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Abstract

The mode shape-aided method provides a simple and effective way for cable force determination,
which, however, requires accurate parameter identification of the cable structure. This paper
proposes a phase-based video motion magnification to process the image sequences of a cable.
Digital image correlations were engaged to measure the dynamic displacement-time history,
through tracking the surface characteristic features of the cable. Thereafter, a frequency-domain
decomposition technique was applied to extract the natural frequency and mode shape of the cable
from the displacement-time history measurements. The identified cable mode shapes, along with a
tensioned pinned-pinned cable model, were used to estimate the cable force. The accuracy of the
proposed methodology was subsequently verified through laboratory testing on an inclined cable
model and field-testing on a typical hanger cable of a real-world arch bridge, respectively. Overall,
the study results indicated that the proposed methodology could expediently and cost-effectively

estimate the tension forces of a cable with reasonably acceptable identification accuracy.

Keywords: Cable force; Mode shape; Video motion magnification; Digital image correlation
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1. Introduction

Vibration-based methods for cable force determination have been widely investigated for
application to in-service bridges, due, in part, to their simplicity and cost-effectiveness 2. For the
ease of practical engineering applications, numerous classical methods such as empirical explicit
expressions, approximate formulations, and iterative solutions have been proposed to determine the
effective length of cables with pure pinned or clamped end conditions including their sag effects
and flexural rigidity *°. Note that for the existing in-service cable-stayed bridges, the installations
of multiple intermediate dampers introduce the difficulties of constructing a solvable frequency
equation in a conventional manner to identify the complex relationship between the measured
natural frequencies and cable forces.

To avoid the difficulties resulting from the multiple intermediate support-induced complex
boundary conditions, Yan et al. % proposed a mode shape-aided method to estimate the cable force
independent of the complex boundary conditions. The core idea of the approach is to transform the
cable-force estimation problem from the classic procedures of formulating and solving the
equations of motion of the cables with complex boundary conditions to a simpler problem of
identifying the mode shape of the original cable and thereafter, finding its modal nodes with zero
transverse displacements. An equivalent segmental model with the effective length of any two zero-
amplitude points can always be determined in the form of a tensioned beam with pinned-pinned end
conditions. Chen et al.® have successfully employed a similar concept of combining the mode shape
functions with the measured natural frequencies to determine the effective length of a cable with
complex boundary conditions. With this concept, the cable force is quantitatively determined using

an explicit formulation similar to that for the case of cables with hinged boundary constraints.
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The mode shape-based approach appears to be attractive due to its simplicity, convenience,
and acceptable identification accuracy. However, in practical engineering applications, the accurate
identification of the mode shape of the cable is not an easy task. For the classical accelerometer or
velocimeter-based modal identification, using output-only techniques such as frequency-domain
decomposition (FDD) and stochastic subspace identification (SSI), the identification accuracy is a
function of the quality, position, and density of the accelerometers or velocimeters *'°. The dense
installation of the wired or wireless accelerometer or velocimeter for stayed cables or hanger cables
is obviously a laborious and time-consuming work since it is generally difficult to access the top
segment of the cable via construction machinery even under traffic interruption.

Digital image correlation (DIC)-based vision system is one of the most popular non-contact
displacement and strain measurement techniques. The advantages associated with the DIC
technique include high accuracy at the sub-pixel level, long-distance multi-point non-contact test,
simple equipment, and easy implementation.'! At present, the integer-pixel registration algorithms
for fast normalized cross-correlation and Fourier transform cross correlation (FTCC) as well as the
more efficient sub-pixel registration algorithm for inverse-compositional Gauss—Newton (IC-GN)
have been considered as standard solutions for accurate identification of displacements in the DIC
method.'? It is also worth noting that various researchers'>!* have used the DIC method successfully
for bridge deflection measurement. Once the DIC technique has been executed, the conventional
modal identification methods in the time or frequency domain can then be employed to extract the
modal parameters from the displacement-time histories of the multiple marked targets or marker-
less region of interests (ROIs) over the cable structure. The accuracy of the DIC-based modal

identification relies deeply on the quality of the surface characteristic features of the ROIs as well
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as the tracking error of some ROIs with no apparent pixel-level displacement. Otherwise, any
contrasting features may result in the degradation of the identified modal shape.

Recently, the Freeman Team at the Massachusetts Institute of Technology (MIT) developed an
innovative computer vision technique, termed as video motion magnification, to enhance the
invisible signals of the naked eye.!>!” The motion magnification employs the following
modulations: a time-frequency band pass filter, amplification to the modal motion of interest in a
specific frequency band, and final video reconstruction to amplify the small motions in videos. The
adopted motion magnification algorithms include the Eulerian motion magnification based on
Laplacian pyramid decomposition,'> phase-based motion magnification (PMM) via complex-
valued steerable pyramids,'¢ fast phase-based motion magnification (FPMM) via Riesz pyramids!’

and other improved algorithms such as phase-based motion magnification using the Hermite

8 9

transform,'® efficient motion magnification system,!” and multi-scale adaptive factors video
acceleration magnification method.?® Among these algorithms, the PMM is the most popular since
this method can significantly reduce the noise in the reconstructed videos via a noise shifting
mechanism and support a larger video magnification rate. However, its efficiency is strictly
dependent on the number of pyramid decomposition layers, which often requires a heavy memory
space and is indeed, a time-consuming task. The FPMM has the advantage of real-time video
processing. However, its performance is slightly worse than PMM.

Structural dynamical applications of PMM have been reported in modal frequency
identification and mode shape extraction studies. Chen et al.??> and Yang et al.>* conducted

laboratory experiments to validate the PMM in magnifying the motion video for a given mode of

interest and successfully employed the canny edge detection method to estimate the operational
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deflection mode shape of the experimental model. Chen et al.>* and Shang et al.?® also successfully
extended the PMM algorithm to in-situ measurement of displacements and operational mode shape
of real structures. Sarrafi et al,?® on the other hand, employed the phase-based motion estimation
and phase-based motion magnification techniques to estimate the structural motion and operational
deflection mode shapes of wind turbine blades from an array of captured image sequences including
damage detection. Molina-Viedma et al.?’ proposed an approach integrating DIC and PMM to
explore the characteristics of the DIC mode shapes at high frequencies when the amplitude of the
displacements is significantly increased. As stated by Yang et al.,>> the PMM has two special
characteristics, namely: (a) providing high-resolution mode shapes when there is no obvious
contrasting surface characteristic feature on the structure, and, (b) capability to resolve closely-
spaced modes. Note that for a typical cable with pinned or clamped end conditions, its modal
frequencies are approximately multiples of the fundamental frequency, which indicates that the
PMM is adaptable to identify the dynamical characteristics of the cable with no closely-spaced
modes.

In this study, an effective non-contact target-free vision system integrating the mode shape
with a combination of innovative PMM and DIC techniques was proposed for cable force
determination. The proposed approach not only avoids the difficulty of establishing and solving the
frequency equation of complex cable structures, but it also transforms a complex identification
problem to a mode shape identification based on PMM and DIC techniques from the video image
sequence. The paper is organized as follows: we first introduce the non-contact target-free vision
system in the framework of PMM for mode shape-aided cable force determination. Next, a

laboratory experimentation test on tension force determination of an inclined cable using a PMM-
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based vision system is presented to demonstrate the effectiveness of the proposed methodology.
Thereafter, a practical field test on hanger cables of a real through-type arch bridge is performed to
estimate their tension forces. And lastly, a summary of the key findings, conclusions, and

recommendations drawn from the study is presented.

2. Study Methodology
2.1. Work plan and flowchart

As shown in the flowchart in Fig. 1, the mode shape-aided cable force determination based on the
PMM and DIC techniques consists of four primary steps, namely:

e Step (a): In this step, experiments were performed using a digital video camera (Panasonic
Lumia GHS5 with a Panasonic lens with a focal length of 100~400 mm) to capture the image
sequences of a candidate hanger cable of an arch bridge.

e Step (b): During this step, the PMM was employed to amplify the interested modal motion
in a specific frequency band of the cable. The PMM operations included general video
decomposition, temporal filtering, phase denoising, and the final video reconstruction
process.

e Step (c): The operational deflection mode shape was extracted from the motion-magnified
video corresponding to a certain resonance frequency via DIC technique in this step.

e Step (d): In this step, the mode shape-aided approach proposed by Yan et. al.%’ is then
employed to estimate the tension force of the cable with unknown boundary conditions.

For the third-order mode and higher, at least two modal nodes with zero displacements usually

exits. The segmental length at any two modal nodes can be considered as the effective length of a




153

154

155

156

157

158

159

160

161

162

163

164

(a) d - -
i ! !
NERA B B R St P === g T ~
T : ) I
e , o~ .
k N ~ { s Cable tension force:
3
. hanger cables . i Ez > T mwily (=i 2Kl
L z / B (-iya’ L
AN \\\ / i
\ BT N ! 2
i ™, w A 4 1
Video | hN '“"
camera e - A AN }
_______ H b I Y7, ~
Computer o ! 5 :
( c ) - ‘~~N\\
Output : / N
CSP-based { \“
Decomposition - | ‘.
1 =} \ \
v 3 A
Temporal Z E—— _— | \
filtering Z ‘ \
Phase = / /»‘
denoising /
Ist 2nd  3rd DIC-based Operational mode shape identification
Fig.1. Mode shape-aided cable tension force estimation using PMM and DIC

pinned-pinned cable, from which the cable force can be easily determined based on the traditional
formulation for a pinned-pinned tensile beam model. In addition, the approach integrating both the
DIC-based target tracking and FDD-based output-only modal identification techniques was used to
extract the modal parameters of the cable under slightly higher excitations for comparisons with
those using the above-proposed methodology.
2.2. Phase-based motion magnification (PMM)
PMM can amplify the motion in the frequency bands of interest by magnifying the phase variations
and the band-pass temporal filtering of the video. Fig. 2 shows the principle of the PMM based on
the core algorithm of a complex-valued steerable pyramid (CSP). The process is categorized into
four steps as follows:

Step (a): In this step, the input video color images are converted from general RGB color space

to YIQ color space, and the Y component with luminance information is used for further processing.
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Fig.2. Flowchart of phase-based video motion magnification

The 2D FFT is employed to convert each video image from spatial domain to frequency domain for
the next CSP processing, which decomposes the center-symmetric frequency-domain image into
frequency-domain sub-bands in the forms of octave, half-octave, and quarter-octave in the
tangential and radial directions. Taking octave as an example, the image in the frequency-domain
is evenly divided into four times in the tangential direction to generate a total of eight data sets
(axisymmetric). Each data set is then divided into half of the original in each radial direction. The
termination condition is generally defined as log,(0.5Wmin) <10 Pixel, where Wy, is the length
of the image’s short side. Each sub-band image in the frequency-domain is transformed to the spatial
domain via 2D inverse FFT. The local phase and amplitude over time at every spatial scale and
orientation of a steerable pyramid are then calculated as shown in Figure 2.a, where only the phase
and amplitude maps at the level of scale 1 and the four outmost radial orientations, namely high-
pass residual and low-pass residual images, are plotted).

Step (b): In the second step of the PMM process, the phases at each location, orientation, and
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scale are then independently band-pass filtered in the temporal domain.

Step (c): The band-pass filtered phases corresponding to the motion are generally denoised using
the amplitude-weighted spatial smoothing technique to increase the quality of the phases.

Step (d). Finally, each temporally filtered phase is linearly magnified by an amplification factor,
and the video is reconstructed to attain the motion magnification results. Note that the magnified
gray scale images in the Y-channel with the restored IQ-channels are restored to the original RGB
color space in this step.

A C++ version of the CSP program employing an 8-orientations quarter-octave CSP and finite
impulse response (FIR) temporal filter was built for phase amplification. In practical applications,
as the PMM is employed to extract the amplified motion corresponding to a certain resonance
frequency of the cable, prior knowledge of the vibration frequencies of the cable should be provided
as the central frequency or reference datum of a specific frequency band. In this study, as the image
sequences of the cable were recorded, the DIC, integrating integer-pixel image registration
algorithm FTCC with subpixel registration algorithm IC-GN, was employed to extract the
displacement-time history of a selected point of interest on the cable with distinct surface
characteristic features.

The FFT of the displacement-time history is then implemented to attain its frequency spectrum,
from which the natural frequencies of the cable can be extracted via the traditional peak picking
approach. In the study, it was noted that the modal frequencies of the cable are approximately
multiples of the fundamental frequency without closely spaced modes. Hence, it is easy to correctly
identify the mode order and the corresponding resonance frequency. The natural frequencies are

thus considered as the central frequency of specified band-pass filtering for phase variations in the
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PMM procedure. Lastly, the amplified motion of the cable corresponding to a certain resonance

frequency is obtained.

2.3. DIC-based operational deflection mode identification

As the image sequences of the motion-magnified video via PMM are captured, the next step is to
extract operational deflection modes from the motion-magnified video corresponding to the
resonance frequency of the cable. As shown in Fig. 3, rather than the common Cannon edge
detection method, DIC is again employed to extract the operational deflection shapes of the cable.
The implementation process is categorized into four steps, namely:

Step (a): For a motion-magnified video corresponding to a certain resonance frequency of the
cable, multiple target points (red) along the cable are first virtually marked at the first frame of the
image sequence as their original positions.

Step (b): DIC is used to track the motion of the target points along the cable. The displacement-
time history of a target point with a relatively larger amplitude is estimated. Thereafter, a peak
picking is performed to locate the time instants T,, T,,..., T, ,... and T  with positive (or
negative) displacement peak in each cycle.

Step (c): The displacements of all the target points at time instant T, (k =1,2,...,k,...n) can
be displayed in the form of a snap shot and denoted as the instant operational deflection shape of
the cable.

Step (d): The addition of » groups of instant operational deflection shapes is then normalized
and fitted to a Sine-type mode shape, from which the mode nodes of the cable at each mode can be

easily identified.

11
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2.4. Cable force determination from measured mode shape

As reported by Yan et al.,%’ the key to successful determination of the axial force of a cable with
complex end conditions is to consider the segmental length of the modal nodes of the measured
mode shape as the effective length of a pinned-pinned cable model. As shown in Fig. 1, for a cable
with properties of length L, mass per unit length m , flexural rigidity El, and cable force T, the
intermediate segmental length Lij between any two modal nodes 1, J can be considered as the
effective length of the cable with a natural frequency W,. The equivalent intermediate segment
model with L, m, El and W, =W, is then employed as a pinned-pinned cable model to

estimate the tension force T and mathematically expressed as follows:

_ mWr?Lizj _(j—i)zﬂ'za (1)
(j—i)27r2 Lizj

It is worth noting that the proposed approach may introduce inevitable estimation errors since

12
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there is a difference between the segmental cable model with two pinned ends and the original cable
model with complex end conditions. Yan et al.®” conducted a relative error analysis to verify the
validity of the proposed approach and their non-dimensional parametric studies yielding the
following findings:
e The end constraints affect the segmental cable near the ends, and
e The proposed approach is feasible for long and slender cables, whereas for short cables,
the mode order n and the other parameters such as supporting and rotation stiffness, the
flexural rigidity of the cable, etc., should be carefully selected to achieve acceptable

identification accuracy.

3. Laboratory Experimentation and Verification
3.1. Experimental lab-test setup

To verify the effectiveness of the proposed approach integrating PMM and DIC (PMM+DIC) for
cable force determination, an experimentation test on a tensile inclined cable composed of a steel
wire rope with a diameter of 4mm was conducted. As shown in Fig. 4, the cable has an inclined
angle of 31°, a horizontal projection length of 2.4 m, and a vertical projection length of 2.4 m. One
end of the cable is clamped to a steel beam anchored on the ground while the other end is connected
to a weight (applying a tensile load to the cable) through a pulley system installed on a steel frame.
Fifty-two steel blocks, each with a weight of 0.05 kg, were uniformly distributed and loaded along
the cable at a spacing length of 50 cm.

The cable was slightly excited by a hammer near the bottom end to produce an artificial

impulse force, however, the cable vibration may be invisible to the naked eye. The image sequence

13
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Fig.4. Laboratory experimentation test setup on an inclined cable

of the cable system was recorded using a consumer-grade video camera (Panasonic Lumix DC-
GHS5) equipped with a 14~42 mm lens. The camera is capable of recording video images from 50/60
frame per second (fps) at a resolution of 3840x2160 pixels (4K) to 180fps at a resolution of
1920x1080 pixels (1080P), respectively. Since the natural frequency of the fifth mode of the cable
may approach 15 Hz, the experimental test setup employed a relatively higher resolution of

3840x2160 pixels (4K) at 60 fps to increase accuracy in capturing the image sequences of the cable.

3.2. Laboratory test - implementation procedure

An impact hammer near the bottom end of the cable was used to excite the cable every 25 to 30
seconds. Note that, as the cable is only weakly excited by the hammer, the cable vibration may not
only be invisible to the naked eye but the DIC approach may also fail to track the target motion,

resulting in unacceptable identification accuracy. Hence, some trial hammer-excitation tests were

14
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conducted to ensure accurate implementation of the DIC through adjusting the amplitude of the
excitation. The steel blocks along the cable were employed as the ROIs for the DIC-based target
tracking by using the registration algorithms for FTCC and IC-GN in the integer pixel and sub-pixel
levels, respectively. During this stage, the DIC was used to determine the resonance frequencies of
the cable as a prior knowledge for the subsequent PMM procedural implementation.

Fig.5 shows plots of the typical displacement-time history and frequency spectrum of target
No. 28, under slightly higher excitation for a total duration of 300s, when the cable force comprised
of a weight equivalent of 320kN. It is observed that the first 5 modal frequencies (3.110, 6.321,
9.668, 12.876, and 15.645Hz) can be extracted via peak picking. The measured resonance
frequencies are considered as the center frequencies f_ of the band-pass filters in the
implementation of the PMM technique.

To ensure that the magnified motion is considered as the operational deflection shape of the
cable as well as the center frequency of the band-pass filter, it is necessary to determine the critical
parameters of the frequency bandwidth f, and magnification factor & as the prior knowledge
for implementing the PMM technique. Note that the tensile cable system generally has no closely-
spaced modes, hence, it is easy to satisfy the requirement of the frequency bandwidth for mode
separation when overlapping of the adjacent modes can be avoided. Moreover, for the magnification
factor of the phases corresponding to the frequency band filtration process, the contribution of the
vibration component of the mode to the overall displacement-time history of the cable is generally
considered. For instance, when a high order mode of the cable contributes less to the vibration
response, a higher magnification factor must correspondingly be adapted. However, too high an

amplifier factor may undesirably produce distortion of the amplified motion images, resulting in
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the degradation of image quality for subsequent DIC-based displacement measurements.

To mitigate such scenarios as exemplified in the previous paragraph, trial tests were conducted
to select a relatively higher (and optimum) amplifier factor & for satisfactory motion detection
using the selected resonance frequencies. In this study, the frequency bandwidth f, was set to be
1.0 Hz for all the resonance frequencies, and the amplifier factors @ for the 2™, 37 4t and 5%
modes were set to 20, 50, 80, and 100, respectively. Due to the time-consuming nature of the PMM

procedure, only 6.7s cable vibration video was considered in the laboratory experimentation test.

3.3. Laboratory test results, analysis, and discussions

Fig.6 (a-d) presents the snap shots of the motion-magnified cable related to the 2™, 3™, 41 and 5%
modes at the respective time instants corresponding to the frequencies shown in the figure. The DIC
technique was used to extract the displacement-time history corresponding to the specific modes of
interest through target tracking. It is observed in Fig. 6 that the estimated instant operational
deflection shapes in the form of snap shots, showing acceptable image resolution of the cable motion,

appear to be roughly in accordance with their corresponding modes. However, there appear to exist

16



300

301

302

303

304

305

306

307

308

309

310

311

312

313

274 mode o i 4% mode

fc =6.321Hz 51, :9.668Hz’ T f =12.876Hz L2 —15.64st
f, =1.0Hz f, =1.0Hz g f, =1.0Hz f, =1.0Hz
a=20 a=50 a=80 =100
2nd mode : 3 mode N 4hmode ... 5t mode
. : s s . - : -
ggggg ra . -~ - P -
. - T e -
-~ - -
- o - ~
~ ° - B - -
~ : o - e
e -
< : PR P -
(e) R ) Q)
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deflection shapes for: (¢) 2" mode, (f) 3™ mode, (g) 4™ mode, and (h) 5" mode.

some slight distortions, shadows, and artifacts in the regions with relatively higher amplitude
motions. For the implementation of DIC, the introduction of artifacts and other errant shadows in
the image sequences of the magnified motion will likely degrade the quality of target tracking, and
ultimately the final output results.

In this study, to avoid the deficiency of the traditional Canny edge detection method with
respect to the motion-magnified video and maximum deflection, as shown in Fig. 3, n groups of
instant operational deflection shapes estimated via DIC were added, normalized, and fitted to a
Sine-type mode shape, which significantly improved the quality of the shapes. Fig.6 (e-h) shows
the addition of multi-groups of instant operational deflection shapes to the discrete target points for
the 2nd, 3rd, 4th, and 5th modes, respectively. It is seen that the discrete target points form an
acceptable deflection mode shape.

Fig. 7(a-c) shows the Sine-type fitting for the operational deflection shapes of the discrete
target points at (a) mode 3, (b) mode 4, and (¢) mode 5, respectively. It is observed that the mode

shapes fitted by the Sinusoidal functions®® do not completely match with the discrete target points.
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and, Comparisons of the normalized (experimental) shape with the theoretical shapes of: (d) 3™
mode, (¢) 4" mode, and (f) 5" mode.

This is particularly pronounced for points with relatively higher motions, which may have been
induced by the artifacts and shadows in the image sequences of the magnified motions, resulting in
the target tracking error for the DIC registration algorithms. Fig. 7(d-f) shows graphical plots of the
normalized experimental shape in comparison to the theoretical shapes. Apart from the start and
end regions, the identified third, fourth, and fifth-order modes are very close to the theoretical modes.
This indicates that the differences between the Sine-type fitted mode and the discrete target points
appear to be not affect the identified modal nodes (zero-amplitude points). Furthermore, it is easy
to visually locate the mode nodes in Fig. 6, e.g. nodes A, B, and C for the 4™ mode.

For comparisons, Fig. 8 displays the comparative results of the experimental shapes estimated
via combinations of the DIC and FDD (DIC+FDD) with the theoretical shapes. In the figure, the

fitted mode shows good agreement with the theoretical mode, with curves nearly overlapping each
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Fig.8. Fitting the operational deflection shapes of: (a) 3™ mode, (b) 4" mode, and (c) 5 mode;
and, Comparisons of the normalized (experimental) shape with the theoretical shapes of: (d) 3™

mode, (¢) 4™ mode, and (f) 5" mode.

The distance of any two modal nodes can be easily extracted as the effective length of a tensile
beam model with two hinged end conditions. The proposed approach significantly simplified the
tension force estimation of the cable with complex boundary condition.

Table 1 shows a comparison of the estimated effective lengths and cable forces using the two
methods, namely PMM+DIC and DIC+FDD. The modal assurance criterion (MAC) was employed
to evaluate the similarity of the operational deflection shapes and theoretical mode shapes. Three
observations are evident from Table 1 as follows:

Observation (1): both two methods are available to identify modes 3, 4, and 5 under weak

excitation (PMM+DIC) or slightly higher excitation intensity (DIC+FDD). By contrast, the MAC

values (0.917. 0.926, and 0.918) derived from PMM and DIC are much smaller than those derived
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from the approach integrating DIC and FDD (0.999. 0.998, and 0.999). This can also be

L Resonance Effective  Practical . Relative
Excitation Mode Mode Estimated
Method | ) frequency MAC length value error
intensity  order nodes value (N)

(Hz) (m) (ND (%)
3 9.668 0917 A-B 0.89 320 304.02 -4.99
A-B 0.68 320 312.65 -2.29
4 12.876  0.926 B-C 0.67 320 303.52 -5.15
A-C 1.35 320 308.07 -3.73
PMM A-B 0.55 320 309.93 -3.15
+ Weak
DIC B-C 0.56 320 321.31 -0.41
C-D 0.55 320 309.93 -3.15
5 15.645 0918
A-C 1.11 320 315.59 -1.38
B-D 1.11 320 315.59 -1.38
A-D 1.66 320 313.70 -1.97
3 9.668 0999 A-B 0.92 320 324.86 1.52
A-B 0.69 320 321.91 0.60
4 12.876  0.998 B-C 0.69 320 321.91 0.60
A-C 1.38 320 321.91 0.60
DIC .
Slightly A-B 0.56 320 321.31 0.41
+
FDD higher B-C 0.57 320 332.88 4.03
C-D 0.56 320 321.31 0.41
5 15.645  0.999
A-C 1.13 320 327.07 2.21
B-D 1.13 320 327.07 2.21
A-D 1.69 320 325.14 1.61

Table 1. Comparisons of MAC and estimated cable forces.
observed from Fig. 7 and Fig. 8. As previously mentioned, slight distortions, shadows, and artifacts
in the magnified motions via PMM degrade the quality of the DIC in target tracking. However,
under the slightly higher excitation, the direct target tracking on the original video in the DIC
procedure is not affected by distortions, shadows, and artifacts.

Observation (2): Although there are distinct differences between the MAC values in Table 1,

the effective lengths between any two modal nodes can be extracted from the third, fourth, and fifth
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operational deflection shapes. These results show some minor differences, which indicates that the
positions of the modal nodes derived from the fitted shape are not significantly affected.

Observation (3): The two methods achieved acceptable identification accuracies with respect

to practical cable force determination. This evidenced by the fact that the relative errors between
the experimental values and the practical values in Table 1 are marginal, i.e., ranging from -5.15%

to 4.03%, respectively.

4. Field Measurement and Validation
4.1. Experimental field-test setup

A field measurement on the hanger cable of an arch bridge was conducted to validate the proposed
method. As shown in Fig. 9, the Fengguang bridge, located in Liuyang, Hunan Province (China), is
a two-span half-through arch bridge with a length of 100 m for each span. The bridge deck is
suspended from the arch ribs by 19 pairs of hanger cables, each with a spacing length of 4.0 m along
the bridge longitudinal direction. One of the hanger cables near the span center was arbitrarily
selected for the displacement measurement in this study.

As shown in Fig. 10, the calculation model for the hanger cable was established as a tensioned
beam with two intermediate supports. The cable, with a total length of 20.682 m, is supported by
two intermediate compressive-type high-damping rubber (HDR) dampers with a support stiftness
of K=K, =8.922x10°N/m. As can be seen in Fig. 10, the two damper supports divide the cable into
three segments, with x = g L =0.875m (which is the location of HDR damper at the deck-end) and

X, = &,L =1.282m (which is the HDR damper location of the arch rib-end), respectively. The mass

per unit length of the cable is 12.107 kg/m, with an elastic modulus £ and moment of inertia / of
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1.95x10° MPaand 1.62x107 m*, respectively, for the cable.

Fig.10. Hanger cable model.

4.2. Field measurement implementation procedure

In the implementation of the modal shape identification process, the location of the target points
along the hanger cable should be predefined via an electric total station or machine vision-based
measurements. Numerous LED decorative lights, each with a spacing of 50 cm was attached along
the hanger cable, which can be regarded as the target points with distinct surface features in the DIC
procedure. Fig. 11 presents the experimental field-test setup for the DIC vision system. An
electronic total station (SOKKA CX-101) was used for the spatial positioning of the LED lights

along the cable. A video camera, Panasonic Lumix DC-GHS5 equipped with a 100-400mm lens, was
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set about 100m far from the hanger cable, with its pixel resolution configured to 3840x2160 pixels
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Fig.11. Field experimentation test setup on a bridge hanger cable

at a frame rate of 180 fps for displacement extraction. The focus lens was adjusted to adapt to the
frame size covering the total selected hanger cable.

The Fengguang bridge is only accessible to buses and cars. Trial tests indicated that (other than
traffic-induced excitation), environmentally induced vibrations, e.g., wind, etc., was difficult to
excite the bridge hanger cable with significant vibration amplitudes that are adequate for vision-
based displacement measurements and extraction via the DIC or PMM procedure. Consequently,
manual hand shaking was applied to excite the hanger cable at the bridge deck-end with a time
duration of about 6.7s with 400 frames for PMM and 60s for DIC processing. For comparison
purposes, an accelerometer was installed on the cable at about 2.3 m from the bridge deck. The
sampling frequency for the accelerometer was 100 Hz.

Like the laboratory test setup, the center frequencies for the PMM were also derived from the

frequency spectrum via the DIC+FDD procedures. Fig. 12(a) shows the extracted multi-point
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displacements of the target points on the hanger cable via the DIC procedure, where the red target

point at the arch rib surface was regarded as a relatively stationary reference target with roughly

Displacement (mm)
.
Power amplitude

1 20 ) 60 80 o 5 10 15 20 25 30
Frequence (Hz)
(©

= Theoretical mode
A \bde point via FDD
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Fig.12. (a) Multi-point displacements of the hanger cable via DIC; (b) Displacement time
history, and, (¢) Power spectrum of a representative target point; (d) Singular values of power

spectrum density matrix, and, (¢) Third-order mode shape via FDD.

zero deflection. The displacement-time history and its power spectrum for a representative target
point is plotted in Figs. 12(b) and (c), respectively. It is observed that the first three resonance
frequencies (4.878, 9.756, and 14.634 Hz) are dominant within the frequency spectrum. These three
frequencies were considered as the center frequencies or reference datum of the band-pass filters in
the subsequent PMM procedural analysis. The singular values of power spectrum density matrix
and the identified third-order mode shape via FDD are plotted in Figs. 12(d) and 12(e), respectively.
It is seen that it is easy to visually locate the mode nodes A and B from the fitted third mode.

Table 2 lists the critical PMM parameters, in which the frequency bandwidths for the filters
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were all set to 1.0 Hz. The amplification factors for modes 1, 2, and 3 were 20, 80, and 200,

respectively. The quarter-octave CSP and FIR temporal filter were employed for phase

amplification.
Center Frequency Amplification =~ Decomposition in the = Temporal
Modal order . . .
frequency (Hz) bandwidth (Hz) factor frequency domain filtering
1 4.878 1.0 20 Quarter Octave FIR
2 9.756 1.0 80 Quarter Octave FIR
3 14.634 1.0 200 Quarter Octave FIR

Table 2. PMM parameters.

4.3. Field test results, analysis, and discussions

In this section of the paper, the comparative results of the three approaches, namely PMM+DIC,
DIC+FDD, and accelerometer, respectively, for tension force determination of a hanger cable are
presented. Fig. 13(b-d) shows screen-shots of the motion magnified hanger cable for the first three
modes. Compared to the original video shown in Fig. 13(a), the motion-magnified operational
deflection mode shapes corresponding to the dominant frequencies are distinctively visible to the
naked eyes. It is interesting to note that, compared to the laboratory test, the typically existing
distortions, shadows, and artifacts are not distinct in the motion-magnified snap-shot, particularly
for the first two modes — which is the desired scenario. This may be attributed to the following
factors: higher contrast between the surface characteristic feature and the background, stationary
video camera system, and optimum parameters for the PMM procedural analysis.

For the third mode, its vibration component is relatively weak. A higher amplification factor of
200 was thus applied to the phase magnification. This high amplification may have collaterally
magnified the effects of noise contamination, subsequently causing a deterioration of the mode

shape as evident in Fig. 13 (d).
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Fig. 14(a-c) shows the Sinusoidal functions fitted to the operational deflection shapes of the
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34 mode

(a) (b) (© (d)

Fig.13. Screen snap shot of: (a) the original video, and, the motion magnified hanger cable

at certain time instant for: (b) 1% mode, (c) 2" mode, and, (d) 3™ mode.
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discrete target points at (a) mode 1, (b) mode 2, and (c) mode 3, respectively. It is observed that the
mode points of the first two modes align well with the fitted Sine-type mode, whereas for the third
mode, there are relatively higher variations in the mid-span regions that may have been induced by
the tracking error of the DIC algorithms on the deteriorated target points. The MACs for modes 1,
2, and 3 are 0.992, 0.945, and 0.906, respectively, which partially proves the degradation of the
third mode, i.e., the lowest MAC value.

Fig. 14(d-f) shows the difference between the theoretical and normalized fitting modes. Note
that the theoretical mode shapes and the tension force were derived from the model shown in Fig.10
and the measured multiple-order resonance frequencies. Other than the obvious modal errors for
the third-order mode (particularly at the start and end points), the errors appear to be having no
significant effect on the accurate identification of the modal nodes after Sine-type wave fitting, e.g.
nodes A and B for the third mode.

Compared with the identification results of DIC + FDD procedure, as shown in Figs. 12(d) and
(e), the map of singular values of the power spectrum density matrix for the target displacements
with respect to the frequency domain demonstrate that the three dominant frequencies can be clearly
extracted. The vibration amplitude of the third mode appears to be the weakest one. Additionally,
the adjacent frequency band around the third mode includes several small noise-induced frequency
peaks, which may affect the identification accuracy of the third mode. Like the PMM results, the
modal points align well with the fitted Sine-type operational deflection mode, especially for the
target points with relatively higher amplitudes. However, the positions of the modal nodes appear

to be consistent with the theoretical results. The MAC value for mode 3, as shown in Table 3, is
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0.912, which partially proves the degradation of the third mode using DIC+FDD procedure.

Method Mode Modal  Effective Exact force Estimated force Relative error
order node  length (m) value (kN) value (kN) (%)
PMM+DIC 3 0906 A-B 6.31 410.6 405.1 -1.34
DIC+FDD 3 0912 A-B 6.37 410.6 413.2 0.63
Accelerometer 1-5 - - - 410.6 410.6 0.0

Table 3. Comparisons of MAC values and estimated cable forces.

Table 3 shows a comparison of the estimated effective lengths and cable forces using the three
methods, namely PMM+DIC, DIC+FDD, and accelerometer, respectively. It is seen that the
identification results (i.e., effective lengths, force) of the PMM+DIC method do not differ
significantly from the DIC+FDD method. For the third-order mode, the MAC values of the two
methods are 0.906 and 0.912, respectively. According to the position of the two mode nodes of the
fitted mode shape in the identification results (i.e., points A and B in Fig. 14), the effective lengths
of the cable as determined by the two methods are 6.31m and 6.37m, respectively. Substituting these
values (effective lengths) into Equation (1), the cable force was estimated as listed in Table 3, with
the relative errors of the two methods being -1.34% and 0.63%, respectively.

It is worth noting that the exact values of the cable force listed in Table 3 (i.e., 410.6 kN) was
calculated using the frequency-fitting method based on the natural frequencies of the cable
measured by the accelerometer. The specific model used for these calculations was previously
illustrated in Fig. 10.

5. Conclusions and Recommendations

A simple but effective non-contact target-free vision system integrating mode shape and a
combination of the PMM and DIC methods was proposed for cable force determination. The
identification accuracy of the integrated methodology was verified through laboratory testing on an

inclined cable model and subsequently validated with field testing on hanger cables of a real
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through-type arch bridge.

The laboratory verification test employed two approaches (PMM+DIC under weak excitation
intensity and DIC+FDD under slightly higher excitation intensity) for mode identification. The
laboratory test results indicated that slight distortions, shadows, and artifacts in the magnified
motions using the PMM method degrade the quality of DIC sequence in target tracking. However,
the positions of the modal nodes derived from the fitted shapes were not significantly affected. The
relative errors between the experimental values and the practical values were within a range of -
5.15% to 4.03%. Thus, the two methods satisfactorily achieved acceptable identification accuracies
relative to practical cable force determination.

A field validation test on a typical hanger cable of a real-world through-type arch bridge
demonstrated that the two modal nodes of the third-order modal shapes of the cable can be
efficiently extracted using both PMM+DIC and DIC+FDD methods. Both methods can identify the
Ist to 3rd modal shapes of the cable, with MAC values exceeding 90% (i.e., 0.90). The relative
errors of the cable force were found to be -1.34% for the PMM+DIC approach and 0.63% for the
DIC+FDD approach, respectively. Overall, the field validation test indicated that the proposed
method has the potential to expediently estimate the tension forces of the cable with acceptable
identification accuracy. The methodology exhibits practical viability and cost-effectiveness for
routine application in cable tensile force determination.

Lastly, it is worth noting that the current study employed the third-order modal shape to extract
the effective length of the cable from two mode nodes with zero amplitude. For stiff stayed cables
or hanger cables, it is generally difficult to extract the third-order mode using the PMM or DIC-

based vision system due to its weak vibrations in the cases of ambient (environmental) excitations
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and even artificial shaking. Further research studies are thus recommended to explore the extraction
of the cable effective length from the first or second-order modes using the proposed
methodological system.
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