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This special issue continues the streamline of papers in
Advances in Civil Engineering on the structural health
monitoring (SHM) of civil infrastructures. The streamline
was initiated in 2010 with the publication of the special
issue titled Structural Health Monitoring for Civil Structures:
From the Lab to the Field.

This 2012 edition collects five research original papers
that mainly cover the monitoring of bridges and pipeline
embracing a variety of SHM methodologies including acous-
tic emission, guided ultrasonic waves, imaging, vibration
measurements, and system identification. A brief description
of each contribution is provided below.

A team of researchers from the University of South
Carolina (USA) and MISTRAS Group (USA) presented
the use of passive acoustic emission piezoelectric wafer
active sensors (PWAS) to monitor fatigue cracking in steel
bridges. The same transducers were also used in the active
mode to exploit ultrasonic wave inspection on the same
infrastructures.

A group from the University of Arizona (USA) and the
Bengal Engineering and Science University (India) proposed
a generalized iterative least-squares extended Kalman filter
with unknown input system for the health monitoring of
frame structures. The methodology is based on a finite-
element-based time-domain system identification technique.
It can assess structural health at the element level using
only limited number of noise-contaminated responses. The
algorithm was verified on simple structural models in which
the structure is excited by multiple loadings simultaneously,

and it was damaged through various stages of degradation in
single or multiple members.

The monitoring of pipes with guided ultrasonic waves
and digital processing based on the wavelet transform and
the Fourier transform was demonstrated by researchers at
the University of Connecticut (USA) and the University
of Arizona. The pipes were subjected to various boundary
conditions to evaluate the effect of water flow and soil, for
instance, on the response of the guided waves to the presence
of defects.

A masonry bridge located in Luxembourg, namely,
the Adolphe Bridge in Luxembourg City, was monitored
for few months using an array of low-cost wireless sen-
sors. The data enabled the estimation of the fundamen-
tal frequency of vibration and the mode shape of the
bridge. The experiment showed that a network of wire-
less sensing units can be used to monitor the vibration
characteristics of historical arch bridges for SHM applica-
tions.

Finally, a probabilistic SHM method to detect global
damage in a highway bridge in Connecticut was demon-
strated. The bridge is a curved, three-span steel dual-box
girder bridge, located in Hartford Connecticut (USA), and
it is instrumented with 22 sensors consisting of accelerom-
eters and tilt and temperature sensors. The SHM method
described in this special issue accounted for the variability
associated with environmental and operational conditions.
Three damage measures were identified in this study: the
value of fundamental natural frequency determined from
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peak picking of autospectral density functions of the bridge
acceleration measurements, the magnitude of the peak
acceleration measured during a truck crossing, and the mag-
nitude of the tilt measured at 10-minute intervals.

Piervincenzo Rizzo
Lingyu (Lucy) Yu

Alessandro Marzani
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Guided wave technique is an efficient method for monitoring structural integrity by detecting and forecasting possible damages in
distributed pipe networks. Efficient detection depends on appropriate selection of guided wave modes as well as signal processing
techniques. Fourier analysis and wavelet analysis are two popular signal processing techniques that provide a flexible set of tools
for solving various fundamental problems in science and engineering. In this paper, effective ways of using Fourier and Wavelet
analyses on guided wave signals for detecting defects in steel pipes are discussed for different boundary conditions. This research
investigates the effectiveness of Fourier transforms and Wavelet analysis in detecting defects in steel pipes. Cylindrical Guided
waves are generated by piezo-electric transducers and propagated through the pipe wall boundaries in a pitch-catch system. Fourier
transforms of received signals give information regarding the propagating guided wave modes which helps in detecting defects by
selecting appropriate modes that are affected by the presence of defects. Continuous wavelet coefficients are found to be sensitive
to defects. Several types of mother wavelet functions such as Daubechies, Symlet, and Meyer have been used for the continuous
wavelet transform to investigate the most suitable wavelet function for defect detection. This research also investigates the effect of
different boundary conditions on wavelet transforms for different mother wavelet functions.

1. Introduction

Early forecasting of the degradation process caused by
adverse environmental effects or mechanical damages in pipe
network systems can avoid many catastrophic accidents. Now
a days, the detection of the existing defects in pipes is one of
the major challenges for the structural health monitoring of
pipes. Propagation of cylindrical guided waves through pipes
for damage detection is becoming an increasingly popular
technique for pipe inspection.

Gazis [1, 2] first analytically solved the propagation of
harmonic waves in an infinitely long elastic hollow cylinder.
Many investigators [3, 4] used guided wave modes for
detecting wall thinning defects in cylindrical pipes. Rose
and coworkers [5, 6] designed a special probe which can
be used both as a transmitter and a receiver during the
pipe inspection. Guo and Kundu [7, 8] designed a new
transducer holder mechanism for pipe inspection using

cylindrical guided waves. Using those transducer holders Na
et al. [9, 10] generated cylindrical guided waves for detecting
delaminations between steel bars and concrete interface.
Ahmad and Kundu [11] investigated the influence of water
flow on pipelines using guided wave techniques.

Successful damage detection requires not only the appro-
priate guided wave modes but also proper use of signal pro-
cessing techniques or tools. In recent years, wavelet analysis
has become a popular technique for processing received sig-
nals with time-varying spectra. Many investigators have used
the wavelet analysis to characterize damages in materials.
Cho et al. [12] discussed the detection of subsurface lateral
defects using wavelet transform on propagating Lamb waves.
Rioul and Vetterli [13] and Abbate et al. [14] used wavelet
transform for processing signals with nonstationary spectral
contents. Kaya et al. [15] used wavelet decomposition to
detect flaws in stainless steel samples. Ahmad et al. [16, 17]
used daubechies wavelet transforms for detecting defects in
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free and embedded pipes. Ahmad and Kundu [18] also used
continuous wavelet transforms with different wave functions
on cylindrical guided wave signals to identify defects in pipes
under different boundary conditions.

Gabor transform can be used as another form of wavelet
analysis. Gabor [19] adapted the Fourier transform to
analyze only a small section of the signal at a time—a
technique called windowing of the signal. Bastiaans [20–
22] related the Gabor expansion and the short-time Fourier
transform. Bastiaans introduced the sampled short time
Fourier transform to compute the Gabor coefficients and
successfully derived a closed form Gaussian function.

Murase and Kawashima [23] tried out different wavelet
transforms and showed that when Gabor functions are used
as mother wavelets then one can plot group velocity curves
for a thin aluminum plate. Ahmad and Kundu [24] also
used the Gabor wavelet transform to plot group velocities for
defective and defect-free cylindrical pipes from experimental
data. Ahmad et al. [25] used daubechies mother wavelet
functions to identify defects in transmission pipes.

2. Theory

A wavelet is described by the function ψa,b(t), which is
obtained by dilation and translation of a function ψ(t) as
defined by:

ψa,b(t) = 1
|√a|ψ

(
t − b
a

)
; with a > 0, b ∈ �, (1)

where � is the set of real numbers. The function ψa, b is
called mother wavelet. The parameter a represents the scale
index, and b indicates the time shifting or translation. The
approximation of a function f (t) by wavelets is carried out
using the coefficients C given by:

C(a, b) = 〈
f ;ψa,b

〉
, (2)

where 〈∗;∗〉 defines the scalar product.
The continuous wavelet transform or CWT is given by:

CWT f (a, b) = 1
|√a|

∫ +∞

−∞
f (t)ψ∗

(
t − b
a

)
dt, (3)

where ∗ denotes the complex conjugate of the function.
In simple words, the continuous wavelet transform is

defined as the sum over all time of the signal multiplied by
scaled, shifted version of the wavelet function, ψ:

C
(
scale, position

) = ∫ +∞

−∞
f (t)ψ

(
scale, position, t

)
dt. (4)

The results of the CWT are many wavelet coefficients C,
which are a function of scale and position. Therefore, wavelet
analysis is nothing but the breaking up of a signal into shifted
and scaled version of the original mother wavelet.

3. Experiments

The primary objective of this research is to investigate how
cylindrical guided waves can be used effectively to detect

defects in steel pipes under different boundary conditions.
In the process, it will be explored how different signal
processing techniques like Fourier transform and continuous
wavelet analysis (CWA) influence the detection process.
Fourier transforms will endow with possible propagating
modes, and CWA provides scaled coefficients affected by the
presence of defects. CWA was performed using Daubechies,
Symlet, and Meyer mother wavelet functions on the signals
received for both defect free and defective pipes. The pipes
were kept under three different boundary conditions: (1)
traction-free boundary condition when pipes were kept in
open air; (2) when water flows through the pipes, keeping
the inner boundary of the pipes in contact with water and
outer boundary in open air; (3) the pipes are embedded in
soil keeping the outer surface in contact with soil and the
inner surface in traction-free boundary condition. Figures
1(a) and 1(b) show the schematic diagrams for differ-
ent boundary conditions and instrumental arrangements,
respectively. Relatively high-frequency (1 MHz) piezoelectric
transducers were used as transmitters as well as receivers.
The transmitter was activated by a tone-burst excitation
using WAVETEK function generator (Model 395) and a
MATEC-gated 310 Amplifier for high-frequency excitation.
The received signal was amplified by a MATEC 605 amplifier.
The signal amplitude was then displayed on an oscilloscope
screen as a function of time and frequency. To hold the
transducers onto the test specimens, two transducer holders
developed by Guo and Kundu [7, 8] were used. Harmonic
1 MHz piezoelectric transducers with a diameter of 13 mm
(0.5 inch) were used for the experiments. Vaseline was used
as the couplant.

3.1. Specimens. A specimen set, consisting of three steel
pipes, were fabricated. All three pipes were 1200 mm (∼4 ft)
long and had 21.4 mm (13.5/16 inch) outer and 15.6 mm
(10/16 inch) inner diameters. One pipe was defect-free,
and the other two had mechanical defects: a gouge and a
dent, that were artificially fabricated on the pipe. The gouge
anomaly was fabricated by pressing the outer wall of the
pipe while keeping the inner diameter unchanged by placing
a rigid rod inside. The dent type anomaly was formed by
pressing the outer wall, keeping the inner wall free to deform.
In both types of defect, the outer walls were cold-pressed. The
defect covered a complete (360◦) revolution. Table 1 gives
dimensions of the pipes and the defects. Table 2 shows the
acoustic properties of steel—the pipe material. Properties of
the surrounding soil used in this experiment are given in
Table 3.

4. Results

Experiments were carried out in three phases for pipes
with three boundary conditions. During the experiment,
cylindrical guided waves were generated by piezoelectric
transducers. Guided waves were generated at one end of
the pipe and received at the other end by another receiving
transducer in a pitch-catch configuration. The received
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Table 1: Different types of pipe defects and their dimensions.

Type Pipe length (mm)
Diameter

Thickness (mm)
Damage dimension

Outer (mm) Inner (mm)
Depth (mm) (percentage of

thickness)
Width/diameter (mm)

Defect-free
(pipe A)

1200 21.4 15.6 2.9 — —

Gouge (pipe B) 1200 21.4 15.6 2.9 1.26 (43.4%) 5.92

Dent (pipe C) 1200 21.4 15.6 2.9 1.41 (48.6%) 5.21

Table 2: Acoustic properties of steel.

P-wave speed (km/s) S-wave speed (km/s) Density (gm/cc)

5.96 3.26 7.932

Table 3: Soil properties.

(1) coefficient of uniformity, CU = 5.0

(2) coefficient of concavity, CC = 0.8

(3) moisture content = 0.58%

(4) compressional wave velocity, Cp ∼ 220 m/s. [23, 26]

(5) shear wave velocity, Cs ∼ 140 m/s. [24, 26]

signals were in the form of V( f ) curves (i.e., amplitude
versus frequency) and time series (amplitude versus time).

The effect of different signal processing techniques for
detecting defects in pipes was then investigated. Two separate
signal processing techniques were used:

(a) the first segment used experimental V( f ) curves to
identify the propagating modes through the pipes;

(b) the next segment applied continuous wavelet analysis
(CWA) on experimental time series signals, using
different types of mother wavelet functions to inves-
tigate which mother functions are more effective in
identifying defects in pipes for all three boundary
conditions.

Effects of these signal processing techniques are discussed in
the following sections.

4.1. ExperimentalV( f ) Curves and Identification of Propagat-
ing Modes. In this section, the sensitivity of pipe defects on
the propagating guided wave modes is investigated under dif-
ferent boundary conditions. Generation of guided waves in
pipes is very sensitive to the incident angle of the transducers.
The first challenge is to find the appropriate incident angles
for which strong guided waves can be generated. The incident
angles of the transmitter were adjusted experimentally to
obtain strong signals. The incident angles (Φ) of 28◦ and 57◦

were found to produce strong guided wave signals. The 57◦

inclination angle produced the strongest signal and used in
this paper to construct the V( f ) curves.

4.1.1. Traction-Free Boundary Condition. Figure 2(a) shows
the experimental V( f ) curves for an incident angle of 57◦

when the pipes were kept in open air with traction-free

boundary condition. As expected, defect-free pipe produced
stronger signals than the defective pipes (Figure 2(a)). Theo-
retical phase velocity dispersion curves for a cylindrical pipe
were plotted using the geometric and material properties
of pipes given in Tables 2 and 3 using DISPERSE software.
In order to identify the propagating guided wave modes
through the defective and defect-free pipes, phase velocities
are calculated from the peaks in the experimental V( f )
curves using Snell’s law [vph = vc/Sin θc].

Figure 2(b) shows theoretical phase velocity dispersion
curves for a cylindrical pipe (defect-free), where both
longitudinal and flexural modes are plotted. For the defect
free signal, phase velocities were calculated for peaks at
380, 1020, and 1140 kHz plotted in Figure 2(b). The phase
velocity corresponding to the peak at 380 kHz matches
closely with the theoretical F(1, 2) mode. Peaks at 1020 and
1140 kHz match closely with F(1, 2), L(0, 2), and F(1, 3)
modes for the defect-free pipe. This means that the peaks
at 1020 and 1140 kHz represent propagating modes L(0, 2),
F(1, 2), or F(1, 3), or all of them together. For the defect-free
pipe, the strongest peak occurs at 1140 kHz which means that
the strongest propagating modes could be F(1, 2), L(0, 2) or
F(1, 3). For the gouged pipe, the peaks could be selected at
580, 700, and 1180 kHz (Figure 2(a)), and the corresponding
guided wave modes can be identified as F(1, 2), L(0, 2), and
F(1, 3) (Figure 2(b)). The strong peak at 700 kHz for the
gouged pipe corresponds to the F(1, 2) propagating mode.
For the dent pipe, the peaks are observed at 660 and 1300 kHz
that again correspond to F(1, 2), L(0, 2), and F(1, 3) modes.
The stronger peak at 660 kHz represents F(1, 2) mode for the
dent pipe. From this investigation, it can be observed that
for the traction-free boundary condition, stronger F(1, 2),
L(0, 2) and F(1, 3) modes propagate for the defect-free pipe
and for the gouged and dented pipes, strong F(1, 2) mode
and weak F(1, 3) and L(0, 2) modes may propagate.

4.1.2. Pipes with Water Flow. Figure 3(a) shows experimental
V( f ) curves obtained for both defect-free and defective pipes
when water flows through the pipes when the incident angle
is 57◦. In this condition, the strength of the signal for the
defect-free pipe is stronger than the defective pipes. It can
be observed that the strength of the signals (Figure 3(a)) is
weaker than that obtained for the traction-free condition
(Figure 2(a)). Presence of flowing water reduces the strength
of the signals implying that a part of the ultrasonic energy
is leaked into the water and does not reach the receiving
transducer. Theoretical phase velocity dispersion curves are
plotted in Figure 3(b) for the condition when water flows
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Figure 1: (a) experimental setup (i) pipe in traction-free boundary condition, (ii) when water flows through the pipes, and (iii) pipes
embedded in soil. (b) schematic diagram of the instrumental arrangement.
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Figure 2: (a) experimental V( f ) curves for defect-free and defective pipes for traction-free boundary condition for 57◦ incident angle for
defective and defect free pipes (b) theoretical phase velocity dispersion curves obtained for a steel pipe with experimentally obtained phase
velocities for modes generating at 57◦ incident angle.

through the pipes. A conceptual sink is placed at the center
of the pipe for plotting phase velocity dispersion curves.
Due to the presence of water, L(0, 1) and F(1, 1) are absent
from the theoretical phase velocities. From the experimental
V( f ) curves shown in Figure 3(a), peaks are selected for
calculating the phase velocities to identify the propagating
modes. For the defect-free pipe, the selected peaks are at 580,

1100, and 1140 kHz. The peak at 580 kHz corresponds to
F(1, 2) mode. The stronger peaks at 1100 and 1140 kHz most
likely correspond to F(1, 2) and F(1, 3) modes, respectively.
For the gouged pipe, peaks which are weaker than the defect-
free pipe are selected at 620 and 1220 kHz. The possible
propagating modes can be F(1, 2) or F(1, 3). For the dented
pipe, the major peaks occur at 500 and 1180 kHz which
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Figure 3: (a) experimental V( f ) curves for defect-free and defective pipes when water flows through the pipes at 57◦ incident angle for
defective and defect free pipes, (b) theoretical phase velocity dispersion curves obtained for a steel pipe with experimentally obtained phase
velocities for modes generating at 57◦ incident angle.
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Figure 4: (a) experimental V( f ) curves for defect-free and defective pipes when pipes are embedded in soil for 57◦ incident angle for
defective and defect free pipes (b) theoretical phase velocity dispersion curves obtained for a steel pipe with experimentally obtained phase
velocities for modes generating at 57◦ incident angle.

corresponds to F(1, 2) and/or F(1, 3) mode. In summary, it
can be stated that when water flows through the pipes strong
F(1, 2) and F(1, 3) modes propagate through the wall of the
defect-free pipe at slightly higher frequency (>1000 kHz).
For the gouged pipe, the possible propagating modes are
weak F(1, 2) and F(1, 3). For the dented pipe, the possible
propagating modes are F(1, 2) and F(1, 3).

4.1.3. Pipes Embedded in Soil. Figure 4(a) shows the exper-
imental V( f ) curves, when the pipes are embedded in soil.

The soil properties are given in Table 3. It can be observed
that multiple strong and distinct peaks which referred to
as propagating guided wave modes are generated for both
the defective and defect free pipes. It is interesting to note
that the strengths of the signals are similar for both defect-
free and defective pipes. Due to the presence of surrounding
soil, the overall strength of the signal is reduced compared
to the signal strengths in cases of traction-free boundaries.
The dented pipe produces stronger and distinct peaks at
620, 740, 1020, and 1340 kHz. The 620 and 740 kHz peaks
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match with the F(1, 2) mode in Figure 4(b). The peaks at
1020 and 1340 kHz represent either F(1, 2), L(0, 2), or F(1, 3)
mode. These peaks are strong. In previous cases (Sections 4.1
and 4.2), the experimental V( f ) curve for the dented pipe
produced weaker peaks which means generation of weaker
propagating modes. Clearly, the propagating modes decay
before traveling long distances when the dented pipe is kept
in the open air with water flow or no-flow condition. When
the pipe is buried under soil, distinct propagating modes are
generated that can travel a longer distance. For buried dented
pipes, more modes are generated that are very sensitive to
defects.

For the defect-free pipe, peaks are observed at 660, 860,
980, and 1140 kHz. Peaks at 660 and 860 kHz represent
F(1, 2) mode. Peaks at 980 and 1140 kHz represent possible
F(1, 2), L(0, 2), or F(1, 3) mode. For the gouged pipe, peaks
are generated at 700 and 1340 kHz. These peaks correspond
to F(1, 2), L(0, 2), or F(1, 3) mode. It should be noted that
for the defective pipes like dented and gouged, stronger peaks
are obtained at a lower frequency (<1000 kHz) which refers
to the F(1, 2) mode. It implies that for pipes embedded in
soil, strong guided wave modes can be generated at low
frequencies which would be efficient in detecting defects.

4.2. Continuous Wavelet Transform (CWT) with Different
Mother Functions. This section investigates the effectiveness
of continuous wavelet transforms (CWTs) as a signal pro-
cessing tool in assessing the integrity of pipes for the three
stated boundary conditions. CWT has a broad spectrum and
is associated with proper choice of mother wave function
and appropriate scaling. Wavelet analysis produces a time-
scale view of a signal that has a scale aspect and a time
aspect. Scaling a wavelet means stretching it. The smaller
the scale factor, the more compressed the wavelet; while
higher scales correspond to the more stretched wavelets. In
this section, CWTs are performed on experimental time-
series signals obtained for the 3 sets of boundary conditions.
To efficiently use CWT as a signal processing tool for
health monitoring, it is important to select appropriate
mother function with proper scaling which will facilitate the
integrity assessment. In Section 4.2.1, the range of scaling
on different mother functions is investigated in order to
identify appropriate scale for different types of mother
wavelet functions. The time series signals were associated
with significant amount of white noise. Using wavelets,
noise from the signals are removed by identifying which
component or components contain the noise. The signals
are then reconstructed omitting those components. The one
dimensional model for a noisy signal is basically of the form:

s(n) = f (n) + σe(n), (5)

where time n is equally spaced, e(n) is a Gaussian white noise
N(0, 1), and noise level σ is equal to 1. The objective of de-
noising is to suppress the noise part of the signal s and to
recover f .

4.2.1. Scaling for Different Wave Functions. Fixing the proper
scale for a mother wave function is particularly important for

processing a signal. The effectiveness of a CWT depends on
the right scaling, which stretches or contracts a wave func-
tion. For this investigation, signals received for the defect-
free pipe in traction free boundary conditions were used.
The wave functions that were used for this investigation are
Daubechies (db4), Symlet (sym4), Coiflet (coif2), Gaussian
(gauss1), Meyer, and Mexican Hat with scaling of 16, 64 and
256.

Figures 5(a)–5(f) show CWT of the signal for the defect-
free pipe in traction-free boundary condition for a scaling
of 16. The experimental signals which are associated with
significant white noise were denoised before applying CWT.
Figures 5(a), 5(b), and 5(c) that used db4, sym4, and coif2
mother functions, respectively produced similar plots which
are helpful in identifying the difference between defective
and defect-free pipes. For gauss1 (Figure 5(d)) and Mexican
Hat (Figure 5(f)), the difference is not clearly visible for
a scaling of 16. For Meyer wavelet function, a scale of 16
gives clear distinction between the defect-free and defective
pipes. For a scaling of 64 (Figures 6(a)–6(f)), the wave
functions, db4, sym4, coif2, gauss1, Meyer, and Mexican
Hat do not produce distinct signals which can clearly show
the difference. Similarly, for a higher scale of 256 (Figures
7(d), 7(e), and 6(f)), gauss1, Meyer and Mexican Hat do not
exhibit distinct differences. The plots produced by db4, sym4
and coif2 (Figures 7(a), 7(b), and 7(c)) wave functions for a
scale of 256 are stretched too long and the difference between
the defect-free and defective signals are not so differentiable.
From this investigation, it can be concluded that for a lower
scale of 16, the CWTs are more effective in assessing the
integrity of pipes. It can also be observed that wave functions
gauss1 and Mexican Hat do not provide any significant
information about the differences between defective and
defect free pipes. It can be said from this investigation that
db4, sym4, coif2, and Meyer wave functions should produce
more meaningful results. It may be noted that sym4 and coif2
functions produce almost similar results as well as plots. In
the following, only db4, sym4, and Meyer wavelet functions
with a scaling factor of 16 are used to investigate the integrity
of pipes.

4.2.2. Continuous Wavelet Analysis for Defect Detection of
Pipes under Different Boundary Conditions. The effectiveness
of continuous wavelet analysis (CWA) in detecting defects
in pipes under different boundary conditions mentioned
in the previous section (Section 4.1) is then investigated.
Daubechies (db4), Symlet (sym4), and Meyer wave functions
were employed with a scaling of 16 for this investigation.

Continuous Wavelet Transform for Traction-Free Boundary
Conditions. Figures 8(b), 8(c), and 8(d) show continuous
wavelet analyses for defect-free and defective pipes under
traction-free boundary conditions using db4, sym4, and
Meyer functions, respectively. The signals are associated with
significant amount of noise. Using db4 wavelets, noise from
the signals is removed by identifying which component
or components contain the noise. The signals are then
reconstructed omitting those noisy components. Figure 8(a)
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Figure 5: Comparison of experimental signals for defective and defect-free pipes using different wavelet functions with a scale of 16 for (a)
db4, (b) sym4, (c) coif2, (d) gauss1, (e) Meyer, and (f) Mexican hat wavelet functions.
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Figure 6: Comparison of experimental signals for defective and defect-free pipes using different wavelet functions with a scale of 64 for (a)
db4, (b) sym4, (c) coif2, (d) gauss1, (e) Meyer, and (f) Mexican hat wavelet functions.
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Figure 7: Comparison of experimental signals for defective and defect-free pipes using different wavelet functions with a scale of 256 for (a)
db4, (b) sym4, (c) coif2, (d) gauss1, (e) Meyer, and (f) Mexican hat wavelet functions.
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Figure 8: (a) denoised signals for defect-free, gouged, and dent pipes. Continuous wavelet transforms for defect-free, gouged and dented
pipes under traction-free boundary conditions, (b) for Daubechies (db4) function, (c) for Symlet (sym4) function, and (d) for Meyer
function.

shows the denoised time series signal for the defect-free,
gouged, and dented pipes under traction-free boundary
conditions. Figures 8(b), 8(c), and 8(d) show the calculated
wavelet coefficients with respect to time for db4, sym4, and
Meyer functions, respectively. The time scale is shown in
1200 equal divisions, where each division accounts for 7.2 ns
(nano seconds). The time series signal (Figure 8(a)) shows
that the first patch of modes appear between 400 and 600
time divisions. When db4 and sym4 wave functions are
used (Figures 8(b) and 8(c)) some difference in the wavelet
coefficients can be observed between the defect-free and the

gouged pipe, but it is not so pronounced. But there is a
significant difference in wavelet coefficients for the dented
pipe. In Figure 8(d), where Meyer wave function is used for
the CWT, significant difference in wavelet coefficients can
be seen even between the defect-free and gouged pipes. For
the dented pipe where the Meyer function with a scaling of
16 produces prominent difference between the defect-free
pipe and the dented pipe also. The calculated coefficients
for the defect-free pipe are much higher than those for
gouged and dented pipe. Therefore, Meyer function gives
a clear difference between defect-free and defective pipes.
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Figure 9: (a) denoised signals for defect-free, gouged, and dent pipes. Continuous wavelet transforms for defect-free, gouged and dented
pipes when water flows through the pipes, (b) for Daubechies (db4) function, (c) for Symlet (sym4) function, and (d) for Meyer function.

In other words, Meyer wavelet functions are very sensitive
to the defects and produce significant difference between
the calculated CWT coefficients for defective and defect-free
pipes. It makes Meyer wavelet better suited for structural
health monitoring.

Continuous Wavelet Transform When Water Flows through the
Pipes. Figure 9(a) shows the denoised signals when the water
flows through the pipes. Figures 9(b), 9(c), and 9(d) show
continuous wavelet analyses for defect-free and defective
pipes using db4, sym4, and Meyer functions, respectively.

As expected, the signal strength for the defect-free pipe is
stronger than that of the defective pipes (Figure 9(a)). The
difference in signal strength is not apparently visible in
Figure 9(a). When CWTs were performed on these signals,
the difference can be clearly observed. In Figures 9(b) and
9(c), where db4 and sym4 functions are used respectively for
the CWT, the difference in wavelet coefficients for the defect-
free and defective pipes can be observed. Among the wave
functions that are used for CWT, Meyer function provides
best option for finding the difference between the defect-
free and the defective pipes (Figure 9(d)). The difference in
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Figure 10: (a) denoised signals for defect-free, gouged, and dent pipes. Continuous wavelet transforms for defect-free, gouged, and dented
pipes when pipes are embedded in soil, (b) for Daubechies (db4) function, (c) for Symlet (sym4) function, (d) for Meyer function.

wavelet coefficients for the defect-free and defective pipes,
obtained using Meyer function, is significant and can be
easily recognized.

Continuous Wavelet Transform When Pipes Are Embedded
in Soil. The continuous wavelet transforms for the defect-
free and defective pipes embedded in soil are shown in
Figures 10(b), 10(c), and 10(d) using db4, sym4, and Meyer
functions, respectively. In Figures 10(b) and 10(c), where
Daubechies (db4) and Symlet (sym4) functions are used
respectively, the wavelet coefficients for the defect-free pipe
differs considerably from the defective pipes (gouged and

dented) for the first patch of propagating modes. It can be
also noted that the patterns for the defective pipes (gouged
and dented) are similar, and they differ from the pattern
shown by the defect-free pipe. The pattern also differs
significantly from the traction-free boundary conditions.
The signal strength for the defect-free and the gouged pipe
is similar, but the strength for the dented pipe is considerably
reduced due to the presence of soil (Figure 10(a)). Wavelet
coefficients for the defect-free and the gouged pipe are also
similar when db4 and sym4 functions are used (Figures 10(b)
and 10(c)). Significant difference in wavelet coefficients can
be observed when Meyer function is used (Figure 10(d)).
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This phenomenon is also observed for the traction-free
boundary conditions. Even for the soil embedded condition,
where the acoustic signal is expected to loose significant
amount of energy, CWT using Meyer’s function provides
strong evidence of identifying defects in embedded pipes and
can easily be distinguished from the defect-free pipe.

5. Conclusion

This paper investigates the importance of signal processing
techniques in guided wave application for detecting defects in
pipes. Two different approaches were investigated and com-
pared. Fourier transforms of experimental signals provide
information regarding the propagating modes and help in
identifying modes that are sensitive to defects. Continuous
wavelet analysis is helpful in identifying defective pipes by
comparing wavelet coefficients for pipes under different
boundary conditions. This research also investigates which
mother wave functions are more effective in distinguishing
defective pipes from a defect-free pipe. Depending on the
application, any or both approaches could be utilized for
successful monitoring of structural integrity of pipes.
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Major threats to bridges primarily consist of the aging of the structural elements, earthquake-induced shaking and standing waves
generated by windstorms. The necessity of information on the state of health of structures in real-time, allowing for timely
warnings in the case of damaging events, requires structural health monitoring (SHM) systems that allow the risks of these
threats to be mitigated. Here we present the results of a short-duration experiment carried out with low-cost wireless instruments
for monitoring the vibration characteristics and dynamic properties of a strategic civil infrastructure, the Adolphe Bridge in
Luxembourg City. The Adolphe Bridge is a masonry arch construction dating from 1903 and will undergo major renovation
works in the upcoming years. Our experiment shows that a network of these wireless sensing units is well suited to monitor the
vibration characteristics of such a historical arch bridge and hence represents a low-cost and efficient solution for SHM.

1. Introduction

In order to ensure the structural stability of strategic civil
infrastructure such as bridges, large dams, or high-rise
buildings, the systematic monitoring of these (preferably
on a continuous basis) is an issue of prime importance.
This statement is, of course, particularly true in earthquake-
prone regions. Picozzi et al. [1], for instance, show how
a seismic monitoring system of low-cost wireless sensors
can be employed for the surveillance of the behavior
of buildings damaged by strong ground shaking from
a major earthquake (in their case, the 2009 Mw 6.3
Aquila event) during the earthquake’s aftershock sequence,
which can provide invaluable information in order to
ensure the safety of rescue teams during postevent relief
operations.

Nevertheless, in areas less exposed to seismic hazard, such
monitoring techniques also represent important tools for
civil engineers, for instance, if they have to deal with struc-
tures exposed to heavy operational demands for extended
periods of time and whose structural integrity might be

in question or at risk. A continuous monitoring of such
structures allows for an identification of their fundamental
response characteristics and the changes of these over time,
the latter representing indicators for potential structural
degradation.

A good example for such a case is the Adolphe Bridge in
Luxembourg City. Linking the two city quarters on opposite
sides of the Vallée de la Pétrusse, the Adolphe Bridge was
designed as an open spandrel arch and officially opened
in 1903. Since the bridge is connecting the Upper City
of Luxembourg with the railway station, it is subjected to
heavy traffic (in particular buses), which has considerably
weakened the structure over the years since the first reno-
vations that were performed in 1961/62. Moreover, with the
LuxTram project (http://www.luxTram.lu/) destined to rein-
troduce tramway traffic to Luxembourg, major renovation of
the bridge is necessary and expected to be launched in 2011.
Following these renovations, the real-time monitoring of the
bridge’s vibrations could help in assessing the success of these
efforts, as well as the bridge’s performance on a continuous
basis in the future.
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In recent years, techniques based on ambient vibration
recordings have become a popular tool for characterizing
the seismic response and state-of-health of strategic civil
infrastructure (e.g., [2–4]). The primary advantage of these
approaches lies in the fact that no transient earthquake
signals or even active excitation of the structure under inves-
tigation are required. Ditommaso et al. [5] investigated the
response characteristics of the Falkenhof Tower in Potsdam,
Germany, using interferometric and time-frequency analysis
techniques, using both ambient noise and records obtained
from a near-by explosion. Prieto et al. [6] performed a
similar study using ambient noise records obtained in a 17-
storey instrumented building at the University of California
in Los Angeles, and Picozzi et al. [7] tested the suitability
of a system of low-cost wireless sensing units for real-time
monitoring of large-scale infrastructure using the example of
the Fatih Sultan Mehmet Suspension Bridge in Istanbul.

As a first step towards proposing a continuous monitor-
ing approach for the Adolphe Bridge and in order to validate
the performance of this novel wireless system for structural
monitoring on such a historical arch bridge (representing
a critical infrastructure for the city of Luxembourg), we
carried out ambient vibration measurements on 11 May
2010, using a very dense network composed of 18 wireless
sensing units deployed at regular intervals along the bridge
deck. We recorded several hours of ambient vibrations
generated primarily by human activity, that is, by the traffic
crossing the bridge. Using these recordings, we analyze
the response characteristics of the Adolphe Bridge and
empirically determine the resonance frequencies and modal
shapes of the structure as well as attempt to derive the
damping characteristics.

2. The Adolphe Bridge: A Brief Overview

With the dismantlement of the fortress of Luxembourg
starting in 1867, the city continually expanded on the Plateau
Bourbon located on the opposite side of the Vallée de
la Pétrusse, which encircles the Upper City (i.e., the city
center and core of the old fortress) of Luxembourg. At
the end of the 19th century, the only connection between
these new quarters and the Upper City was a rather narrow
viaduct dating back to the fortress time. Since the railway
station of Luxembourg had already been built on the Plateau
Bourbon, there was an urgent need to ensure its proper
connection to the Upper City by an additional link to
account for these rapid developments. Therefore, between
1900 and 1903, during the reign of Grand Duke Adolphe,
the Adolphe Bridge was constructed to accommodate this
situation and the therewith increased traffic needs. A detailed
discussion on the history of the Adolphe Bridge and the
adopted construction principles can be found in Wirion and
Heinerscheid [8].

The Adolphe Bridge (Figure 1), officially opened on 24
July 1903, is a masonry arch construction (2 identical arch
constructions on the left and right, Figure 1(b)) with a length
and width of 153 m and 17.2 m, respectively. The span of the
central arches amounts to 84.65 m, while the smaller arches
on both sides of the central ones have a span of 21.6 m each.

Significant rehabilitation works were carried out during the
years 1961/62, where the original bridge deck was integrally
replaced and the new deck was at the same time enlarged by
0.5 m on both sides.

During the 1990s and early 21st century, it was noted
that the bridge showed notable structural deficiencies, in
particular related to cracks in the arch masonries [9]. There-
fore, in order to ensure its structural stability, provisional
safety measures were undertaken and prestressed steel bars
introduced in the central arches during the years 2003/2004.
In order to permanently remedy the situation and in view
of the LuxTram project, the aim of which lies in the
reintroduction of tramway traffic in Luxembourg that would
also cross the Adolphe Bridge, major rehabilitation works
will take place starting in 2011, with an expected duration
of approximately four years. These renovation works are
undertaken by order of the Luxembourgish Government,
represented by the Minister for Sustainable Development and
Infrastructures, for which the Director of the Administration
des Ponts et Chaussées manages the project. These works
are also supervised by the Administration des Ponts et
Chaussées, and amongst other measures, the bridge deck
will be renewed and the arches stabilized with reinforced
concrete.

The vibration characteristics of the bridge in its original
state were investigated in a forced vibration experiment
performed in October 1933 [10], in which the author came to
the conclusion that the fundamental frequency of resonance
of the bridge was around 4 Hz.

3. Ambient Vibration Measurements and
Data Processing

On 11 May 2010, we performed ambient vibration mea-
surements on the Adolphe Bridge using a set of 18 low-
cost wireless sensing units (WSUs) (Figure 1(c)) developed
by the GFZ German Research Centre for Geosciences in
Potsdam and the Department of Informatics of Humboldt
University Berlin within the framework of the EU FP6 project
“Seismic eArly warning For EuRope” (SAFER) and the
“Earthquake Disaster Information system for the Marmara
region, Turkey” (EDIM) project, originally intended for
earthquake early warning purposes. Yet as shown by Picozzi
et al. [7, 11], these WSUs are also highly attractive for
monitoring critical infrastructure.

Each WSU (Figure 1(d)) is composed of a low-cost
three-component seismic sensor (thus far either a build-in
accelerometer or an external 4.5 Hz geophone), a digitizer
board with an effective resolution of 19 bit, onboard storage
capability provided by a CompactFlash card and, as the
designation “wireless sensing unit” indicates, wireless data
transmission capabilities. In particular, the last point is
of great importance, since this capability can be used to
assemble a large number of WSUs to a self-organizing
network and send the recorded data via wireless connections
to a central data acquisition center. In such a self-organizing
network, each unit is in direct contact with its neighboring
units and serves as a sender and receiver of information.
This principle enables a unit that is not in direct contact
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Luxembourg-11/05/2010

18 sosewin + 4.5 Hz geophones

Recording time: 9:00 UTC–17:00 UTC

Figure 1: Photos of the Adolphe Bridge and instruments used and information on the measurement setup. (a) Sideview of the Adolphe
bridge (source: Wikimedia Commons). (b) View from below. (c) Measurement setup used on the Adolphe bridge. (d) Wireless sensing unit
(WSU) used for the ambient vibration measurements on the Adolphe bridge. The central part of the unit, including the digitizing board,
is contained in the box shown in the center of the picture, with antennas for wireless data transmission. The 4.5 Hz geophone is the yellow
instrument shown on the right. On the left, the battery providing the necessary power supply is depicted. (e) Deployment of one WSU
on the bridge walkways. The geophone (yellow) is centered in a horizontal position on the walkway, with the two horizontal components
oriented in the longitudinal and transverse direction with respect to the bridge, respectively. The red object in the picture is a Tromino�

sensor deployed by the Geological Survey of Luxembourg for comparative purposes.

with the central acquisition unit to still pass its information
to the latter via several transmitting WSUs. Moreover, in
the case of failure of one or several units, the network has
the ability to reorganize itself such that the information
of all working WSUs always reaches the acquisition point.

If the transmission of the entire recorded data is not
desired/required, each WSU can also perform a predefined
set of calculations on the recorded data and only transmit the
calculated parameters to the central acquisition center. For
an in-depth discussion of the technical characteristics of the
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WSUs, we refer the reader to Fleming et al. [12] and Picozzi
et al. [7, 11].

For our measurements on the Adolphe Bridge, we used
a total of 18 WSUs equipped with 4.5 Hz three-component
geophones as sensors, and we recorded the ambient vibra-
tions with a sampling rate of 100 samples/sec. Therefore,
we are able to examine a wide frequency range (i.e., 1–
25 Hz) that includes the modal frequencies of resonance of
the bridge.

The setup of the experiment is shown in Figure 1(c).
Since this work was intended as a feasibility study and
the access into the arch structure is subject to strict safety
regulations requiring nonnegligible costs and organizational
efforts, we chose a measurement setup that was easiest to
implement and still enabled us to obtain good information
on the bridge’s vibration characteristics. We positioned 8
WSUs on the walkways along each side of the bridge (sensors
1–8 on the left, looking from the railway station towards the
Upper City, and sensors 9–16 on the right side). In the case
of a permanent installation for the purpose of continuous
monitoring of the bridge, sensors should of course be also
installed within the arch structure of the bridge.

We furthermore installed two additional sensors, the first
of which was fixed at the bottom of one of the bridge’s pillars
(sensor 17) and the second one approximately 50 m away
from the bridge close to the Banque et Caisse d’Epargne de
l’Etat (BCEE) building at the Place de Metz square (sensor
18) (see also Figure 1(c)). The main idea behind installing
sensor 17 was to perform an interferometric analysis in order
to derive seismic wave propagation velocities within the
pillar. However, the coupling of the sensor to the pillar was,
unfortunately, not optimal, preventing us from obtaining
clear results. Sensor 18 on the other hand was intended as a
reference outside the bridge. Since this sensor, however, still
showed a relatively strong influence of the bridge’s vibrations
and the resonance characteristics were well recognizable
directly from the Fourier power spectra at each sensor
without the necessity to calculate spectral ratios relative to
an outside reference (as we show below), we do not make
further use of the recordings obtained at sensor 18.

Figure 1(e) shows the deployment of a WSU on the
bridge deck. The geophone was oriented such that the
two orthogonal horizontal components pointed in the
longitudinal and transverse direction relative to the bridge.
Each WSU transmitted the recorded data directly to a laptop
installed close to sensor 1. We recorded approximately from
09:00 to 17:00 UTC, and in the following, we show the
bridge characteristics derived using 5 hours of data, from
10:00 to 15:00 UTC. As an example of the recorded ambient
vibrations, Figure 2 shows a 50 min extract of the records on
the vertical component at eight sensors along the bridge (4
on each side, i.e., sensors 2, 4, 5, 7 on the left and sensors 10,
12, 13, 15 on the right side). As expected, the records show
a large number of transient signals, which are related to the
traffic on the bridge. The signals at the different sensors show
clear variations in their amplitudes, depending on sensor’s
position, thus reflecting the different strengths vibration at
different points along the bridge. While the amplitudes are
largest at sensor pairs (4, 12) and (6, 14), approaching the

center of the bridge, the vibrations induced by the traffic
diminish when approaching the edges.

4. Spectral Characteristics of
the Adolphe Bridge

For each sensor and each of the three components of motion,
we determined the power spectral density (PSD) for the
measurement duration of 5 hours mentioned previously
following McNamara and Buland [13]. For this purpose,
the data are split into a series of short time windows of
one-minute length each, and for each of these windows, the
Fourier power spectral density (PSD) is calculated. Then the
average and standard deviation over all time windows are
determined and this averaged PSD is expressed in decibel
(dB). If the structure under consideration shows strong
resonance effects, we expect to see clearly identifiable peaks
immediately in these average PSD estimates without any
additional processing.

The obtained average PSD estimates for the same eight
sensors shown in Figure 2 are depicted in Figures 3 (vertical
component), 4 (transversal component), and 5 (longitudinal
component). A first observation is that, in general, the
power spectral densities are well constrained, with overall
small standard deviations (the largest standard deviations are
mostly located at the lowest frequencies of analysis between
1 and 2 Hz). This shows that the spectra are very stable
over the investigated 5-hour time window, a fact that is
also confirmed by examining more closely the spectrograms
(one example is shown in Figure 6(a)). One might expect to
see some differences in PSD estimates obtained during day
and night, since the traffic load of the bridge is obviously
subject to strong temporal fluctuations. In order to clarify
this issue, we performed a set of comparative measurements
for a total of 45 min duration at the locations of sensors 2
and 5 (Figure 1) on a late Sunday evening (30 January 2011)
using a Tromino� sensor provided by the Service Géologique
del’Administration des Ponts et Chaussées. However, no
significant differences in the PSD estimates could be detected
when compared with the daytime measurements of 11 May
2010.

The PSD estimates shown in Figures 3, 4, and 5 show
distinct peaks corresponding to the resonance frequencies of
the bridge. Since these peaks are very clear, it is not necessary
to perform spectral ratio calculations relative to a reference
station uninfluenced by the structure’s vibrations in order
to increase their visibility. The lowest resonance frequency
(about 2.1 Hz, clearly visible at all sensors along the deck)
was observed on the transversal component (T). Hence, this
resonance frequency is interpreted as the first translational
mode of vibration of the bridge.

On the other hand, the lowest resonance frequency for
both the vertical and longitudinal components is identified
between 3.8 and 3.9 Hz (hereafter 3.85 Hz). These two
frequencies might correspond to two distinct, but very close,
transversal and longitudinal modes of vibration. However,
considering that the bridge’s deck is obviously bound at its
longitudinal extremities, and thus its stiffness is expected
to be larger along the longitudinal direction than along the
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Figure 2: Recorded ambient vibrations (vertical component) at 8 sensors (see also Figure 1(c)) along the two sides of the bridge deck in the
time period from 10:00 to 10:50 UTC. Note the large number of transient signals, which are due to the traffic crossing the bridge. Also note
the variations in amplitude of the signals along the bridge deck.

vertical one, the first longitudinal mode of vibration should
be at higher frequency than the vertical one. For this reason,
and also considering the intrinsic uncertainty associated with
spectral peak estimation, we believe that the first vertical
mode of vibration is associated to a rocking motion (V-L),
and thus the spectral peak along the longitudinal direction is
only a component of the motion along the vertical one.

In order to better identify the higher resonance frequen-
cies, it is instructive to plot the PSDs obtained at the different
sensors along the bridge deck together in a plot with a linear
y-axis, which makes the identification of peaks that are con-
sistently present at all sensors easier (Figure 6(b)), while the

log-log plots shown in Figures 3, 4, and 5 allow for a better
visualization of the finer structure of the spectra at individual
sensors. Hence, Figure 6(b) allows the identification of the
main frequencies of vibration of the structure. In summary,
we identified a total of seven frequencies of vibration for the
bridge (Table 1) at 2.1, 3.85, 4, 4.7, 6.4, 7.1, and 9.4 Hz. In
particular, the frequencies 4 and 4.7 Hz correspond to the
third and fourth translational modes on the transversal and
vertical components, respectively. The frequency 6.4 Hz is
identified on both the vertical and longitudinal components,
thus the fifth mode is interpreted as rocking. Furthermore,
the frequency 7.1 Hz is observed on all the components, but
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Figure 3: Continued.
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Figure 3: Fourier power spectral density (PSD) (vertical component) calculated over the time span 10:00–15:00 UTC at the 8 sensors for
which time series examples have been shown in Figure 3.

Table 1: Modal frequencies of vibration of the Adolphe Bridge for the three components of motion. The values assembled in this table are
also indicated in Figure 6(b) as black dashed lines.

Mode I
translat.
(T–dir.)
f (Hz)

Mode II
rocking

(V-L–dir.)
f (Hz)

Mode III
translat.
(T–dir.)
f (Hz)

Mode IV
translat.
(V–dir.)
f (Hz)

Mode V
rocking

(V-L–dir.)
f (Hz)

Mode VI
translat.
(V–dir.)
f (Hz)

Mode VII
translat.
(T–dir.)
f (Hz)

2.1 3.85 4 4.7 6.4 7.1 9.4

with the highest amplitude on the vertical one. Hence, we
consider the sixth mode as mainly translational, but affected
by a minor component of rotation and rocking. Finally,
we noted that, for most of the sensors and components,
but especially for the transversal one, the highest amplitude
peaks in the PSDs are related to a higher frequency at about
9.4 Hz. We consider this to be the seventh translational
mode. However, we are aware that this last frequency might
be corrupted by the presence of near-field sources as cars
drive along the bridge deck in close proximity to the sensor
locations.

On the side of the Upper City, at sensors 7 and 15,
a smaller peak also appears in the vertical component
PSDs at a frequency of 2.1 Hz (Figure 3). Since this peak
corresponds exactly to the fundamental frequency seen on
the transversal component, a first-order interpretation could
be that the appearance of this peak provides indications that
not only translational, but also rotational modes play a role
in the structural behavior, leading to a coupling between
the different measured components. The same observation is
also made on the longitudinal component, where the effect is
even clearer than on the vertical at most of the sensors, except
for the bridge center (Figure 5).

As the above analysis shows, one obvious advantage of
a monitoring system composed of a large number of these
low-cost WSUs is that not only changes in the spectral

characteristics over time at one or a few points of the
structure can be measured, but the structure can also be
spatially densely sampled at a reasonable cost. This allows
for a better understanding of the dynamic characteristics of
different parts of the structure. On the Adolphe Bridge, we
can see that there is a change in the PSD at frequencies higher
than the fundamental one along the deck, reflecting the
composition of the bridge, with the large span arches in the
middle and smaller arches on each side of the central ones.

5. Modal Shapes of Vibration

In addition to the characteristics of the PSD estimates
calculated along the bridge deck, which can serve as proxies
for real-time monitoring purposes to detect changes in the
bridge’s response to input vibrations, another interesting
point is how the different sensors along the bridge deck move
with respect to each other or, in other words, how the bridge
deforms at each mode of resonance.

To investigate this issue, we empirically calculated the
modal shapes for the first four modal frequencies assembled
in Table 1 of each component of motion following Meli et
al. [14]. The normalized modal shapes obtained for different
249 one-minute time windows are plotted in Figure 7. Note
that, for the distance scale, we used the location of sensors
2 and 10 as reference, that is, zero distance (Figure 7).
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Figure 4: Continued.
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Figure 4: Same as Figure 3, but for the transversal component.

Moreover, we did not consider sensors 1 and 9 in the
calculation of the modal shape since these were located on
the outermost pillars towards the railway station side.

Figure 7 shows an example of the obtained dominant
modal shape families at four of the investigated modal
frequencies (each line represents the modal shape calculated
for a one-minute time window) derived for the transversal
component on the left side of the deck. We performed this
analysis for both sides of the bridge deck (i.e., sensors 2–
8 and sensors 10–16) and combined the observations of
the average modal shapes (i.e., the average of the dominant
families) on both sides of the deck into surface plots for the
transversal (Figure 8), vertical (Figure 9), and longitudinal
(Figure 10) components.

The modal shapes for the transversal component at both
sides of the bridge deck show consistent results (Figure 8). At
the fundamental frequency of 2.1 Hz, the entire bridge deck
is moving either to the left or to the right, with the largest
amplitude in the center. This is comparable to the motion
of a vibrating string expected at its fundamental frequency,
indicating that the deck of the bridge behaves more or less
as a single unit in terms of transverse motions. The same
observation holds true for the next higher mode at 4.0 Hz,
for which again the modal shape looks similar to what would
be expected for the first overtone normal mode of a vibrating
string. Yet for the next higher modal shape at a frequency
of 7.2 Hz, a large amplitude is observed only for the sensor
at the center of the arch. Finally, for the highest considered
modal frequency of 9.4 Hz, the motion becomes rather
complex. However, we should note that for these last two
higher modes, the number of sensors and/or the geometry of
the array selected might not guarantee a sufficient resolution
for the reconstruction of the wavelengths associated with the
modal shapes.

In the vertical component case (Figure 9), the deter-
mined modal shapes on the left and right side are consistent

with one another and, at the fundamental frequency of
3.85 Hz, the central arches move in the opposite direction
to the smaller arches on each side of them. As one may
expect, the strongest motion is observed in the center of
the bridge. The modal shape for the next higher mode
at 4.7 Hz shows very similar characteristics, while the two
highest modes (6.4 Hz and 7.1 Hz) show strongest motions
in the side arches. Differently from the clear modal shapes
pattern observed for the transversal direction, which agrees
with the schema expected for the global motion of the bridge,
the similarity of modal shapes along the vertical one was
unexpected and raised some interpretational issues. Indeed,
this modal shapes similarity may be related either to the lack
of adequate resolution or to the presence of local motion
of some of the bridge’s elements (e.g., the deck, the slab,
etc.).

Finally, for the longitudinal component (representing
compression/dilatation of the deck, Figure 10), we observe a
similar behavior as for the transverse component for the first
modal frequency (3.85 Hz), which as we discussed is related
to a rocking motion. In particular, we observe that all the
sensors show common phase, and the motion is larger at
the center of the deck. However, starting from the second
mode, we note that the two opposite sides of the deck seem
to show different behavior. Similarly to what we observed
for the vertical component, we cannot exclude neither the
hypothesis that we recorded a global motion of the bridge
with an inadequate spatial resolution, nor that the observed
modal shapes are related to local motion of some of the
bridge’s elements. These observations would clearly deserve
further investigation with an even denser network, which
would allow to sample more finely the bridge and thus
have greater confidence in the modal shapes for the higher
modes, as well as contributing to discussions with structural
engineers in terms of the potential consequences of this type
of observation.
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Figure 5: Continued.
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Figure 5: Same as Figures 3 and 4, but for the longitudinal component.
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Figure 6: (a) Example for the spectrograms (sensor 5, transversal component) over the 5-hour time window (10:00–15:00 UTC). Please
compare with the PSD estimate at sensor 5 shown in Figure 4. (b) PSD estimates of sensors on both sides along the bridge deck plotted
together for each component on a log-linear scale. Black dashed lines: frequencies of the vibration modes considered for deriving the modal
shapes of the bridge. The modes are annotated by their roman number, as given in Table 1.

6. Damping Estimates Using the
NonPaDAn Approach

Finally, we attempted to derive an estimate of the damping at
the fundamental frequency using the NonPaDAn (nonpara-
metric damping analysis) method introduced by Mucciarelli
and Gallipoli [15] for use with ambient vibration recordings,
which was recently used for the extensive dynamic character-
ization of Italian and European buildings [16].

In summary, this approach works in the time domain
and consists of the following steps: first, after standard
processing procedures, the velocity time series are integrated
to displacement time series. Then, all positive values of the
time series that represent local maxima are selected, and

their amplitudes (Ai for the ith maximum) and times of
occurrence (ti for the ith maximum) are stored in a matrix.
If for the ith maximum the condition Ai > Ai+1 holds, an
estimate of pseudofrequency v and damping γ is calculated
as (equations 2.2 and 2.3 in [15])

v = 1
(ti+1 − ti) , γ =

(
1

2π

)
·
(
Ai
Ai+1

)
. (1)

From these estimates, a histogram can then be build con-
sidering piecewise pseudo-frequency and damping values.
Furthermore, NonPaDAn also provides damping estimates
by means of empirical cumulative distributions (CDFs),
from which the median and the 25th and 75th percentile
can be extracted. Mucciarelli and Gallipoli [15] showed that
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Figure 7: Example of the derivation of the modal shapes (transverse component, left side of deck) of vibration for the fundamental mode of
resonance (upper left, red) and the three higher modal frequencies presented in Figure 6(b) and listed in Table 1. For each modal frequency,
each individual line represents the modal shape derived from a one-minute time window. More details on the derivation are given in the
text.

the approach is able to capture the fundamental frequency
and damping values using ambient vibration recordings
(even with rather short-duration recordings of only several
minutes) made atop a building, while the higher modes are
rarely visible.

Concerning the estimation of the damping in the
Adolphe bridge case, we focused on the sensors 5 and 13,
which are located in the middle of the central arches. As a first
test, we verified the stability of the NonPaDAn procedure by
considering different lengths of recording period. Figure 11
shows the CDFs of damping estimated for the fundamental
frequency 3.85 on the longitudinal component using periods
of 30, 60, and 120 minutes, respectively. It is worth noting
that the damping estimates are very stable even when
only few tens of minutes are considered. Therefore, we
adopted 30 minutes as standard recording length for this
purpose.

As observed by Mucciarelli and Gallipoli [15], we also
noted that, in the case of different resonance frequencies with
similar amplitudes, the CDF estimated when considering
the entire histogram can be a mixed, corrupted version
of the CDFs for different resonance frequencies. In our
experiment, we observed that, in most cases, the frequency
9.4 Hz is the dominant signal. As a result, the CDFs

estimates also turned out to be strongly influenced by this
frequency. If, for instance, a higher-frequency mode strongly
dominates the PSD estimates (e.g., transversal component
of sensors 4 and 12, with about 15 dB higher amplitude
of the 9.4 Hz overtone as compared with the fundamental
mode at 2.1 Hz, see Figure 4), NonPaDAn captures only
the overtone vibrations, however, generally without a clear
maximum in the histogram and rather strong smearing
over a range of damping values. For this reason, we slightly
modified the NonPaDAn code and constrained the CDF
analysis on a narrow frequency band (i.e., ±1 Hz) centered
around a selected resonance frequency. In practical terms,
we simply restrict the calculation of the CDF to the part
of the histogram within ±1 Hz of the resonance frequency
of interest, that is, we reduce the sample analyzed in the
CDF calculation to those data where the estimated pseudo-
frequency v (1) was within±1 Hz of the resonance frequency
of interest.

Figures 12 and 13 show the histograms and the CDFs of
the damping for the transversal, longitudinal, and vertical
components observed at sensors 5 and 13, respectively. As
can be seen from the histograms (upper panels), both the
fundamental as well as the higher modes are visible in the
NonPaDAn histograms. As a general rule, we observe that
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Figure 8: Modal shapes (transversal component) illustrating the motion of the entire deck in the transversal direction. Note that the relative
amplitude of displacement in the transverse direction is exaggerated.

the histograms reflect the observed PSD shapes at each
sensor (i.e., if a given mode of vibration dominates in the
PSD estimate, it will also be dominant in the NonPaDAn
histograms).

It is interesting to note that the two sensors provide
damping estimates in excellent agreement with each other
and that the horizontal components of motion show lower
damping than the vertical one. The CDFs follow reasonably
well a log-normal distribution, with similar shape on both
sides of the bridge and median damping values ranging
around 2–4% for the fundamental modes on the horizontal
components and around 9% on the vertical one. While
for the horizontal components the distributions are narrow
(25th and 75th percentiles are shown as gray dots in Figures
12(b) and 13(b)) and thus the damping is rather well
constrained, for the vertical component the interval between

the 25th and 75th percentile covers a broader damping range
(i.e., approximately 5 to 13%).

Thus, we conclude that in, the case of a strongly excited
fundamental mode vibration, it is possible to derive an
estimate of the bridge’s damping for this vibration. However,
the analysis is much more complicated for the cases of dom-
inating higher modes, and careful visual inspection of the
results at each individual sensor and component is required
to avoid erroneous conclusions. Such complications, when
compared with the experience of Mucciarelli and Gallipoli
[15] who applied such an approach to buildings, may be
related to the fact that the Adolphe Bridge represents a
very different setting compared to the analysis of recordings
obtained from atop a building. Contrasting with our experi-
ence on the Adolphe Bridge, in the cases of buildings shown
by Mucciarelli and Gallipoli [15], NonPaDAn generally only
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Figure 9: Same as Figure 8, but for the vertical component.
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Figure 10: Same as Figures 8 and 9, but for the longitudinal component, that is, compression/dilatation of the bridge deck. Note that the
relative direction of motion and amplitude of displacement in the longitudinal direction are represented through the arrow direction and
length, respectively.

captures the fundamental mode of vibration. In contrast to
a building where the seismic source exciting the structure
is always consistently applied at the base (except, of course,
for the case of strong wind excitations), the sources are in
our case heterogeneously distributed along the structure of
interest, both in space and time. Furthermore, the transient

signals caused by cars crossing the bridge can follow each
other at very short time intervals and be superposed to
create a complicated signal resulting from the highly complex
distribution of moving sources, making the evaluation of
damping difficult and most likely the primary reason for the
smearing effects seen in the histograms.
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Figure 12: (a) Histograms (binned frequency and damping) derived using the NonPaDAn approach for sensor 5 for the transversal (left
panel), longitudinal (central panel), and vertical (right panel) components. (b) Same order as (a), but showing the CDFs of the damping
estimated for the fundamental frequency. More details are provided in the text.

7. Conclusions

We have presented the results of an experiment for the
structural monitoring of a historical masonry arch bridge,
the Adolphe Bridge in Luxembourg City, using a set of
18 low-cost wireless sensing units. From the five hours
of ambient vibration recordings analyzed, we were able to
clearly identify the fundamental frequencies of resonance for
the three components of bridge motion (vertical, transversal,
and longitudinal) as well as several higher modes for
each component. While on the vertical and longitudinal
components, the fundamental frequency of resonance is
around 4 Hz (which, remarkably, is in good agreement with

a forced vibration experiment performed in 1933 on the
original bridge deck [10]), the fundamental frequency of the
transversal component is at around 2 Hz. Furthermore, the
high stability of PSD estimates and the spectrograms show
that, if necessary, a rapid assessment of the bridge’s dynamic
behavior is possible using such campaign-type experiments.
It should be noted that, while a wealth of information can
be gained from such a temporary experiment, as shown
in this paper, a significantly more detailed understanding
of the entire bridge (and not only of the bridge deck)
could be obtained by installing a permanent monitoring
system, including within the arch structure, the latter being
difficult to access to at regular intervals for campaign-type
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Figure 13: Same as Figure 12, but for sensor 13 (opposite of sensor 5, i.e., in the middle of the central arch on the right side of the bridge
deck).

deployments. Such a monitoring system could provide real-
time information on the dynamic characteristics of the
bridge and their potential modifications that may be of
concern, for instance, during heavy storm events.

Furthermore, we were able to empirically extract the
modal shapes of the bridge’s vibrations, which provide
very interesting insights into the dynamic behavior of the
structure. These modal shapes show that, with respect to
the transversal component, the bridge deck displays a global
motion characterized by a deformation pattern similar to
the modal shapes of a simple string. The modal shapes
observed for the vertical and longitudinal directions are
more complicated, especially for the higher modes, and
might be related to the local motion of some of the bridge’s
elements. This result surely deserves further investigation,
considering that it may be related to differences in the
structural response of the two arches composing the bridge.
Furthermore, the modal shapes obtained in this experiment
could be refined deploying an even denser spatial sampling
on each side of the bridge (i.e., more sensors, which were
however unfortunately not available at the time of the
experiment). Nevertheless, our results clearly indicate the
great potential that ambient vibration measurements using
these low-cost wireless sensors hold for the monitoring of
such structures.

We adopted the NonPaDAn procedure in order to
estimate the damping at the most significant location along
the bridge (i.e., in the center of the largest-span arches).
We noted that, in the case of bridge monitoring by ambient
vibrations, the analysis can be strongly complicated by the
presence of dominating higher modes. This complication,

when compared to the experience of Mucciarelli and Gal-
lipoli [15] who applied the approach to buildings, may be
related to the fact that the Adolphe Bridge represents a
very different setting compared to the analysis of recordings
obtained on top of buildings. Nevertheless, the damping
estimations obtained for the sensors located at the middle of
the central arches on opposite sides of the deck are consistent
with each other and are very stable. We observed rather low
damping values for the horizontal components (i.e., 2–4%)
and a damping of about 9% for the vertical one.

The results of this experiment demonstrate the great
potential for using such a system of wireless sensing units
as a tool for permanent monitoring of the Adolphe Bridge
following the upcoming renovation works. Upon reopening
of the bridge to traffic, the system could be used to detect
potential structural degradations over the years to come on a
continuous basis. Moreover, once the tram system is operat-
ing again in Luxembourg in several years time, it also has the
potential of monitoring the excitation of the bridge related to
the tram traffic, allowing for the timely recognition of poten-
tial problems and, consequently, the rapid response to them.
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This paper describes the application of a probabilistic structural health monitoring (SHM) method to detect global damage in a
highway bridge in Connecticut. The proposed method accounts for the variability associated with environmental and operational
conditions. The bridge is a curved three-span steel dual-box girder bridge located in Hartford, Connecticut. The bridge, monitored
since Fall 2001, experienced a period of settling in the Winter of 2002-2003. While this change was not associated with structural
damage, it was observed in a permanent rotation of the bridge superstructure. Three damage measures are identified in this
study: the value of fundamental natural frequency determined from peak picking of autospectral density functions of the bridge
acceleration measurements; the magnitude of the peak acceleration measured during a truck crossing; the magnitude of the tilt
measured at 10-minute intervals. These damage measures, including thermal effects, are shown to be random variables and
associated P values are calculated to determine if the current probability distributions are the same as the distributions of the
baseline bridge data from 2001. Historical data measured during the settling of the bridge is used to verify the performance of the
bridge, and the field implementation of the proposed method is described.

1. Introduction

Structural health monitoring (SHM) is a general term used
in many engineering disciplines that describes a process to
determine the integrity of a structure. There have been num-
erous techniques developed to ascertain the integrity of a
structure including methods of visualization, nondestructive
evaluation (NDE) as well as indentifying changes in vibration
characteristics. All of these methods have a common goal to
detect, locate, and quantify varying degrees of deterioration
and damage within a structure.

Visual inspection and NDE are common methods of
health monitoring. Visual inspection, however, is neither ob-
jective nor reliable, containing great uncertainty in identify-
ing the existence, location, and degree of damage [1–3]. Ad-
ditionally, visual inspection supplies information only at the
time of inspection. Realistic SHM should supply information
on a continuous basis if it is to be of real use. New technolo-
gies for the NDE of civil structures include ultrasonic testing,
penetrant testing, visual testing (different than visual inspec-

tion), magnetic particle testing, radiographic testing, acous-
tic emission, and eddy current testing [4, 5]. These technolo-
gies determine local damage and typically require the general
region of damage on the structure to be first identified. For
many structures, locating the damage prior to inspection is
difficult.

Using vibration measurements is a less subjective method
for structural health monitoring that can allow for global as
well as local evaluation. As such, vibration-based techniques
are receiving much recent attention [6–14]. Employing
methods that rely on ambient vibration or operational loads
are challenging as these excitations tend to excite the lower
frequency global modes that can be insensitive to local dam-
age [15]. Furthermore, environmental and operational varia-
bility of civil structures can affect the natural frequencies and
mode shapes, rendering SHM methods that rely on chan-
ges in these parameters ineffective except in the presence of
extreme damage [16]. Despite these challenges, using vibra-
tion measurements for SHM has continued to receive the at-
tention of researchers and is the focus of this study.



2 Advances in Civil Engineering

Bridge health monitoring (BHM), a type of SHM applied
specifically to bridges, has been applied in Connecticut since
1984, when the University of Connecticut and the Con-
necticut Department of Transportation began evaluating the
structural conditions of bridges in the state [17–19]. Since
that time there have been various temporary sensor installa-
tions that have helped determine in-service behavior and jus-
tify rehabilitation and repair plans [19]. The portable moni-
toring system applications have provided benefits in the form
of fewer or no repairs totaling over $2.5 M and have identified
necessary repairs increasing safety. A long-term continuous
bridge monitoring program has been in place since 1997,
when permanent monitoring systems were installed on a
variety of bridge types across Connecticut. The objective of
the continuous monitoring is to identify global changes in a
bridge’s behavior over multiple years [17]. The bridge exam-
ined in this study is part of the long-term continuous BHM
program in Connecticut.

Prior work conducted at the University of Connecticut
studied the effects of damage on the dynamic properties of a
bridge and the effects of temperature variation on these mea-
surements. This previous work indicates that monitoring the
bridge’s modal information as well as peak values can provide
a global measure of the bridge’s structural integrity and iden-
tify major changes in the structural integrity [20]. In addi-
tion, tiltmeters are employed to measure the general orienta-
tion of the bridge as a measure of its health in terms of stru-
ctural changes. The effect of temperature on modal informa-
tion and tilt measurements have been identified and quanti-
fied in Liu and DeWolf [21] and Olund [22].

While the tools for statistical analysis are numerous and
well established, there has been limited research applying
these methods to BHM [12]. A statistical pattern recognition
paradigm was proposed by Rytter [23]. More recently, Zhang
[24] showed that by selecting a damage feature, characterized
as a random variable with a normal distribution, a probabil-
ity of damage could be determined by comparing a feature of
an unknown condition to that of a known condition. Olund
and DeWolf [20] established the basis for BHM in Connecti-
cut showing a statistical approach that can be very robust
with respect to environmental and operational variability.

This paper extends the statistical BHM approach of
Olund and DeWolf [20] to examine the vibration characteri-
stics and tilt of an actual highway bridge in Connecticut veri-
fying the proposed approach using historical data collected
over a period that included a permanent rotation in the bri-
dge deck. This paper goes on to describe the implementation
of a fully automated BHM system on an in-service highway
bridge in Connecticut.

2. Bridge and Monitoring System Description

The bridge selected for this study, part of the long-term con-
tinuous BHM program in Connecticut, is referred to as the
Hartford Flyover Bridge. This bridge connects I-84 east to I-
91 north in Hartford, CT, USA. Figure 1 shows an aerial view
of the Hartford Flyover Bridge.

The structure is comprised of two steel box girders with a
composite concrete deck. The bridge in its entirety is nine

Hartford Flyover Bridge

N

I-91

I-84

Figure 1: Aerial view of the Hartford Flyover Bridge.

spans consisting of three sets of three continuous spans
which are simply supported. Previous studies have identified
the fundamental natural frequency of the continuous bri-
dge span being monitored being equal to approximately
1.52 Hz [22]. The monitoring system’s 22 sensors include 8
accelerometers, 8 temperature transducers and 6 tiltmeters.
Figure 2 shows the location of the various sensors on the
bridge. All sensors are located in or on the box girder of the
middle continuous three span segment. This is the portion
of the bridge with the longer columns. The sensors were dis-
tributed to capture the behavior of this segment of the bridge
in order to determine the cause of cracking in the supporting
columns observed during the biannual visual inspection. The
tiltmeters and accelerometers are located along the length of
the bridge while all the temperature transducers are located
at the midspan cross-section of span 4.

The accelerometers are PCB Piezotronics Model 393C
quartz accelerometers with a measurement range of ± 2.5 g
and a frequency range of 0.025–800 Hz. Six of the accelerom-
eters measure vertical accelerations and two measure hor-
izontal accelerations. These are labeled as AV# and AH#,
respectively, in Figure 2. The acceleration measurements
are dynamic measurements collected at a sampling rate of
90.91 Hz for a duration of 30 seconds when a truck travels
over the bridge and triggers sensor AV2 to exceed the pre-
scribed 0.0095 g threshold. The data acquisition system used
to collect data during 2002-2003 period employs a 2-pole
analog low-pass filter with a cut-off frequency of 2 Hz. As
such, the monitoring system is able to capture the frequency
content of only the fundamental mode without distortion.
The current upgraded system provides a bandwidth up to
500 Hz. A comparison of the autospectral density function
measured from AV1 measured with the original and up-
graded systems in shown in Figure 3. Both measurements
show the fundamental natural frequency at 1.52 Hz as well
as higher frequencies above 2 Hz. It is observed that higher
modes are excited by the crossing truck traffic and higher
modes can be used in current studies.

Tiltmeters 1, 2, 4, 5, and 6, applied geomechanics model
801-S ± 3 degrees, are located at the piers while tiltmeter 3
is located at midspan of Span 4, collocated with the array of
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temperature sensors. Tilt measurements are collected at re-
gular ten-minute intervals.

The temperature transducers are RdF model 29258 RTD
capsules for measuring ambient and inside deck tempera-
tures. RdF surface flange mount model 22802 are used for
measuring surface temperatures. The transducers provide

temperature measurements with a 0.041◦C (0.074◦F) resolu-
tion. Of the eight temperature transducers, two measure the
concrete deck temperature, four measure the temperature
in the steel tub corners, and the other two record ambient
temperature both inside and outside the tub. These transduc-
ers were originally placed in this configuration to study the
effects of a temperature differential on tilt in the cross-section
of a steel girder bridge with a composite concrete deck [25].
The temperature detector locations are identified in Figure 4.
Temperature measurements are also collected at regular ten
minute intervals corresponding to the tilt measurements.
The eight temperature measurements are closely correlated
and as such only the measurement of the first temperature
sensor, R1, is employed in this study.

3. Probabilistic Structural Health
Monitoring Method

To address the challenges of environmental and operational
variability, including unknown traffic excitation, inherent
variability of the excitation, measurement error, and uncer-
tainty in the structure itself, a probabilistic framework is
adopted. In this probabilistic method damage measures
(DMs) corresponding to the structural health of the bridge
are determined from the structure’s dynamic response and
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Figure 4: Cross-section of the Hartford Flyover Bridge with temperature sensor layout.

rotation of the bridge deck. The basis for this method is that
a baseline damage measure (DMB) can first be determined.
At subsequent times, the current damage measure (DMC)
can be determined and compared to the baseline case. For
this study the DMs used are: (i) the estimated fundamental
natural frequency of the bridge, calculated as the first
peak of the power spectral density function (PSD) of the
acceleration; (ii) the peak acceleration resulting from a truck
crossing over the bridge; (iii) the 10-minute tilt measure-
ments of the bridge. Although almost any damage measure
proposed in the literature can be used, these three benchmark
parameters were chosen because of prior experience in BHM
in Connecticut [18].

The DMs, calculated from measured responses for
varying traffic loading, are observed from the approximate
straight lines in the normal probability plots to be random
variables with a Gaussian distribution. As random variables,
not just one realization of the baseline DM is calculated,
but a set of n baseline DMs are determined. The mean and
variance of an original set of data for the baseline structure is
determined so that the probability density function of DMB

is known. At each current time, n new DMs are calculated
and the mean and variance are determined as before so that
the probability density function of DMC is now known. The
basis for this method is then to compare the distribution
of a current DM to the baseline DM to determine if there
is a change in the underlying distribution, thus indicating a
potential change in the structure and possible damage.

3.1. Statistical Test. In previous analytical work, a normal
difference method was used to compare the distribution of
DMC to the DMB [26]. This was appropriate because the

number of samples in each distribution was set equal to each
other. For the actual implementation, the sample sizes of
each distribution are likely to be different due to the actual
varying truck volumes over specific time periods. It is also
assumed that the variance of the two samples is unequal.
With these considerations, Welch’s t-test is used to compare
distributions [27]. Welch’s t-test defines the statistic t as:

t = XH − XC
sXH−XC

, (1)

where

sXH−XC =
√
s2H
nH

+
s2C
nC

(2)

XH and XC , s2H and s2C , and nH and nC are the mean, vari-
ance, and sample size, respectively, of the healthy and current
distributions. The degrees of freedom v is approximated
using the Welch-Satterthwaite equation:

v =
((
s2H/nH

)
+
(
s2C/nC

))2(
s4H/N

2
H(NH − 1)

)
+
(
s4C/N

2
c (Nc − 1)

) . (3)

The t-distribution can be used to test the null hypothesis
that the two DM means are equal at a certain significance
level. If the current t-statistic is smaller in absolute value than
the critical t-value for a particular level of significance, the
null hypothesis is rejected; this indicates a statistically signif-
icant change in the mean and potential for damage in the
structure. If the current t-statistic is greater in absolute value
than the critical t-value for a particular level of significance,
the null hypothesis cannot be rejected; this indicates no
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statistically significant change in the mean and that the struc-
tural integrity of the current scenario should be assumed the
same as the structural integrity of the baseline scenario.

To provide further insight into the statistical test the P
values instead of a general “pass” or “fail” result are observed.
The P value is the probability of observing an event at least
as extreme as the one actually observed, given that the null
hypothesis is true. The P value for a two-tailed Welch’s t-test
can be calculated as:

P = 2[1−Φ(t)]. (4)

Generally one rejects the null hypothesis when the P value is
smaller than or equal to the significance level.

3.2. Thermal Effects. To account for thermal effects on the
damage measures, each DM is paired with an associated
temperature. Since tilt and temperature data are collected
simultaneously, this data is already paired. The acceleration
data is paired with the temperature record that has a time-
stamp closest to that of the acceleration data. The paired
data sets are distributed into temperature bins. For tilt
data, the temperature bins have a range of 0.056◦C (0.1◦F)
and for the acceleration data the temperature bins have a
range of 0.56◦C (1.0◦F). A smaller bin is used for tilt data
because it is more dependent on temperature than the accele-
ration-based DMs. When the probabilistic SHM method is
applied the distribution of the DM from each temperature
bin of the baseline year is compared to that of the same tem-
perature bin for the current year. A temperature dependant
P value, PT1<T<T2 , is determined. The associated temperature
dependant P values are averaged over all of the temperature
bins such that:

P = 1
N

N∑
n=1

pΔT·(n−1)<T<ΔT·n, (5)

where P is the average P value for all temperatures, N is
the number of temperature bins, and ΔT is the size of the
temperature bin. The P value is then compared to a pre-
scribed significance level to determine if the null hypothesis,
that the means are equal, can be rejected.

4. Verification of the Probabilistic SHM
Method Using Historical Data

To verify the proposed method, actual bridge data is used.
The baseline data from September 2001–August 2002, when
monitoring of this bridge began, is compared to the most re-
cent 10-month data set, from September 2003–August 2004.
It should be noted that during each of these years data was
only collected 10 months out of each year due to ongoing sys-
tem maintenance. While bridge inspections over this three-
year time period verify that there is no structural damage to
the bridge, the bridge did experience a permanent rotation
between September 2002 and August 2003. Additionally, an
accelerometer sensor was observed to not function properly
during this period. Both events provided the opportunity for
verifying the ability of the SHM system to detect a change in
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the structural behavior of the system. This study considers
the verification of the SHM method using actual measured
data that happens to include a permanent tilt in the bridge
structure. While further analytical studies including a high
fidelity finite element model and a suite of likely damage
scenarios would be necessary to verify the reliability and
robustness of the proposed probabilistic approach for other
damage conditions, the verification provided in this study
is simply intended to illustrate, using actual data available
on the bridge, the ability of the method to identify a major
change in the structure.

In a previous study [22], the Hartford Flyover Bridge was
observed to have undergone a structural change noted as a
permanent rotation in two of the tiltmeters occurring be-
tween September 2002 and August 2003. This historical data
was manually saved prior to and after this period. A plot of
average monthly tilt versus time for all tilt sensors is shown in
Figure 5. From this figure it can be seen that over the course
of a year the average monthly tilt measurements vary with
temperature between the seasons however between Septem-
ber 2002 and August 2003 a permanent rotation occurred in
tiltmeters 5 and 6 that never recovered. Since there was no
other observable permanent rotation in tiltmeters it is post-
ulated that the movement in meters 5 and 6 is due to a move-
ment in the structure and not drift in the sensor [22]. In this
section the three DMs are identified and P values determined
comparing the baseline and current DM distributions.

4.1. Natural Frequency Damage Measure. The premise of
checking the natural frequency is that a change in the stiffness
of the structure, presumably due to structural damage, will
result in a change in the natural frequency. Checking the
first, or fundamental, natural frequency will provide a global
measure as to the structural health of the structure. To
estimate the fundamental natural frequency of the bridge
the power spectral density functions of the eight acceleration
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Table 1: P values for comparison of natural frequency distributions.

AV1 AV2 AH3 AV4 AV5 AH6 AV7 AV8

P values 0.4098 0.3904 0.3863 0.4019 0.3695 0.2531 0.3312 0.3262

Table 2: P values for comparison of peak acceleration distributions.

AV1 AV2 AH3 AV4 AV5 AH6 AV7 AV8

P values 0.3734 0.3971 0.2392 0.3680 0.3916 0.0267 0.4328 0.4398

measurements are determined, where Gyy( f ) is the one-
sided autospectra of the measured absolute acceleration [28].
The spectral density functions are defined as:

Gyy

(
f
) = 2 lim

T→∞
1
T
E
[∣∣Yk( f ,T

)∣∣2
]

, (6)

where Yk( f ,T) is calculated using the finite Fourier trans-
form (FFT) of the measured output, f is frequency, T is the
record length, and E[·] is the expected value operator over
the ensamble index k in question. An FFT is performed on
each record of collected acceleration data. Using these func-
tions, the first natural frequency of the bridge can be esti-
mated as the corresponding frequency, f , of the maximum
value of the real-valued autospectral density functionGyy( f )
while searching over a range of ± 10% of the measured base-
line natural frequency.

The natural frequencies calculated during September
2001 to August 2002 represent the baseline scenario. The
natural frequencies calculated during September 2003 to Au-
gust 2004 represent the current scenario. Table 1 shows the
P values as calculated from (5) for each accelerometer col-
lecting data when Welch’s t-test is applied at 5% significance
with a null hypothesis that the mean natural frequency from
each year is the same.

All P values exceed 5% (0.05) significance so the observa-
tion is consistent with the null hypothesis—that the means of
the natural frequencies are the same for the current period as
for the baseline period, and thus the structure is healthy.

4.2. Peak Acceleration Damage Measure. The peak accelera-
tion provides a local measure of the response and is expected
to change in the presence of structural damage. This time do-
main measurement is able to provide meaningful results even
in the presence of potential nonlinear behavior. The peak
acceleration was calculated for each triggered truck cross-
ing during September 2001 to August 2002 to represent
the baseline scenario. The peak accelerations calculated dur-
ing September 2003 to August 2004 represent the current sce-
nario. Table 2 shows the P values as calculated from (5)
for each accelerometer collecting data when Welch’s t-test is
apply at 5% significance with a null hypothesis that the mean
peak acceleration from each year is the same.

Table 2 shows that with exception to AH6, the null hypo-
thesis cannot be rejected and it is likely that the structure
is still healthy. Sensor AH6 is observed during the current
period to have a permanent offset. The sensor was removed
and recalibrated to remove the offset. Thus the SHM method
identified here a change in the sensor, not a change in the

Table 3: P values for comparison of tilt distributions.

Tilt 1 Tilt 2 Tilt 3 Tilt 4 Tilt 5 Tilt 6

P values 0.1491 0.0084 0.0431 0.3096 0.0000 0.0000

structural system. This example illustrates how any SHM
method should not be considered to replace regular bridge
inspections but should supplement these inspections and
indicate when there is a significant statistical event to warrant
further investigation.

4.3. Tilt Damage Measure. As Virkler [25] pointed out, the
original purpose of using tiltmeters on the Hartford Flyover
Bridge was to see if excessive tilting of the superstructure was
the cause of the noticed column cracking. Thus, five of the
tiltmeters were placed at piers and one at the midspan of
Span 4. Olund [22] showed that during the winter of 2002-
2003 there was a recorded permanent tilt of the bridge. The
proposed probabilistic SHM method is applied to the tilt
data. Applying Welch’s t-test at 5% significance to the tilt dis-
tributions for the distributions of the baseline and current tilt
DMs gives the following P values in Table 3.

Table 3 shows the P values for tiltmeters 5 and 6 are zero
which verifies Olund’s [22] conclusion. Additionally, the P
values for tiltmeters 2 and 3 indicate there may have been
more extensive, yet slight, tilt occurring over the length of the
bridge whereby Span 4 in addition to the previously identi-
fied Span 6 may have undergone permanent drift. This result
shows that using a probabilistic SHM method can show stati-
stical significance in the difference of two values when a
person physically observing the data might not be able to see
this change.

5. Field Implementation of the SHM Method

The verification of the probabilistic SHM method was veri-
fied using actual measured data during a period where per-
manent tilt in the bridge was observed. The data used in
this verification is from 2001–2004 was collected by a bridge
monitoring system that automatically triggered and saved
raw data and required the user to manually archive and pro-
cess this data. A viable long term implementation of an SHM
method on an actual highway bridge will require less manual
effort. A fully automated system is being deployed on the
Hartford Flyover Bridge that will trigger, process, save locally,
and regularly archive data. The proposed SHM method is
implemented at the bridge on a PC located in a cabinet
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Figure 6: Automated bridge monitoring system architecture.

under the bridge with a Microsoft Windows Platform, using
LabVIEW Software and National Instruments hardware for
data acquisition. The system components and architecture
are based on those proposed by Jiang [29]. A schematic of
the system architecture can be seen in Figure 6.

Sensor measurements are collected by the National Ins-
truments data acquisition system connected to the onsite PC.
Once sampled and digitized, the measurements are processed
in LabVIEW and data is collected and archived for later
retrieval for SHM. In addition to automated processing and
archiving to an FTP site, real-time viewing of streaming data
and video is available.

Data acquisition refers to the sampling and analog
to digital (A/D) conversion of the sensor measurements.
The data acquisition system is a 32-channel analog input,
16-bit, 1.25 MS/s single-channel system, compatible with
LabVIEW. Acceleration, tilt, and temperature measurements
are acquired at different intervals and sampling rates. The tilt
and temperature data are continuously collected at a sampl-
ing rate of 10 minutes (a single measurement is taken once
every 10 minutes). Acceleration data is acquired by the sys-
tem when triggered by an acceleration measurement of AV2
exceeding the predefined threshold of 0.0095 g. This trigger
level corresponds to the crossing of a truck, which ensures
sufficient excitation of the bridge. Once triggered, a record is
saved with a sampling frequency of 100 Hz, starting 14 sec-
onds prior to the triggering event, and lasting for a duration
of 30 seconds.

The digitized data is processed in LabVIEW according
to the probabilistic SHM method presented in this paper. If
an anomaly in the data occurs during the SHM method, an
email is generated stating the anomaly in the bridge behavior
which is sent to another remote PC for a supervisor to

investigate. Both raw and processed data are sent via FTP
automatically to a remote PC at the Connecticut Department
of Transportation for data storage.

Data is also streamed from the onsite PC to a data turbine
program in real-time. Data Turbine is a high performance
time-synchronized data streaming service [30]. Data Turbine
allows data captured from a network video camera and the
data acquisition system to be synchronized and stored in a
buffer for viewing. This allows remote users to view the data
and video in either real-time or in playback mode through
the buffered data in Data Turbine. Data Viewing is accompli-
shed through a Java-based software called the Real-Time
Data Viewer (RDV) which was originally developed by The
Network for Earthquake Engineering Cyberinfrastructure
Center (NEESit) now NEEShub (http://nees.org/).

6. Conclusion

This paper uses an in-service highway bridge to verify a prob-
abilistic SHM method. The bridge selected for this study is a
curved steel box-girder with composite concrete deck located
in Hartford, CT, USA. The bridge is being monitored as part
of the University of Connecticut’s long-term bridge moni-
toring project. The bridge is outfitted with accelerometers,
temperature sensors, and tiltmeters. The damage measures
studied are the fundamental natural frequency, peak acceler-
ations, and tilt. The probabilistic SHM method uses Welch’s
t-test to compare damage measure distributions. The ap-
proach verifies the permanent rotation first observed by
Olund [22] and that there is no structural damaged as
observed by regular bridge inspections. It has also been
shown through the error in accelerometer AH6 that this pro-
babilistic BHM method is meant to complement regular
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bridge inspections and not to replace them. An automated
bridge monitoring system is described with the probabilistic
structural health monitoring method implemented on an
actual highway bridge.
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Monitoring of fatigue cracking in steel bridges is of high interest to many bridge owners and agencies. Due to the variety of
deterioration sources and locations of bridge defects, there is currently no single method that can detect and address the potential
sources globally. In this paper, we presented a dual mode sensing methodology integrating acoustic emission and ultrasonic wave
inspection based on the use of low-profile piezoelectric wafer active sensors (PWAS). After introducing the research background
and piezoelectric sensing principles, PWAS crack detection in passive acoustic emission mode is first presented. Their acoustic
emission detection capability has been validated through both static and compact tension fatigue tests. With the use of coaxial
cable wiring, PWAS AE signal quality has been improved. The active ultrasonic inspection is conducted by the damage index and
wave imaging approach. The results in the paper show that such an integration of passive acoustic emission detection with active
ultrasonic sensing is a technological leap forward from the current practice of periodic and subjective visual inspection and bridge
management based primarily on history of past performance.

1. Introduction

According to the Federal Highway Administration (FHWA)
National Bridge Inventory (NBI) of 2007, the number of
structurally deficient and functionally obsolete bridges is
72,524 and 79,792, respectively [1]. While there are about
10,000 bridges being constructed, replaced, or rehabilitated
annually in the United States at a cost of over $5 billion, the
total annual costs including maintenance and routine oper-
ation are significantly higher [1]. As the inventory continues
to age, routine inspection practices will not be sufficient for
the timely identification of areas of concern and to provide
enough information to bridge owners to make informed
decisions for safety and maintenance prioritization. Contin-
uous monitoring is therefore desirable for long-term evalua-
tion; monitoring areas of concern, such as retrofits or previ-
ous repairs or monitoring an area with known flaws, before
a scheduled inspection. Continuous monitoring can also
be used in cases where there is a concern about vandalism,

terrorism, and/or bridge element integrity. Therefore, mon-
itoring of fatigue cracking in steel bridges is of interest to
many bridge owners and agencies.

To address this urgent need, the authors are conduct-
ing research on novel and promising sensing approaches
together with energy harvesting devices to reduce the dra-
matic uncertainty inherent into steel bridge inspection and
maintenance plan [2]. One of the challenges in this research
is focused on the development of dual use piezoelectric wafer
active sensors for fatigue crack detection. The combined
schematic uses acoustic emission to detect the presence of
fatigue cracks in their early stage while active sensing allows
for the imaging and quantification of cracks using minimum
number of sensors.

1.1. Crack Detection on Steel Bridge Structures. The moni-
toring of fatigue cracking in bridges has been approached
with acoustic emission using either resonant or broadband
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Figure 1: PWAS and structure interaction through the interface
layer.

sensors. Acoustic emission monitoring is capable of detecting
crack growth behavior [3–7] and assessing the integrity of
structures such as bridges and aircraft [8, 9]. Acoustic emis-
sion data has recently been directly related to crack growth
rate in representative steel compact tension (CT) specimens.
This development holds promise for the prognosis of in-
service bridges [10]. The method has the notable advantage
that the precise location of cracking does not need to be
known for evaluation purposes. Rather, the sensors together
with appropriate algorithms are capable of locating and
quantifying active crack activity. It has been reported that
acoustic emission techniques are so sensitive that fatigue
cracks can be detected successfully even though the crack
length may be less than 10 μm [5, 7]. However, one of the
challenges in passive monitoring is that the acoustic emission
relies on an active crack growing process. Also, though
acoustic emission sensing can detect a crack at its very early
stage, it generally cannot provide information about the
crack size or crack growth rate unless an initial size is
provided.

Historically, AE signals have been captured with specially
designed and fabricated AE sensors. Conventional AE sen-
sors are made of piezoelectric crystals as the sensing elements
which are encapsulated for protection and coupled together
with a wear plate for good acoustic coupling. The frequency
content and sensitivity of the sensor are controlled by the
geometry and properties of the piezoelectric crystal as well
as the housing for the crystal.

1.2. Piezoelectric Wafer Active Sensors. Piezoelectric wafer
active sensors (PWAS) can function as an active sensing
or passive device or network using piezoelectric principles
and provide a correlation between mechanical and electrical
variables. They can be permanently attached to the structure
to monitor condition at will and can operate in active guided
wave interrogation or passive AE sensing modes. The trans-
mission of actuation and sensing between the PWAS and
the host structure is achieved through the bonding adhesive
layer. The adhesive layer (Figure 1) acts as a shear layer, in
which the mechanical effects are transmitted through shear
effects [11].

An important characteristic of PWAS, which distin-
guishes them from conventional ultrasonic transducers, is
their capability of exciting multiple guided Lamb wave
modes at a single frequency. There are at least two Lamb
modes, A0 and S0, existing simultaneously when the product

of the wave frequency and structure thickness ( f · d
product) falls in the range of 0∼1 MHz-mm. At larger f · d
product values, more modes are present. In addition, due
to the intrinsic dispersion property, the Lamb wave modes
propagate at different speeds and the speeds change with
frequency, which complicates the signal interpretation for
damage detection. A single mode that is sensitive to the
damage is desired for most of the SHM applications. This
may be attained through wave tuning [12]. The process of
wave tuning attempts to modify the excitation parameters
to excite a certain mode for detection of a specified type or
instance of damage [12]. By carefully selecting PWAS length
at either an odd or even multiple of the half wavelength,
a complex pattern of strain maxima and minima emerges
(Figure 2). Since several Lamb modes, each with its own
different wavelength, coexist at the same time, a selected
Lamb mode can be tuned by choosing the appropriate
frequency and PWAS dimensions.

An example of PWAS tuning is presented in Figure 2
for a 7-mm square PWAS installed on a 1-mm aluminum
alloy 2024-T3 plate. The experimental amplitude plot in
Figure 2(a) shows that for the plate being studied, a S0 tuning
frequency around 200 kHz can be identified, where the
amplitude of the A0 mode is minimized while that of the S0
mode is still strong. Therefore, by choosing the excitation fre-
quency, a single mode can be obtained for damage detection
[13]. Theoretical prediction given in Figure 2(b) is consistent
with the experimental results.

1.3. PWAS Dual Mode Sensing toward Field Application.
Dupont et al. [14] have demonstrated the possibility of
using embedded piezoelectric thin wafers to detect AE
signals in composite materials. In the subject project, we are
developing a dual mode sensing approach using the low-
profile wireless PWAS network with energy harvested from
wind and/or ambient vibration energy [15]. To minimize the
energy consumption, on one hand, it is envisioned that as
few as four PWAS will be employed to monitor the crack
growth. On the other hand, the dual mode sensing allows
PWAS to operate in passive AE mode throughout the entire
monitoring process unless significant AE events are detected,
indicating major crack presence in the structure. When an
AE event is identified, the PWAS can be switched to active
mode to interrogate the bridge structure with propagating
guided waves to assess the crack size and location. Eventually,
an entire steel bridge may be mapped with the guided wave
interrogation with visualized crack damage.

2. PWAS Passive Mode Acoustic
Emission Detection

In the subject project, we adapted PWAS as AE sensors to
detect stress waves with frequency components concentrated
at 150 kHz where the acoustic signals propagating with min-
imal attenuation and background noise due to the rubbing
of structural components.

2.1. PWAS as AE Sensor. Laboratory tests have been con-
ducted to investigate the PWAS application as an AE sensor.
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Figure 2: Lamb wave mode tuning on a 1-mm thick aluminum alloy 2024-T3 using 7-mm PWAS. (a) Experimental wave amplitude within
0∼700 kHz; (b) predicted strain curves [13].

A typical commercial R15I (http://www.pacndt.com/down-
loads/Sensors/Integral%20Preamp/R15I-AST.pdf) AE sensor
was used to calibrate the measurements. Two specimens were
used in the tests. One was a 1.6 mm thick 2024 aluminum
plate and the other was a 19 mm thick A572 grade 50
structural steel panel. Both specimens were installed with
7-mm diameter 0.2 mm thick round PWAS Material APC
850 by Americanpiezo (http://www.americanpiezo.com/apc-
materials/choosing.html) using M-200 bonding adhesive
following the standard installation used by strain gauge. The
R15I sensor was mounted using hot glue.

The test setup is illustrated in Figure 3. PAC DiSP (http://
www.pacndt.com/index.aspx?go=products&focus=/multi-
channel//disp.htm) system was used to perform data acqui-
sition. PWAS was connected to a preamp then to channel 1.
The preamp had a 100–1200 kHz built-in filter and could
accommodate a signal amplification of 40 dB. The R15I
sensor had a built-in internal preamp with a gain also at
40 dB and was connected to channel 2. AE events were
introduced by pencil lead break (PLB). Rubber gloves were
used to avoid causing electrical disturbance by touching the
plate.

2.1.1. Aluminum Plate Tests. In the first part of the work, a
1.6-mm thick aluminum plate, approximately 300-mm by
300-mm, was used for testing PWAS AE detection. PWAS
and R15I were placed adjacently on the plate, about 165 mm
away from the plate edge where the PLB was applied. In
total, five PLB of various lead sizes were applied. The PWAS
transducer detected all of them with comparable amplitudes
to those captured by R15I, as summarized in Table 1.

Figure 4 shows the waveforms and the frequency spectra
for the test described in the third row in Table 1. In this test,
0.5 mm HB pencil lead was broken at the edge of the plate
in the out-of-plane direction (pressing down and springing
up). The detected AE signal amplitudes of the two sensors
were about the same (78 dB). The PWAS gave a peak signal of

Table 1: AE detection on the 1.6-mm aluminum plate.

PLB size PWAS AE amplitude (dB) R15I AE amplitude (dB)

0.7 mm 83 82

0.5 mm 89 89

0.5 mm 78 78

0.3 mm 88 86

0.3 mm 84 78

2200 mV against a noise of 200 mV, resulting in a signal-to-
noise ratio (SNR) of approximately 11 or 21 in dB. Compared
to R15I waveform, the response of PWAS was conspicuously
crisper in the earlier part corresponding to the S0 mode
arrival which was followed by the arrival of slower A0 mode.

Looking at the AE waveforms by PWAS and R15I present
in Figure 4, it is noticed though the two waveforms have
comparable signal peak amplitudes, PWAS shows higher
floor noise (circled part). For AE detection, it is needed that
the sensor shows good signal-to-noise ratio. In this case, floor
noise for PWAS is too high and needs to be decreased.

An expanded view of the early PWAS response is shown
in Figure 5(a). The fast S0 mode and slow but highly
dispersive A0 mode are clearly present. The out-of-plane
displacement waveform generated by PlotRLQ (PlotRLQ is a
computer program that computes theoretical waveforms by
summing the contributions of Lamb wave modes excited by
specified moment tensor sources at specified depths within
the plate based on classic Lamb wave theory) calculated
for this situation is shown in Figure 5(b). The agreement
between PWAS waveform and theoretical prediction is
discernable, especially for the S0 mode, the earliest part of
the response. The small discrepancy comes from the ragged
appearance at the beginning of the A0 mode and from
the relatively abrupt falloff after the A0 reaches its peak
amplitude. This may be credited to the PWAS sensor aperture
effect as described in [12].
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Figure 3: AE testing setup. (a) Test setup schematic; (b) laboratory test setup.
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Figure 4: 0.5 mm PLB detection on 1.6-mm aluminum plate. (a) PWAS AE waveform and its frequency spectrum; (a) R15I AE waveform
and its frequency spectrum.
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Figure 5: PWAS response compared to theoretical prediction. (a) PWAS waveform; (b) theoretical out-of-plane displacement by PlotRLQ.
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Figure 6: 0.5 mm PLB detection on 19-mm steel plate. (a) PWAS AE waveform and its frequency spectrum; (a) R15I AE waveform and its
frequency spectrum.
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Figure 7: AE detection on a 1/2′′ CT specimen. (a) Geometry of the specimen and arrangement of transducers; (b) a snapshot of the actual
specimen. AE PWAS are circled (rest are for active sensing). The R15I were installed on the other side of the specimen.

2.1.2. Steel Plate Tests. The second part of the work was
conducted on a 19-mm thick steel plate. 0.5 mm HB PLB was
applied on the surface of the plate about 72 mm away from
PWAS. The R15I transducer was glued on the plate with a
distance of 98 mm from the PLB.

The PLB was detected by PWAS with an AE amplitude
of 73 dB in contrast to the 87 dB detected by R15I. The
waveforms and their frequency spectra are provided in
Figure 6. The PWAS signal showed a strong negative-going
spike accounting for the 73 dB amplitude, fitting in a 600 mV
peak. The background noise was about 150 mV, resulting in a

SNR of approximately 4 or about 12 in dB. The SNR of PWAS
in steel plate was much lower than that in aluminum plate.

By examining the frequency spectra, it can be noted that
PWAS has major frequency components beyond 200 kHz,
showing a wider frequency response compared to resonant
type R15I AE sensor.

2.2. PWAS AE Detection in Compact Tension Testing. Com-
pact tension (CT) specimens made of the same material as
the steel plate used in Section 2.1 were used. The geometry
of the specimens is displayed in Figure 7. Custom fixtures
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Figure 8: Comparison of crack localization in CT test on 1/2′′ steel specimen. (a) Cumulative acoustic energy by PWAS and R15I; (b)
cracking detection and localization by R15I; (c) cracking detection and localization by PWAS.

were designed and fabricated to mount the CT specimens.
The cyclic tension loads of minimum 1 KN and maximum
50 KN were applied to the specimen using an MTS810
servohydraulic mechanical testing machine. Fatigue tests
were conducted under load-controlled mode with frequency
of 1 HZ. A clip gage was employed to measure the crack
mouth opening displacement (CMOD) to clarify crack
opening and closure and to determine the magnitude of the
CMOD. The surface cracks were also monitored optically
with a high-resolution recording microscope. Two separate
sets of AE sensors, namely, R15I and PWAS monitored the
process, as well. They connected to the Sensor Highway II

(http://www.pacndt.com/products/Remote%20Monitoring/
AE Sensor Highway.pdf) data acquisition system through
preamps. The data from these two sets of sensors were ana-
lyzed separately with AEwin (http://www.pacndt.com/index
.aspx?go=products&focus=/software/aewin.htm) software.

The results of crack localization from PWAS sensors
and R15I during CT testing are shown in Figure 8. R15I
sensors detected 1,171 AE events prior to failure while PWAS
detected only 54 events. Figure 8(a) gives the cumulative
acoustic energy of R15I and PWAS together with the crack
opening displacement. While PWAS detected a fewer number
of acoustic activities, they detected the crack growth when
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Figure 9: PWAS installation using a coaxial cable.
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Figure 10: PLB detection on steel plate using coaxial cable wired
PWAS.

the crack size reaches 0.83 mm. As can be seen in Figure 8(b),
PWAS localization was closer and concentrated around
the crack tip compared with the R15I detection in
Figure 8(c). This was thought to be mainly due to the
enhanced sensitivity of the R15I sensors, which can compli-
cate source location in small-scale laboratory specimens due
to reflections.

2.3. PWAS Adaptation toward Field Application. In the vali-
dation tests, it has been noticed that PWAS on steel speci-
mens exhibited higher floor noise compared to the standard
R15I AE sensors, therefore, providing a poor SNR ratio.
To enhance the signal quality toward field application and
decrease the background floor noise, we improved PWAS
installation by using a coaxial cable similar to that used for
R15I sensors. The shield of the coax was connected to the
steel plate very close to the PWAS while the center conductor
was connected to the positive electrode of the PWAS, as
shown in Figure 9.

Detection of a 0.3 mm PLB about 20 mm away from a co-
axial cable wired PWAS was evaluated (Figure 10). The rest

of the setup remained the same as for the tests presented
in Section 2.1.2. The resulting waveform had an amplitude
of 71 dB, approximately 400 mV. The background floor
noise was discernibly decreased and approximated at 10 mV.
Therefore, SNR was measured at 40 or 32 dB, significantly
improved compared to the 12 dB presented in Section 2.1.2.

3. PWAS Active Mode Crack Sensing

In the dual mode sensing schematic, after significant cracking
has been identified by passive mode AE detection, active
mode sensing using pitch-catch interrogation is evoked to
quantify crack growth through damage index and array
imaging. A PWAS network consisting of several sensors
spatially distributed on the plate can be used to interrogate
the plate with one sensor generating the guided wave and
the others receiving the structural response. When an elastic
Lamb wave is transmitted and travels through the structure,
wave scattering occurs in all directions where there is a
change in the material properties due to damage. The scatter
signal is defined as the difference between the measurement
during the development of damage and the baseline signal
at the initial stage. One advantage of using scatter signals
is to minimize the influence caused by boundaries or other
structural features which would otherwise complicate the
Lamb wave analysis.

3.1. Damage Index Evaluation. We assume that cracking is
the sole source of changes in the detected Lamb waves. Also
being assumed is that the waves travel in straight paths in
the plate structures. Hence, the objective of our Lamb wave
signal analysis is to extract damage-related characteristics
from the measured sensory data. In this research damage
index (DI) is defined as [16]

DI = 1− CXY
σXσY

. (1)

CXY is the covariance of X and Y given by

CXY =
N∑
j=1

(
Xj − μX

)(
Yj − μY

)
. (2)

where μ is the mean value and N is the length of the
dataset. σX and σY are the standard deviations of X and Y ,
respectively, with their product given as

σXσY =
√√√√√ N∑
j=1

(
Xj − μX

)2(
Yj − μY

)2
. (3)

For the active sensing implemented during the CT test
presented in Section 2.2, four PWAS were used to perform
pitch-catch wave propagation interrogation, as marked and
numbered in Figure 11(a). Using the definition of damage
index defined above, the DI curves were plotted at different
crack length as shown in Figure 11(b) for all the pitch-catch
paths. The DI increases when the crack grows. The detection
along sensors P0 to P1 is most sensitive, followed by the one
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Figure 12: Array imaging for crack growth detection. (a) Test specimen and sensor network; (b) array imaging of a hairline crack of 18 mm
length. Sensor locations are marked as green face circles.

along sensors P1 to P3 since the paths are perpendicular to
the crack development path. The increment of the DI curves
is also well correlated to the crack growth under fatigue
loading.

3.2. Array Imaging. The array imaging methods have the
incredible capability to map the structure and existing
damage in it, providing a means to qualitatively assess the
structural integrity. The sparse array uses scatter signals
from a network of sensors to construct a diagnosis image.
The image construction is based on triangulation principle
and conducted by shifting back the scatter signals at time
quantities defined by the transmitter-receiver locations used
in the pitch-catch mode. Assuming a single damage scatter
is located at point Z(x, y) in the structure, the scatter signal

from transmitter Ti to receiver Rj contains a single wave
packet caused by the damage. The total time of traveling τZ is
determined by the locations of the transmitter Ti at (xi, yi),
the receiver Rj at (x j , yj), and Z(x, y), as

τZ =
√

(xi − x)2 +
(
yi − y

)2 +

√(
x − x j

)2
+
(
y − yj

)2

cg
,

(4)

where cg is the group velocity of the traveling Lamb wave,
assuming constant. When a wave packet is shifted back by the
quantity defined by the transducers and the exact position
of the damage, that is, τZ , ideally the peak will be shifted
right back to the time origin. If the wave packet is shifted
by a quantity defined with otherwise cases (such as τi and
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τO), the peak will not be shifted right at the time origin. For
an unknown damage, for a certain scatter signal with τZ , the
possible locations of the damage constitute an orbit of ellipse
with the transmitter and receiver as the foci. To locate the
damage, ellipses from other scatters (or transmitter-receiver
pairs in the network) are needed (triangulation). For a given
network ofM transducers, a total ofM2 scatter signals will be
used without considering reciprocity. The pixel value at the
location Z(x, y) is defined as

PZ(t0) =
M∏
i=1

M∏
j=1

si j(τZ), i /= j, (5)

where si j is the scatter signal obtained from ith transmitter
and jth receiver. Details of principles and applications of
ultrasonic array imaging can be found in [17].

The crack detection demonstration was conducted on a
1-mm thick aluminum plate. The imaging was performed by
a four-PWAS network to assess a simulated hairline crack
centered inside, shown in Figure 12(a). A hairline crack of
18 mm was made on the plate, and then crack length was
increased to 23 mm, resulting in a growth of 5 mm. The
Lamb wave used to conduct the imaging was the S0 mode
at 310 kHz with a wavelength about 17 mm.

The image result of the crack at 18 mm is shown in
Figure 12(b), giving a clear detection with two highlighted
spots representing the two crack tips; therefore, they could
be used to estimate the crack length and monitor the crack
growth. The first crack of 18 mm was estimated at 17.09 mm
and the second one of 23 mm was estimated at 22.47 mm. A
crack growth of 5.38 mm was hence measured with the array
imaging method with an error of about 7.6% compared to
the actual growth of 5 mm (from 18 mm to 23 mm).

4. Conclusions

Piezoelectric wafer active sensors (PWAS) have made
tremendous progress in structural health monitoring during
the past decade, but their exposure to civil infrastructure
has been little discussed so far. The work presented here
intends to explore PWAS applications for in-field monitoring
of infrastructure (e.g., civil steel bridges) using both acoustic
emission and active wave propagation sensing. Laboratory
demonstration on both thin aluminum and thick steel plates,
the PWAS have been proved as AE sensors. The use of coaxial
wiring cables has greatly improved the PWAS waveform
signal-to-noise ratio, making it more suitable for field appli-
cation. The PWAS AE sensing of fatigue cracking on a CT
specimen showed that it can provide concentrated detection
around the crack tip with a relatively fewer numbers of
acoustic emission events than the R15I AE transducers. The
PWAS active mode sensing using propagating guided waves
can interrogate the structures at will and provide a clear
indication and quantitative estimation of the crack growth
through damage index or array imaging. The dual mode
sensing of the presented PWAS methodology has shown
its promising application to insitu health monitoring and
diagnosis of steel bridges.
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Some recent advances of a recently developed structural health assessment procedure proposed by the research team at the
University of Arizona, commonly known as generalized iterative least-squares extended Kalman filter with unknown input (GILS-
EKF-UI) are presented. The procedure is a finite elements-based time-domain system-identification technique. It can assess
structural health at the element level using only limited number of noise-contaminated responses. With the help of examples, it
is demonstrated that the structure can be excited by multiple loadings simultaneously. The method can identify defects in various
stages of degradation in single or multiple members and also relatively less severe defect. The defective element(s) need not be in
the substructure, but the defect detection capability increases if the defect spot is close to the substructure. Two alternatives are
suggested to locate defect spot more accurately within a defective element. The paper advances several areas of GILS-EKF-UI to
assess health of large structural systems.

1. Introduction

Fully functional infrastructure is essential for the economic
well-being of a city, a state, a country, or a region. As
expected, investment in infrastructure has been growing
enormously over the years. Globally, an estimate of 2%
of gross domestic product (GDP), about US $960 billion,
is spent annually on infrastructure investment and main-
tenance [1]. Global infrastructure expenditure is expected
to reach $35 trillion over the next 20 years [2]. Based on
the Report Card of 2005 for Americas Infrastructure [3], it
was estimated that over $1.6 trillion over a five-year period
was necessary to bring the nation’s infrastructure to a good
condition. Most civil infrastructure systems are designed for
finite design life, since they are exposed to elements and
deteriorate with time. Ideally, they should be replaced soon
after the expiration of their design life. Unfortunately, most
of the countries do not have enough financial resources to
replace them. Even in cases where resources are available, it
may not be possible to replace them all at the same time;
a priority list of their replacement needs to be developed.

However, if they are maintained properly, their performance
and operating life can be extended significantly, and this
approach is expected to be much better alternative than
replacement. Thus, the major challenge to the profession
at present is how to assess their current health for making
appropriate maintenance decision. This is one of the major
forces behind the growth of a multidisciplinary research area,
commonly referred to as the structural health assessment
(SHA) and maintenance.

Issues related to SHA are very common in standards and
design guidelines. However, since inspection costs money
and some inconvenience to the users, the major thrust of
SHA has been limited to visual inspections at a regular
interval (every two years for most bridges) or just after
major natural or man-made destructive events. It has been
established that visual inspection is inadequate to assess
overall structural integrity; its effectiveness depends on
the qualification and experience of inspectors, locations
and types of defects, and accessibility of the defect spots.
Inspection of a bridge over a river or a multistory building
during its normal operating hours could be very challenging
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and expensive. For an example, numerous welds fractured
in moment-resisting steel frames during the Northridge
earthquake of 1994. Similar welds also fractured during the
Loma Prieta earthquake of 1989 but remained undetected
during this period of about five years. It has also been
concluded by the profession that nondestructive inspection
(NDI) procedures produce better results when the health is
assessed based on current structural behavior rather than
other analytical evaluation techniques or visual inspection
procedures. This led to the development of several NDI
methods using measured response information. They can be
broadly classified into two groups: nonmodel and model-
based [4, 5]. Nonmodel-based techniques rely on the
processing of measured quantities or responses without
taking into account the mathematical description of the
monitored structure. On the other hand, model-based
techniques attempt to track changes in the parameters of
mathematical model being used to represent the structure.
Nonmodel-based methods include visual inspections, listen-
ing to audible variations of responses due to tapping of
structural surface, imaging structures using X-ray, gamma
ray, measuring state of stress using guided wave or eddy
current to locate cracks, and so forth. Due to the rapid
advancement in data-processing technologies, the changes
in structural behavior can also be established by measuring
traveling time of signal through structural components,
identifying presence of spikes or impulses in time-frequency
representation of a signal using wavelet transform (WT) or
Hilbert-Huang transform (HHT).

Methods using change in modal properties (natural
frequencies, mode shape, and damping ratio) can also
be classified as nonmodel-based [5]. Modal properties are
global properties; they may identify defects in the overall
sense but not at the local element level. Alternatively, changes
in the mode shape curvature and modal strain energy can
be used to detect damage. Model updating methods, which
map the modal properties of an analytical model to the
modal properties of the measured model for structural
damage detection, are also used. To relax the mapping of
analytical frequency and mode shape values of every mode
to those of the synthesized model and to provide more
information within a desired frequency range, frequency
response function are employed as updating variables.

Model-based methods were developed to overcome the
deficiencies of nonmodel-based methods. The aim of a
model-based SI technique is to predict the parameters of the
assumed mathematical model of a physical system; in other
words, the system is considered to behave in predetermined
manner represented in algorithmic form using the governing
differential equations, finite element (FE) discretization,
and so on. Because of its simplicity, the model-based
methods were developed initially using measured response
information caused by the static application of the loadings.
There are several advantages to this approach including
that the amount of data needed to be stored is relatively
small and simple and no assumption on the mass or
damping characteristics is required. Thus, less errors and
uncertainties are introduced into the model. However, there
are several disadvantages including that the number of

measurement points should be larger than the number
of unknown parameters to assure a proper solution. Civil
engineering structures are generally large and complex with
extremely high overall stiffness. It may require extremely
large static load to obtain measurable deflections. Fixed
reference locations are required to measure deflections which
might be impractical to implement for bridges, offshore
platforms, and so forth. Also, static response-based methods
are sensitive to measurement errors [5].

Methods based on measured dynamic responses have
many advantages including that it is possible to excite the
structures by dynamic loadings of small amplitude relative
to static loadings. In some cases, ambient responses cased by
natural sources such as wind, earthquake, moving vehicle,
and so forth, can also be used. If acceleration responses are
measured, they eliminate the need for fixed physical reference
required for measurement of deflections. They perform well
even in the presence of higher level of measurement errors.

For the SHA of civil infrastructure systems, the most
efficient use of the available limited resources will be to
detect defects and their severity at the local element level
(in a beam or column or within a segment of a defective
beam or column). This will necessitate the FE representation
of the system. After an exhaustive literature review, the
research team at the University of Arizona concluded that
if a dynamic system is represented by FEs and responses
are available in time domain, by tracking the changes in the
stiffness parameter of the elements, the location and severity
of defects can be established. This will necessitate the use of a
system identification (SI)-based approach. A basic SI-based
approach has three essential components: (a) the excitation
force(s), (b) the system to be identified, generally represented
by some equations in algorithmic form such as by FEs, and
(c) the output response information measured by sensors.
Using the excitation and response information, the third
component, the system can be identified.

Outside the controlled laboratory environment, mea-
suring input excitation force(s) can be very expensive and
problematic during health assessment of a real existing
structure. In the context of an SI-based approach, it will be
desirable if a system can be identified using only measured
response information, and completely ignoring the excita-
tion information. This task is expected to be challenging,
since two of the three basic components of SI process will be
unknown. Following this thought process, the research team
sequentially proposed several methods including iterative
least-squares with unknown input (ILS-UI) [6], modified
iterative least-squares with unknown input (MILS-UI) [7],
and generalized iterative least-squares with unknown input
(GILS-UI) [8]. The major weakness of these procedures
is that they require dynamic response information at all
dynamic degrees of freedom (DDOFs). Measuring dynamic
response information at all DDOFs of large complicated
civil infrastructure may not be practicable and is expected
to be economically prohibitive. Furthermore, measured
response information is expected to contain noise even when
they are recorded by smart sensors. As will be discussed
later, the team then proposed an extended Kalman filter
(EKF)-based SI approach addressing all major related issues.
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The basic concept is very novel and is being developed
in stages to increase its implementation potential and to
address suggestions made by other researchers closely follow-
ing the developments. Some of the recent developments are
presented in this paper.

For the sake of completeness of this discussion, available
SHA procedures are classified into four levels as discussed in
[9]. They are: Level 1—determination if damage is present in
a structure, Level 2—determination of geometric location of
the damage, Level 3—assessment of severity of the damage,
and Level 4—prediction of remaining life of the structure.
The method discussed in this paper will address Levels 1, 2,
and 3.

It is not possible to refer to all major works in the
related areas. Reviews of the current state-of-the-art of
vibration-based SI procedures can be found in [5, 10–21].
Some interesting philosophies regarding structural health
monitoring (SHM) and possible new directions are suggested
in [22–24]. Worden et al. [25] discussed certain fundamental
axioms of SHM. Friswell [26] presented an overview of
inverse problem for structural damage identification based
on vibration responses. The data processing necessary for
intelligent damage identification can be considered either
as damage identification in an inverse problem or damage
identification in pattern recognition problem [22].

2. Applications of KF and EKF for Structural
Health Assessment (SHA): A Brief Review

As discussed earlier, the essential building block of the
method presented here is a Kalman filter (KF)-based SI
procedure. The reasons for its use need further elaboration
since a typical civil engineer may not be familiar with
them. The basic problem is that deterministic mathematical
models and control theories do not appropriately represent
the behavior of a physical system, and thus the SI-based
method may not be appropriate. Maybeck [27] correctly
pointed out three basic reasons behind this: (i) no mathe-
matical model to represent a system is perfect, (ii) dynamic
systems are not only driven by control inputs, but there are
always disturbances that cannot be controlled and modeled
deterministically, and (iii) the responses observed by sensors
do not exhibit the actual perfect system responses since
sensors always introduce their own system dynamics and
distortion into the measured data. Thus, the procedures must
account for different sources of uncertainty, and the system
parameters need to be evaluated in an optimal sense using
proper data processing algorithm. KF-based algorithms are
ideal and widely used for nondeterministic analysis in science
and engineering.

Kalman filter [28, 29] is a set of mathematical equations
that provides efficient computational means in a recursive
manner to estimate the state of a process in a way that
minimizes the mean of squared error and calculates the best
estimate of states from the noisy sensor responses [30–33].
It is a time-domain filter and is very powerful in several
aspects. It supports estimations of past, present, and even
future states, and it can do so even when the precise nature

of the modeled system is unknown. It incorporates the (i)
knowledge of the system, (ii) statistical description of the
system noises, measurement errors, and uncertainty in the
dynamic models, and (iii) any available information on the
initial conditions of the variables of interest [27].

In a mathematical sense, KF addresses the general
problem of trying to estimate the state of a discrete-time
controlled process that is governed by a linear stochastic
differential equation. In actual applications, the process to
be estimated and/or the measurement relationship to the
process may not be linear. For example, responses observed
for SHA of civil infrastructure are, in general, not linear. The
presence of defects can also make the responses nonlinear.
The EKF [34, 35] concept was introduced to address mildly
nonlinear behavior. It is an extension of KF that linearizes
about the current mean and covariance. However, the level
of nonlinearity when it will not work is not yet established
in the literature and is now under active consideration by the
team.

Many SHA procedures available in the literature were
developed considering different sources of uncertainties to
optimally identify the structural system parameters using
basic KF concept [36–38] and EKF concept [11, 12, 36, 39–
41]. As will be discussed mathematically later, to implement
these concepts, time history of responses measured at equal
interval for a period of time is used, giving a total of say
m data points. The model parameters are estimated and
updated at each time instance for a total of m times, known
as the local iteration. When the process is repeated for
the whole duration of response for m times, it is generally
known as the completion of the first global iteration. If the
parameters of system do not converge with a predetermined
convergence, the global iterations need to be repeated. In
order to improve the efficiency considering stability and
convergence, Hoshiya and Saito [42] proposed weighted
global iteration (WGI) [30] procedure with an objective
function in the EKF method. The procedure was verified
extensively by identifying structural parameters [42–48].

In many situations, complete structural identification
may not be required, particularly, when the region that
contains defect is known as a priori. A localized structural
identification procedure, often referred to as substructuring
approach [46–48], would serve the purpose. The localized
substructuring procedure has the advantage that identifi-
cation of input excitation is not necessary if the node of
excitation does not belong to the substructure under con-
sideration. However, multiple substructures will be necessary
for complete structural identification.

Recently, certain aspects of EKF procedure have been
considered for improvement by several authors. Koh and
See [49] proposed an adaptive EKF (AEKF) to estimate
both the parameter values and associated uncertainties in
identification. The procedure works well both without and
with presence of modeling error. They verified the procedure
using simulation results. Recently, Yang et al. [50] proposed
an adaptive tracking technique based on EKF to identify
structural parameters and their variation during damage
events. The procedure was verified using simulation [50,
51] and experimental results [52]. Hoshiya and Sutoh [53]
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proposed an FE-based EKF with weighted local iteration
(EKF-WLI) and verified for elastic plane strain field problem
in geotechnical engineering. Ghosh et al. [54] developed
two novel forms of EKF-based parameter identification
techniques; these are based on variants of the derivative-
free locally transversal linearization (LTL) and multistep
transverse linearization (MTrL) procedures. Liu et al. [55]
proposed a KF-based algorithm, called MMAE-WGI-FL
MOKF, for the SHA of beam using numerical and exper-
imental responses. The procedure uses a multiple model
adaptive estimator (MMAE) that consists of bank of EKF
designed in the modal domain (MOKF) and incorporated
fuzzy logic-based block in EKF to estimate variance of
measurement noise. The algorithm uses a weighted global
iterative (WGI) scheme.

As mentioned earlier, the research group at University of
Arizona developed several SHA procedures (ILS-UI, MILS-
UI, and GILS-UI) incorporating all the issues discussed
earlier. The team also proposed another method and called
it as iterative least-squares extended Kalman filter with
unknown input (ILS-EKF-UI) [56]. The basic idea of the
procedure is to assess structural health considering uncer-
tainties in the mathematical model and FE representation
and using limited numbers of noise contaminated responses
measured by smart sensors at a small part of the structure.
The concept was extensively analytically verified for simple
configuration of defect-free structures using numerically
simulated responses [56, 57], as is commonly practiced. Later
they improved the procedure and proposed the generalized
iterative least-squares extended Kalman filter with unknown
input (GILS-EKF-UI) [58] method. The procedure was
extensively verified using numerically simulated response
information for defect-free and defective frames [58–60].
It was then verified by conducting extensive experimental
investigations in the laboratory. A one-third scale model of
a two-dimensional one-bay three-story steel frame was built
in the laboratory. The health assessment capability of the
procedure was studied by exciting the frame by sinusoidal
and impulsive loadings at the superstructure. Using response
information only, the health of the frame was successfully
assessed for defect-free and various defective configurations
[61–64]. The success of the study (numerical as well as
experimental) prompted the research team to extend the
concept to assess structural health of more complex and
large two- and three-dimensional structures in the presence
of several types and severity of defects to establish its wider
application potential.

The team already investigated the implementation poten-
tial of the method by conducting extensive laboratory
investigations on a relatively smaller two-dimensional frame.
Laboratory and field investigations of larger frames will
require additional enormous amount of financial resources
not available at this time. Using the previous experience, the
extensions of GILS-EKF-UI are presented here using analyt-
ically generated response information. In the past, the team
presented additional tasks required to assess structural health
using measured response information [61–64]. It is to be
noted that most of the past works by other researchers have
been conducted using only analytical response information.

Most of the SHA procedures based on KF and EKF can-
not be used to assess structural health of existing structures.
Some of the implementation issues that require further
attention are addressed in this paper. (1) The available SI-
based SHA procedures using KF and EKF concepts were
essentially developed and verified for simplest forms of
structures represented by shear buildings, one dimensional
beams, two-dimensional trusses, and frames with relatively
small numbers of DDOFs. They need to be verified for sys-
tems with larger numbers of DDOFs. (2) The issues related
to measurement and/or identification of input excitation
is not addressed. This adds a major degree of complexity
and often overlooked by assuming it is known or can be
accurately measured, for example, highly irregular seismic
ground motion. (3) The procedures other than the inverse
identification techniques, referred to as pattern recognition
procedures, try to identify defect by identifying certain
pattern or trend by using signal processing techniques;
they do not explicitly consider mathematical model of the
structural dynamics and cannot quantify severity of defects.
(4) In general, the determination of location(s) of defect(s),
their severity, and implication of structural integrity are
not addressed in most of the available procedures. (5) For
large complex structures, the application of the procedure
may not be straight forward. Several issues including
selection of substructure(s), excitation by multiple forces,
types and severity of defects, location of several defects in
multiple members, and their location with respect to the
substructure(s), identification of defect spot more accurately
within a defective member, and so forth need further
elaboration. There are several other factors related to the
numerical algorithm including weight factor, convergence
criteria, location and types of excitation (superstructure or
at the base), optimum number of responses required to
assess large structural systems, and so forth also need further
attention. Some of the extensions are presented in this paper
with the help of a relatively larger frame.

3. The GILS-EKF-UI Method

Before presenting the GILS-EKF-UI procedure, it may be
informative to discuss how it can be implemented for
assessing health of real existing structures. Very complicated
structural systems will be represented by finite elements.
Assuming that the mass is known, the stiffness and damping
parameters of all the elements will be identified using
only limited number of noise-contaminated acceleration
response-time histories measured at some part(s) of the
structure using the two-stage GILS-EKF-UI procedure. By
tracking changes in the stiffness parameters from the previ-
ous, expected, or design values or by comparing with other
similar elements, the location(s) and the severity of the
defects are established.

To satisfy all the requirements to implement the EKF
concept and at the same time to satisfy the dynamic
governing equation, the unknown excitation information
and the initial state vector must be available. However,
they are unavailable at this stage. To address this challenge,
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the research team proposed to combine GILS-UI and EKF-
WGI approaches in two stages, as discussed next.

Stage 1 (substructure identification). A substructure is a
small part of a structure that satisfies all the requirements
to implement the GILS-UI procedure. Based on the available
measured response information, substructure(s) are selected,
as discussed by Katkhuda and Haldar [58]. The size of the
substructure should be kept to a minimum for economic
reason. Past maintenance history of similar structures, or
experience of the inspector can also help in selecting an
appropriate substructure. However, the defect predictability
improves significantly when the defect is located close to the
substructure. This will be discussed later with an example.
Multiple substructures may be necessary for large structures
since at least one of them will be closer to the location of
defect. However, as in many other engineering problems,
applying engineering judgment will significantly improve
the damage predictability of the procedure. For a relatively
large frame structure shown in Figure 1, the substructure
used to assess health is shown by the double lines although
it may be located at different location of the frame and
its configuration could be different. Using the GILS-UI
procedure, the stiffness and damping parameters of all the
elements in the substructure can be identified. Information
on the time history of input excitation(s) that caused the
responses will also be generated. The generated information
is then used to implement the EKF-WGI method in Stage 2.

Stage 2 (identification of whole structure). The identified
stiffness parameters of the substructure can be judiciously
used to develop the initial state vector of stiffness parameters
for the whole frame, since they are expected to be similar.
The excitation information is also known at this stage. Thus,
in Stage 2, the health of the whole frame can be assessed using
only limited number of noise-contaminated responses using
EKF-WGI, resulting in the GILS-EKF-UI procedure.

4. Mathematical Concept of GILS-EKF-UI

Mathematical concepts of the two stages are discussed next.

Stage 1 (mathematical concept of GILS-UI method). The
governing differential equation of motion using Rayleigh
damping for the substructure can be expressed as

Msubẍsub(t) +
(
αMsub + βKsub

)
ẋsub(t) + Ksubxsub(t) = fsub(t),

(1)

where Msub is the global mass matrix, Ksub is the global
stiffness matrix, ẍsub(t), ẋsub(t), and xsub(t) are the vectors
containing the acceleration, velocity, and displacement,
respectively, at time t, fsub(t) is the input excitation vector at
time t, and α and β are the mass and stiffness proportional
Rayleigh damping coefficients, respectively. The subscript
“sub” is used to denote substructure.

For a two-dimensional frame, the mass matrix Mi and
stiffness matrix Ki for ith element in the global coordinate
system can be expressed as

Mi = TT
i MiTi, (2)

Ki = TT
i KiTi = kiSi, (3)

where Ti is the (6×6) transformation matrix and written for
two-dimensional ith frame element as

Ti =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

cos θ sin θ 0 0 0 0

− sin θ cos θ 0 0 0 0

0 0 1 0 0 0

0 0 0 cos θ sin θ 0

0 0 0 − sin θ cos θ 0

0 0 0 0 0 1

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
, (4)

Mi and Ki are mass and stiffness matrix for the ith element
of size (6×6) in the local element coordinate system and can
be written as

Mi = miLi
420

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

140

0 156 sym.

0 22Li 4L2
i

70 0 0 140

0 54 13Li 0 156

0 −13Li −3L2
i 0 −22Li 4L2

i

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
,

Ki = EiIi
Li
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i

sym.

0
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Li

4
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0 0
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0 −12
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i

− 6
Li

0
12
L2
i

0
6
Li

2 0 − 6
Li

4

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

= kiSi,

(5)

where Li is length, mi is mass per unit length, Ii is moment
of inertia of the cross section, and Ei is material elastic
modulus for the ith element, ki is the ith element stiffness
parameter defined as EiIi/Li, and Si is the stiffness coefficients
in the square bracket in the local coordinate system. When Si
is transformed in the global coordinate system, it becomes
a part of Si as in (3). For a substructure containing Nsub

number of DDOFs and nesub number of elements, the global



6 Advances in Civil Engineering

1

9.14 m9.14 m9.14 m

3.
66

m
3.

66
m

3.
66

m

f (t)

f (t)

1 2 3

4 5 698 7

11 12 13 14

14

15

15

16

10

16

2 3 4

5 6 7

11 12

13

18

8

19

9
20 21

10

17

0.05 s

0.05 s

45
kN

45
kN

Substructure needed

Figure 1: A three-bay three-story frame under impulsive excitation.

mass matrix Msub and stiffness matrix Ksub will have size of
(Nsub ×Nsub), and they can be assembled as

Msub =
nesub∑
i=1

Mi,

Ksub =
nesub∑
i=1

Ki =
nesub∑
i=1

kiSi = k1S1 + k2S2 + · · · + knesubSnesub.

(6)

As discussed by Katkhuda and Haldar [58], if Ndkey is the
number of DDOFs for the key node(s) in the substructure,
(1) can be reorganized with Ndkey ×m number of equations
as

ANdkey·m×LsubPLsub×1 = FNdkey·m×1, (7)

where

PLsub×1 =
[
k1, k2, . . . , knesub,βk1,βk2, . . . ,βknesub,α

]T
. (8)

In the overdetermined system of equation represented by
(7), A is a rectangular matrix with Ndkey × m rows and Lsub

columns (Ndkey × m > Lsub) and populated with system
response vectors of velocity ẋsub and displacement xsub for
all m time points, and P is a column vector of size (Lsub ×
1) containing nesub number of unknown stiffness and two
damping parameters α and β, resulting Lsub = 2nesub + 1, as
in (8). F is a column vector of Ndkey ×m rows composed of
unknown input excitations and inertia forces for all m time
points.

A least-squares-based procedure proposed by Wang and
Haldar [6] is used for the solution of unknown system
parameters P using the following expression:

PLsub×1 =
(

AT
Lsub×Ndkey·mANdkey·m×Lsub

)−1
AT
Lsub×Ndkey·m

× FNdkey.m×1.

(9)

The unknown system parameter vector P can be solved
provided the force vector F and matrix A are known.
However, since the input excitation is not known, vector P
is solved by starting an iteration process by assuming that

the unknown input excitation to be zero at all m time points
[8, 58]. This assumption will assure a nonsingular solution of
(7), without compromising the convergence or the accuracy
of the method. It is observed that the method is not sensitive
to this initial assumption, the type and form of excitation [6].

Stage 2 (mathematical concept of EKF-WGI method). For
the implementation of EKF procedure, the differential equa-
tion in state-space form and the discrete time measurements
can be expressed as

Żt = f (Zt , t),

Ytk = h
(

Ztk , tk
)

+ Vtk ,
(10)

where Zt is the state vector at time t,Żt is the time derivative
of the state vector, f is a nonlinear function of the state, Ytk

is the measurement vector, h is the function that relates the
state to the measurement, Vtk is a zero-mean, uncorrelated,
white noise process with variance Rk, and represented by
E[VtkV

T
tj ] = Rkδk− j , where δk− j is the Kronecker delta

function; that is δk− j = 1 if k = j, and δk− j = 0 if k /= j.
For a structure represented by N number of degrees of

freedom and ne number of elements, the vectors Zt and Żt ,
are of size (2N + L) × 1, L is the total number of unknown
stiffness parameters. They are formed in the following way:

Zt = Z(t) =

⎡⎢⎢⎢⎣
Z1(t)

Z2(t)

Z3(t)

⎤⎥⎥⎥⎦ =
⎡⎢⎢⎢⎣

X(t)

Ẋ(t)

K̃

⎤⎥⎥⎥⎦,

Żt = Ż(t) =

⎡⎢⎢⎢⎣
Ẋ(t)

Ẍ(t)

0

⎤⎥⎥⎥⎦

=

⎡⎢⎢⎢⎣
Ẋ(t)

−M−1
[

KX(t) +
(
αM + βK

)
Ẋ(t)− f(t)

]
0

⎤⎥⎥⎥⎦,

(11)

where K̃ = [k1 k2 · · · kne]T is column vector of size (L× 1).
For the identification of the whole structure, acceleration

responses will be measured at a fewer (B) number of
DDOFs. The accelerations will be integrated twice to obtain
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the velocities and displacements, as described by Vo and
Haldar [65]. The vector Ytk will have size (2B × 1) and
will contain information on observed displacements and
velocities. Information on acceleration will not be necessary
for Stage 2.

The filtering process in EKF can be started after initial-
ization of state vector Z(t0 | t0), which can be assumed to
be Gaussian random variable with state mean Ẑ(t0 | t0) and
error covariance of P(t0 | t0) that is, Z(t0 | t0) ∼ N(Ẑt0 , Pt0 ).

The initial error covariance matrix P(t0 | t0) contains
information on the errors in the observed displacement and
velocity responses and in the initial values assigned to the
unknown stiffness parameters of the whole structure. It is
generally assumed to be diagonal and can be expressed as
[56, 58]

P(t0 | t0) =
⎡⎣Px(t0 | t0) 0

0 Pk(t0 | t0)

⎤⎦, (12)

where Px(t0 | t0) is a (2N × 2N) diagonal matrix contains
initial error covariance for observed responses, andPk(t0 | t0)
is a (L× L) diagonal matrix, contains initial error covariance
for matrix K̃. In the present study, a value of 1.0 is considered
for the diagonal entries of Px(t0 | t0). Hoshiya and Saito [42]
and Jazwinski [30] pointed out that the diagonal entries for
Pk(t0 | t0) should be large positive numbers to accelerate the
convergence of the local iteration process. A value of 1000 is
used in this study.

The basic filtering process in EKF is the same as Kalman
filter (KF), that is, propagation of the state mean and
covariance from time tk to one step forward in time tk+1,
and then updating them when the measurement at time
tk+1 becomes available. Mathematically, the steps can be
expressed as.

(i) Prediction of state mean Ẑ(tk+1 | tk) and its error
covariance matrix P(tk+1 | tk) for the next time
increment tk+1 as:

Ẑ(tk+1 | tk) = Ẑ(tk | tk) +
∫ tk+1

tk

̂̇Z(t | tk)dt,

P(tk+1 | tk) = Φ
[
tk+1, tk; Ẑ(tk | tk)

]
• P(tk | tk)

•ΦT
[
tk+1, tk; Ẑ(tk | tk)

]
.

(13)

(ii) Using measurement Y(tk+1 | tk) and Kalman gain
K[tk+1; Ẑ(tk+1 | tk)] available at time tk+1, updated
state mean Ẑ(tk+1 | tk+1) and error covariance matrix
P(tk+1 | tk+1) can be obtained as

Ẑ(tk+1 | tk+1)

= Ẑ(tk+1 | tk) + K
[
tk+1; Ẑ(tk+1 | tk)

]
•
{

Y(tk+1)− h
[

Ẑ(tk+1 | tk), tk+1

]}
,

P(tk+1 | tk+1)

=
{

I−K
[
tk+1; Ẑ(tk+1 | tk)

]
•M

[
tk+1; Ẑ(tk+1 | tk)

]}
• P(tk+1 | tk) •

{
I−K

[
tk+1; Ẑ(tk+1 | tk)

]
•M

[
tk+1; Ẑ(tk+1 | tk)

]}T
+ K

[
tk+1; Ẑ(tk+1 | tk)

]
• R(tk+1) •KT

[
tk+1; Ẑ(tk+1 | tk)

]
,

(14)

where Φ[tk+1, tk; Ẑ(tk | tk)] is the state transfer matrix from
tk to tk+1;K[tk+1; Ẑ(tk+1|tk)] and R(tk+1) is the Kalman gain
matrix and diagonal noise covariance matrix, respectively,
at time tk+1. Detail procedure for calculation of Φ, K, and
M can be found in [58]. The symbol • stands for matrix
multiplication. In the present study, diagonal entries in the
noise covariance matrix Rtk are considered to be 10−4.

Prediction and updating processes are successively car-
ried out for each of the m time points for the entire time
history used for the identification. As mentioned earlier, a
weight factor w is introduced after completion of the first
global iteration process. To start the second global iteration
process, Ẑ(1)(tm | tm) and P(1)(tm | tm), obtained at the
end of first global iteration process, are used and a weight
factor w (a large positive number) is introduced into the
error covariance matrix to amplify the covariance values of
the stiffness parameters. In this study, w is considered to
be 10 and 1000 depending on the applications. The same
prediction and updating processes of local iterations are
carried out for all the time points, and a new set of state
vector and error covariance matrix are obtained at the end
of second global iteration. The global iteration processes are
continued until the estimated error of identified stiffness
parameters at the end of two consecutive global iterations
becomes smaller than a predetermined convergence criterion
(ε). Considering the magnitude of the stiffness parameter of
the elements for the frame shown in Figure 1, ε considered to
be 10 kN-m in this study. If they diverge, the best estimated
values are considered based on minimum objective function
θ as suggested by Hoshiya and Saito [42].

5. Example: Health Assessment of
a Three-Bay Three-Story Frame

Some of the recent advances in the GILS-EKF-UI procedure
to assess defect-free and defective states of a structure at the
element level considering several issues discussed earlier are
illustrated with the help of a relatively large structural system,
as discussed next.

5.1. Description of the Frame. A two-dimensional frame
with a bay width of 9.14 m and story height of 3.66 m, as
shown in Figure 1, is considered. The frame has a total of
21 members: 9 beams and 12 columns. The beams and
columns are made of W21 × 68 and W14 × 61 sections,
respectively, of Grade 50 steel. The frame is modeled by
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16 nodes in the FE representation. Each node has three
dynamic degrees of freedom (DDOFs): two translational and
one rotational. The support condition at the base (nodes
13, 14, 15, and 16) of the frame is considered to be fixed.
The total number of DDOFs for the frame is 36. The actual
theoretical stiffness parameter values ki evaluated in terms
of (EiIi/Li) are calculated to be 13476 kN-m and 14553 kN-
m for a typical beam and a column, respectively. First two
natural frequencies of the frame are estimated to be f1 =
6.0023 Hz and f2 = 18.944 Hz, respectively. Following the
procedure described in Clough and Penzien [66], Rayleigh
damping coefficient α and β are calculated to be 2.86393 and
0.00063799, respectively, for an equivalent modal damping of
5% (commonly used in model codes in the US) of the critical
for the first two modes.

To demonstrate the robustness of the GILS-EKF-UI
method, the frame is excited simultaneously by two impul-
sive loadings applied at node 1 and 9 in the horizontal
direction, as shown in Figure 1, instead of one. Each load
has a magnitude of 45 kN and acts for a duration of
0.05 s. Instead of conducting the experiments and following
the general practices, the information on responses are
analytically generated using a commercially available soft-
ware ANSYS (ver. 11) [67]. The responses are obtained at
0.00025 s time interval. After the responses are simulated,
the information on input excitations is completely ignored.
Responses between 0.05 s and 0.37 s providing 1281 time
points are used in the subsequent health assessment process.

5.2. Health Assessment of Defect-Free Frame. The defect-
free state of the frame is considered first. The substructure
required in Stage 1 to implement the procedure is shown
in Figure 1. Essentially, to identify the whole frame, total
number of responses measured at all 15 DDOFs (responses
at nodes 1, 2, 5, 9, and 10) of the substructure are required
and are assumed to be available. Following the procedures
to implement Stage 1, the stiffness parameters of the five
elements in the substructure and the excitation time histories
are identified. The theoretical and identified stiffness param-
eters are summarized in Table 1(a). The differences between
the theoretical and identified stiffness parameters, generally
denoted in the literature as the error in the identification
expressed in percentage, are then estimated. The maximum
error in the stiffness identification is 0.094%. About 10%
error in the identification was reported to be acceptable even
when excitation information was used in the identification
process [42, 43, 46].

With the information on identified stiffness parameters
and unknown input excitations, Stage 2 is initiated to identify
and to assess the health of the whole frame. The issues related
to the absolute minimum numbers of required responses, the
corresponding errors in the identification, and the optimum
or ideal numbers are still open questions in the literature.
To study the issue comprehensively, the identified stiffness
parameters for the whole frame using responses at 15 DDOFs
(nodes 1, 2, 5, 9, and 10), 18 DDOFs (nodes 1, 2, 3, 5, 9,
and 10), 21 DDOFs (nodes 1, 2, 3, 4, 5, 9, and 10), and 24
DDOFs (nodes 1, 2, 3, 4, 5, 9, 10, and 12) are summarized
in columns 3, 4, 5, and 6, respectively, in Table 1(b). As

expected, the accuracy in the identification increases as more
responses are used. In fact, if all response information is used,
the accuracy in the identification is expected to be similar
to that of the substructure. The errors in identification
using responses at 15, 18, and 21 DDOFs (not shown in
the table) vary significantly for this example. The errors in
the identification are expected to be dependent on many
factors including the total duration of responses used for the
health assessment, the time interval of the measurements,
errors in the state vector and the measurement noises
represented by Rtk, the weight factor (w), etc. It is difficult
to make any general statement on errors in identification,
since it is problem dependent. The values of Rtk and w are
summarized in the table. For the assumed conditions and
the problem under consideration, the maximum error in
the identification for 24 DDOFs is found to be 4.29% and
is considered to be optimal. All subsequent discussions will
be made using this as the reference case. From the results
summarized in Table 1(b), it can be observed that the errors
in identification do not vary significantly from members to
members indicating the frame is defect-free. This example
also demonstrates the benefit of extra response information.

5.3. Health Assessment of Defective Frame. One of the major
reasons of NDIs of structures is to locate defect, if any,
and its severity. As mentioned earlier, many types of defects
are expected in structures and multiple structural elements
can have defects at the time of inspection. Furthermore,
after identifying a defective member, it will also be very
desirable if the defect location can be identified within
the defective member more accurately. This will be very
attractive, particularly, when the length of the defective
member is relatively long. Limiting inspection within a
smaller segment of the defective member will reduce the
interruption of the normal use of the structure. The GILS-
EKF-UI method can be used for all these purposes, as
discussed in the following sections.

5.3.1. Defect 1: Reduction of Stiffness of a Single Member
by Different Magnitudes. In defect case 1, member 15
connecting nodes 9 and 10, is considered to be defective.
The moment of inertia of the member over the entire length
is considered to be reduced by different magnitudes, that
is, 15%, 30%, 50%, and 90% of the defect-free value, to
study the detection capability of the method to indicate
severity of defect. Obviously, the location and the severity of
defects will be unknown at the time of inspection, but the
measured responses should reflect their presence when the
initial defect-free FE representation of the frame is used. As
mentioned earlier, for this illustrative example, the responses
are analytically generated using ANSYS by appropriately
modeling the location, nature, and extent of defects. In real
inspections, they will be measured.

The substructure required in Stage 1 is considered to be
the same as used previously. It is to be noted that in this
case, the substructure contains the defective element. Using
responses at 15 DDOFs, the substructure is identified for dif-
ferent levels of degradation and the results are summarized
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Table 1: Stiffness parameter (EI/L) identification for defect-free frame using GILS-EKF-UI.

(a) Stage 1: Identification of substructure

Member
Identified (EI/L) values in (kN-m)

Nominal/Theoretical Identified Error (%)

(1) (2) (3) (4)

k1 13476 13479 0.024

k4 14553 14556 0.021

k11 14553 14567 0.093

k15 13476 13489 0.094

k18 14553 14567 0.093

(b) Stage 2: Identification of whole frame

Member Nominal/Theoretical
Identified (EI/L) values in (kN-m) for the whole frame

15 DDOFs 18 DDOFs 21 DDOFs 24 DDOFs

Identified Identified Identified Identified Error (%)

(1) (2) (3) (4) (5) (6) (7)

k1 13476 11549 14249 13473 13545 0.51

k2 13476 6384 15241 13244 13681 1.52

k3 13476 24229 8321 13779 13497 0.16

k8 13476 2930 10149 11680 13109 −2.73

k9 13476 50270 15249 11170 13519 0.32

k10 13476 40685 17062 16639 13458 −0.14

k15 13476 12047 10015 11737 13153 −2.40

k16 13476 6082 10387 10303 13705 1.70

k17 13476 14577 17322 18879 13808 2.46

k4 14553 27805 16037 14514 14601 0.33

k5 14553 10595 15485 14410 14542 −0.08

k6 14553 11857 12273 14693 14547 −0.04

k7 14553 13325 24412 14333 14432 −0.83

k11 14553 11798 10859 12672 14192 −2.48

k12 14553 9602 10497 11716 14552 −0.01

k13 14553 14115 18201 14494 14903 2.41

k14 14553 22920 21218 21784 14547 −0.04

k18 14553 17465 10272 12572 14375 −1.22

k19 14553 10073 11568 11671 14312 −1.66

k20 14553 9499 19770 13730 14351 −1.39

k21 14553 28112 17496 20806 15177 4.29

Rtk 10−4

w 1000 1000 1000 1000

in Table 2(a). Then, using responses at 24 DDOFs (nodes 1,
2, 3, 4, 5, 9, 10, and 12), the whole frame is identified. The
results are presented in Table 2(b). The maximum reduction
of the stiffness parameter for member 15 is found to be
15.4%, 28.7%, 47.4%, and 88.9% for the four different defect
scenarios. For the health assessment purpose, the changes in
the stiffness parameters are critical and not their identified
values. In all 4 cases, the maximum changes occur in member
15, indicating it contains the defect and the GILS-EKF-UI
method correctly identified the location and the severity
of the defects. The weight factor (w) used in Stage 2 are
indicated at the bottom of Table 2(b).

5.3.2. Defect 2: Reduction of Stiffness of Multiple Members
by Different Magnitudes. In defect case 2, two members
at a time are considered to be defective. Three different
combinations are considered: (a) the stiffness parameter of
members 1 and 3 are reduced by 30% and 20%, respectively,
(b) the stiffness parameter of members 15 and 17 are
reduced by 30% and 20%, respectively, and (c) the stiffness
parameter of members 1 and 17 are reduced by 30% and
20%, respectively. It is important to note that in all these
cases, one defective member is not in the substructure.
Following the similar procedures as discussed for defect case
1, the structural responses are first analytically generated
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Table 2: Stiffness parameter (EI/L) identification for defect 1 using GILS-EKF-UI.

(a) Stage 1: Identification of substructure

Member Nominal/Theoretical
Identified (EI/L) values in (kN-m) for the substructure

k15 reduced by 15% k15 reduced by 30% k15 reduced by 50% k15 reduced by 90%

Identified Error (%) Identified Error (%) Identified Error (%) Identified Error (%)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

k1 13476 13479 0.02 13479 0.02 13479 0.02 13479 0.02

k4 14553 14556 0.02 14556 0.02 14556 0.02 14556 0.02

k11 14553 14580 0.19 14594 0.28 14613 0.41 14653 0.69

k15 13476 11476 −14.8 9460 −29.8 6766 −49.7 1357 −89.9

k18 14553 14580 0.19 14594 0.28 14614 0.42 14655 0.70

(b) Stage 2: Identification of whole frame

Member Nominal/Theoretical

Identified (EI/L) values in (kN-m) for the whole frame

k15 reduced by 15% k15 reduced by 30% k15 reduced by 50% k15 reduced by 90%

24 DDOFs 24 DDOFs 24 DDOFs 24 DDOFs

Identified Error (%) Identified Error (%) Identified Error (%) Identified Error (%)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

k1 13476 13660 1.4 13800 2.4 14022 4.0 14132 4.9

k2 13476 13660 1.4 13604 0.9 13516 0.3 14011 4.0

k3 13476 13403 −0.5 13339 −1.0 13224 −1.9 12015 −10.8

k8 13476 13309 −1.2 13545 0.5 13884 3.0 13338 −1.0

k9 13476 13124 −2.6 12722 −5.6 12037 −10.7 12318 −8.6

k10 13476 13612 1.0 13796 2.4 14257 5.8 15219 12.9

k15 13476 11407 − 15.4 9610 − 28.7 7085 − 47.4 1496 − 88.9

k16 13476 13343 −1.0 12960 −3.8 12372 −8.2 11843 −12.1

k17 13476 13453 −0.2 13197 −2.1 12958 −3.8 10902 −19.1

k4 14553 14850 2.0 15135 4.0 15635 7.4 16068 10.4

k5 14553 14612 0.4 14657 0.7 14757 1.4 15803 8.6

k6 14553 14471 −0.6 14366 −1.3 14096 −3.1 13402 −7.9

k7 14553 14184 −2.5 13952 −4.1 13491 −7.3 12110 −16.8

k11 14553 14558 0.0 14985 3.0 15573 7.0 14642 0.6

k12 14553 14706 1.1 14796 1.7 14743 1.3 14370 −1.3

k13 14553 14929 2.6 14924 2.5 15081 3.6 18502 27.1

k14 14553 14292 −1.8 14098 −3.1 13938 −4.2 13103 −10.0

k18 14553 14682 0.9 15029 3.3 15415 5.9 14668 0.8

k19 14553 14417 −0.9 14477 −0.5 14466 −0.6 15039 3.3

k20 14553 14651 0.7 14847 2.0 15158 4.2 18497 27.1

k21 14553 14905 2.4 14745 1.3 14660 0.7 12948 −11.0

Rtk 10−4

w 1000 1000 1000 10

in the presence of defects. Using the same substructure as
shown in Figure 1, and using responses at 15 DDOFs, it is
identified. The results are summarized in Table 3(a). Then,
using responses at 24 DDOFs, as in defect case 1, the whole
frame is identified and the results are presented in Table 3(b).

The results clearly indicate the locations of the defec-
tive members and the severity of defects in them. This
example establishes that the GILS-EKF-UI method can
identify different defective members and different levels of
degradation in them and the defective member need not be

in the substructure. The weight factor (w) used in this work
are indicated at the bottom of Table 3(b).

5.3.3. Defect 3: Locating Less Severe Defect–Loss of Area over
a Finite Length of a Member. After successfully identifying
different magnitudes of defects in single and multiple
members, the capability of the procedure is checked if it
can identify less severe defect. The cross-sectional area of
member 16, a beam at the first story level, is considered to
be corroded over a length of 40 cm, located at a distance
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Table 3: Stiffness parameter (EI/L) identification for defect 2 using GILS-EKF-UI.

(a) Stage 1: Identification of substructure

Member Nominal/Theoretical

Identified (EI/L) values in (kN-m) for the substructure

k1, k3 reduced by k15, k17 reduced by k1, k17 reduced by

30%, 20%, resp. 30%, 20%, resp. 30%, 20%, resp.

Identified Error (%) Identified Error (%) Identified Error (%)

(1) (2) (3) (4) (5) (6) (7) (8)

k1 13476 9451 −29.87 13479 0.02 9451 −29.87

k4 14553 14578 0.17 14556 0.02 14579 0.18

k11 14553 14567 0.10 14593 0.28 14566 0.09

k15 13476 13489 0.10 9459 −29.81 13489 0.09

k18 14553 14567 0.10 14594 0.28 14567 0.09

(b) Stage 2: Identification of whole frame

Member Nominal/Theoretical

Identified (EI/L) values in (kN-m) for the whole frame

k1, k3 reduced by k15, k17 reduced by k1, k17 reduced by

30%, 20%, resp. 30%, 20%, resp. 30%, 20%, resp.

24 DDOFs 24 DDOFs 24 DDOFs

Identified Error (%) Identified Error (%) Identified Error (%)

(1) (2) (3) (4) (5) (6) (7) (8)

k1 13476 9614 −28.7 13768 2.2 9527 −29.3

k2 13476 13101 −2.8 13629 1.1 12865 −4.5

k3 13476 11283 −16.3 13403 −0.5 13209 −2.0

k8 13476 13402 −0.6 13180 −2.2 12142 −9.9

k9 13476 12894 −4.3 12647 −6.2 13425 −0.4

k10 13476 13110 −2.7 13912 3.2 14086 4.5

k15 13476 13433 −0.3 9352 − 30.6 12539 −7.0

k16 13476 13427 −0.4 13519 0.3 14085 4.5

k17 13476 14533 7.8 10729 − 20.4 11095 −17.7

k4 14553 14485 −0.5 15012 3.2 14752 1.4

k5 14553 13924 −4.3 14606 0.4 14754 1.4

k6 14553 14830 1.9 14391 −1.1 14458 −0.7

k7 14553 15568 7.0 14034 −3.6 14056 −3.4

k11 14553 14616 0.4 14667 0.8 13472 −7.4

k12 14553 14583 0.2 14833 1.9 14378 −1.2

k13 14553 13795 −5.2 15026 3.3 15606 7.2

k14 14553 15458 6.2 14224 −2.3 14996 3.0

k18 14553 14668 0.8 14887 2.3 14010 −3.7

k19 14553 14109 −3.1 14601 0.3 14354 −1.4

k20 14553 13443 −7.6 14608 0.4 14700 1.0

k21 14553 15719 8.0 14811 1.8 14955 2.8

Rtk 10−4

w 1000 1000 10

of 1.2 m from node 10, as shown in Figure 2. The web
and flange thicknesses are considered to be reduced to one
fourth of their original values. The loss of thicknesses will
result in the reduction of the cross-sectional area by 75.23%
and the moment of inertia by 76.40% from the nominal
values. To simulate measured responses analytically, in the
FE representation, a new element with the reduced cross-
sectional properties is introduced. The defective frame is
then excited by the impulsive loadings, and the responses are

calculated using ANSYS. Then, as before, after identifying the
substructure, the whole frame is identified using responses
at 24 DDOFs. The identified stiffness parameters are shown
in column 3 of Table 4(a) the substructure, and column 3 of
Table 4(b) for the whole structure. The stiffness parameter
for member 16 is reduced by the maximum amount of
13.8%, significantly more than other members, indicating
that it is defective. It can be concluded that the GILS-EKF-UI
method successfully located the less severe defective member.
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Figure 2: Identification of less severe defect more accurately.

5.4. Locating Defect More Accurately in a Defective Member.
Beam 16 containing defect 3 in the preceding example is
9.14 m long. It will be desirable to locate the defective
spot more accurately within the defective element. Two
alternatives are explored as discussed next.

5.4.1. Alternative 1. One way to meet this objective will be
to represent the defective element by a greater number of
finite elements and then identify which element is defective.
For the sake of discussion, member 16 is represented by
two elements by introducing a new node at the mid-span
of the beam. In the FE representation, they are represented
by member 16a and 16b, as shown in Figure 2. Since the
defective member is known, two more sensors are placed
at node 11 and new node 17 for this exploratory example.
The substructure is considered to be same as considered in
previous cases. After identifying the substructure, the whole
frame is identified using response at 30 DDOFs (nodes 1, 2, 3,
4, 5, 9, 10, 11, 12, and 17). The identified results are shown in
column 5 of Table 4(a) for the substructure and in column 6
of Table 4(b) for the whole structure. It is clear that member
16a contains the defect. Defective element 16a again can be
split into two elements and the defective segment can again
be similarly identified. The process can be continued until
the desired length of the segment for inspection is obtained.

The new node 17 is introduced in the mid-span of the
defective member 16, 4.57 m from node 10. It could be
anywhere along the length of member 16. To study the
proximity of the new node with respect to the defect spot, the
following two additional cases are considered. The location
of the new node is considered to be 3.07 m and 2.07 m
from node 10. Thus, the lengths of the two elements 16a
and 16b becomes 3.07 m and 6.07 m and 2.07 m and 7.07 m,
respectively, for the two cases. Element 16a will contain the
defect in all cases. Obviously, the defect will be much closer
to node 17 in the second case than in the first case. Following
the same procedures as when the new node is at the mid-
span, the substructures and the whole frames are identified.
The identified stiffness parameters are shown in columns
9 and 12 in Table 4(b), respectively, for the two cases. In
all cases, element 16a is correctly identified to be defective.
However, when node 17 is the closest to the defect location,
the defective element is identified with increased confidence.
This example also demonstrates that the defective element(s)
need not be in the substructure. The weight factor (w) used
in this work are indicated at the bottom of Table 4(b).

It is to be noted that a set of new experiments need to
be conducted for this alternative, and it will cost additional
money. It is presented here to document the wider imple-
mentation potential of the GILS-EKF-UI method. The total

number of DDOFs used to identify the defect location may
not be an issue in this alternative. Advantages of spending
additional money in conducting new experiments to locate
defect spot more accurately versus inspecting the whole
beam need to be considered on a case by case basis. Also,
Alternative 2 could be more attractive.

5.4.2. Alternative 2. Since the defective member is known,
the defective spot can be identified more accurately within it
by using only the GILS-UI procedure. As in Alternative 1, the
defective member can be represented by two members 16a
and 16b, as shown in Figure 2. Sensors can be placed at nodes
10, 11, and 17, and the member can be excited by an impact,
say of magnitude 10 kN, applied vertically downward at new
node 17. Using response at 9 DDOFs available at the three
nodes, the two members are identified. The identified results
are shown in column 3 of Table 5 for the two members. The
identified stiffness parameter for member 16a is observed to
be reduced much more than member 16b indicating that it
contains the defect.

Following the same procedure as in Alternative 1, the
location of the new node is moved to the location 3.07 m
and 2.07 m from node 10. Using GILS-UI procedure, the
two members are identified. The results are presented in
column 6 and 9 of Table 5, respectively, for the two cases.
Again, in all cases, element 16a is correctly identified to be
defective. It can be observed that when node 17 is moved
gradually close to the defect spot, the identified stiffness
parameter for member 16a shows higher reduction, and
when node 17 is the closest (considering the three cases)
to the defect location, the defective element is identified
more easily. This exercise demonstrates that the defect spot
can be located without repeating the complete structural
identification using the GILS-EKF-UI procedure.

In general, Alternative 2 is expected to be more eco-
nomical to implement. However, it needs to be investigated
considering the location of the defective member on a case
by case basis.

6. Conclusion

Some recent advances of a recently developed nondestructive
structural health assessment procedure developed by the
research team at the University of Arizona, denoted as
generalized iterative least-squares extended Kalman filter
with unknown input (GILS-EKF-UI), were presented in
this paper. The procedure is a finite elements-based time-
domain system-sidentification technique and can be used
to assess health of linear or mildly nonlinear structures
using only limited number of noise-contaminated response
information. Measurement of input excitation(s) was not
necessary. The robustness and capabilities of the method has
been extended to assess health of large structural systems.
With the help of examples, it is demonstrated that the
structure can be excited by multiple loadings simultaneously.
However, as expected, a relatively larger number of responses
are required to assess health of larger structural systems. The
determination of optimum number of responses required for
structural identification is now under intensive investigation.
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Table 5: Stiffness parameter (EI/L) identification for defect 3 using Stage 1 of GILS-EKF-UI.

Member

Identified (EI/L) values in (kN-m) for member 16a and 16b

Additional node at mid-span of Additional node at 3.07 m right Additional node at 2.07 m

member 16 of node 10 right of node 10

9 DDOFs 9 DDOFs 9 DDOFs

Nominal/
Theoretical

Identified Error (%)
Nominal/

Theoretical
Identified Error (%)

Nominal/
Theoretical

Identified Error (%)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

k16a 26952 20276 − 24.8 40121 29072 − 27.5 59503 39557 − 33.5

k16b 26952 25777 −4.4 20292 20604 1.5 17422 18475 6.0

It was observed that the method identified defects in various
stages of degradation in single or multiple members and also
relatively less severe defect. The defective element(s) need
not necessarily be located in the substructure but the defect
detection capability increases if the defect spot is closer to
the substructure. Two alternatives are suggested to locate
defect spot more accurately within a defective element. The
paper clearly expanded the implementation potential of the
GILS-EKF-UI procedure to assess health of large structural
systems.
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