A new method for bridge structure health monitoring
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ABSTRACT: This paper describes a field assessment and evaluation of a concrete highway bridge with
health monitoring instrumentation on the bridge structural elements and with a non-stationary and non-linear
time series evaluation method consisting of empirical mode decomposition and Hilbert Spectral analysis. The
final decision on the health diagnostics of the bridge system depends on the non-linear characteristics of the
data, the free and the forced vibration frequencies, and the bridge response to the light load and/or the heavy
load. The advantages of this method are (1) simple data collection required, (2) minimum traffic disruption,
(3) precise and nuance quantitative answers. A case study was included by using this new method of analysis
for structural diagnostics from health monitoring on an old damage concrete bridge.

1 INRODUCTION

At present time, most of the bridge inspection pri-
marily relies on the visual observation. In general,
the evaluation depends upon the judgment of the
bridge inspector. In Many conditions, the evaluation
results and recommendations are very subjective,
besides the damages in a bridge can be occurred in-
side the deck, the girder, or the beams which can not
be easily detected by visual inspection. Even a given
damage which can be visualized, different inspectors
may report with various degrees of deterioration. In
addition, the same inspector may give different
evaluation and assessment years later at the same
place with the same degree of deterioration. There is
no recognized and dependable standard in the bridge
engineering community for bridge inspection and
evaluation.

The new method introduced in this paper will
give a scientific and reliable assessment on bridge
inspection, and can be used to detect bridge damages
which can not be visualized by many inspectors. The
analytical results from monitoring instrument can be
recorded accurately, and stored for future references
to compare with the previous monitoring data for
bridge management purposes. The new method was
developed based upon Hilbert-Huang Transform
(HHT) (Huang 1996) to determine the location of
the deterioration and to evaluate the degree of dam-
age from bridge vibration raw data, disregard
whether the damage is visible or invisible. This new
method including the empirical mode decomposition

and the Hilbert spectral analysis was developed by
Huang et al (1996, 1998, 1999, 2003), and was fur-
ther advanced by Wu and Huang in 2004.

2 THE NEW METHOD

The new data analysis method has many applica-
tions for a variety of problems such as in geophysi-
cal engineering and in biomedical science (Huang
1998, 1999). For the specific application to bridge
safety inspection, the details have been described in
a patent filed by  Huang (1998a), in which, the
method was proposed to use transient load and to
examine the nonlinearity characteristics from the
bridge vibration data to evaluate and to identify the
damages. It was pointed out clearly that for a faithful
representation of the nonlinear and non-stationary
data, one will have to use a different approach other
than Fourier or Fourier type wavelet analysis. This
new method, called Hilbert-Huang Transform
(HHT), is designed specially for nonlinear and non-
stationary data evaluation, it requires two steps in
analyzing the data. The first step is to apply the em-
pirical mode decomposition (EMD) method with
which any data can be decomposed according to the
characteristics scales into a number of intrinsic
mode function (IMF), in this way the data is ex-
panded in a basis derived from the data. The second
step is to apply the Hilbert transform to the IMF
components and construct the time-frequency-
energy distribution designated as the Hilbert Spec-



trum. In this form, the time localities of events will
be preserved for frequency and energy defined by
the Hilbert transform with intrinsic physical mean-
ing at any point. The two-step processing diagram
for HHT Method is shown in the following flow
chart.
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The above approach is based on three observations:

1. When a bridge is deteriorated, there will be high
stress concentration generated around the dam-
aged area, the stress may reach the elastic limit
of the design, and the stress —strain behavior
may appear to be nonlinear. In the adjacent loca-
tion of the damaged area, the vibration wave-
form may be changed and altered. This nonlinear
deformation can be observed as the intra-wave
frequency modulation.

2. The structural response will appear to be the
strongest if a load is applied at the damaged lo-
cation. This is a logic consequence of the influ-
ence line which represents the influence of load-
ing at a given point on the structure from a load
applied at any other point of the structure.

3. The structural response and nonlinear material
behavior will be clearer if the load applied is lar-
ger and heavier, since a heavier load will cause
larger area to reach elastic limit and to become
nonlinear behavior.

In reality, all bridge structures are designed in ac-
cording with AASHTO Specification with 1.3 DL +
2.2 LL, the maximum stresses are kept within 60%
of the yield stress of the material, the entire structure
is considered to be under elastic range. A bridge
should have a proper frequency under elastic loading
as well as in free vibration. However, when a bridge
is damaged or deteriorated, the stresses around the
damaged area will be increased. Such a bridge, even
under the design load, some local areas will displace
anomaly large deformation and a nonlinear behav-
ior. This nonlinearity could be the consequence of
inelastic response of the material and the discontinu-
ity of the cross section due to the failure in the load-
bearing members. Because of the unique capability
of HHT method for the analysis of transient and
nonlinear signal, the precise location of a damaged

area can be detected. In application, a transient load
or a moving vehicle can be used to travel through
every point on a bridge surface, when moving load
is directly over the damaged position, the structural
response will be the strongest.

3 DATA COLLECTING PROCEDURE

The data collecting procedure is indicated in the fol-
lowing:

1. Collect the information of a selected bridge in-
cluding name, location, construction date, struc-
tural type, and configuration,

2. Check traffic condition and load distribution,
prepare a monitoring plan

3. Install the monitoring device at the pre-
determined damaged position (e.g., at the middle
of the spans),

4. Record the type and intensity of the moving load,
the date and time of the load on and off the
bridge, speed, weather, etc.,

5. Store all the information in data log.

In order to produce the best structural health di-
agnostic result, the bridge should be monitored from
the day one immediately after the completion of the
construction. The first data will be used as the basis
reference for a later time. For existing bridges, if
such data are not available, the best way is to use the
adjacent health span as a reference. If no reference
can be established, the bridge can be evaluated by its
own pattern of frequency. A new and practical ap-
proach introduced in this paper is to utilize the dif-
ferences between linear and nonlinear responses to
identify the nonlinear distorted waveforms. To gen-
erate the different responses, both light and heavy
loads moving across the system will be recorded to
establish the structural characteristics. If a bridge
system is healthy, the structural response should be
linear, and the waveforms have a clean symmetric
sinusoidal response irrelevant to the loading condi-
tion as long as it is within the elastic design limit.
However, if the bridge system is damaged, the struc-
tural response appears to be different; under a light
load, the structure may still have a linear behavior.
However if a heavy load is applied, the stress in-
creases, the system becomes nonlinearly, and the vi-
bration waveform distorts which produces an intra-
wave frequency modulation. The result is a broaden-
ing of the marginal Hilbert spectrum which shows a
nonlinear behavior of the structures and a warning
sign of bridge deterioration.



4 CASE STUDY OF DAMAGE DETECTION

A concrete highway bridge was selected for a field
test. In Figure 1, the test bridge is a 3-span simply
supported reinforced concrete bridge, some damages
could be observed visually.

Figure 1. Reinforced concrete test bridge

A tri-axial force balance EpiSensor accelerometer
was used to record the dynamic response of the
bridge. The sensors were installed in the middle of
the spans as shown in Figure 2.
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Figure 2. Location of monitoring installation

Test loads were small size vehicles and large heavy
trucks. A typical vibration characteristics under
loads for the test bridge is shown in Figure 3. The
HHT analysis is given as follows. First, the data
were decomposed into their intrinsic mode function
components, then, used the Hilbert transform to es-
tablish Hilbert spectra as given in Figure 4.
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Figure 4. Force and free frequencies from Hilbert spectrum

From these figures, one can see that the strongest
bridge responses under the transient loads are con-
centrated around 4.5 Hz range. Although the re-
sponse energy was concentrated around 4.5 Hz for
this load, the energy distribution was diffused under
the heavier loads, an indication of the on-set of intra-
wave frequency modulations. The diffusing of en-
ergy was obvious in the marginal spectra.

According to the beam theory, the response fre-
quency should be a function of the elastic modulus
and the moment of inertia of the beam cross section.
When the response of the beam is linear, the elastic
modulus, or the stress/strain ratio, should be a con-
stant. If the beam develops any damage, it would
become softened and the modulus decreases, i.e., the
beam deform more than the undamaged beam under
the same given load, and the beam response be-
comes nonlinear. Based on this consideration, we
should be able to determine whether the response of
a structural beam is linear or nonlinear by examining
the response of the beam under various load condi-
tions. In most cases, the structure system reacts line-
arly if the load is light, or even under heavy load as
long as the load applied within the elastic design
limit. On the other hand, if the structural is damaged,
the system will become soften permanently under
heavy load, it may behave linearly under light load
but definitely becomes nonlinear under heavy load
according to the loading conditions.

With these observations, one can examine the Hil-
bert spectra further from marginal spectra as shown
in Figure 5.
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Figure 5. Marginal spectrum with heavy load

The spectra width under a lighter load is much nar-
rower than that under a heavy load. The result indi-
cates that some local areas in the bridge system had
reached the nonlinear stage under heavy loads. It in-
dicates that some limitations should be imposed on
the weight and speed of the moving vehicles.

5 CONCLUSION

The HHT method for health monitoring and struc-
tural diagnostics introduced in this paper provides a
new and practical approach. The case study serves to



illustrate the idea of data collection for safety in-
spection using constant speed moving load that
travels through the bridge system to generate forced
and free vibrations. The bridge with known damages
can be demonstrated that even though it is damaged,
the structure system may still behave elastically for
light-weight vehicles. If a heavy-weight vehicle is
used, the bridge will enter the nonlinear stage. It can
be observed from the marginal spectra, even a light-
weight load is applied, an irregular forced frequency
is shown on the frequency-time spectrum diagram,
which means the bridge has suffered some damages.
This analysis proves that this method can separate
the vibrations into different modes, and extract the
proper modes for structural and dynamic signifi-
cance. From this analysis, we can also identify the
weak structural members through the intra-wave
frequency modulations as an indication for the
nonlinear response of the bridge system. The method
is based on the simplest loading condition, the tran-
sient or moving load, and an effective data analysis.
It requires no special force generating machines,
only a moving test load traveling at the normal traf-
fic speed, and a small number of sensors to be in-
stalled. The method utilizes not only the nonlinear
response characteristics to determine the damage,
but also the transient properties of the load to deter-
mine the damage location, and the free vibration fre-
guency to determine the extent of the damage.
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