the same signal is also
shown in Figure 7 and the peaks are shown at 3.33Hz, with a
higher amplitude at 6.96 and 10.52Hz. After the seismic tests,
the frequency of the bridge was reduced to 1.53 and 1.25Hz
when determined using the FFT and AR methods, respectively.
For the heavier concrete bridge (Bridge#3), the FFT spectrum

shows a fundamental frequency of 5.34Hz and second mode as
9.64Hz. The fundamental frequency dropped to 3.11Hz after
seismic tests. The AR method for Bridge#3 shows only a single
peak at 5.69Hz, which shifted to 3.59Hz after seismic tests.

Frequency Domain Method (PP and LSCE
Methods)
For the PP method, the data points were transformed into the
frequency domain and averaged to estimate the power spectral
densities. By applying the procedures previously described
in section System Identification Techniques and Background,
estimates of the natural frequencies and damping ratios can
be obtained. The LSCE method was applied to the auto and
cross-correlations of the responses. The correlation functions
were used in the method to extract the natural frequencies and
damping ratios. Stabilization diagrams showing the stability of
the pole as a function of increasing model order were used to
distinguish the spurious modes from the physical ones in which
the criteria for stability were sat as 1% for natural frequency
and 5% for damping. It is noted that mode shapes cannot be
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FIGURE 7 | Sample of PSD spectrum before and after the seismic tests from: (A) transverse white noise for the steel girder bridge, and (B) longitudinal white noise for

concrete bridge.

determined from both methods but can be defined using the SSI
method as will be shown later.

The LSCE method, described previously, uses all data from
the six targets located on the bridges to estimate global estimates
of modal frequency and damping. A stabilization diagram can
again be created to determine the optimal number of modes. The
frequency response and stability diagrams from the LSCEmethod
before and after seismic tests for Bridge#2 and Bridge#3 are
shown in Figures 8, 9, respectively, for the six identified targets.
The figures show the variation of the computed frequencies with
the order of polynomial form considered in the model. However,
the method can provide a stable pole at lower or higher modes at
a specific model order. For example, in Figure 8 for Bridge#2 at
the initial response, target#2 to target#6 show a stable frequency
pole around 3Hz. This pole only occurs at onemodel order, say at
themodel order of 14 for target#3. Thus, this pole is not identified
as the physical pole and is ignored in the identification process,
i.e., although the LSCE method produces natural frequencies
and damping ratio, the results are not stable. Nevertheless, three
natural frequencies can be captured, say for target#6 (located on
North bent) on Bridge#2 as 2.86, 7.57, and 9.17Hz, respectively,
with these values identified as more stable than the others.
Using the LSCE method, physical poles tend to “wander” in the
stabilization diagram, especially at larger model order.

In Table 5, the convergence of the poles is reported for the
identified first, second and third Eigen frequencies when the
order of the system is increased. They are identified using the
stable poles with the stability criteria mentioned above. An
example of the detailed result is provided here using target#1
located on cap for both type of bridges. The harmonic frequency
at 7Hz for Bridge#2 and Bridge#3 is clearly visible in the

TABLE 4 | Difference between first fundamental frequency DIC-target tracking

and accelerometers.

Location fn(Hz)

DIC

fn(Hz)

accelerometers

DIC difference

relative to Loc

1 (%)

DIC difference

relative to Loc

2 (%)

West-

beam

7.49 6.94 7.34 12.68

Cap 6.98 – 0.57 6.30

South-col 6.38 – 8.78 2.51

East-beam 6.11 6.54 13.58 7.04

Avg. 6.74 6.74 7.57 7.13

plot because of its high peak. There are also smaller peaks at
a frequency below the harmonic frequency, with the lowest
computed as 2.94Hz using LSCE method and 3.94Hz using
the PP method for Bridge#2. For Bridge#3, the lower modes
are computed as 4.91Hz for both PP and LSCE methods. As
shown in Table 5, these modes are stable modes, i.e., stable
frequency and damping are obtained using both methods.
The change in the fundamental frequency of the bridges after
seismic tests can be also observed, in which LSCE computes
the shifted frequency as 1.31Hz while PP shows 1.98Hz for
damaged Bridge#2. Similarly, Bridge#3’s frequency dropped to
2.94 and 3.49Hz as determined from the LSCE and PP methods,
respectively. Another observation for Bridge#3 is that the third
mode could not be detected using the DIC 30 fps sampling rate
for the initial response. For damping, the first, second and third
Eigen frequencies for Bridge#2 are associated with estimated
damping ratios of 4.38, 2.3, and 1.05%, respectively using the
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TABLE 5 | Estimated Eigen frequencies and damping ratios of the two bridge models along with the average and standard deviations from six targets.

Mode Target Bridge #2 Bridge #3

Eigenfrequencies (Hz) Damping (%) Eigen frequencies (Hz) Damping (%)

FFT AR LSCE SSI LSCE SSI FFT AR LSCE SSI LSCE SSI

(a) Initial State before seismic tests

1 1 3.78 3.33 2.94 2.57 4.38 4.15 5.34 5.69 4.91 7.2 6.68 7.91

2 3.75 3.37 2.86 3.45 4.06 5.79 5.34 5.84 4.92 6.75 8.36 7.13

3 3.71 3.79 2.86 3.09 4.96 4.61 5.38 6.7 4.9 6.9 7.78 7.99

4 3.67 4.17 2.86 3.33 3.91 6.02 5.34 6.67 4.91 5.42 6.24 7.22

5 3.71 3.94 2.86 2.35 4.04 4.83 5.38 6.88 4.91 6.56 7.06 7.45

6 3.78 3.75 2.86 2.39 4.05 5.31 5.38 5.48 4.91 6.81 8.69 6.91

µ 3.73 3.72 2.87 2.86 4.23 5.12 5.36 6.21 4.91 6.6 7.47 7.43

σ 0.04 0.33 0.03 0.49 0.39 0.72 0.02 0.61 0.01 0.62 0.97 0.44

CV 0.01 0.09 0.01 0.17 0.092 0.14 0.01 0.10 0.001 0.09 0.13 0.06

2 1 – 6.96 7.26 8.29 2.30 3.37 9.64 7.92 7.23 – 2.13 –

2 – 6.85 7.57 6.00 1.09 3.86 9.64 – 7.28 – 2.46 –

3 – 7.12 7.57 7.35 1.09 3.34 9.64 – 7.22 8.92 2.62 2.67

4 – 7.00 7.57 5.83 1.12 4.06 9.64 – 7.58 – 2.20 –

5 – 7.00 7.56 5.12 1.04 3.44 9.64 – 7.56 - 2.03 –

6 – 7.04 7.57 6.57 1.29 4.09 9.64 – 7.21 8.87 2.17 2.79

µ – 7.00 7.52 6.53 1.32 3.69 9.64 – 7.35 8.9 2.27 2.73

σ – 0.09 0.12 1.14 0.49 0.35 0 – 0.17 0.04 0.22 0.08

CV – 0.01 0.02 0.2 0.37 0.09 0 – 0.024 0.005 0.099 0.03

(b) End State after seismic tests

1 1 1.53 1.25 1.31 1.28 7.09 8.45 3.11 3.59 2.94 3.93 9.31 9.03

2 1.63 2.03 1.35 1.88 6.51 7.94 3.11 2.81 2.94 3.51 8.97 9.82

3 1.53 2.03 1.41 1.76 6.95 7.46 3.11 3.75 2.94 4.09 8.57 9.12

4 1.43 1.88 1.31 2.13 7.19 7.99 3.15 3.12 2.94 4.41 9.70 8.62

5 1.43 1.56 1.31 1.32 7.18 7.79 3.11 2.81 2.94 3.82 9.45 9.78

6 1.48 1.56 1.37 1.91 8.25 7.71 3.15 3.75 2.94 3.79 9.60 8.45

µ 1.51 1.72 1.34 1.71 7.20 7.89 3.12 3.31 2.94 3.93 9.27 9.14

σ 0.08 0.31 0.04 0.34 0.58 0.33 0.02 0.45 0 0.3 0.43 0.57

CV 0.05 0.18 0.03 0.20 7.99 4.22 0.007 0.14 0.0006 0.077 4.59 6.25

LSCE method. Only damping ratios for the first two modes
were found from the PP method for Bridge#2 and estimated
as 1.53 and 0.43%, respectively. As for Bridge#3, two damping
ratios were identified: 6.68 and 2.13% for the LSCE method and
1.05 and 1.12% for the PP method. The advantages of the PP
method are that it is easy to apply and provides fast estimates.
However, the determined damping varied significantly fromwhat
was estimated from the LSCE method, which can be attributed
to the fact that the PP method determines damping using the
half bandwidth estimation approach, which is not comparable to
LSCE. On the other hand, the advantage of LSCE is the ability
to globally identify modal parameters, and it can be seen that it
provides sound estimates of the natural frequencies and damping
ratios that are comparable to the SSI method discussed next.

Time-Domain Method (SSI Method)
Similar to the LSCE and PP methods, with respect to the
selection of the model order, the stability of frequencies, damping
ratios, and mode shapes was investigated for increasing model

order in stabilization diagrams when the SSI method is used.
Figures 8, 9 show the different mode frequencies as a function
of the increasing model order for both bridges. Note that
the SSI method was applied to the time responses, and the
stabilization diagram was obtained for both bridges. The natural
frequencies, damping ratios, and unscaled mode shapes of the
bridges are estimated using the SSI method. The results of natural
frequencies and damping ratios are given in Table 5.

In Figures 8, 9, the diagrams for SSI Bridge#2 and Bridge#3
are also presented using the six identified targets. Physical poles
show up as stable ones while numerical poles do not become
stable with increasing orders. For the initial state of Bridge#2
and Bridge#3, the SSI stability diagrams indicate that stable poles
are identified at a lower model order. As for the end response,
the higher order is required for Bridge#2 to reach a stable pole.
Different numbers of physical poles are also observed on the
targets on Bridge#2 for the same model order of 20. Target#5 for
example, located at West beam, shows 6 stable poles in the initial
state while two targets on the cap beam show only three stable
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FIGURE 8 | Frequency response and stabilization diagram of the steel girder bridge (Bridge #2) using (A) LSCE methods and (B) SSI methods before and after the

seismic tests (initial and end states). The criteria are 1% for frequencies and 5% for damping ratios, symbols in stabilization diagram “*”indicates stable frequency and

damping; “o” is stable frequency.

poles. As for Bridge#3, three stable poles are observed at target#3
located on East beam, while targets on cap beam show only one
stable pole. Clear peaks are also observedmore in the stabilization
diagram of Bridge#2 as compared to Bridge#3, indicating that
a model order higher than 20 is necessary for analyzing signals
from Bridge#3 to obtain more clear peaks in the power spectra,
particularly at the West side of the bridge. For convenience and
completeness, Table 5 summarizes all identification results as
obtained from the different targets, which is discussed later in
section Results comparison.

In Table 5 for Bridge #2, the vibration frequency of the first
three modes recorded on target #1 were identified as 2.57, 8.29,
and 10.37Hz, respectively. By reference to Figure 8, it is clear
that the peak for the second mode (8.29Hz) is not clearly visible
in the frequency response function plot. However, stable poles
are present at this particular frequency starting at a very low
model order, and in turn, this peak reflects a stable physical mode.
Using the SSImethod, the fundamental frequency in the damaged
state also dropped to 1.28Hz, which shows a similar trend as
the previous methods. The natural frequency for Bridge#3 using
target #1 was computed as 7.2Hz, and only one mode was excited
in this case. The similar trend of decreasing frequency is also
observed showing 3.93Hz at the damaged states. The damping
ratios for Bridge#2 is computed as 4.15%, while Bridge#3 shows
higher damping as 7.91%. These results for damping ratios are
close to the ones computed by the LSCE method, i.e., 4.38 and
6.68% for Bridge#2 and Bridge#3, respectively.

Mode Shapes
Computing mode shapes using the SSI method was done
by fitting the power- and cross-spectral densities between
the responses and the selected reference target in a least
squares sense. The power- and cross-spectral densities were
estimated on the basis of the Discrete Fourier Transform
(DFT) and segment-based averaging. The segment size data
points and 50% overlap was used. A Hanning window was
used to reduce the leakage effects. As the excitation was
different for each target, the mode shapes were separately
identified for each target, then stitched together as shown in
10. For easier interpretation, the mode shapes are schematically
approximated and also shown in Figure 10. The first mode
of Bridge#2 is a transverse flexural/bending mode, and
there is a longitudinal flexural/bending mode for Bridge#3.
A real and imaginary part of the mode shape is also
plotted in the figures. The real part of the Eigen vector
is related to the mass and stiffness distribution of the
structure, whereas the complex part can be caused by
several effects such as non-proportional damping or non-
linear behavior.

RESULTS COMPARISON

In this section, the consistency and accuracy of the system
identification results of the different methods in terms of
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FIGURE 9 | Frequency response and stabilization diagram of the concrete girder bridge (Bridge #3) using (A) LSCE methods and (B) SSI methods before and after

the seismic tests (initial and end states). The criteria are 1% for frequencies and 5% for damping ratios, symbols in stabilization diagram “*”indicates stable frequency

and damping; “o” is stable frequency.

FIGURE 10 | Mode shape of the first mode obtained with SSI. Real (blue-square) and imaginary (red-diamond) parts of analytical mode shapes. Both parts are

amplified by a factor of 10.

the modal parameters are compared. Table 5 comprehensively
summarizes all the system identification results obtained in this
study for Bridges #2 and #3 side by side. The table is also divided
into two parts, (a) and (b), to present the results for the initial
and end states of the bridges, respectively. The table contains
identification results for the FFT, AR, LSCE, and SSI methods.
For the LSCE and SSI methods, the stable poles are selected
from the stabilization diagrams. There are six targets used in the
identification, so there are six estimates for every Eigen frequency
and damping ratio. The calculated values for mean (µ), standard
deviation (σ ), and coefficient of variance (CV) as obtained from
all six targets are also presented. No statistical information is

presented for mode shapes since only the SSI method provides
the mode shape estimates.

Fundamental Frequency
The first and second mode frequencies computed using the FFT,
AR, LSCE, and SSI methods from all targets on bridges are
shown in Table 5 for Bridge#2 and Bridge#3. The average-initial
frequency of Bridge#2 using the spectral estimationmethods FFT
and AR, is obtained as 3.73Hz while the LSCE and SSI methods
closely provide an estimate of 2.87Hz for the first mode. The
second mode is observed in the AR method as ∼7Hz vs. 7.5
and 6.5Hz from LSCE and SSI, respectively. The fundamental
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frequency in the end state for Bridge#2 is found to be within
the range 1.5–1.7Hz using spectral estimation vs. 1.34 and
1.71Hz from the LSCE and SSI model estimates, respectively.
The range of estimates for the fundamental frequency for Bridge
#3, i.e., 5.0–6.6Hz, is consistently higher than Bridge#2, which
is expected because of the lighter bridge superstructure and
stiffer columns reflecting the different ABC column-to-footing
connections. On the other hand, and unlike Bridge#2, the SSI
model only predicts one stable mode for most of the targets on
Bridge#3. Only two targets, i.e., #3 (at East-beam) and #6 (at the
top of North-bent), show two physically stable modes.

According to the variation statistics shown for the first
and second natural frequencies in Table 5, the lowest standard
deviation for the first mode within all six targets is given by the
LSCE method as 0.03 and 0.01Hz for Bridge#2 and Bridge#3,
respectively. The SSI method provides the largest standard
deviation at 0.49Hz for Bridge#2 and 0.62Hz for Bridge#3. The
large standard deviation using the SSI method is caused by the
determination of model order that in this case, is determined to
be similar for all targets, i.e., 20 model order. Signals from each
target should be treated and analyzed differently using different
model orders so that the excited mode can be seen more clearly
by the increasing model order and generate more stable poles.
However, from the CV values, it is shown that the SSI results
distribution among the six targets is still considered having low
variance and the results are reasonably acceptable.

Damping Ratio
The results of the estimated damping ratio computed using the
LSCE and SSI methods for both bridges are shown in Table 5.
The LSCE model of Bridge#2 estimates an average of 4.23%
damping, which increases to 7.2% after the seismic test, while
the SSI technique computes 5.12% damping, which also increases
after the series of the seismic test to 7.89%. Higher damping is
observed on Bridge#3, which is estimated as 7.47% using the
LSCEmethod and 7.43% with the SSI method. This damping also
increases to 9.27% as computed by LSCE and 9.14% as calculated
by the SSI method. The damping results from these two methods
are very comparable. The slightly higher damping observed for
the concrete bridge (Bridge #3) is expected relative to steel girder
bridges. Moreover, the inherent damping is generally expected to
be larger in the damaged state of the bridge due to the increased
number of cracks and other energy dissipating mechanisms.

The variation or uncertainty in the damping ratio estimates
from the six targets is slightly lower as compared to the vibration
frequencies. The CV for damping as computed from the six
targets using the SSI method is overall lower than the LSCE
method. To be specific, the overall average σ and CV from
the initial state’s 2 modes and end state fundamental mode for
both bridges can be calculated for the SSI and LSCE methods
as 0.42% and 0.07 vs. 0.5% and 0.14, respectively. Therefore, it
can be concluded that the damping ratio computed using the
SSI method is more precise compared to the LSCE method.
In addition, it should be noted that 6 targets might not be
a large enough number for statistical significance, but the
standard deviation and coefficient of variation values shown
in Table 5 provide confidence that the identification results

are acceptable. Nevertheless, if more targets are used, closer
values for the standard deviation from the different methods
can be obtained and the identification process can be enhanced
in general.

SUMMARY AND CONCLUSIONS

This paper presents system identification results obtained from
using novel non-contact target-tracking DIC to monitor three
large-scale bridge structures that were tested at a multi-shake
table array under earthquake and white noise excitations. The
technique was first validated then the performance of different
system identification methods was compared and discussed for
the DIC-generated signals. Several identification methods were
used to extract the frequency, damping ratio and mode shapes
of the bridges, including the spectral estimation FFT and AR
methods, the peak picking EMA method, the LSCE method
and the SSI method for estimation of state space systems. The
following are concluding remarks from this study:

• Vision-based target-tracking using the DIC technique was
validated for seismic and dynamic response monitoring in the
time and frequency domains. From seismic testing of one of
the bridge models, 9% or less difference was observed in the
displacement time histories and peak values between the DIC
and conventional string potentiometers. The AR method was
used to determine the fundamental frequency, and 7.5% or
less difference was found between DIC and accelerometers.
The comparable results obtained from DIC and conventional
sensors provided confidence to further use the DIC signals for
full system identification.

• The structural health monitoring conducted in this paper
involved the use of several distributed targets attached to two
bridge structures to obtain response signals using DIC when
the bridges were subjected to white noise excitation. The DIC
settings included short duration recording between 11 and 27 s
with recording rates of 30 and 40 fps. System identification was
successful using these practical settings, which provided good
results for the modal properties. The natural frequencies and
damping ratios of both bridges could be estimated, and some
targets captured up to three modes of vibration.

• The identified fundamental frequency of the initial state, i.e.,
before seismic damage, for the steel Bridge#2 and concrete
Bridge#3 varied from 2.8 to 3.8Hz and from 4.9 to 6.2Hz,
respectively. An average damping ratio of about 4.7 and
7.5% was identified for the two bridges in their initial
state, respectively. The processed DIC signals also effectively
captured the end state frequency and damping of both bridges
after the seismic tests. The frequency dropped to about 1.5
and 3.2Hz, while the damping ratio increased to about 7.5
and 9.2% for Bridge#2 and Bridge#3, respectively, due to the
seismic damage.

• Variation in the modal properties, especially frequency, was
observed between the methods and from the multiple targets.
Less variation was observed in the estimated damping ratios,
and some methods, e.g., LSCE and SSI, returned very
comparable values. Thus, more targets are recommended for
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practical applications, especially so that a large number of DIC
targets can be feasibly deployed.

• Classical FFT, AR, peak-picking and other non-parametric
methods that are fast and easy to use gave reasonable
estimates when used for DIC signals. Such methods can be
applied to get quick estimates of the frequencies. However,
more sophisticated time domain methods such as SSI
are recommended for more accurate results or to obtain
additional information that cannot be provided by non-
parametric methods such as damping ratio or mode shapes.
Thus, it is not the intention to elect a winner method but to
highlight the fact that a preferable method depends mainly on
the application.

• Overall, DIC signals from practical recording durations
and rates can be successfully used for structural system
identification as demonstrated for two bridge structures in
this paper. The hardware used in this study is state-of-the-
art specialized monochrome cameras. Therefore, future work
can consider the use of commercial lower end, DSLR, or
surveillance cameras to further validate DIC techniques for
signal processing and continuous monitoring, and identify
the optimum field views, lighting conditions and targets
distribution for more feasible hardware.

• Continuous monitoring is important for critical infrastructure
like bridges and should not be considered only for
routine inspection or post-disaster assessment. Continuous
monitoring should not be confused with real-timemonitoring,
which is not possible using DIC yet due to the required post-
processing. However, the way DIC can be envisioned for

continuous monitoring is that the hardware (mainly cameras)
should be calibrated once and then permanently installed,
e.g., as the in case of surveillance cameras, and the collected
images/videos should be processed regularly using automated
algorithms to inform whether any changes in the structure
health took place. This vision will require more research as
well but it is becoming possible with the advancements in
high-speed data acquisition and communication systems,
efficient operating software, and computing power for
data processing.
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