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Reconstructing interfacial force
distribution for identification of
multi-debonding in steel-reinforced
concrete structures using
noncontact laser vibrometry

Hao Xu'"? Zhongqing Su'*?, Li Cheng'*, Jean-Louis Guyader® and
Patrice Hamelin*

Abstract

Interfacial debonding in multilayered engineering structures can jeopardize the structural integrity without timely aware-
ness. By reconstructing the distribution of interfacial forces and canvassing local perturbance to the structural dynamic
equilibrium, an identification approach for interfacial debonding between different structural components was developed.
A “debonding index,” governed by the derivatives of reconstructed interfacial forces, was established, able to predict
debonding in a quantitative manner including the coexistence of multi-debonding and their individual locations and sizes.
The index offers the flexibility of detecting debonding between a beam-like component and its neighboring constituents
of any type (beam, plate, shell, or even more complex components) with distinct material properties. To enhance the
robustness of the approach under noisy measurement conditions, two denoising techniques (low-pass wavenumber fil-
tering and adjustment of measurement density), together with a data fusion algorithm, were proposed. Using a noncon-
tact laser vibrometry, the approach was validated experimentally by identifying multiple debonding zones in a steel-
reinforced concrete slab dismantled from a bridge model. The approach has been demonstrated sensitive to debonding
of small dimension owing to the use of high-order differential equation of motion. In addition, it does not require a global
model of the entire system, prior information on structural boundaries, benchmark, baseline signals, and additional exci-
tation sources as long as the structure undergoes steady vibration.

Keywords
Noncontact laser vibrometry, debonding, structural health monitoring, local dynamic equilibrium, denoising, data fusion,
steel-reinforced concrete

reinforced concrete structures to locally enhance the
load resistance.”

Nevertheless, imperfect fabrication or excessive
loads produced by foreign object impact can give rise

Introduction

Concreted infrastructure experiences continuous accu-
mulation of damage over the lifespan, as a result of
manufacturing defect, improper use, service wearing,
exposure to aggressive environment, insufficient main-

tenance, or even sabotage. They, consequently, deterio-
rate at an alarming rate, leading to catastrophic failure
without timely inspection. Nowadays, more than 40%
of the bridges in the United States are either structurally
deficient or functionally obsolete, mainly because of
accumulated damage and aging.! Allowing for exorbi-
tant expense and difficulty in entirely rebuilding, there
has been increasing preference to locally strengthen and
retrofit the vulnerable areas of concreted infrastructure
using materials with high specific strength and specific
stiffness such as metal or polymer, configuring
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to interlaminar shear stresses that, if large enough, may
cause separation of the metal or polymer layers from
the concrete substrates, leaving a void at the interface,
known as debonding. Debonding is probably the most
common damage type in multilayered structures,® ¢
exerting detrimental effects on the stiffness and strength
of the reinforced concretes for the discontinuity of load
transfer.”® That is because the overall capacity of a
reinforced concrete is dependent substantially on the
efficient load transfer through the adhesive at inter-
faces. Furthermore, an initial debonding can propagate
rapidly under cyclic loads, from the tips of a debonded
zone where particularly intense stress concentration
exists, leading to severer failure of the whole structure.

Early detection of debonding warrants a safe and
efficient service of the reinforced concrete structures,
whereby the risk of structural integrity downgrade can
be reduced considerably. To this end, appropriate non-
destructive evaluation (NDE) must be ensured on a
regular basis not only during installation but also
throughout the intended service life of the reinforced
concretes. Currently, the guidelines widely observed in
the civil industry include material conformity check
before installation, inspection of surface condition and
adhesive curing during installation, and routine exami-
nation after installation,” using well-defined NDE tech-
niques such as visual/tapping check, dummy samples
testing, large-scale load testing, radioscopy, infrared
thermography, ultrasonics, acoustic emission, and
ground-penetrating radar.'®'> However, these conven-
tional NDE techniques suffer from bottlenecks such as
limited access to geometrically complex structures,
requirement of intensive labor, incurrence of high cost,
and excessive sensitivity to ambient noise. They can
generally be used for periodic inspection in an offline
manner with demonstrated effectiveness in detecting
debonding in small-scale infrastructural fragments
only. These deficiencies have posed immediate urgency
and aroused imperative needs for real-time and cost-
effective surveillance so as to preclude possible debond-
ing at early stage. In this aspect, a diversity of methods
is readily available, dominated by global-vibration-
based techniques'® ! using, for example, eigen-fre-
quencies,”*?! mode shapes and modal curvature,>'
electromechanical impedance,”®?” flexibility matrix,®
39 and damping properties.>’ The rationale of these
deployments resides on the fact that the occurrence of
structural damage including debonding induces
changes in physical properties of a structure (e.g. local
stiffness, density, mass, thermal properties, and electro-
mechanical impedance), and these changes are in turn
manifested in the captured dynamic responses.

But implementation of these techniques for detection
of debonding in reinforced concrete infrastructure can
be somewhat hampered due to a number of obstacles,

including their strong reliance on benchmark structures,
baseline signals, global models, boundary conditions,
and excitation sources. Under most circumstances, the
dynamic responses are captured in a contact manner
using embedded or attached transducers, which, how-
ever, may not be entertained in engineering practice.
Most critically, such a global-vibration-based detection
is insensitive to damage before it reaches a conspicuous
extent because damage is a local event which would not
alter global responses prominently.*

Motivated by the above recognition and residing on
the authors’ previous work pertaining to reconstructing
distribution of excitation force®*** and damage model-
ing for beam-like® and plate-like®® structures, a novel
identification approach for predicting debonding in
steel-reinforced concrete structures was developed, by
canvassing local perturbance to the structural dynamic
equilibrium. A “debonding index” (DI) governed by the
derivatives of reconstructed interfacial forces between
constituents was established, able to indicate the indi-
vidual locations and sizes of multiple debonding zones.
Different denoising treatments including low-pass
wavenumber filtering (LWF), adjustment of measure-
ment density (AMD), and a data fusion algorithm were
proposed to enhance the practicability of the approach.
Experimental validation was carried out by identifying
multi-debonding zones in a steel-reinforced concrete
structure dismantled from a bridge model.

Principle of methodology

Given a structural component, its steady vibration can
be described in general by

(L] - [u]=[F] - 5(M — M,) (1)

where [L] is a matrix differential operator, [u] the struc-
tural displacement, [F] the external excitation force
applied on the surface of the component at location
M., and 6 a Dirac function which vanishes at M when
M # M,. For a free surface in the absence of any exter-
nal excitation, the left-hand-side term of equation (1)
equals to zero provided the structure is free of damage.
With measured [u], any drastic deviation from zero in
the left-hand-side term at a particular spatial position
M implies, in principle, local breakage of the structural
equilibrium, that is, occurrence of damage therein.
Without loss of the generality, now consider a homoge-
neous isotropic Euler—Bernoulli beam-like component.
Equation (1) can be specified for the beam component,
in a harmonic regime, as

d*w)
d?

d(t-T()
@

EI — pSw*w(x) =N (x) +
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N(x)
M(x)+dM

1 Q(x)+dQ
M(x)

dx
Q(x)

Figure |. Schematic of internal forces and moments for a
beam-like component.

Beam
component

Components of
different types and
material properties

Figure 2. Schematic of a multilayered system comprising a
beam-like component and other constituents of different types.

A component of any type
and material properties

Beam
component
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Figure 3. Schematic of internal force distributions at the
interface between a beam-like component and its neighboring
component of any type and material properties.

where w(x) is the transverse displacement of the com-
ponent at x; E, p, I, S, and & are Young’s modulus,
density, moment of inertia, area of cross-section, and
thickness of the beam component in its intact status,
respectively; w is the angular frequency of the vibra-
tion; N(x) and T'(x) are the density of external force
applied on the component surface at x in normal and

tangential directions, respectively, as shown schemati-
cally in Figure 1. Equation (2) locally applies to every
single point of the beam component, therefore serving
as a local equilibrium indicator linking the inertia
forces of the beam component to external forces. Even
in the absence of any external force, equation (2) is still
tenable, locally describing the forced vibration of a
beam component driven by the internal forces exerted
by its adjacent elements.

The above discussion can be extended to a multi-
layered system with at least one layer which can be
characterized as a beam component, whereas the
remaining layers can be of different components with
distinct material properties, as illustrated schematically
in Figure 2. The beam component layer interacts with
its neighboring layers through the internal forces (V (x)
and 7'(x) in equation (2)) at the sharing interfaces. Note
that these interfacial forces are “external” forces to the
beam component under investigation from its adjacent
layers, and thus called pseudo-external forces in what
follows.

The presence of a debonding at the interface as
shown in Figure 3 significantly decreases both N (x) and
T (x) within the debonding zone because of the disconti-
nuity of stress transfer therein, and this leads to singu-
larity in the distribution of N(x) and T(x). The
debonding also incurs fluctuation in the left-hand-side
term of equation (2) at boundaries of the debonding
zone, reflected by the derivative of the interfacial force
((dT(x))/dx). Such an attribute of equation (2) can be
conducive to estimating the location and subsequently
the size of a debonding zone. Based on this, a DI is
defined as

4
DI :EI% — pSw*w(x) (3)
namely, the left-hand-side term of equation (2). The
flexural displacement (w(x)) is the only parameter
needed to construct the DI.

Note that the material properties (£ and p) and geo-
metric parameters (/ and S) as well as w(x) are those
associated with the beam component only, regardless
of the complexity of the rest of the multilayered system
with which the beam is associated. This trait endows
the DI with flexibility of predicting debonding at the
interface between a beam component and neighboring
constituents of any type (beam, plate, shell, or even
more complex components) with distinct material
properties. The proposed DI claims somewhat conveni-
ence in the selection of excitation frequency. Provided
the excitation is not harmonic and spans over a certain
frequency bandwidth instead, a frequency component
in the frequency domain after Fourier transform
can be extracted, at which the DI is constructed.
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Figure 4. (a) A concrete slab reinforced with an I-shaped steel
beam and (b) cross-section of the reinforced concrete slab.

Table I. The location and size of debonding zones in the steel-
reinforced concrete slab.

Number of Location (left boundary, Size® (%)
debonding zones right boundary)?

D, (400, 430) 1.3

D, (650, 690) 1.7

Ds (890, 940) 2.1

D4 (1160, 1230) 3.0

Ds (1450, 1500) 2.1

Ds (1705, 1745) 1.7

D; (1950, 1980) 1.3

?In the coordinate system shown in Figure 5.
®The ratio of the length of the debonding zone to the total length of the
beam span.

The independence of the approach on selection of exci-
tation frequency endows w(x) with certain flexibility—
w(x) can be either the mode shape of the structure at a
specific natural frequency or the flexural displacement
under an arbitrarily selected frequency. Optimal selec-
tion of w is to be discussed in subsequent sections.
Although the system damping is apprehended in modu-
lus E, estimate of the damping is tedious in practice
and its effects can become pronounced only in the

vicinity of the resonance region. Therefore, it is prefer-
able to construct the DI at an off-resonance regime of
the multilayered system, so as to minimize the effect of
system damping.

During practical implementation, w(x) can be
obtained discretely at a dense set of spatial points
closely spaced along the beam span (corresponding to
measurement points in experiment), to approximate
(d*w(x))/dx* in equation (3) for constructing the DI
using the finite difference. Thus, the DI at measurement
point 7 (denoted by DI;) reads

EI

D]i: d—4(Wi+2 — 4Wi+l +6Wl' — 4Wi_1 +Wl'_2) — pS(L)zWi
m

(4)

if four neighboring measurement points from point
i — 2 toi+2 areinvolved. In equation (4), w; is the mea-
sured transverse displacement at point i, and similar to
other displacement variables; d,, stands for the interval
between two adjacent measurement points.

Characterization of multi-debonding in
steel-reinforced concrete structure

The above DI was validated by quantitatively evaluat-
ing multiple debonding zones in a concrete slab rein-
forced by a steel beam as shown in Figure 4(a), which
was dismantled from a bridge model.

Problem description

The concrete slab, 2350 mm long and simply supported
at its two ends, was reinforced externally with an
I-shaped steel beam and internally with rebars (rebar
reinforcement ratio: 2.5% by volume). The slab was
preinspected to warrant free of observable spalling,
crack, and other types of gross defects. A total of seven
width-through debonding zones (D—D-) were scattered
at the interface between the concrete slab and the steel
beam, with individual locations and sizes tabulated in
Table 1. As explained previously, as long as a beam
component is concerned, the complexity of the residual
of the multilayered system (e.g. inhomogeneous and
anisotropic nature of the concrete, or rebars inside)
would not dilute the validity of the DI.

Feasibility study using numerical simulation

Characteristics of the DI and its accuracy for predicting
debonding were first examined using finite element
(FE) simulation. The system was modeled in its full
scale using three-dimensional brick elements, as dis-
played in Figure 5. To canvass the interfacial forces, the
interface was particularly refined, where each element
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Table 2. Material properties of the concrete and steel used in
numerical simulation.

Concrete Steel
Young’s modulus, E (GPa) 24 200
Density, p (kg/m?) 2700 7800
Poisson’s ratio, v 0.2 0.27
Damping ratio, & 0.0l 0.002

Inspection region
(X =750~2350 mm)

y
I< X Excitation ( X = 500 mm)
z

Figure 5. Finite element model of the reinforced concrete slab
shown in Figure 4(a) bearing a simulated debonding region.

measured 20 X 2.5 X 2.5mm?>. As explained previously,
any component adjacent to the beam component is not
of interest with no contribution to the construction of
the DI. Thus, modeling of the concrete slab was simpli-
fied by assuming an isotropic and homogeneous nature
with the material properties given in Table 2. A point
force, perpendicular to the steel beam surface and 500
mm from the left beam end, excited the beam at an

arbitrarily selected frequency of 600 Hz. It is relevant to
note that the excitation can also be a wideband signal,
ambient vibration, or even white noise, as long as the
structure undergoes steady vibration. A frequency com-
ponent in the frequency domain after Fourier transform
can be selected, and then advanced measurement means
(e.g. laser vibrometer) can be employed to capture sig-
nal components associated with the selected frequency.
In this connection, additional excitations are not of
necessity, and in contrast the vibration can be driven by
“natural” sources such as the traffic loads applied to a
bridge.

A width-through debonding zone was assumed at
the interface, 300 mm long and 1600 mm from its cen-
ter to the left beam end. Such a severe debonding sce-
nario (~12.8% of total interfacial area) was aimed at
comprehending the characteristics of the DI. To elimi-
nate possible singularity near the excitation source, an
inspection region (750-2350 mm) was defined as indi-
cated in Figure 5, and the DI was constructed in the
inspection region only. The simulation was carried out
using the commercial FE code ANSYS®. To the beam,
the normal and tangential interfacial forces, denoted by
fy and fy, respectively, are pseudo-external forces
exerted by the concrete slab, which were obtained by
calculating the nodal forces at the middle line of the
interface (indicated by “®” in Figure 4(b)) along the
beam span, and the results are shown in Figure 6. Note
that fy and f; were extracted from the nodes at “©”
which can be deemed, respectively, as the means of
N(x) and T(x) across the beam width. Therefore,
Nx) +(h/2) - (dT(x)/dx) in equation (2) can be

@) 10 , ,
= H
g 10 : i
_é’; :
2 o0t
bt Debonding
g 30l boundaries
(o]
: |
I
g -0/
[}
Z
-50
=) 1000 1500 2000

Beam Span within Inspection Region [mm]

() 25

20
A6 s umes

10

5"\ |
oh-.. \ ot
50 '

-10

A5 . ) \\'/:\& = ]
- Debonding boundaries

Tangential Force DensityfT [N/m]

-20

-25

1000 1500 2000
Beam Span within Inspection Region [mm]

Figure 6.
region.

Distributions of (a) the normal nodal force density, fy, and (b) the tangential nodal force density, fr, within the inspection
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Figure 7. Distributions of (a) the derivative of the tangential nodal force density, dfr/dx, and (b) the right-hand-side term of

equation (2).

approximated with fy + (2/2) - (dfr/dx). In Figure 6,
discontinuities in fy and f7 can clearly be observed at
the two ends of the debonding zone; both retreat to
none within the debonding area because of the inter-
ruption in transfer of interfacial forces therein. This
interruption resulted in drastic oscillations of the deri-
vatives of fy and fy at the debonding boundaries, as
shown in Figure 7(a) for dfr/dx as an example. Figure
7(b) further displays fy + (h/2) - (dfr/dx), revealing (a)
prominent elevation of fy + (4/2) - (dfr/dx) takes place
at the boundaries of the debonding zone only; while (b)
Sy + (h/2) - (dfr/dx) features a smooth variation with
regard to zero over the majority of the inspection
region; and (c) it turns to zero within the debonding
zone. Note that the singularity near the beam ends can
also be observed which can be attributed to the insuffi-
cient measurement points therein for finite difference
calculation (known as the Gibbs phenomenon™?).

For discussion, w; was extracted from the nodes at
“@” (see Figure 4(b)) by calculating the nodal displace-
ment and is displayed in Figure 8(a), with the corre-
spondingly constructed DI in Figure 8(b) using
equation (4). It is noteworthy that the distribution trait
of the DI as observed in Figure 8(b) possesses high
resemblance with the curve of fy + (h/2) - (dfr/dx) in
Figure 7(b), although in different scales because the
nodal forces in Figure 7(b) are the means of N(x) and
T(x) across the beam width at “@©” whereas w; is the
flexural displacement at the mass center of the I-shaped
beam at “@” This consistency between Figure 7(b) (i.e.
the right-hand-side term of equation (2)) and Figure
8(b) (namely, the DI, also the left-hand-side term of

equation (2)) has corroborated the theoretical basis
described by equation (2) from which the DI was
developed.

For further comparison, w; was also extracted from
the nodes at “@” “®” “@” and “®” respectively, and
the correspondingly constructed DIs are shown in
Figure 9(a) to (d). It is important to note that the DI
with w; at or close to the interface (© in Figure 9(a)
and @ in Figure 9(b)) manifests more drastic oscillation
at the debonding boundaries due to more significant
stress singularities at these two positions. In addition,
allowing for the difficulty in acquiring the vibration
deflections right at the interface in practical measure-
ment, w; at ® would be most conveniently captured for
constructing the DI, which was the case in the follow-
ing experiments. Note that calculation of DI involves
neighboring measurement points beyond the actual
debonding region, leading to overestimated debonding
size.

The above results of FE simulation have demon-
strated the feasibility of using the proposed DI for eval-
uating interfacial debonding in a quantitative manner
regardless of the complexity of the coupled concrete
and also unraveled the attributes of the DI distribution
in the intact and debonding zones, as well as at the
debonding boundaries.

Characterization of debonding using experiment

A scanning Doppler laser vibrometer (Polytec PSV-
400B) was employed to measure w; of the steel beam at
® in a contactless manner. Considering its long
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Figure 8. (a) The vibration deflection captured from the nodes at “®” and (b) the correspondingly constructed DI within the

inspection region.
DI: debonding index.

span, the reinforced slab was divided into the left (320—
1325 mm) and right (1145-2140 mm) inspection regions
with a slight overlap, as in Figure 10. For the right
inspection region, a point force excitation source was
480 mm away from the left beam end (E; in Figure 10),
while 1845 mm for the left region (E,). The excitation
force was generated by an electromechanical shaker, as
shown in Figure 4(a). w; under four arbitrarily selected
excitation frequencies (800, 1200, 2000, and 3000 Hz)
was captured using the laser vibrometer, and those for
the right inspection region are exhibited in Figure 11
for illustration. Thirty-time averaging was applied to
raw data to screen random measurement noise. Note
that these frequencies were selected arbitrarily to testify
the independence of the approach of vibration fre-
quency. At higher frequencies w; presents more nonper-
iodical property (mainly contributed by the lower
frequency components of the steel-concrete-coupled
system under higher excitation frequencies), as a com-
bined result of the coupling effect of the concrete on
the vibration of the steel beam at higher frequencies. It
is noteworthy that such a phenomenon is not evidenced
in the signals from simulation because the above sim-
plified FE model does not account for the coupling
effect between the steel and the concrete slab.

Figure 12(a) to (d) shows the DI (absolute values)
accordingly constructed using w; in Figure 11(a) to (d)
upon signal averaging, respectively. However, an
attempt to observe oscillation of the DI at the debond-
ing boundary turned to be impossible as a consequence
of the noise contamination. It is the connatural nature

of the DI which involves higher-order derivatives of the
vibration signal (i.e. (d*w(x))/dx*) leading to such high
vulnerability of the DI to noise. The noise components
in w; can become dominant upon the fourth-order dif-
ferentiation, dimming debonding-incurred abnormality.
It is thus of vital necessity to apply proper denoise
treatments. Compared with noise influence, the non-
periodical vibration of the steel-concrete-coupled sys-
tem, exhibited under higher excitation frequencies as
shown in Figure 11(c) and (d), does not remarkably
influence the constructed DIs, as observed in Figure 12.
It is relevant to note that the contact effect between the
concrete and the steel beam due to the debonding was
not considered in simulation, accounting for the discre-
pancy between experimental and simulation results.

Denoising techniques

LWF. Based on the fast Fourier transform (FFT) of the
DI from the spatial to the wavenumber domain, the
LWF can be explained as a low-pass filter to eliminate
the signal components in higher wavenumber domain
that are vulnerable to measurement noise, while remain
those in lower wavenumber domain which preserve
signal features associated with the damage. In the
LWF, a filter function is defined, in the wavenumber
domain, as

h(k)=1,
h(k) =0,

(k € [—ke, +k])

(k € [—0, — k] U [+ke, +]) )
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Figure 9. Constructed DI using the vibration deflections captured at (a) “@®” (b) “®” (c) “@” and (d) “®”.
DI: debonding index.

where k represents the wavenumber, and k. with a unit Right inspection region

of rad/m is the cut-off wavenumber serving as a thresh- fremmnancesn s ;
old. To eliminate the Gibbs phenomenon at the beam S | :
ends, a one-dimensional rectangular window function | :

was applied to the DI in the spatial domain prior to the Tv """ T [
above wavenumber filtering, which reads ‘ gy o nepection region E2
x=0mm x=2350mm
X
P(x)=0.5X (1 — Cos —) ,  (x<a) Figure 10. Schematic of experimental setup, showing the left
« (with excitation at E;) and right inspection regions (with
V) =1, (asngIHSPCCIiOD - a) excitation at E;).

PY(x)=0.5%X(1—cos -~ Linspection +2a)> ,

o where a=2m/k,, and Linspection 1S the length of the

(¢>Linspection — @) (6) inspection region. Upon application of the rectangular
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Figure 1 1. Magnitudes of w; under (a) 800, (b) 1200, (c) 2000, and (d) 3000 Hz (results are shown for the right inspection region

only).

window and then the LWF to the DI (absolute values)
constructed using w; captured at ® (Figure 11),
Figure 13 shows the reconstructed DI through an
inverse FFT (k. was set as 150 rad/m). Compared with
those in Figure 12 without the LWF processing, the
results in Figure 13 show much improved detection
accuracy, particularly under the excitation frequencies
of 2000 and 3000 Hz, in which the locations and sizes
of most debonding zones are revealed. The discrepancy
among the results in Figure 13(a) to (d) can be attrib-
uted to the fact that the distribution of the DI is closely
related to the traits of interfacial forces along the beam
span which are governed by a variety of factors includ-
ing, for example, the position and frequency of the

excitation source. A selection of higher excitation fre-
quency is observed to generally offer improved detec-
tion resolution, as shown in Figure 13(d). Note that an
inappropriate selection of the filtering window (i.e.
inappropriate k. in equation (5)) can result in signal
feature lose, and a detailed description on selection cri-
teria can be referred to elsewhere.® It has also been
noted that the results in Figure 13 are not accurate to
reveal all debonding regions, entailing further denoising
treatment as described in the following sections.

AMD. Alternatively, the influence of measurement noise
on the DI can be minimized by optimally maneuvering
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Figure 12. Constructed DI (absolute values) using vibration deflections under (a) 800, (b) 1200, (c) 2000 and (d) 3000 Hz (without
any denoising treatment) (results are shown for the right inspection region only).

DI: debonding index.

the ratio of the distance between two adjacent measure-
ment points (d,) to the wavelength of vibration (A), a
measure called AMD in this study. It is well under-
standable that the accuracy of finite difference for cal-
culating DI; using equation (4) decreases as an increase
in d, (less measurement points); on the contrary, the
noise influence on DI; reduces as d,, increases because
the noise in w; can be strengthened considerably after
the fourth-order differentiation. Thus, noise influence
can be minimized by merely adjusting the density of
measurement points (namely, optimizing d,,) and strik-
ing a balance between the accuracy of finite difference
and the noisy immunity of the D/.

It has been demonstrated by the authors®® that with
a level of noise level less than 5% of the magnitude of

w; (the common cases using a scanning Doppler laser
vibrometer), around 10 measurement points per wave-
length (i.e. d,,/A =0.1) can be deemed as the most opti-
mal selection to reach the above balance. Figure 14
shows the constructed DI using w; in Figure 11, by
reducing the number of measurement points evenly dis-
tributed within the inspection region from 189
(d,=5.3 mm, those cases in Figure 12) to 48
(d,, =21.2 mm, tallying with the criterion of d,,/A =0.1),
to observe prominent noise suppression and therefore
enhanced detectability, compared with those results in
Figure 12 without any denoising treatment. The AMD-
processed results allow explicit indication of locations
and sizes of individual debonding zones, although the
detection resolution varies subject to the excitation
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Figure 13. Reconstructed DI (absolute values) upon application of LWF using vibration deflections under (a) 800, (b) 1200, (c)
2000, and (d) 3000 Hz (results are shown for the right inspection region only).

DI: debonding index.

frequency (a higher excitation frequency ends up with a
finer detection resolution (from Figure 14(a) to (d)).

Data fusion. Implementation of the proposed DI is not
limited by measurement configurations per se. Instead
it can be manipulated under a variety of experimental
deployments, for example, under different excitation
frequencies and different measurement densities with or
without use of LWF or AMD. Such flexibility and
adaptability of the DI enable a series of detection results
and formation of a data pool. An extreme scenario can
be the case that the structure is excited in a broad fre-
quency band in a single test and construction of DI is
subsequently conducted using the vibration signals

extracted under individual frequencies. To exploit such
a merit, a data fusion algorithm was additionally devel-
oped to enhance the toleration of the D/ to measure-
ment noise. Assuming DI; can be ascertained under K
different measurement configurations (denoted by
D[i—lyDli—ZleifL’ NN !D[ifK (L: 1, 2, v ,K), the algo-
rithm is expressed as®’®

1 K
DI;_yitimate = [E Z DI
=1

L=
/D

where DI yjimate 18 the ultimate DI;. The first part
(“X” in the equation) of the algorithm is an arithmetic

N

DI_5---DI;_;--DIli_x

(7)
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and (d) 3000 Hz (reducing the number of measurement points from 189 in Figure |12 to 48) (results are shown for the right

inspection region only).
DI: debonding index.

fusion, which equally takes into account all prior per-
ceptions pertaining to the damage established under
different measurement configurations and well decen-
tralizes individual contributions to DI _yjimate-
However, ambient noise and measurement uncertain-
ties are also included in the arithmetic fusion, poten-
tially to “pessimistically exaggerate” the possibility of
debonding presence and lead to a false alarm. To cir-
cumvent this deficiency, the results from arithmetic
fusion are equipoised with a geometric mean (“(/ ” in
equation (7)) and further a conjunctive fusion (N), to
reach a compromise between the arithmetic and geo-
metric fusion, by equally considering the perceptions
from all source information whereas appropriately

decentralizing their contributions. This fusion algo-
rithm enables a prominence of the salient features in
common (i.e. those pertaining to damage) and mean-
while suppression of less salient features in individuals
(e.g. measurement noise).

Applied with the above data fusion algorithm,
DI;_yitimate 1n the left and right inspection regions is
shown in Figure 15(a) and (b), respectively, using eight
groups of results treated by LWF (Figure 13(a) to (d)
for the right inspection region; similarly for the left
region) and by AMD (Figure 14(a) to (d) for the right
inspection region; similarly for the left region). Both fig-
ures clearly and accurately show the debonding cases in
the concrete slab with respective location and
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approximate size, although the predicted debonding
sizes are greater than actual sizes due to the noise inter-
ference. Compared with the results shown in Figures 13
and 14, significantly “narrowed” prediction on the
debonding size can be observed in the fused results,
with less false fluctuation. It is also interesting to note
that either in the left or in the right inspection region,
the absolute values of the DI show a decrease tendency
with an increase in the distance from the excitation
source because, at a given debonding size, both the
internal bending moments and the interfacial forces
decrease. Finally, by normalizing the D7 in Figure 15(a)
and (b) and combining both, the ultimate detection
results for the entire inspection region are given in
Figure 15(c), highlighting all debonding zones in the

concrete slab. Note that detailed discussion on LWEF,
AMD, and data fusion can be referred to elsewhere.*

Conclusion

A detection approach for interfacial debonding in mul-
tilayered systems was developed by reconstructing the
interfacial forces and canvassing local perturbance to
the structural dynamic equilibrium. The compelling
features of this method lie in its independence of a glo-
bal model for the entire system, no need of prior infor-
mation on structural boundaries, benchmark, baseline
signals, and additional excitation sources. A DI was
proposed with demonstrated effectiveness in character-
izing the debonding in a quantitative manner including
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the coexistence of multi-debonding and their individual
locations and sizes. It offers the flexibility of predicting
debonding between a beam-like component and neigh-
boring constituents of any type with distinct material
properties, meaning the complexity of the rest of the
multilayered system would not limit the applicability of
the DI. With the assist of a noncontact laser vibrome-
try, the proposed approach was validated by detecting
multiple debonding zones in a steel-reinforced concrete
slab dismantled from a bridge model. Compared with
traditional vibration-based detection methods such as
those using mode shape curvature, this approach shows
higher sensitivity to damage small in dimension because
of the use of higher-order derivatives of the vibration
signal, which, however, are more vulnerable to noise
influence, entailing appropriate proper denoising treat-
ment. The accuracy of the proposed DI can be
enhanced in conjunction with the use of denoising
treatments such as LWF, AMD, and information
fusion. In particular, around 10 measurement points
per wavelength can facilitate the achievement of a rea-
sonable balance between the accuracy of finite differ-
ence and the noisy immunity of the DI.
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