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ABSTRACT

The present work introduces novel methodologies for damage detection and health
monitoring of structural and mechanical systems. The new approach uses the angular velocity
inside different mathematical forms, via a gyroscope, to detect, locate, and relatively quantify
damage. This new approach has been shown to outperform the current state-of-the-art
acceleration-based approach in detecting damage on structures. Additionally, the current
approach has been shown to be less sensitive to environmental acoustic noises, which present
major challenges to the acceleration-based approaches. Furthermore, the current approach has
been demonstrated to work effectively on arch structures, which acceleration-based approaches
have struggled to deal with. The efficacy of the new approach has been investigated through

multiple forms of structural damage indices.

The first methodology proposed a damage index that is based on the changes in the
second spatial derivative (curvature) of the power spectral density (PSD) of the angular velocity
during vibration. The proposed method is based on the output motion only and does not require
information about the input forces/motions. The PSD of the angular velocity signal at different
locations on structural beams was used to identify the frequencies where the beams show large
magnitude of angular velocity. The curvature of the PSD of the angular velocity at these peak
frequencies was then calculated. A damage index is presented that measures the differences
between the PSD curvature of the angular velocity of a damaged structure and an artificial

healthy baseline structure.

The second methodology proposed a damage index that is used to detect and locate
damage on straight and curved beams. The approach introduces the transmissibility and

coherence functions of the output angular velocity between two points on a structure where
iii
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damage may occur to calculate a damage index as a metric of the changes in the dynamic
integrity of the structure. The damage index considers limited-frequency bands of the
transmissibility function at frequencies where the coherence is high. The efficacy of the proposed
angular-velocity damage-detection approach as compared to the traditional linear-acceleration
damage-detection approach was tested on straight and curved beams with different chord
heights. Numerical results showed the effectiveness of the angular-velocity approach in detecting
damage of multiple levels. It was observed that the magnitude of the damage index increased
with the magnitude of damage, indicating the sensitivity of the proposed method to damage
intensity. The results on straight and curved beams showed that the proposed approach is
superior to the linear-acceleration-based approach, especially when dealing with curved beams
with increasing chord heights. The experimental results showed that the damage index of the
angular-velocity approach outweighed that of the acceleration approach by multiple levels in

terms of detecting damage.

A third methodology for health-monitoring and updating of structure supports, which
resemble bridges’ bearings, is introduced in this work. The proposed method models the
resistance of the supports as rotational springs and uses the transmissibility and coherence
functions of the output response of the angular velocity in the neighborhood of the bearings to
detect changes in the support conditions. The proposed methodology generates a health-
monitoring index that evaluates the level of deterioration in the support and a support-updating
scheme to update the stiffness resistance of the supports. Numerical and experimental examples
using beams with different support conditions are introduced to demonstrate the effectiveness of
the proposed method. The results show that the proposed method detected changes in the state of

the bearings and successfully updated the changes in the stiffness of the supports.
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PUBLIC ABSTRACT

The present work introduces new methodologies for finding the damage of structural and
mechanical systems. This approach uses the rate of change of the angular position (angular
velocity) inside different mathematical forms, via a gyroscope, to detect, locate, and relatively
quantify damage. This new approach has been shown to outperform the most up-to-date
acceleration-based approach in finding damage on structures. Additionally, the proposed
approach has been shown to be less sensitive to environmental acoustic noises, which present
major challenges to the acceleration-based approaches. Furthermore, the current approach has
been demonstrated to work effectively on arch structures, which acceleration-based approaches
have struggled to deal with. The efficacy of the new approach has been investigated through
multiple forms of structural damage indices numerically (using simulation computer work) and

experimentally (using laboratory work).
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CHAPTER ONE: INTRODUCTION AND BACKGROUND

Damage detection and health monitoring of mechanical and structural systems have
become vital during recent years in many fields, including aerospace and civil engineering. They
are important because early damage detection can prevent catastrophic failure in structures
during their service lifespan. Also, the goal of structural health monitoring is economical; it can
change the maintenance service routine by replacing periodic maintenance inspection with
condition-based maintenance. For instance, by using smart monitoring systems, inspection time
can be reduced by 40 percent or more for a modern fighter aircraft featuring both metal and
composite structures [1]. Furthermore, autonomous health monitoring can improve safety and

reliability by reducing human involvement, downtime, and human error.

Autonomous health monitoring and early detection of damage in structural systems have
become popular due to the complexity of structures and the expectation for longer service life [2,
3]. Research in this area has shown that damage can be associated with changes in the physical
and mechanical properties of the structures, such as the stiffness, damping, modal parameters [4],
and mass [5]. Many methods have been suggested and tested toward achieving the goal of
assessing the integrity of structures. Vibration-based damage methods have been considered

among the most popular.

Vibration-based damage-detection methodologies [6, 7] have been used for many
decades for identifying, quantifying, and locating damage in structures [8]. Some of these
techniques [9-11] used the modal parameters of healthy structures as a baseline for comparison
with damaged structures [12-14]. Others [4, 15-17] used the curvature of the mode shapes in

identifying and localizing the damage in structures. Most existing methods have not been very
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effective in detecting small damage on real-life structures but have produced reasonable results
when tested on structures with relatively large damage [18, 19]. Different types of transfer
functions and damage indices have been used to characterize the changes in the dynamics
response of structures. One of these transfer functions, the transmissibility, showed very
encouraging results [20-22]. In a recent article, Schallhorn and Rahmatalla [23] used the changes

in the transmissibility to monitor the health condition of a highway bridge (Highway 30) in lowa.

Vibration-based damage-detection methods can be classified as baseline or non-baseline
methods. The latter do not require an undamaged healthy structure for comparison. Ratcliffe [16]
presented a frequency response function and curvature for locating damage in structures. The
curvature of the displacement, extracted from the measured frequency response function of the
damaged structures, was used as a damage indicator. The healthy structure was modeled with a
local or global curve fitting of the damage data. Rucevskis et al. [24] proposed a method based
on mode shape curvature for identification and localization of damage in a plate-like structure.
The damage index (DI) of the method is identified as the absolute difference between the
measured curvature of the damaged structure and a smooth polynomial representing the

curvature of the healthy structure.

The transmissibility is an output-only function and can be measured as the response ratio
between two locations on the structure. The transmissibility is expected to measure the local
changes in the structure since it contains valuable information about the dynamic characteristics
of the structure represented by the anti-resonance frequencies [25]. Some researchers [23, 26, 27]
have noted that the transmissibility has some uncertainties in detecting real changes in the
dynamic properties of the structure in real-life field applications. These uncertainties can be

related to the distance between the collected responses, the changes in the environmental
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parameters, the intensity of damage, and the location and magnitude of the applied forces. It has
been suggested that at a certain frequency band or at peaks of the transmissibility function that
have less sensitivity to noise and environmental effects, the transmissibility function can be more
effective in detecting structural integrity [22, 28, 29]. Schallhorn and Rahmatalla [23] used the
coherence as a guide to select the frequency bands in the transmissibility function to monitor the

health condition of a highway bridge (Highway 30) in lowa.

For a reliable structural health-monitoring process, the sensor system used to acquire and
collect the data is a significant component. Accelerometers constitute the majority of sensors
traditionally used in most vibration-based damage-detection methods. When accelerometers are
attached to the structural components, the expectation, based on the linear theory, is that they
measure the acceleration of a point on the structure in the correct direction—the gravity
direction, for example, for vertical measurements. Under operational loading, structural
components, such as long beam-like components, would mostly undergo bending types of
deflection. This deflection can be relatively geometrically large under heavy loading, and
therefore the direction of the acceleration measurement may encounter some errors. With
different operational loadings, it is expected that the degree of deflection will be different. The
differences in the measured direction could generate uncertainties in the decision making of the
health-monitoring algorithm. Also, accelerometers are shown to be very sensitive to acoustic
noises in the surrounding environments, and their accuracy may be at risk under these conditions
[30-34]. On the other hand, rotational measurements, using gyroscopes, for example, present a
more consistent and direct way to measure the changes in the rotational motion and deflection of

the structural components under different loading conditions.
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Vibration-based damage-detection methodologies based on angular velocity are presented
in the current work. These methodologies have been tested through numerical and experimental
analyses. The contribution of the proposed work is to obtain a damage index to monitor the
healthy condition of a structure or mechanical systems in a more effective manner than the
current state-of-the-art approaches. The thesis is organized as follows: Chapter Two presents
damage detection using the angular velocity to detect, localize, and relatively quantify damage in
structures based on the changes in the second spatial derivative (curvature) of the power spectral
density (PSD) of the angular velocity during vibration. Chapter Three presents an approach to
detect damage on structural systems with a straight beam shape; the approach uses the
transmissibility and coherence functions of the output angular velocity between two points on a
structure where damage may occur to calculate a damage index as a metric of the changes in the
dynamic integrity of the structure. Chapter Four includes an experimental study of the effect of
acoustic noise on transmissibility-based damage detection using angular velocity versus
acceleration. Chapter Five presents a numerical investigation of the performance of the presented
approach of measurement on the damage indices and compares it with one that uses accelerations
for the curved beam structures. A health monitoring of structural bearing and model updating is
presented in Chapter Six to study the feasibility of the proposed methodology for the assessment
of the boundary condition of a beam structure with the presence of noise. Both numerical and

experimental work have been implemented to fulfill this purpose.
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CHAPTER TWO: DAMAGE DETECTION USING POWER SPECTRAL DENSITY

CURVATURE

2.1. Introduction

This chapter presents a non-destructive damage-detection technique that uses the changes
in the power spectral density (PSD) of the angular velocity of beam-like structures as an
indicator of damage. The proposed method uses the changes in the curvature of the PSD of the
angular velocity at different selected locations on the beam. The proposed method can be
considered a non-model-based approach, as it does not need a model of the structure to work
with. Also, the method is a non-baseline method, as it does not need the undamaged healthy

structure for comparison.

2.2. Theoretical Background

Structures normally comprise many beam-like elements where damage may take place.
When accelerometers are attached to a structure to measure the changes in motion in some
direction, mostly in the vertical gravity direction, there is a possibility that the acceleration
measurements will not be in the intended direction, especially when large geometrical
displacements exist. On the other hand, gyroscopes can measure the angular velocity @ of the
structure at a different location, and that measurement is immune when large geometrical

changes take place.

When the health condition of the structure is changing due to changes in stiffness, similar
to acceleration, the angular velocity is also expected to sense these changes. While the changes

in the angular velocity can be small and hard to detect, especially when environmental noises

exist, the second spatial derivatives (6; ) of the angular velocity will be used. ;" can be
determined numerically using the central differences method as shown in Equation 2-1.

5
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9i+1 — 29i+1

e'i!/: L + éi_l
h (2-1)

where h is the distance between locations i+1 and i-1, where the angular velocity measurement is

conducted.

The damage index (DI) in this work will be represented by the absolute difference
between the curvature of the angular velocity of the damaged structure and that of the healthy

structure, as shown in Equation 2-2:

_ 0’0

DI =6 healthy (2_2)

damage

While experimental and environmental noises are always expected to affect the
magnitude of the real measured angular velocity signals, it becomes more convenient to look at
locations in the angular velocity signal where the signal-to-noise ratio is as large as possible. One
way to do that is to look at the PSD of the angular velocity signal and determine the peaks where
the PSD is at its maximum. The peaks in the PSD graph normally represent the resonance
frequencies where a large amount of energy is trapped in the system and where the deformation
is expected to be large. Accordingly, the damage index will be calculated at these subsequent

peak frequencies in the PSD graph.

The first step in the proposed damage-detection method is to determine the magnitude of
the angular velocity at the peaks in the PSD curve at different locations on the structure. The
second step is to calculate the curvature of the angular velocity at these peak frequencies using
the central differences method of Equation 2-1. The final step is to calculate the difference
between the curvature of the angular velocity at these peaks with those of the undamaged

(healthy or baseline) structure as shown in Equation 2-3.
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1 n " e " A
DI = —Z PSD, (g)damage —PSD, (g)healthy|
2 (2-3)

where n is the number of peak frequencies in the PSD signal, and PSD/’ () is the normalized
PSD curvature magnitude at the peak frequency (i). If the healthy data is available, then the
damage index can be calculated using Equation 2-3. Otherwise, an artificial smooth, healthy PSD
curvature curve can be generated from the PSD curvature of the damage data using a curve-

fitting technique [16].

2.3. Experimentation and Results
2.3.1. Numerical Example (Simply Supported Beam)

To establish the feasibility of the method, a pin-ended beam was created inside the
commercial finite element software ABAQUS/CAE 6.12 using 200 beam elements (2D planar
with wire base feature and linear line element type B21). The beam was one meter in length and
had a rectangular cross-section of 0.0762 m * 0.00635 m. It was made from steel with a density
of 7860 (kg/m3) and a Young’s Modulus of 200 GPa and was considered healthy or undamaged.
The beam was loaded with an impulse point loading of 10 N/s at 0.2m from its left support as

shown in Figure 2-1.
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(b) Beam cross-section (c) finite element modelling

Figure 2-1 (a) Schematic representation of the pin-ended beam used in the numerical
experiments and the locations of the applied load, node 15, and damage area, (b) dimension of
the cross-sectional area of the beam, and (c) finite element beam model used in the analysis.

A damage 10 mm in length was then created on the beam 0.371 m from the left support
of the beam by reducing the stiffness of the element from 200 GPa to 194 GPa as shown in
Figure 2-1. This reduction in the stiffness represents 3% of the original element stiffness. The
damaged beam was subjected to an impact loading similar to that used with the healthy beam. In
both the healthy and damaged cases, the angular velocity of the beam was measured at different
nodes across the beam length. The distance between each measurement node is 0.01 m. The PSD
of the angular velocity of the healthy and damaged structures were calculated to identify the
natural frequencies of the beams. For illustration purposes, node 15, which is located 0.15 m
from the left support, was selected as an example of the time domain signal of the angular

velocity on the beam (Figure 2-2a and Figure 2-2b).
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(a) Time Domain signal at node 15
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Figure 2-2 (a) Time history of the amplitude of the angular velocity signal at node (15) for the

healthy beam, (b) time history of the amplitude of the angular velocity signal at node (15) for

the damaged beam, (c) power spectral density plot of the angular velocity at node (15) for the
healthy and damaged beams.

Figure 2-3 shows the PSD magnitude of the healthy and damaged beams at the different
nodes at the first, second, and third natural frequencies. As is evident in Figure 2-3, it is not easy

to differentiate between the PSD graphs of the healthy and damaged beams at the three natural

frequencies.
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Figure 2-3 Power spectral density magnitude of the angular velocity of the healthy and
damaged beams at different nodes across the beam at (a) the first peak frequency, (b) the
second peak frequency, and (c) the third peak frequency.

The difference between the PSD graphs of the healthy and damaged beams becomes
clearer with the PSD curvature graphs shown in Figure 2-4. The jumps in the PSD curvature
graphs of the damaged beam took place at the locations where the damage existed, indicating
that the PSD curvature graphs are more sensitive to local damage than the PSD graphs. In

addition, the jump in the PSD curvature graph was obvious at the selected three natural

10
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frequencies. The size of the jump was prominent at the first natural frequency and became

smaller at higher frequencies.
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Figure 2-4 Power spectral density curvature of the angular velocity of the healthy and
damaged beams across the beam length at (a) the first peak frequency, (b) the second peak
frequency, and (c) the third peak frequency.

Figure 2-5 clearly shows a high magnitude of the damage index at the location of the
damage at the different natural frequencies. This shows the capability of the proposed damage-

detection method in identifying and localizing damage. The damage index can be based on the
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magnitude of the first natural frequency only (Figure 2-5a), or it can be added from the different

natural frequencies and produce a total number that represents the damage index (Figure 2-5d).
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Figure 2-5 Magnitude of the damage index across the beam at (a) the first peak frequency, (b)
the second peak frequency, and (c) the third peak frequency; (d) the sum across the three peak
frequencies.
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2.3.2. Effect of Added Noise

The example presented earlier will be revisited in this section, but with added noise. Two
levels of noise will be considered. In the first level, a 5% white noise will be added to the
measured angular velocity signal in the time domain. To increase the signal-to-noise ratio, the
impact point load was increased to 100 N/s. Figure 2-6 shows the PSD curvature graphs at the
peak frequencies. With this level of noise, one can clearly see the jumps in the PSD curvature
graphs at the damage location at the different frequencies; however, additional artificial peaks

are also seen at different locations at the three natural frequencies.
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Figure 2-6 Power spectral density curvature of the angular velocity at the three peak
frequencies of the healthy and damaged beams when 5% noise is added to the signal.

The damage index of the graphs in Figure 2-6 is demonstrated in Figure 2-7. As shown in
Figure 2-7, the damage index at the three natural frequencies showed a high peak at the location
of the damage but also showed smaller peaks at different locations. However, due to the
relatively small signal-to-noise ratio, the magnitude of the damage index at the third peak

frequency was relatively less dominant than that at the first and second peak frequencies.
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Nevertheless, the damage index sum from the three natural frequencies produced a maximum

peak at the location of the damage (Figure 2-7d).
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Figure 2-7 Magnitude of the damage index across the beam when adding 5% noise to the
signal at (a) the first peak frequency, (b) the second peak frequency, and (c) the third peak
frequency; (d) the sum across the three peak frequencies.

In the second level of noise, the same pin-ended beam was used but with an increased
noise level of 10%. Figure 2-8 shows the PSD curvature at the three natural frequencies. Again,
the PSD curvature graphs of the damaged beam showed prominent jumps at the location of the

damage at the three natural frequencies, but also showed more jumps with high magnitude at

15

www.manaraa.com



other locations on the beam. In spite of these anomalies, the PSD curvature graphs were able to
show the largest jumps at the first and second natural frequencies (Figures 2-8a and 2-8b). With
this level of noise, the jump at the third natural frequency was lower than the artificial jumps due

to the noise in the signal.
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Figure 2-8 Power spectral density curvature of the angular velocity at the three peak
frequencies of the healthy and damaged beams when 10% is noise added to the signal.
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The damage index of the graphs in Figure 2-9 shows the damage index at the first and
second natural frequencies with the highest peak at the location of the damage, but it also shows
smaller peaks at different locations. In this case, the damage index magnitude at the third natural
frequency was outweighed by the artificial peaks at different locations on the beam. Still, the
damage index sum from the three natural frequencies produced a maximum peak at the location

of the damage (Figure 2-9d) that outweighed the rest of the peaks across the beam.
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Figure 2-9 Magnitude of the damage index across the beam when adding 10% noise to the
signal at (a) the first peak frequency, (b) the second peak frequency, and (c) the third peak

frequency; (d) the sum across the three peak frequencies.
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2.3.3. Multiple Damages

The method’s capability to detect multiple damages is investigated in this section. A
beam similar to the one presented earlier is used, but with damage at an element 0.01 m long at
two locations. As shown in Figure 2-10, the first damage is simulated by reducing the stiffness of
the element of the beam 0.37 m from the left support from 200 GPa to 194 GPa, which
represents a 3% reduction of the original stiffness of the beam element. The second damage,
located 0.18 m from the right support, is simulated by reducing the stiffness of the element of the
beam from 200 GPa to 188 GPa, which represents a 6% reduction of the original stiffness of the
beam element. The beam was loaded with an impulse loading of 10 N/s at 0.2 m from the left

support, as shown in Figure 2-10.

Load
150mm damage (1) damage(2)
——
1 v i é\
node 15
200mm P
370mm |
I 1000mm |
I
(a)
\ 2
6.35mm
2-node linear interpolation
1 | ' B21
I 76.2mm |
(b) Beam cross-section (c) finite element modelling

Figure 2-10 (a) Schematic representation of the pin-ended beam, used in the numerical
experiments, showing the locations of the applied load, node 15, and damage area, (b)
dimension of the cross-sectional area, (c) finite element beam model used in the analysis.

19

www.manaraa.com



The PSD plots of the damaged and healthy beams at node 15 are shown in Figure 2-11.
Figure 2-12 shows the damage index for this multiple-damage condition. The damage index
showed two prominent bars at the locations of the damage at the three peak frequencies. This
indicates that the proposed method is capable of detecting and locating multiple damages on the
beam. The method was also capable of quantifying damage, as can be seen in Figures 2-12a, 2-
12b, and 2-12c. The damage index sum (Figure 2-12d) was able to identify, locate, and relatively

quantify the level of damage on the different locations on the beam.
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Figure 2-11 Power spectral density plot of the healthy and damaged (at two locations) beams
at node (15).
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Figure 2-12 Magnitude of the damage index across the beam with two damage areas at (a) the
first peak frequency, (b) the second peak frequency, and (c) the third peak frequency; (d) the
sum across the three peak frequencies.
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2.3.4. Numerical Example (Cantilever Beam)

A rectangular cantilever beam is presented in this section with the purpose of comparison
with the experimental cantilever presented in the next section. The cantilever beam was created
with 316 beam elements (2D planar with wire base feature and linear line element type B21)
using the finite element software ABAQUS/CAE 6.12. The length of the beam is 0.790 m with a
rectangular cross-section of 0.075 m * 0.006 m. The material of the beam is steel with a density
of 7860 (kg/m3) and a Young’s Modulus of 200 GPa. The beam was loaded with an impulse
point loading of 100 N/s 0.025 m from its free end as shown in Figure 2-13. Damage was created
at 0.355 m from the left support of the beam by reducing the depth of a 5 mm long slot from

0.006 m to 0.004 m as shown in Figure 2-13.

Load
damage ‘
/) b ]
/ 500mm i\ node 100 |-|25mm
| 355mm |
790mm | !
l
(a)
2
N
emm g . i
2-node linear interpolation
| B21
|
mm
(b) Beam cross-section (c) finite element modelling

Figure 2-13 Schematic representation of the cantilever beam used in the numerical
experiments with the load and damage locations, (b) dimension of the cross-sectional area,
and (c) finite element beam model used in the analysis.
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For illustration, node 100 (which is located 500 mm from the left support) has been
selected to show an example of the time domain signal of the angular velocity of the healthy and
damaged beams (Figures 2-14a and 2-14b) as well as their PSD graphs (Figure 2-14c). Figure 2-
15 shows the PSD magnitude of the healthy and damaged beams at the different nodes across the

beam at the first, second, and third natural frequencies.
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Figure 2-15 Power spectral density magnitude of the angular velocities of the healthy and
damaged beams at the different nodes across the beam at (a) the first peak frequency, (b) the
second peak frequency, and (c) the third peak frequency.

The difference between the PSD graphs of the healthy and damaged beams becomes
clearer with the PSD curvature graphs shown in Figure 2-16. The jumps in the PSD curvature
graphs of the damaged beam took place at the locations where the damage existed, indicating

that the PSD curvature graphs are more sensitive to local damage than the PSD graphs.
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Figure 2-16 Power spectral density curvature of the angular velocity of the healthy and
damaged beams across the beam length at (a) the first peak frequency, (b) the second peak

frequency, and (c) the third peak frequency.

Figure 2-17 shows the magnitude of the damage index at the different natural frequencies

(7.75, 48.33, and 135.58 Hz) across the beam length. This demonstrates the capability of the

proposed damage-detection method in identifying and localizing the damage.
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Figure 2-17 Magnitude of the damage index across the beam at (a) the first peak frequency,
(b) the second peak frequency, (c) the third peak frequency, and (d) the sum across the three
peak frequencies.
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2.3.5. Experimental Example

In the laboratory experiments, it is easier to measure the angular velocity in comparison
with the angular displacement. The results in this section will be based on the measurement of
the angular velocity at different locations on the beam structure. A rectangular cantilever steel
beam with dimensions of 790 x 75 x 6 mm was selected, as shown in Figure 2-18. Fourteen
gyroscopes inside inertial sensors with a sampling rate of 60 frames per second were used to
measure the angular velocity at a distance of 50 mm between each sensor across the length of the
beam. The weight of each inertial sensor is 24 g. An impact load was applied at a distance of 25
mm from the far free end of the cantilever. Ten measurements were conducted for each
experiment, and three scenarios were selected to establish the feasibility of the method in
detecting damage. In the first scenario, a healthy cantilever beam was used, and the angular
velocities were collected at each sensor under each of the ten impacts. In the second scenario, the
cantilever beam was damaged at a distance of 355 mm from the free end by introducing a slot
across the width of the beam. The slot had a width of 2 mm and a depth of 2 mm. The angular
velocities were then measured under ten impact-loading conditions. In the third scenario, the
depth of the slot was increased from 2 mm to 4 mm. Again, the angular velocities were collected

at each sensor for ten impacts.
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Figure 2-18 Experimental setup of the cantilever beam in the laboratory showing the locations
of the fourteen sensors across the cantilever beam.

The PSD values of the angular velocities for the three scenarios were then calculated to
identify the locations of the natural frequencies. The mean values of the PSD associated with the
10 impact loadings of the three scenarios are shown in Figure 2-19. Because of the boundary and
environmental noises and the relatively low sampling rate of the sensors used in the experiments,
uncertainties will be raised regarding the accuracy of the data at higher frequencies that may
include the second natural frequency. The damage index magnitude of the second natural
frequency of the experimental data was outweighed by that of the noise. For this reason, the
damage index in this example will be presented in terms of the PSD curvature of the first natural

frequency only.

30

www.manaraa.com



PSD of healthy beam
I

10'2; T T

| | 1 | 1 1 ]
0 10 20 30 40 50 60
frequency (Hz)

PSD of 2mm damaged beam
T

10'25 T T T

10.3 _ I 1 I 1 I
0 10 20 30 40 50 60
frequency (Hz)

PSD of 4mm damaged beam
T T T

50

0 10 20 30 40 60
frequency (Hz)

Figure 2-19 Power spectral density of the cantilever beam: (a) healthy beam, (b) damaged
beam with a slot 2 mm wide and 2 mm deep, and (c) damaged beam with a slot 2 mm wide
and 4 mm deep.

Figure 2-20a shows the PSD magnitude at the first peak of the PSD of the angular
velocity for the healthy beam, a damaged beam with a 2 mm slot, and a damaged beam with a 4
mm slot. The PSD curvatures of these scenarios are shown in Figure 2-20b. Figure 2-20c shows
the damage index at the first natural frequency for the three scenarios. It is evident that the
resulting damage index with the largest magnitude occurred at the location of the crack,

indicating that the method is able to detect and locate the damage. Small bars are also seen at
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different locations on the beam but with smaller magnitudes. Also, the damage index magnitude
for the 2 mm cracks was smaller than that of the 4 mm cracks, indicating that the method can

differentiate between the severities of damage but not necessarily quantify the damage.
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Figure 2-20 (a) Power spectral density magnitude of the angular velocities of the healthy and
damaged beams across the beam at the first peak frequency, (b) power spectral density
curvature of the angular velocity at the first peak frequency of the healthy and damaged
beams, (¢) magnitude of the damage index across the beam. The dark bar represents the
damaged beam with a slot 2 mm wide and 2 mm deep, and the white bar represents the

damaged beam with a slot 2 mm wide and 4 mm deep.
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2.4. Discussion and Conclusion

This chapter introduced a new approach to capture the changes in the properties of beam
structures in a more direct way using the angular velocity. This avoids the uncertainty
encountered in the traditional acceleration-based measurements where the direction of
measurements is continuously changing with the operational applied loading. This type of
measurement will be essential when dealing with the health monitoring of the light and long
structures that are expected to be more common in future systems, especially in aerospace

applications.

The proposed method is a non-model and can be a non-baseline scheme, which can be
very useful when dealing with old structures where the healthy structure and a representative
model are unknown. The curve-fitting approach used in this work, which is based on passing a
polynomial curve through the damaged structure’s PSD curvature to construct the response of
the healthy structure, can suffer some difficulties when high noise presents in the measurements.
This can be mitigated by selecting the deflection data only when high signal-to-noise ratio
occurs, which is expected to take place under relatively large loading. For example, Lu [35]
proposed a strain-based damage-detection methodology in the health monitoring of highway
bridges. However, this method faced difficulties when presented with low operational loadings
coming from small vehicles crossing the highway bridge that produced a low strain-signal-to-
noise ratio. To circumvent this problem, Lu used the strain data that comes only from the
operational loading from heavy trucks. To investigate the effect of the load’s magnitude on the
resulting signal-to-noise ratio, in this present work, additional numerical testing was conducted,

using various impact loadings with different magnitudes. The investigation showed that, with
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higher impact loads, much improvement was observed in increasing the magnitude of the

damage index at the damage locations relative to the other locations on the structure.

The application of the PSD on the angular velocity data has done well in identifying the
frequencies where the deflection is at its maximum. This process provided an excellent guide for
focusing on these peak frequencies instead of using the whole frequency range. The second
spatial derivative of the PSD at selected locations of the beam clearly showed jumps where
discontinuity resulted from damage. While the method identifies the peaks’ frequencies and uses
them for the subsequent steps in identifying a damage index, there is a tendency, with added
noise as in real-life conditions, to make the identification of the natural frequencies more
challenging and to encounter some errors. Therefore, further investigations were conducted in
this work by adding percentage error in the magnitude of the resulting natural frequencies and
using these erroneous magnitudes in the subsequent damage-detection steps. This was done by
adding = 1 Hz to the magnitude of the first natural frequency of the simply supported beam (14.5
Hz) when 5% noise was added to angular velocity signal of the beam with 3% damage. Even
with this amount of shift in the magnitude of the natural frequency, the proposed method
successfully detected and located the damage. The effect of noise on the PSD curvature at higher
frequencies is clearly seen when 10% noise was added to the simply supported beam in Figure 2-
9, where the magnitude of the damage index produced by noise outweighed that of the third
natural frequency, and therefore reduced the total magnitude of the damage index below 1.
Therefore, it is suggested to use only the first natural frequency in detecting the damage when

high noise is present in the system.

The results of the numerical and experimental cantilever beams showed comparable

results in terms of the magnitude of the first natural frequency (7.662 and 7.75 Hz, respectively)
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and the second natural frequency (47.23 and 48.08 Hz, respectively). However, the damage
index magnitude of the second natural frequency of the experimental data was outweighed by
that of the noise. This could be attributed in part to the limitation in the sampling rate of the

sensors used in the experiments.

In conclusion, the proposed angular-velocity-based damage-detection method was able to
detect, localize, and relatively quantify damage in numerical and laboratory testing even with the
presence of a significant level of noise. Also, the method successfully detected multiple
damages. The damage index presented in this work uses the difference between the PSD
curvature of the damaged and artificial healthy structures at the different natural frequencies; the
results of this work indicated successful outcomes even when using the first natural frequency
only. The use of only the first natural frequency may provide a safer way to avoid the effects of
the artificial jumps, which can be seen with high noise levels and low impact loads, and which

can outweigh the real physical jJumps.
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CHAPTER THREE: TRANSMISSIBILITY BASED ON ANGULAR-VELOCITY DAMAGE

DETECTION

3.1. Introduction and Background

As stated in Chapter 1, early detection of damage and health monitoring in structural
systems have become more involved in the past decades to avoid unexpected failure of due
service and environmental loading [2, 3]. Vibration-based damage-detection methods have been
among the most popular methods of structural health monitoring. The objective of these methods
is to detect and locate abnormal characteristics of structures to evaluate and extend their service
lives [6-8]. Some of these methods used the modal parameters or the frequency response
functions of healthy structures [9-11, 16, 17] as a baseline for comparison with the ongoing
status of the structures [12-14], therefore detecting whether or not damage has occurred. The

transmissibility is one practical method that showed very encouraging results [21, 26].

Most vibration-based damage-detection methodologies use accelerometers in measuring
the response of the structures. Due to their high sensitivity to motion, accelerometers are
considered the most prominent sensors in damage detection of structures under vibrational
loadings. However, there are some drawbacks to using accelerometers. One of these drawbacks
is that accelerometers are affected by vibration and sound, and thus the acoustic effects on the
accuracy of accelerometer readings can become considerable in noisy environments [30]. Also,
accelerometers, especially those that work the best at low frequency, such as the seismic type,
measure gravity as part of their design, and therefore their readings are sensitive to their
locations and orientations on the structure such as arches and curved beams. Therefore, several
studies [30-33] have investigated the potential and limitations of using different sensors as an

alternative or complement to accelerometers, such as dynamic strain sensors and gyroscopes in
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different applications including structural health monitoring [36-39]. Sung et al. combined
accelerometers and gyroscopes and developed a multi-scale sensing system for the health
monitoring of structures [39]. They put many sensors on the structure and estimated the natural
frequencies and deflection mode shapes using acceleration data and rotational modes using
angular velocity data. They created a damage index based on the changes in the modal
parameters of the structure. Castro et al. investigated the effect of acoustic noise on the
performance of four types of MEMS gyroscopes [31]. They showed that the acoustic
environmental noise had large effects on some sensors but did not affect others, and that it may
depend on how each gyroscope is oriented inside the sensors and on the acoustic isolation

method used.

In this chapter, a damage index based on the transmissibility of the angular velocity
between two points on the structure is presented and compared with that based on the
transmissibility of the accelerations. High coherence is adopted in the present study [23] to
choose the frequency band of the transmissibility function for the damage index. Inertial sensors
housing gyroscopes and accelerometers were used to measure the angular velocity and
acceleration between two points near the expected damage location. Three numerical examples
of simply supported, fixed-fixed beam, and cantilever beams are presented. In addition, one
experimental cantilever (similar to the numerical beam) is presented to investigate the efficacy of

the proposed method compared to the acceleration-based approach.
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3.2. Theoretical Background
The transmissibility function in the frequency domain can be defined directly from

output-only responses at two locations [25].

Tyj(w) = A2 (3-1)

T Yj(w)

where T;; is the transmissibility between node i and node j as a function of frequency(w), Y; is
the response at location i in the frequency domain, and Y; is the response at location j in the

frequency domain. The transmissibility based on the angular velocity is introduced in this work

as shown in Equation 3-2.
_ 6i(w) -
where 6, and éj are the output angular velocities at locations i and j, respectively.

Because of the complexity of the operational loading and boundary conditions, there are
certain frequency ranges where the transmissibility function has low energy and therefore cannot
be determined accurately. At these ranges of frequency, it is expected that the ratio between the
responses Y; and Y; will maintain a non-linear relationship. Thus, the coherence function is used
in the present work to locate the frequency ranges where the transmissibility between i and j has
meaningful linear characteristics [23]. The coherence function can be acquired through the
following equation:

|Sij(w)|2
Sii(w)Sjj(w)

Yij(w) = (3-3)

where y;; is the coherence between sensors at locations i and j, S;; is the cross-spectral density

between sensors at locations i and j, S;; is the auto-spectral density of the sensor at location i, and
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S;; is the auto-spectral density of the sensor at location j. The coherence function is a good

indicator of the changes in the characteristics of signals.

The damage index value in this work is calculated by normalizing the difference between
the transmissibility of the unhealthy (damaged structure) and the transmissibility of the baseline
(healthy or undamaged structure) for a chosen frequency range ¢

o1 = [@-15@)|

[l &4

where DI is the damage index value, T}]? is the transmissibility for the damaged structure, and

T3 is the transmissibility for the baseline. The frequency range ¢ was chosen based on the

regions of high coherence.

3.3. Numerical Testing

A study has been conducted to investigate the differences between the damage indices at
two points on the structure using the angular velocity and the acceleration. Numerical models
have been created and solved using the finite element software ABAQUS/CAE 6.12, and the
collected responses have been handled in MATLAB (R2016A). The following subsections
present examples of simply supported (pin-ended), fixed-fixed beam, and cantilever beam cases

to investigate the feasibility of the proposed method.

3.3.1. Simply Supported Beam

A pin-ended beam was used for this analysis. The beam was 0.6096 m in length and had
a rectangular cross-section 0.0254 m wide and 0.00635 m deep. It was made from steel with a
density of 7860 kg/m3 and a Young’s Modulus of 204.77 GPa. The beam was considered

healthy or undamaged. The beam was loaded with an impulse point loading of 4.45 N/s 0.127 m
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from its right support as shown in Figure 3-1a. A damage was introduced to the beam by
reducing the stiffness at a location 0.127 m from the left end of the beam as shown in Figure 3-
la. Two levels of damage severity (5% and 10%) were introduced at the damaged element to

investigate the effect of damage intensity on the resulting damage index.

f( Damage location Load
D & @ ® 6 ® @ ® ‘ ® @ X

& A
I 0.3556m ! 0.0508 m+——-
——0.127 m—— | 0.127 m

0.6096 m
(a)
2
Z gy |
/%74 0.00635m
LU L0 2 ! 2-node linear interpolation
17 B21
——0.0254 m——
(b) Beam cross-section (c) Finite element
modelling

Figure 3-1 (a) Schematic representation of a pin-ended beam showing the damage location
and the location of the applied load, (b) dimension of the cross-sectional area of the beam, and
(c) finite element beam model used in the analysis.

In both the healthy and damage scenarios, the angular velocity and the linear acceleration
responses in the time domain were measured at three pairs of nodes (1-2, 3-4, and 5-6) in the
vicinity of the damage area and at two pairs of nodes (7-8 and 9-10) at remote locations from the
damage area (Figure 3-1a). Figures 3-2a and 3-2b show the responses for pair 3-4 as an example.
The time domain signals were taken to the frequency domain using a Blackman window (with
128 sampling points) [40] inside MATLAB (R2016a). Figures 3-2c and 3-2d show the resulting
coherence functions of the angular velocity and linear acceleration of Figures 3-2a and 3-2b,
respectively. Figure 3-2e shows the transmissibility function for the healthy and damage (5%)

scenarios using the angular velocity, while Figure 3-2f shows the latter information when the
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linear acceleration is used. A frequency band between 85-100 Hz was selected for both the
angular velocity and linear acceleration since the coherence function showed a high level of
linearity and was close to 1 at these frequencies, as shown in Figures 3-2c and 3-2d. The
transmissibility of the healthy beam (for each pair) was considered as the baseline in the damage

index.

The calculated damage index, for the 5% damage scenario, for pairs 1-2, 3-4, and 5-6, 7-
8, and 9-10 using the transmissibility based on the angular velocity and the transmissibility based
on acceleration, are shown in Figure 3-3. As shown in the figure, the damage indices based on
the angular velocity and the acceleration were very effective in detecting the damage on the
beam at pair 3-4. Additionally, the damage index at pair 3-4 is much larger than those further
from the damage location, indicating that the method can localize the damage on the beam.
Furthermore, the magnitude of the damage index at pair 3-4 using the angular velocity was many
times higher than that using the acceleration. Figure 3-4 shows the damage indices based on the
transmissibility of the angular velocity and the acceleration for the two damage scenarios (5%
and 10%) considering only pair 3-4. As shown in Figure 3-4, the damage index based on the
angular velocity showed larger magnitudes than that of the acceleration for both damage

scenarios.
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Figure 3-2 Angular velocity and linear acceleration of healthy and 5% damage beams at pair
3-4: (a) the angular velocity signal in the time domain, (b) the acceleration signal in the time
domain, (c) the coherence of the angular velocity signal, (d) the coherence of the acceleration
signal, (e) the transmissibility of the angular velocity, and (f) the transmissibility of the
acceleration.
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Figure 3-3 Damage index based on the transmissibility of the angular velocity and linear
acceleration at pairs 1-2, 3-4, 5-6, 7-8, and 9-10 on the beam, for the case of 5% reduction in

stiffness at pair 3-4.
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Figure 3-4 Damage index based on the transmissibility of the angular velocity and linear
acceleration calculated for the case of the 5% and 10% reduction of stiffness between pair 3-4
(damage location).

The methodology presented in this example can be extended to a real-life situation where
sensors can be permanently attached on the structure at the location where damage may occur,
and data obtained from the sensors can be streamed and used to calculate the transmissibility and
coherence functions and then a damage index. Structural failure can be triggered when a sudden

change or jump in the damage index is observed.
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3.3.2 Fixed-Fixed Beam

A study has been conducted on a numerical beam to investigate the sensitivity of the
transmissibility based on the angular velocity damage index and compare it with that based on
the acceleration. A numerical model of a fixed-fixed beam has been created and solved using the
finite element software ABAQUS/CAE 6.12 using 20900 elements (8-node quadratic element
type S8R as shown in Figure 3-5¢), and the collected responses have been handled in MATLAB

(R2016A).

A fixed-ended beam was used for this analysis. The beam was 0.8 m in length and had a
rectangular cross-section 0.0381 m wide and 0.00635 m deep. It was made from steel with a
density of 7800 kg/m3 and a Young’s Modulus of 210 GPa. The beam was considered healthy or
undamaged. The beam was loaded with an impact point loading of 1 N/s 0.4 m from its right
support as shown in Figure 3-5a. A damage was introduced to the beam by reducing the stiffness
at a location 0.325 m from the left end of the beam as shown in Figure 3-5a. Six levels of
damage severity (1%, 0.5%, 0.1%, 0.05%, 0.01%, and 0.005%) were introduced at the damaged
element (length of 0.000781 m) to investigate the sensitivity of the method to the damage

intensity on the resulting damage index.

45

www.manaraa.com



Damage location Load
;\ @

0.3m 1 ‘ 0.4 m
|

0.8m

(a)

LI, i
0 0.00635 m

8-node quadratic element

——0.0381 m— S8R
(b) Beam cross-section (c) Finite element
modelling

Figure 3-5 (a) Schematic representation of a fixed-ended beam showing the damage location
and the location of the applied load, (b) dimension of the cross-sectional area of the beam, and
(c) finite element beam model used in the analysis.

Figure 3-6 shows the 3D representation of the deformed shape of the finite element
model with the deformation scale factor of 15000 at time frame of 0.0048 sec. Figures 3-7a and
3-7b show the time domain signal responses at sensor pair 1-2 of the acceleration and angular
velocity, respectively. Sensor 1 is located at a distance of 0.3 m from the left support, while

sensor 2 is located at a distance of 0.35 from the left support, as shown in Figure 3-5a.
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Figure 3-6 3D representation of the deformed shape of the finite element model.

In both the healthy and damaged scenarios, the linear acceleration and angular velocity
responses in the time domain were measured at sensors 1 and 2 (Figures 3-7a and 3-7b) in the
vicinity of the damage area. Figure 3-8a shows the resulting coherence functions of the linear
acceleration and the angular velocity of Figures 3-7a and 3-7b. Figure 3-8b shows the
transmissibility function of sensor pair 1-2 for the healthy and damage scenarios using the linear
acceleration, while Figure 3-8c shows the latter information when the angular velocity is used.
A frequency band between 250-420 Hz was selected for both linear acceleration and angular
velocity since the coherence function showed a high level of linearity and was close to 1 at these
frequencies, as shown in Figure 3-8a. The transmissibility of the healthy beam was considered as

the baseline in the damage index.
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Figure 3-7 (a) The acceleration response in the time domain of sensors 1 and 2, (b) the
angular velocity response in the time domain of sensors 1 and 2.

48

www.manharaa.com




(a) Coherence

= | T 7 To ==
il ACC
09k ", - Ang. Vel
0.8} i v -
0.7+ 1 ]
‘!
06 =
05 | 1 1 |
0 500 1000 1500 2000 2500
Frequency (Hz)
2 (b)Transmissibility based on acceleration
Healthy
g 15 II/\\ damage 1% |
‘%’ 10k I . //\J’v‘\/\/\./\/-\f\/\,r\_.rxwf\f\/-\ B o _
= J b
E 5 | / 5w
o J / VA
= = A
_5 | 1 1 |
0 500 1000 1500 2000 2500
Frequency (Hz)
4 (c)Transmissibility based on angular velocity
I 1 1 I
Healthy
w2 Iﬂ. ;"\ ------ damage 1% |
- %
o of I o T =
e P
= | Rt e . ]
[ | \/
£ it 7 -
6 "J | 1 1 |\/‘V“"h’“—"_""'""
0 500 1000 1500 2000 2500
Frequency (Hz)

Figure 3-8 (a) The coherence of the acceleration and the angular velocity signal of sensors
pair 1-2, (b) the transmissibility of the acceleration of sensors pair 1-2, and (c) the

transmissibility of the angular velocity of sensors pair 1-2.
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The calculated damage index for the 1%, 0.5%, 0.1%, 0.05%, 0.01%, and 0.005%
reduction of stiffness damage scenarios for sensor pair 1-2 using transmissibility based on the
acceleration and that based on angular-velocity are shown in Figure 3-9. As shown in the figure,
the damage indices for both the acceleration and the angular velocity were very effective in
locating the damage on the beam at pair 1-2. However, the magnitude of the damage index using
the angular velocity was many times higher than that using the acceleration, thus it is more
sensitive to the damage. In addition, Figure 3-9 shows that the damage index of the angular
velocity could indicate the damage of 0.01% reduction of stiffness of 0.781 mm element. In
contrast, the damage index of the acceleration could detect the damage up to 0.05% reduction of
stiffness of a 0.781 mm element, which is five times lower when using transmissibility based on

the angular velocity damage detection.
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Figure 3-9 Damage index of transmissibility based on linear acceleration in the Y-direction
and that based on angular velocity calculated for the 1%, 0.5%, 0.1%, 0.05%, 0.01%, and
0.005% reduction of stiffness between sensor pair 1-2 (damage location).
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3.3.3. Cantilever Beam

A cantilever beam 0.79 m in length and a rectangular cross-section 0.076 m wide and
0.006 m deep was used in the analysis (Figure 3-10). The beam was made from steel with a
density of 7860 kg/m3 and a Young’s Modulus of 200 GPa and was considered healthy or
undamaged. The beam was loaded with an impulse point loading of 1 N/s at the end as shown in

Figure 3-10.

A damage 0.002 m in length was introduced into the beam in its longitudinal direction by
reducing the depth of the beam. Figure 3-10 shows the damage location on the beam. Three
levels of damage severity are considered in this example as reductions in the depth of beam at
the damage location: 16.6%, 33%, and 50% reductions in the depth of beam at the damage

location.
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Figure 3-10 (a) Schematic representation of the cantilever beam, (b) dimension of the cross-
sectional area of the beam, and (c) finite element beam model used in the analysis.

In both the healthy and damaged scenarios, the angular velocity and the acceleration
responses in the time-history were measured at the pair of sensors (1-2) shown in Figures 3-11a
and 3-11b. The time domain signals were taken to the frequency domain using a Blackman
window (with 128 sampling points) [40] inside MATLAB (R2016a). The coherence (Figures 3-
11c and 3-11d) and transmissibility (Figures 3-12a and 3-12b) between the two sensors were
calculated for both angular velocity and acceleration at the same frequency band of 5-10 Hz
where high coherence existed. For the damage index calculation, the transmissibility of the

healthy beam was considered as the baseline of that of the three damage cases.
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Figure 3-11 (a) Angular velocity in the time domain of the healthy beam at sensors 1 and 2,

(b) acceleration in time domain of the healthy beam at sensors 1 and 2, (c) the coherence of

the angular velocity signal of the healthy and damage case (33.3%), and (d) the coherence of
the acceleration signal of the healthy and damage case (33.3%).
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The transmissibility calculations have been repeated for the three damage scenarios under
the same loading condition. Figures 3-12c and 3-12d show the corresponding damage indices for
the three damage cases under investigation. It can be seen from Figures 3-12c and 3-12d that the
damage indices for both the angular velocity and acceleration were able to capture and quantify
the damage. However, the damage index of the angular velocity was consistently much higher

than that of the acceleration for the three damage cases.
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Figure 3-12 (a) Transmissibility based on the angular velocity, (b) transmissibility based on
the acceleration, (c) damage index based on the transmissibility of the angular velocity, and
(d) damage index based on the transmissibility of the acceleration.

The effect of including noise in the angular velocity and acceleration signals on the
resulting damage index using a beam with 50% damage was investigated. Five percent white
noise was added to the time domain of the response of angular velocity and acceleration, and the
damage index of the angular velocity was 22.12 times higher than the damage index extracted

from the acceleration measurement. In addition, the effect of 5% white noise on the damage
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index based on angular velocity was only 4.22% of its original value, while the damage index

based on acceleration was affected by 41.67%.

3.4. Experimental Testing

An experimental study was conducted to compare the effectiveness of the damage index
based on the transmissibility of the angular velocity and that of the transmissibility of
acceleration in detecting and quantifying damage on a structure. Acceleration and angular
velocity data were collected at different points on the structure using accelerometers and
gyroscopes. Four inertial sensors (manufactured by Xsens Technologies) [41] with a sampling
rate of 120 Hz were used in the testing. Each inertial sensor unit (MTx-49A83G25) comprises
3D rate gyroscopes measuring angular velocities (in the range £1200 °/s) and 3D linear
accelerometers measuring accelerations (in the range +5g) including gravitational acceleration.

The weight of each inertial sensor is 24 g.

3.4.1. Experimental Setup

A rectangular cross-section cantilever steel beam with dimensions of 790 X 76 x 6 mm
was selected to test the effectiveness of the proposed damage-detection method. The beam was
fixed to an isolated frame as shown in Figure 3-13b. Four inertial sensors were placed at
distances of 0.585 m (sensor 1), 0.485 m (sensor 2), 0.385 m (sensor 3), and 0.285 m (sensor 4)
from the fixed end of the beam to measure the angular velocity and acceleration at the same time,
as shown in Figure 3-13a. An impact load was applied at a distance of 25 mm from the free end
of the cantilever. Twenty-five measurements were collected for each experiment, and the mean
of the 25 coherence and transmissibility functions of the angular velocities and the accelerations
was calculated in the frequency domain and then used to calculate the damage index. All

calculations were handled in MATLAB (R2016A).
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Figure 3-13 (a) The experiment setup of the cantilever beam and the location of the sensors,
(b) the fixed end of the beam, (c) the location of the sensors, (d) the location of the damage (2
mm * 2 mm slot along the width of the beam) between sensor 2 and sensor 3.

Two scenarios of the experiment were conducted on the cantilever beam: healthy and
damaged. In the first scenario, a healthy cantilever beam was used, and the angular velocities and
acceleration were collected at each sensor under each of the 25 impacts. In the second scenario,
the cantilever beam was damaged at a distance of 0.435 m from the fixed end by introducing a
slot (2 mm * 2 mm) across the width of the beam between sensors 2 and 3, as shown in Figure 3-
13d. The angular velocities and accelerations were then measured under 25 impact-loading

conditions.

3.4.2. Experimental Result

After acquiring the data in the time domain for both angular velocity and acceleration, as
shown in Figures 3-14a and 3-14b, the coherence (Figures 3-14c, 3-14d) and transmissibility
(Figures 3-15a, 3-15b) were then calculated for each impact load for the healthy and damage
scenarios. All frequency analyses were carried out in the frequency domain using the Blackman
window applied to the time domain responses (with 64 sampling points) [40] inside MATLAB
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(R2016a). The mean of the 25 coherences and transmissibilities of the angular velocities and
accelerations was extracted and used to calculate the damage index for each scenario, as shown

in Figures 3-15c and 3-15d.

The magnitude of the transmissibility between sensors 2 and 3 was calculated for the two
scenarios and for both acceleration and angular velocity at the same frequency band (high
coherence 5-10 Hz). Figures 3-15c¢ and 3-15d showed that both the angular-velocity-based and
the acceleration-based transmissibility successfully detected the damage at the damage location.
The magnitude of the angular velocity damage index, though, is larger than the magnitude of the
damage index based on the acceleration, indicating that the angular velocity is more sensitive to

the same amount of damage.
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Figure 3-14 (a) Angular velocity in time domain of the healthy scenario at sensors 2 and 3, (b)
acceleration in time domain of the healthy scenario at sensors 2 and 3, (c) the coherence of
angular velocity signal for the healthy and damage beams, and (d) the coherence of
acceleration signal for the healthy and damage beams.
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3.5. Conclusion

A new damage-detection methodology is presented in this work. It uses a damage index
based on the changes in the transmissibility of the angular velocity between healthy and damaged
beams. The transmissibility and coherence of the angular velocity between two points on the
structure under vibration were used to construct a damage index. The proposed method
demonstrated an excellent capability in detecting damage on straight beams. The method showed
superiority when compared with the traditional transmissibility based on the linear-acceleration
damage index for the tested beams. The damage index showed higher magnitudes when using
the angular velocity compared to linear acceleration. A ratio between the angular velocity
damage index and the linear acceleration damage index reached 15.8 for the damaged scenario

without noise for the experiment result.
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CHAPTER FOUR: ACOUSTIC NOISE EFFECT ON TRANSMISSIBILITY-BASED

DAMAGE DETECTION

4.1. Experimental Testing

The effect of the acoustic noises in the surrounding environment was investigated when
the experimental study in the previous chapter was conducted. The transmissibility based on
angular velocity and acceleration damage-detection approaches were compared in detecting and
quantifying damage on the cantilever beam with the presence of different levels of acoustic
noises in the surrounding environment. As stated in Chapter Three, angular velocity and
acceleration data were collected at different points on the structure using gyroscopes and
accelerometers. Four inertial sensors (manufactured by Xsens Technologies) [41] with a
sampling rate of 120 Hz were used in the testing. Each inertial sensor unit (MTx-49A83G25)
comprises 3D rate gyroscopes measuring angular velocities (in the range £1200 °/s) and 3D
linear accelerometers measuring accelerations (in the range +5 g) including gravitational

acceleration.

4.1.1. Experimental Setup

A rectangular cross-section cantilever steel beam with dimensions of 790 x 76 x 6 mm
was selected. The beam was fixed to an isolated frame as shown in Figure 4-1a. Four inertial
sensors were placed at distances of 0.585 m (sensor 1), 0.485 m (sensor 2), 0.385 m (sensor 3),
and 0.285 m (sensor 4) from the fixed end of the beam to measure the angular velocity and
acceleration at the same time, as shown in Figures 4-1a and 4-1c. An impact load was applied at
a distance of 25 mm from the free end of the cantilever (Figure 4-1c). Twenty-five measurements
were collected for each experiment, and the mean of the 25 coherence and transmissibility

functions of the angular velocities and the accelerations was calculated in the frequency domain
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and then used to calculate the damage index. All calculations were handled in MATLAB

(R20164).

\;.. 2\
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" Manu ed structure

works as a ‘ 1se sourc{

Figure 4-1 The experiment setup of the cantilever beam, (a) cantilever beam clamped from
one end to a ground-isolated platform, and a variable-speed motor as the source of acoustic
noise attached to a manufactured plate approximately 1 meter away from the cantilever, (b) a
close look at the location of the damage area and the sensors surrounding it, and (c) a close
look at the location of the impact load on the beam.
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The beam was tested under healthy condition with and without acoustic noise and under
damage condition with and without acoustic noise. The acoustic noise was generated by a
variable-speed-vibrator DC motor attached to a manufactured plate structure that was
approximately 1 meter from the cantilever beam, as shown in Figure 4-1a. The manufactured
plate was isolated from the cantilever beam, such that the vibration generated from the DC motor
would not affect the cantilever beam, i.e., the cantilever beam would only be affected by the

acoustic noise of the DC motor and would not be affected by its vibration.

In the healthy beam scenario, the angular velocities and acceleration were collected at
each sensor under each of the 25 impacts without acoustic noise and with acoustic ambient noise
of different intensities at an average of 78 dB and 85 dB. In the damage scenario, the cantilever
beam was damaged at a distance of 435 mm from the fixed end by introducing a slot (2 mm * 2
mm) across the width of the beam between sensors 2 and 3, as shown in Figure 4-1b. Again, the
beam was tested without acoustic noise and with acoustic noise with different intensities at an
average of 65 dB and 75 dB. Figure 4-2a shows the time domain of the noise signal in the testing
room without and with the presence of the acoustic noise generated from the variable-speed-

vibrator DC motor. Figure 4-2b shows the power spectrum of the noise signals in Figure 4-2a.
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Figure 4-2 (a) Time domain of the noise signal in the testing room without noise and with
acoustic noise generated from the operation of the variable-speed-vibrator DC motor, and (b)
power spectrum plot of the noise in the room without noise and with acoustic noise generated

from the operation of the variable-speed-vibrator DC motor.
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4.1.2. Experimental Result

After acquiring the data in the time domain for both angular velocity and acceleration, as
shown in Figures 4-3a and 4-3b, the coherence (Figures 4-3c, 4-3d) and transmissibility (Figures
4-4a, 4-4b) were then calculated for each impact load for all scenarios: healthy without noise,
healthy with noise, damage without noise, and damage with noise. All frequency analyses were
carried out in the frequency domain using the Blackman window applied to the time domain
responses (with 64 sampling points) [40] inside MATLAB (R2016a). The mean of the 25
coherences and transmissibilities of the angular velocities and accelerations was extracted and

used to calculate the damage index for each scenario, as shown in Figures 4-4c and 4-4d.

Figures 4-4c and 4-4d showed that the damage index (at high coherence between 5-10
Hz) of both the transmissibility based on the angular velocity and the transmissibility based on
the acceleration successfully detected the damage at the damage location for the scenario with no
ambient noise. The magnitude of the damage index based on the transmissibility of the angular
velocity, however, was larger than that based on the transmissibility of the acceleration and was
less affected by the acoustic noise, for the acoustic noises under consideration, as compared with

the acceleration.

67

www.manaraa.com



(a) Angular velocity

0.5

sens.2
T SBHS.S

20

40 60
Time (sec)

(c) Coherence of Ang. vel.

0.8

047

0671 |

healthy

healthy noisey 1
healthy noisey 2
damaged
damaged noisy 1
damaged noisy 2

F ,__J A
0 20 40 60
Frequency(Hz)

(b) Acceleration

20 sens.2| |
——----3ens.3

0 20 40 60
Time (sec)

(d) Coherence of Acc.

%3 SN
0.8 A R
0.6 2
0.4 healthy |
healthy noisey 1 [~
healthy noisey 2
0.2 damaged )
damaged noisy 1
damaged noisy 2| |
4 =Y |
O = i
0 20 40 60

Frequency(Hz)

Figure 4-3 (a) Angular velocity in time domain of the healthy scenario at sensors 2 and 3, (b)
acceleration in time domain of the healthy scenario at sensors 2 and 3, (c) the coherence of
angular velocity signal for the healthy and damage beams without and with noise conditions,
and (d) the coherence of acceleration signal for the healthy and damage beams without and
with noise conditions. Healthy (noise 1):78 dB; healthy (noise 2): 85 dB; damage (noise 1):

65 dB; damage (noise 2): 75 dB.

The presence of acoustic noise showed a significant impact on the transmissibility of

acceleration damage index, as shown in Figure 4-4d. As can be seen from the second, third, and

fourth bars in Figure 4-4d, the transmissibility based on the acceleration damage index had a

hard time distinguishing between an undamaged beam with acoustic noise and a damaged beam
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without acoustic noise, generating a false detection. In contrast, the transmissibility based on the

angular-velocity damage index was less affected by the presence of acoustic noise, as shown in

Figure 4-4c. The damage index for the healthy beam without noise is very similar to that with

noise.
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Figure 4-4 (a) Transmissibility based on the angular velocity, (b) transmissibility based on
acceleration, (c) damage index based on the transmissibility of angular velocity, and (d)
damage index based on the transmissibility of acceleration. Healthy (noise 1):78 dB; healthy

(noise 2): 85 dB; damage (noise 1): 65 dB; damage (noise 2): 75 dB.
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When the damage index using pairs 1-2, 2-3, and 3-4 (as shown in Figure 4-1a) was

between sensors 3-4 instead of 2-3 (Figures 4-5b, 4-5d, and 4-5f).

considered, the damage was successfully detected at the damage location (pair 2-3) using the
angular velocity under no noise and under the two noise levels (Figures 4-5a, 4-5c¢, and 4-5¢). On

the other hand, the transmissibility based on acceleration damage index predicted damage
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Figure 4-5 Damage index based on transmissibility of angular velocity and acceleration
between pairs 1-2, 2-3, and 3-4, (a-b) without ambient noise, (c-d) with ambient noise
(intensity of 65 dB), (e-f) with ambient noise (intensity of 75 dB).
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During the lab experimentation, the beam existed with a very small impact load, but still
the resulting signals of the gyroscopes and accelerometers had enough power to show the
difference between the healthy and damage conditions. While the resulting deflection under such
small forces can be small, it appears that the angular velocity signal, similar to acceleration, can
sense these small changes in angular velocities resulting from the impact. These characteristics
of the gyroscope show promise for performance in a real-life situation where the signal to noise

ratio can be very small under small operational loads.
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4.2. Conclusion

As illustrated in the experimental results, the surrounding acoustic noise could mask the
damage index based on the linear acceleration by giving a false detection for the healthy scenario
with ambient noise. In contrast, the transmissibility based on angular-velocity damage index was
less affected by the presence of acoustic noise; the damage index was almost the same for the
healthy scenario with and without ambient acoustic noise. The proposed damage index showed
superiority when compared with the traditional damage index based on the transmissibility of
acceleration. The experimental results showed that the surrounding acoustic noise under
consideration (65-85 dB) has more effect on the damage index based on acceleration than that
based on angular velocity. It should be noted that the results of this work were based on the use
of accelerometers and gyroscopes embedded in the inertial sensors by Xsens [41], and the results
may change when using different types of sensors or using acoustic noise with different
intensities [31, 32]. Further investigation could be performed on more complicated structures
such as buildings, bridges, mechanical systems, and aerospace applications, and it is believed
that the proposed damage index based on the transmissibility of the angular velocity may open

new venues for using gyroscopes as part of the damage-detection process.
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CHAPTER FIVE: CURVED BEAM

5.1. Introduction

Curved beam components are widely used in structural and mechanical systems.
Compared to straight beam components, fewer studies have been conducted to investigate the
damage detection and health monitoring of curved structures such as domes, arches, and curved
beams and girders. Yang et al. [42] investigated the effect of vertical and horizontal moving load
on the dynamic response of a horizontally curved beam. The effect of the crack location and its
length on the changes of the dynamic characteristics (natural frequency and mode shape) of a
finite element clamped-clamped arch was studied by Krawczuk and Ostachowicz [43]. In
another study, Viola et al. [44] investigated the free vibration of circular arches in healthy and
damaged configurations using the analytical and differential quadrature methods. Karaagac et al.
[45] investigated the effect of a single-edge crack and its location on the dynamic characteristics
and stability of a circular curved beam. Zheng et al. [46] developed and implemented a real-time
damage-detection approach to detect and locate the changes in stiffness of steel domes subjected
to earthquake using the wavelet transform. Barr et al. [47] investigated the effect of changing the
state of the boundary conditions on the dynamic response of a curved steel I-girder bridge in Salt

Lake City, Utah.

In the present work, the transmissibility-based damage-detection method using the
angular velocity is used compared with another method that uses accelerations and the
magnitude of the acceleration. High coherence is adopted in the present study [23] to choose the
frequency band of the transmissibility function for the damage index. Two types of curved

beams (horizontally curved and vertically curved beams) with sensitivity analysis including
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different chord-height-to-length ratios are investigated in the current chapter to investigate the

efficacy of the proposed method.

5.2. Numerical Example
5.2.1. Numerical Example (Vertical Curved Beam)

A fixed-ended beam is used in this example to show the capability of the proposed
transmissibility based on angular-velocity methodology in detecting damage. The chord length of
the beam was 0.75 m, the chord height was 0.05 m, and it had a rectangular cross-section of
0.0381 m width and 0.00635 m depth. It was made from steel with a density of 7860 kg/m® and a
Young’s Modulus of 210 GPa and was considered healthy or undamaged. The beam was loaded

with an impulse point loading of 5 N/s at the middle as shown in Figure 5-1.
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(b) Beam cross-section (c) Finite element modelling

Figure 5-1 (a) Schematic representation of the fixed-ended beam with 0.05 m chord height,
(b) dimension of the cross-sectional area of the beam, and (c) finite element beam model used
in the analysis.

Figure 5-2 shows the deformable shape of the finite element beam. A damage of 0.001 m

in length and 1% severity was introduced to the left side of the beam by reducing its stiffness, as

shown in Figure 5-1a.

75

www.manaraa.com



&, Mises
SMEG, (fraction = -1.0)
(g T550)
- 48 5478404
5. 001¢+04

+5_a456e403
+0.0008 +:00

ace de-Len AT0 Tew us 23 8305 1 Conpi Bemmansa Teve 208

Step: Steps2
Increment  3: Step Time = 6. 0G00E-04
®

Frimary War: 5, Miges
Deformed Var, U Deformation Scale Factor: +1.0008+05

Figure 5-2 Stress distribution along the curved at 0.0006 sec time increment (deformation
scale 1:10000).

In both the healthy and damaged scenarios, the angular velocity and the linear
acceleration responses in the time-history were measured at node pairs (1-2), Figure 5-3. The
transmissibility between each pair was calculated for both scenarios (healthy and damaged) and
for both angular velocity and linear acceleration using the same frequency band (high coherence
150-390 Hz), as shown in Figure 5-4. The transmissibility of the undamaged scenario was

considered as the baseline of the damage index calculations.
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Figure 5-3 (a) Acceleration in the time domain of the healthy scenario of sensors 1 and 2, and
(b) angular velocity in the time domain of the healthy scenario of sensors 1 and 2.
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Figure 5-4 (a) The coherence of the acceleration signal, the angular velocity signal, and the
acceleration magnitude signal, (b) the transmissibility based on acceleration, (c) the
transmissibility based on angular velocity.

Figure 5-5 shows that the transmissibilities based on angular velocity, linear acceleration

and the magnitude of acceleration were successfully detecting the damage at the damage

location. The magnitude of the damage indictor based on the angular velocity was much larger

than the magnitude of that based on the linear acceleration and that based on the acceleration

magnitude, indicating that the angular velocity is more sensitive to the same amount of damage.
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Figure 5-5 The transmissibility based on linear acceleration in the Y-direction, the magnitude

of the acceleration, and the angular velocity damage indices of a curved beam calculated for

the 1% reduction of stiffness between pair 1-2 (damage location). ACCy: acceleration in the
Y-direction, ACCnmag: acceleration magnitude of the Y-direction and X-direction.
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5.2.2. Sensitivity Analysis (Vertical Curved Beam)

A sensitivity analysis was conducted to investigate the effect of the orientation of the
collected data on the transmissibility based on the acceleration damage detection and compare it
with the transmissibility based on angular velocity. Four scenarios with different chord-height-
to-length ratios have been considered to accomplish this purpose. Similar boundary conditions
and applied loads were imposed on the four scenarios with the same chord length and different

chord height.

5.2.2.1 The Analysis Setup

The setup of the study is similar to the previous example, shown in Figure 5-1. Fixed-
ended curved beams with higher chord-height-to-length ratios were used in the analysis. The
chord length of this curved beam was 0.75 m and the chord heights were 0.01 m, 0.05 m, 0.1 m,
and 0.15 m, respectively, as shown in Figure 5-6. The beams had a rectangular cross-section of
0.0381 m width and 0.00635 m depth. The beams were made from steel with a density of 7860
kg/m?® and a Young’s Modulus of 210 GPa and were considered healthy or undamaged. The

beams were loaded with an impulse point loading of 5 N/s in the middle.

A damage was introduced to the beams by reducing the stiffness of the damage element
by 1% (length of 0.001 m along the curved beams) at a location 0.0631 m from the left support
of the beam (Figure 5-1a) to investigate the sensitivity of the method to the damage and to the

orientation of the sensors on the beams.
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Figure 5-6 Sensitivity analysis setup with different chord-height-to-length ratios: (a) chord
height 0.01 m, (b) chord height 0.05 m, (c) chord height 0.1 m, and (d) chord height 0.15 m.

As shown in Table 5-1 and Figure 5-7, the damage index for each scenario has been
calculated. As shown in Table 5-1 and Figure 5-7, the damage indices based on angular velocity
for the scenarios of the beams with chord heights of 10 mm to 150 mm are relatively similar
values. In contrast, the damage indices based on the acceleration in the Y-direction increased as
the beam chord height increased from 10 mm to 50 mm, 50 mm to 100 mm, and 100 mm to 150
mm by 99.9%, 114%, and 136%, respectively. Also, the damage indices based on the
acceleration magnitude increased as the beam chord height increased from 10 mm to 50 mm by
148% and decreased when the beam chord height increased from 50 mm to 100 mm, and from

100 mm to 150 mm by 4.6% and 35.9%, respectively.
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Table 5-1 Damage index of the damaged beams with different chord heights. ACC_Y:
acceleration in the Y-direction, ACC_mag: acceleration magnitude of the Y-direction and X-

direction.
Chord Damage Index
Height . Frequency band
(mm) ACCY ACC_mag. Ang. Velocity (H2)
10 1.26E-05 9.86E-06 1.81E-04 210-450
50 2.51E-05 2.45E-05 1.81E-04 150-390
100 2.80E-05 2.33E-05 1.83E-04 155-380
150 3.18E-05 1.50E-05 1.85E-04 150-350
DI
ACC_y XAng. Vel. ACC_mag.
2.00E-04
X X X X
1.50E-04
o 1.00E-04
5.00E-05
0.00E+00
0 20 40 60 80 100 120 140 160
CHORD HEIGHT

Figure 5-7 Transmissibility based on the acceleration in the Y-direction, angular velocity, and
the acceleration magnitude damage index of the damaged beams with different chord heights.
ACC_Y: acceleration in the Y-direction, ACC_mag: acceleration magnitude of the Y-
direction and X-direction.
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5.2.3. Numerical Example (Horizontally Curved Beam)

A fixed-ended beam is used in this section to investigate the capability of the proposed
methodology in detecting damage for a horizontally curved beam, as shown in Figure 5-8. The
horizontal distance between the fixed supports (chord length) was 0.75 m, the distance between
the imaginary center line of the fixed supports and the mid-span of the curved beam (chord
height) was 0.05 m, and the rectangular cross-section was 0.0381 m in width and 0.00635 m in
depth. It was made from steel with a density of 7860 kg/m? and a Young’s Modulus of 210 GPa
and was considered healthy or undamaged. The beam was loaded with an impulse point loading
of 5 N/s at the middle of the horizontally curved beam as shown in Figure 5-8. Figure 5-9 shows
the deformable shape of the finite element beam. A damage of 0.001 m in length and 1% severity

was introduced to the left side of the beam by reducing its stiffness, as shown in Figure 5-8a.
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Figure 5-8 (a) Front layout schematic representation of the fixed-ended beam, (b) isometric
view of the horizontally curved beam with 0.05 m chord height, (b) dimension of the cross-
sectional area of the beam, and (d) finite element beam model used in the analysis.
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Figure 5-9 The deformed shape and the finite element modeling of the horizontally curved
beam at 0.35 sec time increments (deformation scale 1:10000000).

As with the previous example, for both the healthy and damaged scenarios, the linear
acceleration in the Z-direction (Figure 5-9) and the angular velocity in the Y-direction responses
in the time-history were measured at node pairs (1-2) (Figure 5-10). The transmissibility between
each pair was calculated for both scenarios (healthy and damaged) and for both linear
acceleration and angular velocity using the same frequency band (high coherence 110-500 Hz),
as shown in Figure 5-11. The transmissibility of the undamaged scenario was considered as the

baseline for the damage index.
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Figure 5-10 (a) Acceleration in the time domain in the Z-direction of the healthy scenario of
sensors 1 and 2, and (b) angular velocity in the time domain in the Y-direction of the healthy

scenario of sensors 1 and 2.
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Figure 5-11 (a) The coherence of the acceleration signal in the Z-direction, the angular
velocity signal in the Y-direction, and the acceleration magnitude signal, (b) the
transmissibility based on acceleration, and (c) the transmissibility based on angular velocity.
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As shown in Figure 5-12, the transmissibility based on linear acceleration, the magnitude
of acceleration, and the angular velocity successfully detected the damage at the damage
location. The magnitude of the damage index based on the angular velocity was 7.15 times larger
than the magnitude of that based on the linear acceleration and 11.59 times larger than the
damage index of that based on acceleration magnitude, indicating that the angular velocity is

more sensitive to the same amount of damage.
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Figure 5-12 The transmissibility based on linear acceleration in the Y-direction, the
magnitude of the acceleration, and angular velocity damage indices of a curved beam
calculated for the 1% reduction of stiffness between pair 1-2 (damage location). ACC;:
acceleration in the Z-direction, ACCmag: acceleration magnitude of the Z-direction and X-
direction.
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5.2.4. Sensitivity Analysis (Horizontally Curved Beam)

A sensitivity analysis was performed on the horizontally curved beam to investigate the
effect of changing the length of the chord height on the damage index based on the acceleration
in the Z-direction, acceleration magnitude, and angular velocity in the Y-direction. Four
scenarios were considered to accomplish this purpose with different chord-height-to-length
ratios. Similar boundary conditions and applied loads were imposed on the four scenarios with

the same chord length and different chord heights.

5.2.4.1 The Analysis Setup

The setup of the study was similar to the previous example of the horizontally curved
beam, shown in Figure 5-8. Fixed-ended curved beams with different chord-height-to-length
ratios were used in the analysis. The chord lengths of the horizontally curved beams were 0.75 m
and the chord heights were 0.01 m, 0.05 m, 0.1 m, and 0.15 m, respectively, as shown in Figure
5-8. The beams had a rectangular cross-section of 0.0381 m width and 0.00635 m depth. The
beams were made from steel with a density of 7860 kg/m? and a Young’s Modulus of 210 GPa
and were considered healthy or undamaged. The beams were loaded with an impulse point

loading of 5 N/s in the Z-direction on the middle of the beams.

A damage was introduced to the beams by reducing the stiffness of the damage element
by 1% (length of 0.001 m along the curved beams) at a location 0.0631 m from the left support
of the beam (Figure 5-8a), to investigate the sensitivity of the damage index of the different data

measurements.
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As shown in Table 5-2 and Figure 5-13, the damage index for each scenario has been

calculated. The damage indices based on angular velocity for the scenarios of the beams with

different chord heights of 10 to 150 mm were very similar. In the case of acceleration in the Z-

direction, the damage index decreased by 17.3% when the beam chord height increased from 10

mm to 50 mm and increased by 6.3% when the chord height changed from 50 mm to 100 mm.

When the chord heights changed from 100 to 150 mm, the damage index of the acceleration in

the Z-direction decreased by 19.5%.

The damage indices based on the acceleration magnitude decreased by 33.6% when the

beam chord height increased from 10 mm to 50 mm and increased by 66.8% when the beam

chord height increased from 50 mm to 100 mm. When the chord heights changed from 100 to

150 mm, the damage index decreased by 8.3%, as shown in Table 5-2 and Figure 5-13.

Table 5-2 Damage index of the damaged beams with different chord heights for the
horizontally curved beam. ACC_Z: acceleration in the Z-direction, ACC_mag: acceleration

magnitude of the Z-direction and X-direction.

Damage Index

Chord Frequency
Height (mm) ACC Z ACC_mag. Ang. Velocity Y band (Hz)
10 2.56E-05 1.97E-05 1.56E-04 200-490
50 2.12E-05 1.31E-05 1.51E-04 110-500
100 2.25E-05 2.18E-05 1.50E-04 140-400
150 1.81E-05 2.00E-05 1.51E-04 10-350
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Figure 5-13 Transmissibility based on acceleration in the Z-direction, angular velocity in the
Y-direction, and the acceleration magnitude damage index of the damaged horizontally
curved beams with different chord height. ACC_Z: acceleration in the Z-direction,
ACC_mag: acceleration magnitude of the Z-direction and X-direction.
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5.3. Discussion and Conclusion

The transmissibility-based damage-detection method using the angular velocity was
compared with another method that uses the accelerations and the magnitude of the acceleration.
The acceleration in the vertical direction was used in this work as a measure for the acceleration,
as it is expected that people may install the main axis of the accelerometers in the direction of
gravity. However, if the axis of the accelerometers is orientated toward the center of the curved
structures, then care should be taken to remove the measured gravity component from the
acceleration measurements. The total acceleration magnitude of the horizontal and vertical
directions was also calculated and used in this work for the damage index calculation for the
sensitivity analysis for both the vertically and horizontally curved beams. The results, however,
showed that the damage index based on the acceleration magnitude gave lower values than those

calculated based on the vertical direction of the acceleration.

In addition, the transmissibility based on the angular velocity damage index magnitude
was slightly affected when changing the chord height for the vertically and horizontally curved
beams. In contrast, the transmissibility based on the acceleration in the vertical direction and the
acceleration magnitude damage index varies significantly when the chord height changed for

both vertically and horizontally curved beams.
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CHAPTER SIX: HEALTH MONITORING AND UPDATING OF STRUCTURE SUPPORTS

6.1. Introduction

Structural supports are crucial elements in any structural system, but especially in
bridges. In bridge systems, the supports or bearings hold the superstructure and transfer the loads
to the substructure. Changes in the health conditions of the supports, such as rusting and
cracking, can cause noticeable changes in the response of the superstructure and the way loads
are transferred to the abutment and piers. Different types of bridge supports have been used to
accommodate different purposes and the challenges presented by loads. Elastomeric, sliding,
high-load multi-rotational, and fabricated steel supports are some common types of bearings
used in bridge systems; each type has advantages and potential disadvantages [48]. Fabricated
steel bearings are the focus of the current study since they have been widely used and are

considered the oldest of the bearing types.

Various factors affect the service life of bridge bearings. One factor is corrosion of the
exposed steel element and debris buildup at the bearing point, which affects the proper rotation
and expansion movements of the superstructure. Debris may become impacted or wedged at the
bearing location, restricting the movement of the bearing [48, 49]. If the bearing movement is not
proper for the design specification, new or different stresses will be introduced and will be
transmitted to the other members of the bridge [50], possibly generating different types of

failure.

Early detection of support deficiency can allow maintenance or repair management
before catastrophic failure can occur. A few studies have investigated the damage detection and
health monitoring of bridge bearings. Barr et al. [47] investigated the effect of changing the state

of the boundary conditions on the dynamic response of a curved steel I-girder bridge in Salt Lake
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City, Utah. Cornwell et al. [51] studied the effect of environmental variability on the modal
properties of the Alamosa Canyon Bridge in southern New Mexico. They suggested that,

because of the inappropriate function of the expansion joints (due to accumulation of debris and
the temperature differential), the boundary conditions of the structure were altered, causing
alteration in the resonant frequencies of the bridge. Gonzalez and Aied [52] employed the
Hilbert-Huang transform to characterize the features and identify the changes in the response of a
lead rubber bearing. However, the accuracy of the proposed method was limited by the noise

level.

Besides the health monitoring of structural bearings, some of the research studies
considered the boundary conditions in the model updating process. Park et al. [53] used a neural
network to evaluate the boundary conditions and used artificial rotational spring constants at the
supports to represent the effects of aging and constraining of the boundary conditions. Dilena et
al. [54] highlighted the importance of considering the boundary condition by modeling the
supports as linear elastic springs to obtain the damage evaluation in a reinforced concrete bridge
using finite element model updating. Aktan et al. [55] introduced a manual finite element model
update considering the boundary conditions of the bridge by implementing rotational and
translational springs at the supports. Brownjohn et al. [56] modeled the abutment restraints as
rotational springs in the assessment of a highway bridge’s refurbishing and strength through
dynamic testing and model updating. Some researchers simulated the resulting restraints on the
supports by a change in the stiffness of rotational springs added to the support [57]. Zhang et al.
[58] presented a finite element model updating of the Kap Shui Mun cable-stayed bridge based
on the measured frequencies. The boundary conditions were considered as updating parameters

in the updating process but could not be verified to the actual values.
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Previous work has shown the effectiveness of using the transmissibility in structural
health monitoring. The transmissibility function represents the ratio in the frequency domain of
two measured responses (output-only) in the structure. Since it represents the antiresonance, it
contains valuable information about the dynamic parameters, such as the mode shape and the
natural frequencies of the structure [25, 59]. Recent studies have shown that certain frequency
bands in the transmissibility function can be chosen to avoid the uncertainty in the information
provided by the transmissibility function [22, 26-29, 34]. Schallhorn and Rahmatalla [23]
employed the transmissibility function to assess the condition of a highway bridge on Highway

30 in lowa and used the coherence as a guide to select the frequency bands.

Recently, Al-Jailawi and Rahmatalla [34] introduced the concept of angular-velocity-
based transmissibility and showed its superiority to the traditional acceleration-based
transmissibility in detecting damage on structural systems. The purpose of this chapter is to
extend the application of the angular-velocity-based transmissibility and test its validity in
detecting the health condition and in updating the model of the resistance of the supports. This
chapter is organized as follows: Section 6.2 presents the theoretical background and
mathematical foundation of the proposed method. Section 6.3 demonstrates the application of the
proposed methodology on a simply supported numerical beam example, and Section 6.4 presents
the experimental application of the method. Finally, Section 6.5 presents the discussion of the

results.
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6.2. Theoretical Background

The principle of superposition is employed in this work to extract the relationship
between the structural response and the resistance at the support represented by a rotational
spring. A simply supported pin-roller beam, with an added rotational spring at the right end, is
presented in this section (Figure 6-1) to resemble a simplified bridge structure. The beam has a
length (L), flexural rigidity (EI), and is subjected to a constant load (P) at its center. A rotational
spring with stiffness (Kjp) is attached to the right support of the beam to resemble the changes in

the bearing’s rotational resistance that can result from deterioration.
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=] B(x) |
| % | | 2 | 2 |
. l Ke (b)
- ,_,_,éf:__fi I J - é _‘_/@ =
| 1 h | é(x) 2 | +
‘ 172 - /2 |
e C
(a) ,,_,,,_e_if_ﬂ  em J\r E")A 77_9125_: Kg
 — ———
- | o
X |
| 12 | 2 |
(c)

Figure 6-1 Principle of superposition of the simply supported beam with rotational spring: (a)
original loading, (b) equivalent loading using the principle of super-position.

Figure 6-1a represents the original beam, while Figure 6-1b and Figure 6-1c represent the

original beam with two loading cases that are equivalent to the original loading of the beam.

Using the principle of superposition:

O = Ox)” — On° (6-1)
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where 64, is the rotation at the right support of the original beam in Figure 6-1a, H(X)b is the

rotation at the right support due to the load at the middle of the beam in Figure 6-1b, and G(X)C IS

the rotation at the right support due to the resistance at the right support of the beam in Figure 6-

1c.

O = 2= 0<x<?

B¢ = LEEHI) - g <x<y
Substitute in Eq. 6-1:

Oy = P(L;_;xZ) _ M(ZLZ;:,ZC+3x2) 0<x< %

Atx=0and=Ky L :

KgL? = L?P
3El  16EI

0; = 0x=0) = —

Introducing the rotational ratio ¢, where

= O(x=0) _ 12(16Kg—3P)
T 6y  —3P(1?-4x2)+8Kg(2L2—6Lx+3x2)
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Figure 6-2 shows a plot of the relationship between ¢ and Ky. As shown in this figure, the
¢ value decreases as the rotational stiffness K, value increases, indicating that the beam will
show less rotation at its right-end support when the stiffness resistance of the support becomes

larger.
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Figure 6-2 The relationship of the ratio { with K_6 assuming El, L, P, and x constants.
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6.2.1 Support Health Monitoring Index (SHMI)
The support- health-monitoring index (SHMI) in the current work is calculated by
normalizing the difference between the transmissibility of the unhealthy and the transmissibility

of the baseline or healthy for a selected frequency range ¢.

Mathematically, SHMI can be evaluated using the following equation:

|Z5=im @) -2 )|
|Z=il @]

SHMI = (6-7)

where Ti‘} is the transmissibility of the damaged structure and Ti’}l is the transmissibility of the

baseline (healthy) structure. The transmissibility in this work is defined as the ratio between the

angular velocity at locations i and j in the neighborhood of the support [34]:

B;(w)

Tij (@) = 6;()

(6-8)

where 6, and éj are the output angular velocities at locations i and j, respectively. The
frequency range ¢ (Eq. 6-7) was selected based on the regions of high coherence y;; at locations

iandj:

|Sij(w)|2
Sii(w)Sjj(w)

Yij(w) = (6-9)

S;i is the auto-spectral density of the sensor at location i, S;; is the cross-spectral density

between the sensors at locations i and j, and S;; is the auto-spectral density of the sensor at

location j.
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6.2.2 Support Stiffness Resistance Updating (SSRU)

The same transmissibility and coherence functions used in the previous section for SHMI
calculation are used in this section to update the changes in the stiffness of the support. A flow
chart that illustrates the updating algorithm is shown in Figure 6-3. As shown in Figure 6-3, the
updating process comprises two charts. In the first chart (the left side of Figure 6-3), an
optimization process is carried out to update a finite element model (FEM) of the structure in its
healthy condition. This is an important step in the process to make sure that the FEM adequately
represents the healthy physical structure. In the second chart (on the right side of Figure 6-3),
another optimization process is introduced to update the changes in the rotational resistance of

the support (Ky) as a result of the deterioration.

The optimization algorithm (Equation 6-10) was used in the left chart in Figure 6-3 to

update the FEM of the healthy structure and can be stated as follows:

m,jn”ZZ,ﬁ:i T} (@) — =i Tilf'(fp)” (6-10)

Subject to:

EP<E< EY plo<p< p®?,d°<d< d¥,a"’ <a < a*?,

and Bl < p < pw
where T{}‘ is the measured transmissibility, Tf; is the updated transmissibility, and the frequency
range ¢ was chosen based on the regions of high coherence. E°and E¥? are the lower and upper
limits of the modulus of elasticity of the material, p'°and p“? are the lower and upper limits of

the density of the material, d*°and d“? are the lower and the upper limits of the dimensions of
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the structure, and a*°and a*?, B'°and p*Pare the lower and the upper limits of the damping
ratios of the structure.
The following optimization algorithm (Equation 6-11) was used in the chart on the right

side of Figure 6-3 to update the rotational resistance of the support:

mkin||23,3=i T (@) = Xip=i TH() || (6-11)
Subject to:

K < Ky < Ko*P
where Ky '°and K,*? are the lower and upper limits of the rotational stiffness at the support. The

MATLAB function called “fminbnd” is used for the updating process. This algorithm is based on

the golden section search and parabolic interpolation [60, 61].

101

www.manharaa.com




Initial parameters:

-Modulus of Elasticity E
-Material density p
-Dimensions, - Damping o and B

-K9=0

l

Generate FE model using (ABAQUS)

L_l

Experimental
Angular Calculate Angular velocity
velocity b; & éj- (ABAQUS)
0; & 6;

Updated FE model

l |
v

Calculate Transmissibility

Exp. T;,™/FE. T;* (MATLAB)

H

Objective function:
mki“"EZ:iTizﬂ(Gﬂ) - o= T

New
parameters:

E.p.ap,
Dimensions

(MATLAB)

Error within
tolerance: Error < &

Ko= Kinitial

(MATLAB)

Calculate Angular velocity
6; & 6; (ABAQUS)

Experimental
Angular
velocity

Calculate Transmissibility
EXp. Tl}m/.FE Tiju
(MATLAB)

v

Objective function:
min[| 6= T3 (#) — X T (@]

(MATLAB)

New parameter:

Kg

Error within
tolerance: Error < ¢

Yes

End

Figure 6-3 Flowchart of the updating process; the chart on the left represents the updating
scheme of the healthy structure, and the chart on the right represents the updating process of
the rotational resistance of the support due to deterioration.

102

www.manharaa.com



6.3. Numerical Analysis
6.3.1. Simply Supported Beam Setup

A simply supported beam is used in this example to show the feasibility of the proposed
SHMI and SSRU in detecting and updating the changes in the support stiffness conditions. The
length of the beam was 0.8 m, and it had a rectangular cross-section of 0.0381 m width and
0.00635 m depth. It was made from steel with a density of 7860 kg/m® and a Young’s Modulus
of 200 GPa and was considered healthy or undamaged. The beam was loaded with an impulse

point loading of 5 N/s at the middle as shown in Figure 6-4.

1y Load Rotational spring
Sensor Sensor Sensor
@/—Sensor ({ J }) %/x
Py >
I 0.2m | 1 02m I
| 0.8m |
(@)
2

Vo 77 A7 I

////////////)////////////////// 0.00635 m

L2027 222 2002 ' 2-node linear interpolation

1 B21
F——0.0381 m—
(b) Beam cross-section (¢) Finite element
modelling

Figure 6-4 Schematic representation of a simply supported beam showing (a) the rotational
spring with sensor locations 1,2 and 3,4 at the right and left supports, respectively, and the
location of the applied load, (b) the dimension of the cross-sectional area of the beam, and (c)
the finite element beam model used in the analysis.
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A rotational spring was added to the right support to simulate the additional resistance
caused by the deterioration at the support. The angular velocity was collected at locations x = 0
and x = 0.2 m on the left side of the beam, and at x = 0.6 m and x = 0.8 m on the right side of the
beam. The rotational resistance of the roller support for the healthy condition will be considered
to be negligible as compared to other deteriorated conditions; based on that, a stiffness of zero
will be assigned to the support resistance for the healthy condition. Five cases of rotational
stiffness deterioration scenarios (500, 1000, 1500, 2000, 2500 N.m/m/rad) were considered in

this example.

6.3.2. Support Health Monitoring Index (SHMI)

The angular velocity, coherence, and transmissibility of the sensor pair 1-2 for the
healthy and deteriorated support were calculated as shown in Figure 6-5 and Figure 6-6,
respectively. A frequency band between 1-100 Hz was selected for the angular velocity response
since the coherence function showed a high value and it was close to 1 at these frequencies, as

shown in Figure 6-6a.
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Figure 6-5 Angular velocity in (a) the time domain of the healthy scenario of sensors 1 and 2
with no rotational resistance at the right support, and (b) the time domain of sensors 1 and 2 of
the scenario with rotational stiffness of 2500 N.m/m/rad at the right support.
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Figure 6-6 The coherence and transmissibility of the healthy scenario, and the scenarios with
variable rotational stiffness at sensors 1 and 2: (a) coherence of the angular velocity signal,
and (b) transmissibility of the angular velocity.
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The calculated SHMI for the scenarios of increasing the rotational stiffness resistance
(500, 1000, 1500, 2000, 2500 N.m/m/rad) for sensor pair 1-2 are shown in Figure 6-7. As can be
seen from the figure, the magnitude of SHMI increases when the rotational stiffness increases

from 500 N.m/m/rad to 2500 N.m/m/rad.

SHMI

o SHMI

x SHM IIel‘t support

right support

09

0.8

0.7

06

SHMI
o
n

1

0.4

03} o

0.2

01 % X
x

1 I | 1 |
500 1000 1500 2000 2500
Stiffness

o
o®

Figure 6-7 Support-health-monitoring index (SHMI) at different values of rotational stiffness
(500, 1000, 1500, 2000, 2500 N.m/m/rad) at the right support. Data point symbol (0)
represents the relationship at the right support, while data point symbol (x) represents the
relationship at the left support.
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In order to investigate the effect of changing the stiffness condition of the right support
on the response of the left support, the SHMI at the left support was calculated using the
different stiffness scenarios. In this case, the angular velocity at sensors 3 and 4 was used in the
analysis. Again, the analysis was conducted using a frequency band between 1-100 Hz. As
shown in the lower part of Figure 6-7, the SHMI values at the left support were not affected as

much by the changes of stiffness of the right support, indicating a weak-coupled effect.

6.3.3. Support Stiffness Resistance Updating (SSRU)

The same transmissibility and coherence functions used to generate SHMI in Section
6.3.2 are used in this section to update the stiffness properties of the support. The support
updating process was carried out using ABAQUS/CAE 6.14 for the finite element analysis and

MATLAB (2018a) for the numerical analysis.

In this case, the stiffness value at the right support with a rotational spring stiffness of
2500 N.m/m/rad was considered. The response of the angular velocity of sensors 1 and 2 was
acquired, then mixed with 5% white noise. The coherence and the transmissibility were
calculated, and only the frequency band of 1-100 Hz of the transmissibility was considered for
the updating process, since it has higher coherence (Figure 6-8a). As shown in Figure 6-8b, the
transmissibility was significantly affected by the presence of noise for the frequencies above 100
Hz but was not much affected in the frequency band of 1-100 Hz. The MATLAB function
“fminbnd” was used for the updating process. Constraint limits for the rotational stiffness in the
updating process were chosen to be between 1 N.m/m/rad and 10000 N.m/m/rad. Also, a
tolerance of 1e-1 was selected for minimizing the objective function (Equation 6-11) to be

satisfied before the termination of the updating process.
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The resulting updated value of the rotational stiffness of the contaminated data with 5%
noise was 2501.99 N.m/m/rad. As shown in Figure 6-9, the updating process took 18 iterations to
find a feasible solution for the noisy data scenario. The percentage difference of the updated
rotational stiffness and the correct rotational stiffness was 0.08%, indicating that the proposed

methodology was successfully updating the rotational stiffness at the right support, even with the

presence of 5% noise.

109

www.manharaa.com




1 T T |
noisy
without noise
08 .
086 4
04 -
0.2 B Iz/ \\\ =
0 | L | :
0 50 100 150 200 250 300 350 400 450 500
Frequency (Hz)
0 (b) Angular velocity transmissibility
I T 1 1 I T T L I
S5 S| N P e noisy ||
10k A without noise | -
ll AT T !/” ‘-‘\\ {/’d-‘ﬁ'-\
— 1 s g T 8
% _20 B I'. ff‘ﬂ‘\\ "! \\ 1; ) Y
EI_J’ ! r! \\ -” R
=] Vo “
_*3 '30 [~ |I r’ -
I
S 401 ¥ .
-50 - k _
'60 | 1 1 1 | 1 L 1 |
0 50 100 150 200 250 300 350 400 450 500
Frequency (Hz)

Figure 6-8 The coherence and transmissibility of the right support with 2500 N.m/m/rad
scenarios: (a) coherence of the angular velocity with and without added white noise, and (b)
transmissibility of the angular velocity with and without added white noise.

110

www.manharaa.com



250 -
¢

200

150 |
o
=
©
>
(=
0
2 ¢
L ¢

100

50 -

¢ ¢
¢ ¢
0 . : & 44— 06— 00—
0 2 4 6 8 10 12 14 16 18
lteration

Figure 6-9 Optimization-iteration process for updating the rotational stiffness of the right
support with the 2500 N.m/m/rad scenario.
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As shown in Table 1, a small percentage of error was generated for the different scenarios

despite the presence of noise in the measured time domain signal.

Table 6-1 Updated value of the rotational stiffness scenarios with 5% noise to the time

domain signal.
Identified Updated Iteration Difference
Nm/m/rad Nm/m/rad (Number) %
500 502.64 21 0.53
1000 1004.7 21 0.47
1500 1505.39 18 0.36
2000 2006.51 18 0.33
2500 2501.99 18 0.08

6.4. Experimental Examples

Two experimental examples are presented in this section to investigate the feasibility of
the proposed SHMI and SSRU using simply supported pinned-pinned beams with hinged
supports. In the first experiment, the frictional properties of the right hinge of the beam were
gradually changed, and SHMI was quantified for each scenario. In the second experiment,
rotational springs with different stiffness were attached to the right hinge, and the SSRU
algorithm was applied to update the changes in the stiffness properties of the support. Both
experiments were conducted on a vibration-isolated frame using the impact test. Figure 6-10
shows the instruments used in the experiment work: a Dell computer xps13, DEWE 43V data

acquisition, DYTRAN 5800B4 impact hammer, and DYTRAN 7556A2.
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(a)

Figure 6-10 Equipment used in the experimental work: (a) computer to store the data, (b)
impact hammer, and (c) data acquisition instrument.

6.4.1 Friction Support Experiment

A rectangular pinned-pinned cross-sectional steel beam with dimensions of
800*38.1*6.35 mm was used in this experiment as shown in Figure 6-11a. Adjustable frictional
hinges were used to support the beam as shown in Figure 6-11b and Figure 6-11c. Two sensors
were placed on the beam, one at the right support (sensor 1) and the second (sensor 2) at a
distance of 200 mm from the right support, to simultaneously measure the angular velocity at
both locations. An impact load using a hammer (shown in Figure 6-10b) was applied at the

middle of the span as shown in Figure 6-11a.
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Figure 6-11 Friction support experimental setup: (a) pinned-pinned beam with hinged support
and sensor locations, (b) left support, and (c) right support. The resistance of the support in (c)
is controlled by tightening/loosening the X-groove bolts on the hinge of the support.

Six sets of experiments (scenarios) were conducted on the simply supported beam by
keeping the state of the left support the same (hinge released from friction) and changing the
friction magnitude at the right support by tightening the bolt of the friction hinge (healthy, loose,
partially loose, partially tightened, tightened, and fully tightened). Ten impacts and
measurements of angular velocity for each set of experiments were collected. The set with both
hinges of the supports without the frictional bolts was considered as the healthy set in the SHMI

calculations.
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The coherence and transmissibility functions of the six scenarios were calculated for each
impact load. The mean value of each of the ten coherence and transmissibility functions (from
the ten impacts) was extracted and used to calculate the SHMI for each of the six scenarios

Figure 6-12).

The magnitude of the transmissibility of sensors 1 and 2 was calculated for all sets of
scenarios at the same frequency band of 1-80 Hz (high coherence). Figure 6-13 shows that the
magnitude of SHMI increased as the rotational resistance at the right hinge support of the beam
increased; i.e., the value of the SHMI increases when the friction at the hinge of the right support

increases.
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Figure 6-12 (a) The coherence of the healthy scenario, partially tightened bolt, and fully
tightened bolt of the right hinge support, and (b) the transmissibility of the healthy scenario,
the partially tightened bolt, and the fully tightened bolt of the right hinge support.
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6.4.2. Spring Support Experiment

A rectangular pinned-pinned cross-section steel beam with dimensions of 800*50.8*4.76
mm is selected. Spring hinges have been used to support the beam as shown in Figure 6-14.
Similar to the previous example, two sensors were placed at the right support (sensor 1) and at a
distance of 200 mm from the right support (sensor 2) to measure the angular velocity at the same
time. Ten impact loads using a hammer (shown in Figure 6-10b) were applied at the middle of

the span as shown in Figure 6-14a.
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Figure 6-14 Experimental setup of changing the hinge support resistance using rotational
springs: (a) setup of the pinned-pinned hinged support beam and sensor locations, (b) left
hinge support with no spring attached, (c) right hinge support with a spring attached.
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The scenario with the pinned-pinned hinged support without springs mounted on the
hinge supports (DO healthy scenario) was first considered to update the FEM of the beam using
the algorithm in Figure 6-3 and Eq. 6-10. Two scenarios for the pinned-pinned beam were
updated using Eq. 6-11; D1 and D2 represented 14 wraps of the rotational spring (with a
resistance of 5.4 N.m/m/rad) and 15 wraps of rotational spring (with a resistance of 35
N.m/m/rad), respectively. Figures 6-15a, 6-15b, and 6-15c¢ show the mean value of the
transmissibility of the healthy (D0) and the updated D1 and D2 scenarios, respectively. The
updated values for the rotational spring stiffness were 5.572 N.m/m/rad for D1 scenario and

36.161 N.m/m/rad for D2 scenario.

119

www.manaraa.com



(a) Transmissibility of the DO scenario

Experimental
Updated FE

_50 [l | 1 1 L | | 1 L )
50 100 150 200 250 300 350 400 450 500
Frequency (Hz)
0 (b) Transmissibility of the D1 scenario
[ N [E— Experimental
B T Updated FE |
20 e V/ Y
M
g
Al
ll
1]
-40 - &
L)
1
-60 | | 1 1 L | | 1 L ]
0 50 100 150 200 250 300 350 400 450 500
Frequency (Hz)
0c (c) Transmissibility of the D2 scenario
B A B Experimental
Updated FE
A \{ =
LU P A
’ A}
il
1 1 1 1 1 1 L ]
0 50 100 150 200 250 300 350 400 450 500
Frequency (Hz)

Figure 6-15 The transmissibility of (a) the healthy (DO0) scenario, (b) the updated (D1)
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6.5. Discussion

A damage-detection and model-updating methodology was proposed in the current work
to assess the support deterioration of a beam-like structure. The proposed method was based on
the output responses of the angular velocity at two points on the beam, in the vicinity of the
support, using the transmissibility function. The transmissibility function with selected specific
frequency bands (with high coherence, close to 1) was considered to avoid the uncertainty and
nonlinearity in the response signal at other frequencies. The changes in the state of the support
were successfully detected and quantified using the proposed SHMI. Additionally, the rotational
stiffness of the added springs at the support was successfully quantified with a small value of
uncertainty (between 0.08% and 0.53%), even with the presence of white noise (5%) in the time

domain data of the angular velocity.

The proposed method was also successfully tested in the laboratory environment using
beams with different types of support resistance. Fabricated hinge supports with varying friction
resistance and with spring loading were investigated to represent the changes in the resistance of
the rotational stiffness at the support due to deterioration. One limitation of these types of
supports is that they may not represent the actual bearings of real bridges; however, the changes
in their functionality may reflect behavior similar to what happens in a deteriorated bridge
bearing.

While the proposed method was successful in detecting and updating the health
conditions of the bearing of beams in numerical and lab testing, its application to real bridges
will require more investigations. One of these investigations may focus on the number and

locations of sensors on the bridge, as bridges are normally supported on many bearings.
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CHAPTER SEVEN: FUTURE WORK

Geometrical nonlinearity has become a vital consideration in the analysis of damage
detection and health monitoring since it can take place in many applications, especially those
with thin and slender structures. Geometrical, inertial, material, damping, and boundary
conditions are some sources of dynamic nonlinearity. In some cases, the presence of cracks that
open and close under the operating environment causes a nonlinear response in a structure that
initially behaves linearly [62]. Numerical verifications with experimental studies have been
presented to study the response of cantilever beams with geometrical nonlinearity [63, 64].
Incorporating both material and geometrical nonlinearity, Adeli and Zhang [65] presented
nonlinear analysis of composite girder cable stayed bridges. Carrella et al. [66] presented a study
of the effect of nonlinearity on the properties of a structure using collected data of the frequency

response function for a single-degree-of-freedom system.

Kerschen et al. [67] presented a review of a nonlinear dynamical structure in system
identification and detection. Also, a review by Worden et al. [62] illustrated some damage-
sensitive data feature approaches based on nonlinear system response. In another study, using the
Hilbert Huang transform and sliding window-fitting techniques, the dynamic characteristics of
nonlinear systems were extracted by Pai et al. [68] for numerical and experimental systems.
Manoach and Trendafilova [69] studied the sensitivity of some nonlinear vibration parameters to
the damage within rectangular plates undergoing geometrical nonlinearity. The numerical results
showed that the proposed damage index successfully detected and located the presence of the
damage. Mojtahedi et al. [70] utilized principal component analysis for damage detection for
offshore jacket-type structures with the presence of geometrical nonlinearity. Figueiredo et al.

[71] used machine learning algorithms to classify and detect the damage for a three-story frame
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structure in a laboratory environment. They simulated the damage through the nonlinear effect of

a bumper mechanism that induces a repetitive-impact-type nonlinearity.

Studying the effect of the geometrical nonlinearity is proposed for the future work with
the presence of the damage under operational loading, such as those that can take place during
extreme weather conditions. The investigation would include further studies of the state of the

art, as well as an analysis of the numerical models and experimental work research.
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