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SUMMARY
Fiber reinforced polymer (FRP) bonded structural systems have been increasingly
used in the field of civil infrastructure. Despite the outstanding advances in the
applications of these structures, the interfacial defect between FRP composite and
basis material occur frequently during the designed service life. This type of defect
can severely reduce the system integrity, which requires appropriate methods for

defect detection in order to control the structural health state. This paper presents a
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novel approach of using phase-based motion magnification technique for detection of
interfacial defect in FRP-bonded structural system. The research demonstrates that
this video processing technique can effectively amplify the small surface motion at
the defect location of FRP-bonded panel exposed to an air blow. The defect location
and shape can be distinguished from the surrounding intact region, given that the two
important parameters of bandpass frequency range and motion amplification factor
are appropriately selected. Based on the research findings, a suitable defect
detection scheme towards the FRP-bonded structural systems via this computational
technique is established. The offered methodology does not require sensor
installation and wiring, which enables an inexpensive and practical way for structural

assessment.

KEY WORDS: Computational technique; Defect detection; Fiber reinforced polymer

bonded structural system; System identification; Structural health assessment

1. INTRODUCTION

Fiber reinforced polymer (FRP) material features its high specific stiffness and
strength, good fatigue performance and damage tolerance, which can effectively

improve the flexural and shear capacity of engineering structures [1-4]. In
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construction and building technology, this composite has been widely used to
strengthen the existing deficient concrete structures. Also, it can promote the wide
utilization of wood materials in buildings due to the following two important benefits:
(@) enhancing the load-carrying capacity of wood elements (e.g. lumber, veneers,
flakes, and strands) by bonding FRP and (b) saving the construction energy as wood is
a renewable and green building material in comparison to cement, concrete and steel
[2, 5-8]. Nevertheless, FRP-bonded structural system suffers from interface
deterioration and defect initiation due to outside instant impact or environmental
attacks. The deterioration of FRP-bonded wood structure can be more serious since
the wood component is susceptible to chemical degradation, fungal infection, and
entry of pathogens and insects [9-13]. Hence, the interfacial defect between the FRP
and the substrate frequently occur. In this circumstance, the strengthening efficiency
by using FRP composite is limited. With the increasing use of FRP-bonded
structural system in the field of civil engineering infrastructure, suitable and accurate
detection to the bonding condition between the FRP and the basis material is
important for maintaining the structural performance.

Currently, many remarkable technologies have been investigated or employed in
defect detection of FRP-bonded composite beams, plates and columns. Most of the

methods are relied on detecting the mechanical wave propagated through the
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composite material or electromagnetic signal reflected from the target [14].
Mechanical wave based techniques (e.g. acoustic emission technique [15, 16],
photophone-based approach [17], and ultrasonic technique [18]) have received
considerable attentions for damage evaluation of bonded structural system. Besides,
electromagnetic wave based techniques (e.g. radar technology [19, 20], infrared
thermography [21, 22], impedance measurement [23], and laser reflection technique
[24, 25]) have been used to evaluate deterioration of FRP-bonded structural system
with great success. More recently, acoustic-laser technique that combines the use of
mechanical wave (white noise) and electromagnetic wave (laser) has been developed
to detect the presence of defect in FRP-bonded plates or columns [25-28]. Although
the above methods have the ability to identify the defect in composite systems, the
direct structural response cannot be obtained as the received signals are required to be
interpreted. Besides, more sophisticated equipment and devices, more specialized
data post-treatment and probably much higher costs are demanded in these techniques
[29]. Moreover, noise component is often included in the received signals, which
affects the inspection accuracy. In order to detect the defect in FRP-bonded
structural system in a more direct and reliable manner, defect visualization becomes

interesting and valuable.

This article is protected by copyright. All rights reserved.



As to interfacial defect in FRP-bonded structural system, the defect visualization can
be more probably realized. With the presence of near surface defect in FRP-bonded
structural system, the surface vibration behaviour at the defect region varies from the
intact region when an external mechanical excitation is applied [30]. Among the
mechanical excitation ways like using air suction cup [31] and direct mechanical
loading [32], the utilization of instant air blow is regarded to be non-invasive,
non-contact, convenient and efficient for initiating the structural vibration. When
this air blow is applied, the FRP surface vibration at the defect region takes place with
its natural frequency (usually from hundreds to thousands). However, such rapid
vibration phenomenon is hard to be well observed by naked eye. Generally, this
issue can be addressed by adopting the high speed camera which can record the fast
motion and play the medium back in slow-motion manner. Another issue is that the
vibration is too subtle to be visible due to the high stiffness of FRP plate. With the
purpose to solve this problem, video processing methods are encouraged for
amplifying the surface motion at the defect region. Thus, the defect location and
shape are expected to be visualized from the recorded video. Vision-based technique
has been increasingly used in the field of structural health assessment due to its merits
of automation, operational convenience, and efficiency [33-36]. During the past few

years, phase-based motion magnification technique has been developed to magnify
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the interested motion in a video, with the features of low computation cost and good
noise handling performance [37-39]. In this technique, the input video is
decomposed by complex-valued steerable pyramids and the local phase over time at
every spatial scale and orientation of a steerable pyramid is computed. Then, the
interested phase component is temporally isolated with a bandpass frequency filter
and the bandpassed phase is multiplied by an amplification factor. At the final stage,
the magnified phase and the amplitude are reconstructed back into video. Recently,
researchers have applied the phase-based motion magnification technique to
characterize the vibration behaviour and perform the modal analysis of simple
structures such as steel cantilever beam and pipe cross section [40]. Considering the
excellent performance of video processing, it is motivated to investigate the use of
phase-based motion magnification technique towards the defect visualization for
FRP-bonded structural system. Compared to the conventional methods based on
receiving and analyzing the mechanical and electromagnetic signals, the phase-based
motion magnification technique may allow direct observation of the structural defect
from the recorded video since that the vibration phenomenon at the defect region can
be amplified and distinguished from the intact region. Besides, in this approach, the
setup is convenient and the detection is conducted on observing the processed video

showing the whole structural surface instead of point-by-point measurement. This
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can significantly improve the efficiency of defect detection for FRP-bonded structural
system.

The objective of this study is to develop an innovative defect detection scheme in
FRP-bonded structural system via phase-based motion magnification technique. In
the experimental work, FRP-bonded wood panel with interfacial defect is fabricated
as the representative of FRP-bonded structural system, since this type of structure is
increasingly used and will be commonly applied in structural field. The specimen is
subjected to instant air blow, which is recorded by a high speed camera. Results of
defect visualization in video processed by phase-based motion magnification
technique are demonstrated. In addition, the two important factors (i.e. bandpass
frequency range and motion amplification factor) during the video processing are
evaluated to optimize the detection performance. Recommendations of selecting
these two parameters for reliable defect detection are provided. Moreover, future
development of this methodology in inspection of FRP-bonded structural system is

discussed.

2. THEORETICAL SECTION

2.1. Phase-based motion magnification technique
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Motion analysis technique from video attracts wide attention in the field of structural
engineering. Many researchers in computer vision community have developed
algorithms to improve the analysis performance. Calculating the phase gradient of a
spatio-temporally bandpass image sequences to obtain the constant phase contours has
been studied, which demonstrates an excellent approximation to the real motion [41,
42]. However, this method requires much optical flow computation. More recently,
linear Eulerian video processing has been investigated and used for dampening
temporal aliasing of motion in videos and for exhibiting subtle color variations and
small motions [43, 44]. This video processing technique relies on a first-order
Taylor approximation to independently process the time series of color values at each
pixel, avoiding the need for costly flow computation. Nevertheless, linear Eulerian
video processing allows merely small magnification levels at high frequency of spatial
domain due to the reliance of first-order Taylor expression [38]. In addition, this
technique can significantly amplify noise (e.g. ghosting flows) when the amplification
factor is increased [45]. To address the above limitations, another phase-based
magnification approach for motion processing has been developed in past several
years, which computes the local phase variations for measuring motion in video by
Fourier shift theorem. The appeal of phase-based motion magnification is that it

avoids explicit optical flow computation and it is significantly less sensitive to noise
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[37-39]. Generally, in this technique, the input image sequence (considering the case
of a one dimensional image intensity 1) is decomposed into a multiscale stack by
means of Gabor wavelets which are sinusoidal functions modulated by a Gaussian

envelope as expressed by Equation (1).

—x2

g(x) = e20? exp(—iwx) (1)

where x is the independent spatial variable of the Gabor wavelet, w is the frequency of
the complex sinusoid, and o is the standard deviation of the Gaussian envelope,
modulating the sinusoidal function exp(—iwx). Equation (1) has real and imaginary

parts [46, 47]:

g(x) = A(x) +iB(x) (2)
Alx) = e% cos(2nw,x) 3)
B(x) = e% sin(2nw,x) 4)

When the one dimensional intensity image I(x, t) experiences a finite value of motion
ox in the spatial domain, the new image is resulted and expressed by /(x+ Jy, t) [48].
During the image decomposition, the first frame of the one dimensional image and the

second frame image after the motion oy are convoluted with the complex Gabor filter

I'=1xg(x) (5)
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where I refers to image intensity after convolution by Gabor filter. As a result, the
convoluted image intensity at two time frames will be mapped to a complex valued

domain called I;(u) and I,(u), respectively, as expressed by Equations (6) and (7).

400
—x?
L(u) = J- I (x —u)ezoZe(2m0) gy (6)
=
—x?
Lu) = J- I(x+ 8, —u)ezoZe 2™ gy (7)

—00

where [;(u) refers to the convoluted image intensity at frame 1, and I,(u) refers to
the convoluted image intensity at frame 2. By converting the independent variable
x+dy into B in Equation (7), the phase-based motion presentation for one dimensional

intensity image can be obtained as Equation (8).

4 s —(ﬂ—Sx)Z i
Iz(u)z J- I(E—u)e 202 e[—12"(3—5x)]dﬁ (8)

—00

In the above equations, the phase values in the first and second frame of the one
dimensional image intensity can be denoted as ¢; and ¢, expressed by Equations (9)
and (10) [48].

¢, = argll(W)] = 2np €))
@, = arg[L(W)] = 21 (B — &) (10)
The phase change Ag between the two consecutive frames can be further derived as:

Ap = @1 — @y = 216, (11)

10
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When amplifying Ag by a factor a, the phase change becomes aA¢. Using this value
to shift the Fourier coefficients of I(x, t) can yield I(x+ (1+ a)dx, t) [38]. The above
principle of phase-based motion technique can be extended to two dimensional spatial
functions or images. However, in most real cases, the motion in video cannot be
regarded as the global translations of a frame over time but local and complicated
spatially-varying movement. Hence, the complex steerable pyramid (complex,
overcomplete linear transform) is adopted in the phase-based motion technique to
break the image into local sinusoids [45]. The steerable pyramid is built by applying
the Gabor filters to decompose the discrete Fourier transform of an image | into
different spatial frequency sub-bands simultaneously localized in position, spatial
scale and orientation. Then, the local phase at every spatial scale and orientation of
the steerable pyramid is computed. After that, the phases are temporally filtered to
isolate the interested motion related to the natural frequency of surface vibration in
structure. And then, the bandpass phase in the corresponding frequency range is
amplified by a factor. Finally, this magnified phase and the amplitude of the original
image is reconstructed back so that the magnified video is rendered. The
phase-based motion magnification method has the advantages over the previous
Eulerian magnification method in terms of two important perspectives: larger

magnification achievement and better noise performance. This method modifies

11
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phases instead of amplitudes, without the increase in level of spatial noise. In this
research, the phase-based motion magnification was adopted to enlarge the surface

vibration at defect region in the FRP-bonded structural system.

2.2. Motion amplification factor
From the literature about the phase-based motion magnification [38], the intensity of
phase after magnification can be attenuated when Gaussian window of the Gabor
filters are applied. Increasing the motion amplification factor may reach the limit
where we cannot move the feature because of the limited spatial support of each
pyramid filter. Therefore, we need to set the maximum amplification factor such
that the amplified motion approximates well the true signal. According to the
suggestion of the above literature, the one standard deviation of the Gaussian window
is used as the bound, which is descried by Equation (12).
ad(t) <o (12)

Where o is the amplification factor, J(z) the phase difference, and ¢ is the standard
deviation of Gaussian window. For the half octave pyramid, there are approximately
two periods of the sinusoid under the Gaussian envelope of the wavelet. That is:

4o = i (13)

Where w, is the frequency of the selected filter. This gives Equation (14).

12
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as(t) < (14)

2w,
Exceeding the above limit can cause flaws or blur, as the Gaussian function used for
this approach breaks up. Hence, the motion amplification factor is investigated in

this study to better apply the video processing technique for visualizing the defect in

FRP-bonded structural system.

2.3. Bandpass frequency range

In addition to the motion amplification factor, selecting the appropriate bandpass
frequency range is also needed to be concerned. In phase-based motion
magnification technique, the phases are temporally bandpass filtered within a certain
frequency range that approximates the motion frequency of target. With respect to
the FRP-bonded structural system with interfacial defect, the FRP surface at the defect
region starts to vibrate at its natural frequency after subjecting to an instant air blow.
Thus, selecting the appropriate bandpass frequency range that covers the natural
frequency of surface vibration at the defect region is critical for achieving satisfactory
signal-to-noise level. According to the theory of plate vibration [49-51], the natural
frequency f is determined by material properties of FRP and defect area, as expressed
by Equations (15), (16) and (17).

9w

DV4W + phw =0 (15)

13
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Eh3

P = Ta ae
A |D 17
f== oh (17)

where E refers to Young’s modulus (GPa), h refers to thickness (mm), v refers to
Poisson’s ratio of FRP composite, w = w(x,y,t), representing the transverse
displacement of the plate as a function of spatial variables x, y, and time t, p refers to
density of FRP plate, 1 refers to the frequency coefficient, which is 35.99 for square
plate with four clamped sides. In this paper, importance of selecting the appropriate
bandpass frequency range in phase-based motion magnification technique for defect
detection of FRP-bonded structural system is demonstrated.  Additionally,

recommendations of how to choose a good bandpass frequency range are provided.

3. EXPERIMENTAL WORK

3.1. Specimen details

In this study, carbon fiber reinforced polymer (CFRP) bonded wood panel was
produced as the representative of FRP-bonded structural system. CFRP sheet with
thickness of 0.167 mm, Poisson's ratio of 0.33, density of 1800 Kg/m® and Young's
modulus of 50 GPa was pre-fabricated in the laboratory and then bonded on the top

surface of substrate (i.e. wood). Two types of defects, namely, internal air block and

14
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interfacial air gap, were respectively made in the CFRP-bonded wood system. On
the one hand, to fabricate the FRP-bonded wood panel with internal air block, two
wood plates were prepared with thicknesses of 20 mm and 40 mm respectively. A
square air hole was made in the central position of wood layer with 20 mm thick.
Then, the two wood blocks were bonded by using epoxy resin so that the wood
substrate with a surface air hole was fabricated. Afterwards, the pre-fabricated FRP
sheet was bonded to the top surface of wood substrate by epoxy resin. As a result,
the internal air block with 20 mm thick underneath the FRP layer was produced to
represent the bonding defect caused by wood damage or deterioration. On the other
hand, to produce the interfacial air gap in FRP-bonded wood panel, a wood plate with
40 mm thickness was prepared as the substrate. Epoxy resin was applied on the
surface of this wood plate except the defect zone. Then, the FRP sheet is bonded to
the top surface of epoxy layer so that the interfacial air gap was left underneath the
FRP layer. The interfacial defect depth equals to the thickness of epoxy layer
applied on the wood surface. The two types of defect were evaluated by our
proposed method, with the purpose to examine whether or not the depth of the
superficial defect can influence the effectiveness of defect identification. Besides

the type of defect, the number and dimension of defect were varied in CFRP-bonded

15
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wood panel with interfacial air gap. Figure 1 shows the schematic diagram and

photograph of the specimens with different defect cases in this research work.

5 mm

CFRP Air block (20 mm deep) [‘
Y ,/_ i} 125 mm [ 125 mm ) Air gap

20 mm s O CFRP ) - 4
40 mm j Wood *m’f Epoxy 40 mm Wood Epoxy

K
M ”
1 A 1

400 mm 400 mm
CFRP =\ Air gap Epoxy CFRP Air gap
wn ] ot i e
f 400 mm f i 400 mm ‘
(a)

g ' Wood block

FRP-bonded wood with internal air block FRP-bonded wood with interfacial air gap

(b)

Figure 1. Specimen details of FRP-bonded structural systems under evaluation by
phase-based motion magnification: (a) schematic diagram of FRP-bonded wood panel
with internal air block and FRP-bonded wood panel with interfacial air gap, (b)

photograph of FRP-bonded wood panels with two defect cases.

3.2. Experimental setup

16
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The setup of experimental work was consisted of the air blow producer, the high
speed camera, and the tested specimen. Figures 2 depict the schematic diagram and
photograph of experimental setup. An instant air blow was applied towards the
FRP-bonded structural panel to initiate the surface vibration of the specimen. The
instant air blow was produced by an air gun machine from the laboratory. The
incident angle of air blow excitation was 0°. The side view of specimen and its
vibration behaviour was recorded by a high speed camera. The resolution of the
camera was 800 x 600, and the frame rate was 1000 frames per second. In addition,
the output video frame rate was one per second for the sake of better observation of

vibration behaviour.

Air gun
"% Instant air blow
p— R Camera
Wood
Air gun I
:1+ Instant air blow
éﬂ' Camera
Wood |
I Air gun ‘ High speed
Instant air blow ;i camera
— él' Camera
Wood | .
Air gun I )
;4 Instant air blow
. Camera
Wood | (b)

(a)
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Figure 2. Experimental details of defect detection in FRP-bonded structural system by
using phase-based motion magnification technique: (a) schematic diagram of

experimental setup for detection scheme, and (b) photograph of experimental work.

3.3. Video processing

In order to amplify the surface motion of FRP-bonded structural system under instant
air blow, phase-based motion magnification technique was used in this study.
Normally, this video processing technique involved in four steps. The first one was
using the complex steerable pyramid to decompose the video into a series of
amplitude and phase images. In this stage, half-octave bandwidth filters were used
in the process of video decomposition. Then, the decomposed phases were bandpass
filtered. Due to the 1000 recorded frame rate and the 1 output frame rate, the
bandpass frequency range was from 0 to 0.5 Hz according to the Nyquist principle.
Since the FRP plate at the defect region vibrates at its natural frequency, the selected
bandpass frequency range can have a great influence on the signal-to-noise level in
our detection system. Hence, in this research, we compared two bandpass frequency
ranges (i.e. 0-0.25 Hz and 0.25-0.50 Hz) to demonstrate the importance of selecting
the appropriate bandpass frequency range when applying the phase-based motion

magnification into defect detection. In addition to filtered frequency range, the

18
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amplification factor is a critical parameter to be considered. Due to the convolution
by Gaussian window of the Gabor filters, the amplitude of shifted phase is attenuated.
Increasing the motion amplification factor can result in the deviation from the true
signal of movement and may reach the limit where we cannot move the feature
because of the limited spatial support of each pyramid filter. Therefore, we need to
bound the motion amplification factor during video processing so that the magnified
signal is profound while containing little blur. In this study, after frequency filtering,
the phase was magnified by a series of factors from 10 to 5000. Finally, the
magnified phase and amplitude were reconstructed and the magnified motion video
was derived. In this paper, the snapshots of images before and after motion
magnification, with different amplification factors and with different bandpass
frequency ranges were presented to demonstrate the effectiveness of defect detection

with the aid of phase-based motion magnification technique.

4. RESULTS AND DISCUSSION

4.1. Detection performance of phase-based motion magnification technique
Under an adequate air blow, the defect region in FRP-bonded structural system can
experience more significant surface displacement than the intact region. Given that

the surface of defect region motions at its natural frequency (usually more than

19

This article is protected by copyright. All rights reserved.



several hundred Hz), the high speed camera is used to record and present the vibration
phenomenon so as to make it clearly observable. Figures 3(a) and (b) shows the
images of FRP-bonded wood plate at two time frames before applying the motion
magnification technique. Based on the observation, no much displacement variation
between the defect region and the intact region can be clearly found. Although the
defect region in the image is enlarged in Figures 3(a) and (b), the FRP surface
movement is still not obvious. In order to get a clear observation of the surface
displacement at the defect region, the phase-based motion magnification technique is
performed and the magnified result is illustrated in Figures 3(c) and (d). After
applying the motion magnification with amplification factor of 100 and filtered
frequency range of 0.25-0.50 Hz, we can find out that the surface motion at the defect
region is effectively amplified and distinguished from the intact region, as shown in
Figures 3(c) and (d). This means that the phase-based motion magnification
technique is capable of visualizing the presence of interfacial defect in FRP-bonded

structural system shown in the video recorded by high speed camera.

20
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FRP —
Wood -

Defect boundary

0.001s \ 0.002s

Defect boundary i I Defect boundary

(© (d
Figure 3. Images of FRP-bonded wood panel with internal air block (125 mm x 125
mm) under an instant air blow: before motion magnification at (a) 0.001s and (b)
0.002s, and after motion magnification at (c) 0.001s and (d) 0.002s. No significant
difference of surface motion between the defect region and the intact region is found
during the two periods of time, before the use of motion magnification technique.

On the contrary, surface displacement at the defect region is much larger than that of

21
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intact region when motion magnification technique with amplification factor of 100

and bandpass frequency range of 0.25-0.50 Hz is used.

Besides the FRP-bonded wood panel with internal air block, the FRP-bonded wood
panel with interfacial air gap is evaluated by the proposed method to examine whether
or not the depth of the superficial defect can affect the effectiveness of defect
identification. With the identical setting of motion amplification factor and filtered
frequency range, the results of motion magnification for FRP-bonded wood panel
with interfacial air gap are depicted in Figure 4. A similar surface deflection for
both defect cases is found in Figure 3 and Figure 4, indicating that the depth of the
superficial defect has little impact on the effectiveness of characterizing the location

and shape of structural surface at debonding defect region.

0.001s  Lop_ 0.002s

Defect boundary Defect boundary
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Figure 4. Images after motion magnification for FRP-bonded wood panel with
interfacial air gap (125 mm x 125 mm) under an instant air blow: (a) 0.001s and (b)
0.002s. 1t is found that FRP surface at the defect region with interfacial air gap

deforms in a similar pattern to that of defect region with internal air block.

At this stage the experiment is carried out with the focus to measure the specimen
with one defect, considering that this research work is fundamental and the basis for
using the motion magnification method in defect detection. In the detection of
multiple defects in real structure, the video processing technique is used to evaluate
each defect region separately with appropriate bandpass frequency range and motion
amplification factor. When defects are located closely, the boundary condition for
each defect region may be changed. For example, the clamped side of a defect
region may be converted to simply supported side. As a result, the mode shape and
the natural frequency of each vibrating defect region are modified. In order to
consider this issue, we fabricated two interfacial defects that were closely existed in
FRP-bonded wood panel, as shown in Figure 1(a). Vibration excitation is applied on
one of defect region as described in Figure 2(a). Motion magnification technique is
then applied towards this targeted defect region. From Figure 5, it is found that the

surface motion near the boundary of defect region seems to be amplified more
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remarkably as depicted by the red arrows. Due to the presence of adjacent defect
region, the vibration mode shape of the targeted defect region can be varied. In this
case, we may consider the FRP plate at this defect region as CCCS plate (three
clamped sides and one simply supported side) with frequency coefficient of around
31.8 [52-54]. When optimizing the detection performance, the appropriate bandpass
frequency range can be selected according to the deflection shape and natural
frequency of this vibrating region. Future work will be carried out to investigate the
defect detection with more complicated defect arrangement such as two closely

located defects with different sizes.

0.002s FRP

0.001s FRP
Wood

Defect boundary

(a)
Figure 5. Images after motion magnification for FRP-bonded wood panel with two
closely located interfacial air gaps (125 mm x 125 mm) under an instant air blow: (a)

0.001s and (b) 0.002s. Surface motion near the boundary of defect region is found to
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be amplified more remarkably as depicted by the red arrows. Due to the presence of
interaction between two defects, the vibration mode shape of the targeted defect

region can be changed.

In this study, the high speed camera with the maximum frame rate of 1000 was
adopted, indicating that it can analyze the structural vibration with natural frequency
up to 500 "JHz (correspondi
criterion.  According to the theory of plate vibration [50, 51, 55], the natural
frequency f is determined by material properties (e.g. Young’s modulus) of FRP and
defect area A, as expressed by equation (17). Therefore, the smallest detectable
dimension Anin can be expressed by equation (18) when the natural frequency of 500
Hz is input. Based on the given material properties (e.g. Young's modulus of 50 GPa)
of CFRP in the detection and the camera used in this study, the smallest detectable

dimension Apn is estimated as 120 mm x 120 mm approximately.

Amin

A D 8
"~ 500 _[ph (18)

To clarify this, our high speed camera has also been used to detect the smaller defect
with dimension of 75 mm x 75 mm (with natural frequency of 1250 Hz), based on the

motion magnification technique. The surface motion of defect region cannot be
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effectively observed after the video processing, as shown in Figure 6. In order to

perform an effective detection of the smaller defect with the proposed method, a

better high speed camera with larger frame rate capacity can be used.

In practical measurement, a high speed camera with larger frame rate is suggested to

detect the smaller defect. Table 1 listed the smallest detectable dimension of defect

in CFRP-bonded system with the maximum frame rate of commercially available high

speed camera. It is also noteworthy that if lower Young's modulus of FRP is used in

the composite system, the flexural rigidity of defect region and the corresponding

smallest detectable dimension will be reduced, as indicated in equation (18).

—
0.002s FRP

Wood

Defect boundary Defect boundary

(a) (b)
Figure 6. Images after motion magnification for FRP-bonded wood panel with

interfacial air gap (75 mm x 75 mm) under an instant air blow: (a) 0.001s and (b)
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0.002s. The surface deformation at defect region cannot be effectively seen after the

video processing of motion magnification.

Given that the high speed camera records the side view of FRP-bonded wood
structural system, after applying the motion magnification, it is able to quantify the
FRP surface displacement value by measuring the movement distance of specimen
edge. In order to calculate this FRP surface displacement from the image, the
commercial image software Digimizer is adopted. The Digimizer software system
uses length of pixels of the image uploaded on the computer, which has been widely
adopted by many studies for displacement measurement [56]. In this research, the
vibration displacement along with the FRP surface from the bottom to the top is
determined. Results are presented in Figure 7. Before motion magnification, the
surface displacement is quite small both in defect region and intact region. Also, the
variation of surface displacement between defect region and intact region is not
considerable. On the contrary, after applying the motion magnification technique,
the surface displacement value at the defect region is much larger than that of intact

region. The convex shape at the defect region is also clearly found.
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Figure 7. Surface displacement of FRP-bonded wood panel with internal air block
both for defect region and intact region: (a) before motion magnification; (b) after
motion magnification. Before motion magnification, the variation of surface
displacement between the defect region and the intact region is not considerable,
while after applying motion magnification the surface displacement at the defect

region is much larger than that of intact region.

4.2. Effect of motion amplification factor on defect detection

Figure 8 compares the FRP-bonded wood panel with internal air block with motion
amplification factors of 200 and 5000 at two time frames, and bandpass frequency
range of 0.25-0.50 Hz. In Figures 8(a) and (b), it can be found that the surface
displacement at the defect region can be identified while blurs are rarely found when
the motion amplification factor of 200 is used. However, when the motion

amplification factor of 5000 is applied, blurs can be clearly observed, as depicted in
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Figures 8(c) and (d). This may decline the detection accuracy of defect existed in
the structural system. It is indicated that such high motion amplification factor
exceeds the limited support of pyramid filter used for video processing. Thus,
determining the appropriate amplification factor is essential in the video processing in

order to make the magnified motion with high signal-to-noise ratio.

[ i

Defect Defect
boundary boundary

B [ 7§

Defect Defect
boundary - - boundary

. .' ‘Distortion and blur
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Figure 8. Images of vibrating FRP-bonded structural system with different motion
amplification factors: amplification factor of 200 at (a) 0.001s and (b) 0.002s, and
amplification factor of 5000 at (c) 0.001s and (d) 0.002s. Image distortion for
FRP-bonded wood plate is found when amplification factor of 5000 is applied. Such
high motion amplification factor can reduce the accuracy of defect detection by using

this video processing technique.

In view of this concern, we have investigated the surface displacement at the defect
centre under the motion amplification factor from 0 to 5000. The results from Figure
9 reveal that the surface displacement is linearly increased when the motion
amplification factor is increased from 0 to 100. However, when the amplification
factor exceeds 500 this trend is deviated significantly. This can be explained by
Equation (14) that amplification factor « is too large, causing the equation invalid.
With respect to the FRP-bonded structural system with defect area of 125 mm x 125
mm, the amplification factor between 50 and 500 can be considered as the suitable
range for defect visualization as it can perform a sensitive motion magnification with
little unwanted signal (noise). In this paper, methods and procedures for selecting of

appropriate motion amplification factor for defect detection of FRP-bonded structural
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system by using phase-based motion magnification technique is recommended in the

next section.
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Figure 9. Surface displacement with bandpass frequency range of 0.25-0.50 Hz and
with different motion amplification factors from 0 to 5000. Below amplification
factor of 100, the linear trend of surface displacement is found. When the

amplification factor exceeds 500, a large deviation can be resulted.

4.3. Effect of bandpass frequency range on defect detection
In this study, the frame rate used in the high speed camera is 1000 Hz and the output

frame rate in the video is 1 Hz.  Given the defect geometry and material properties of
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FRP at the defect region, the natural frequency of surface vibration is approximately
450 Hz, as calculated by Equation (17). During the defect detection, the instant air
pressure was applied at the central position of defect region. After excitation, the
free vibration at its fundamental mode and natural frequency for the defect region is
thought to occur. In this circumstance, the frequency of surface vibration in the
video becomes 0.45 Hz. In view of Nyquist frequency principle, the bandpass
frequency range that can be handled in the video processing is ranged from 0 and 0.5
Hz. In order to demonstrate the effect of bandpass frequency, the motion
magnification is conducted with two frequency ranges: 0-0.25 Hz and 0.25-0.50 Hz,
while the amplification factor is set as 100. From Figure 6, it can be found that the
surface displacement magnified by frequency range of 0.25-0.50 Hz is much more
significant than that magnified by frequency range of 0-0.25 Hz. The convex shape
of displacement curve for the frequency range of 0.25-0.50 Hz is more remarkably
shown. Since the vibration frequency (0.45 Hz) of FRP surface presented in video is
included within the range of 0.25-0.50 Hz, the resonant vibration phenomenon could

be stronger.
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Figure 10. Motion magnification with amplification factor of 100 and with two
different bandpass frequency ranges: (a) 0-0.25 Hz and (b) 0.25-0.50 Hz. Motion
magnification with frequency filter range of 0.25-0.50 Hz results in more significant
surface displacement than that with frequency filter range of 0-0.25 Hz. As the
natural frequency of surface vibration presented in video is 0.45 Hz and this value

falls in the range of 0.25-0.50 Hz, more significant resonant vibration is resulted.

In order to better evaluate the motion magnification performance based on the
measurement points in Figure 10, the signal-to-noise ratio (SNR) is defined by
dividing Ay (area under the shape curve for defect region) with A; (area under the
shape curve for intact region), as expressed by Equation (18).

Aqg

SNR = — 18
A (18)
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It is clearly estimated from Figure 10 that SNR level for bandpass frequency range of
0.25-0.50 Hz is higher than that for frequency range of 0-0.25 Hz. This suggests
that an appropriate selection of bandpass frequency range can sensitively magnify the
structural motion without inducing much unwanted information. In the
recommendation section, methods and procedures for selecting of appropriate
bandpass frequency range for defect detection of FRP-bonded structural system by

using phase-based motion magnification technique are discussed.

4.4. Discussion on defect detection of FRP-bonded structural system by phase-based
motion magnification technique

In this research, the phase-based motion magnification has been demonstrated to be
able to detect the interfacial defect in FRP-bonded wood structure. In fact, this video
processing technique can be extended to other FRP-bonded structural systems such as
FRP-bonded concrete and FRP-bonded steel structures. In addition, the phase-based
motion magnification has the ability to evaluate the bonding condition of structures
with coatings, such as wall element with thermal coating layer. The main
contributions of this study are demonstrating a methodology for defect detection of
FRP-bonded structural systems by using computer vision technique which

supplements the existing detection techniques in structural inspection. This method
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has the benefits over the traditional detection techniques towards FRP-bonded
structural system in two aspects: (a) defect in structure can be visualized and observed
directly in video recorded by high speed camera, without relying on the complicated
interpretation of mechanical and electromagnetic signals, and (b) efficiency of defect
detection is significantly improved since that setting up the test equipment is more
convenient and detection is conducted by observing the processed video showing the

whole structural surface instead of point-by-point measurement.

5. RECOMMENDATION AND FUTURE WORK

5.1. Recommendation of selecting appropriate motion amplification factor in
detection

As previously mentioned, increasing the amplification factor can enlarge the surface
motion for FRP-bonded structural system. This is the beneficial aspect for defect
detection towards the structure since the interfacial defect region can be more easily
observed. However, too large motion amplification factor can lead to the reduction
in SNR ratio due to the initiation of flaws caused by the limited support of Gaussian
window. Here, the suitable amplification factor for video processing can be
determined by following the procedures as shown in Figure 11(a), which corresponds

to the satisfactory SNR ratio. Motion magnification is performed with increasing

35

This article is protected by copyright. All rights reserved.



amplification factors, and the SNR ratios are calculated accordingly. When the SNR
ratio reaches the desirable value, the corresponding amplification factor can be

selected in the video processing.

5.2. Recommendation of selecting appropriate bandpass frequency range in detection
Besides the motion amplification factor, the selection of bandpass frequency range
can be conducted by the following steps as shown in Figure 1(b). According to the
output frame rate, the total bandpass frequency range is determined. Then, the
motion magnification is performed with refining the bandpass frequency range, with
the purpose to make the frequency range approach to the natural frequency of
structural vibration. Similarly, when the SNR ratio reaches the desirable value, the

corresponding bandpass frequency range is selected in the video processing.
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Step 1: Determining the total bandpass frequency range

Step 2: Performing motion magnification with this
frequency range and measuring the surface
displacement
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Figure 11. Procedures of selecting the appropriate (a) motion amplification factor and

(b) bandpass frequency range in the phase-based motion magnification technique for

defect detection of FRP-bonded structural system with satisfactory signal-to-noise

ratio.

5.3. Future work

To further improve this methodology used in detecting FRP-bonded structural system,

several research aspects are needed to be considered.

In this experiment, the high

speed camera was positioned laterally to clearly capture the mode shape of defect
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region and measure its surface displacement with the purpose to achieve a more
quantitative evaluation. In fact, the proposed technique is able to identify the
presence of defect when the camera is positioned in the front of FRP-bonded system
to record the FRP in-plane surface, as demonstrated by our previous conference paper
[57]. Since that the use of a single camera can only obtain the in-plane motion
information [40], it has limited capacity to precisely acquire the mode shape and
out-of-plane surface displacement of defect region that is viewed in front position of
structural element. To further improve the proposed technique in more realistic
cases, the use of a stereo camera together with the three-dimensional digital image
correlation method [58] will be beneficial for developing this detection scheme which
allows for three-dimensional measurement of structural response at one position. In
addition, algorithms that automatically extract the vibration amplitude at defect region
in time series from the magnified video would be immensely useful for better
characterizing of defect in bonded structural system. The time series vibration
amplitude can be further transferred into the frequency spectrum so that the natural
frequency of local defect region can be acquired. This natural frequency can be
further taken to quantify the defect area of structure. In addition, the effect of defect
size on the inspection results from this methodology is need to be investigated. Too

small defect area can lead to large natural vibration frequency, which requires higher
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frame rate of camera recording. It is necessary to figure out the minimum defect size
detected by this video processing technique and its relation to the capacity of high
speed camera. Furthermore, modal analysis (e.g. measurement of the quantitative
two dimensional deflection shapes) from the magnified video benefits the

understanding of dynamic properties of the FRP-bonded structural system.

6. CONCLUSION
The results of an experimental study to investigate the ability of phase-based motion
magnification video processing technique to detect interfacial defect between FRP
composite and basis material are presented in this paper. Research findings
demonstrate that under an instant air blow the surface motion at the defect region of
FRP-bonded structural system is hard to be perceived without applying the motion
magnification technique. However, the motion behaviour at the defect region can be
clearly distinguished from the intact region when adopting this methodology,
justifying the effectiveness of phase-based motion magnification for defect detection
in FRP-bonded structural systems. Our investigation also indicates that the
appropriate selection of bandpass frequency range is critical to the detection accuracy
of structural system. When the filtered frequency range covers the natural frequency

of structural vibration, the motion can be magnified more efficiently and effectively.
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Besides, the motion amplification factor should be selected carefully during the video
processing. Too large motion amplification factor can lead to image distortion and
can result in an inaccurate detection. In this paper, recommendations are provided
for selecting the appropriate bandpass frequency range and motion amplification
factor for the video processing technique when it is applied in defect detection of

FRP-bonded structural systems.
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Table 1 The smallest detectable dimension of defect in CFRP-bonded system with

variation of maximum frame rate of commercially available high speed camera.

Maximum frame rate Smallest detectable dimension
1000 120 mm x 120 mm
2000 84 mm x 84 mm
5000 53 mm x 53 mm
10000 37 mm x 37 mm
25000 24 mm x 24 mm
51

This article is protected by copyright. All rights reserved.



. 5 mm
CFRP —\ i /— Air block (20 mm deep) 125 mm 125 mm

20 CFRP ¥ i ¥ Air gap
mm V77 Vzzzzz] S\ il
40 mm Wood m* Epoxy 40 mm ] Wood Epoxy

K )
4 T

400 mm ’ 400 mm '
CFRP —\ Air gap Eg)xy CFRP Air gap
40 mm Epox
s0mm ] | Wood i35 m 75 poxy

k

=
I~

1

L

400 mm ’ 400 mm

(a)

T 4

Wood block

Wood block

Wood block

FRP-bonded wood with internal air block FRP-bonded wood with interfacial air gap
(b)
STC_2259_F1.tif

This article is protected by copyright. All rights reserved.



Air gun I
{1 Instant air blow

////—I T— Camera
i Wood
Air gun I

;1 Instant air blow
él' Camera
s Wood ‘

Air gun
Instant air blow ; i+

- _ %I' Camera
l Wood

Air gun l

Instant air blow

LY

ﬁ a Camera
A WOO d (b)

(a)

STC_2259_F2.tif

This article is protected by copyright. All rights reserved.



0.001s 0002=

|

Defect boundary

0.002s

Defect boundary : : Defect boundary

STC_2259_F3.tif

This article is protected by copyright. All rights reserved.



Defect boundary

STC_2259_F4.tif

This article is protected by copyright. All rights reserved.



Defect boundary

Defect boundary

STC_2259_F5.tif

This article is protected by copyright. All rights reserved.



Defect boundary Defect boundary

(a) (b)
STC_2259_F6.tif

This article is protected by copyright. All rights reserved.



Surface displacement (mm)

I

%

(=)
1

JR—
——

S

[39)

G
!
v

Frame at time 1

15

Frame at time 2

0.20

—_
(5]

T At . i
DCICCU1CE101n

o

Intact region

N

Surface displacement (mm)

0.15
Intact region
0.10
»—\__./
0.05 | ———————
\_/
0.00 4— . "
-200 -150 -100 -50 0 50
Location (mm)
(a)

100

O=J

150 200

—— Fram‘e at time 1
—e— Frame at time 2

Defect region

200 - 1.00 -50 0 50
Location (mm)
(b)

STC_2259_F7.tif

This article is protected by copyright. All rights reserved.




—

Defect

boundary

—

Defect
boundary

Defect
boundary

[~

—

Defect
boundary

I. Distortion and blur

(c) (d)
STC_2259_F8.tif

This article is protected by copyright. All rights reserved.



Surface displacement (mm)

(%)
e
[
I

\}
)
[
I

[\
-
[
I

[a—
()]
1
!

[S—
S
1
L

—@— Surface displacement versus amplification factor <
a=2000 a = 5000
@
o= 500 T .
— PR '
g L '0' : /E\ ] \—0— Surface displacement versus amplification factor\ ‘
a=1000 .~ }E :
Pie : had 8T :
R = Linear trend ‘/. ‘
. y © v '
® =200 .- P E 6] o :
" Q v '
"< ._—-. ]
- P e / :
< .2 4T [ '
0" : 8 ././ :
e 'S 2t — '
P " oS @ |
= Ve '
: n A ’
] 0
' 0 : : : : : = '
! 0 20 40 60 80 100 :
' Motion amplification factor '
ec*foccscccscccsccscsccsccsccsnscnsnscssenssessssaescansee® 0
""""" 1 1 1

J
2000

I
3000

J
4000

Motion amplification factor

STC_2259_F9.tif

This article is protected by copyright. All rights reserved.

5000



15

—=— Frame at time 1 (frequency filter range:0-0.25 Hz)
[ | —e— Frame at time 2 (frequency filter range:0-0.25 Hz)
~ H
g 12
g
E h \ 2 9
2o Defectregion |
3 : ‘ :
= | Intactregion Intact region
@ : 1 1
(]
>}
g
& 3 P S
0 i . }

. ) T
-200  -150 -100  -50 0 50 100 150 200

Location (mm)

(a)

Surface displacement (mm)

15

—_
S}

—=— Frame at time 1 (frequency filter range:0.25-0.50 Hz)

—e— Frame at time 2 (frequency filter rang

el
L
v

e:0.25-0.50 Hz)

Intac%t regio

0
-200

T
-100  -50 0 50
Location (mm)

(b)

T
-150

STC_2259_F10.tif

This article is protected by copyright. All rights reserved.

100 150 200



Step 1: Performing motion magnification with an
amplification factor of 10, and measuring the surface
displacement

!

Step 2: Calculating the signal-to-noise ratio for this
amplification factor

Signal-to-noise ratio > desirable value?

Step 4: Increasing the amplification factor by 10,

performing the motion magnification, and measuring
the surface displacement

i

Step 5: Calculating the signal-to-noise ratio for this
amplification factor

Signal-to-noise ratio > desirable value?

Step 6: Determining the amplification factor

(a)

L—»

Step 1: Determining the total bandpass frequency range

Step 2: Performing motion magnification with this
frequency range and measuring the surface
displacement

Step 3: Calculating the signal-to-noise ratio

Step 4: Dividing the frequency range into two sections | g
and performing the motion magnification separately

'

Step 5: Comparing the motion magnification results
among these two frequency ranges, and selecting the
better one with higher signal-to-noise ratio

{

Signal-to-noise ratio > desirable value?

Yes ¢

—>I Step 6: Determining the bandpass frequency range
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