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a b s t r a c t

Conventional sensors, such as the accelerometers and velocimeters, are commonly applied to estimate
the vibration of stay cables for the recognition of dynamic response. Such practice is relatively time-
consuming and expensive due to the challenge from considerable amount of cabling work and installa-
tion of data acquisition logger. Two measurement methods based on digital image techniques, digital
image processing (DIP) and digital image correlation (DIC), are adopted in this study to identify the cable
force with capturing single and multiple points images by camera. To verify the reliability of the methods,
the results are compared with accelerometer, and the relative deviations between the two methods and
the accelerometers are within 5%. The multi-point vibration mode of stay cable using the digital image
techniques was compared to numerical simulation for exploring the role of mode difference in cable force
measurement. Experimental results show that the application of the digital image techniques in stay
cable bridge is sustainable and advantageous and the differences between various digital image tech-
niques are shown clearly.

� 2019 Elsevier Ltd. All rights reserved.

1. Introduction

With the rapid development of technology and economy,
bridges have been important parts of modern transportation
around the world. Due to large traffic volumes and extremely com-
plex environments, the situation of many bridge structures is not
optimistic. Thus, it is vital to develop the structure health monitor-
ing (SHM) for the bridges. As a critical load-carrying member, cable
plays a vital role in the overall safety of bridge system, therefore
the tension of the cable estimated according to its dynamic proper-
ties needs to be focused on. To estimate the tension of the cable,
which is continuously affected by environmental factor and traffic
use, the dynamic properties should be identified.

At present, the cable force could be estimated by pressure sen-
sor, pressure oil meter, magnetic flux and vibration method [1–4].
The pressure sensor and the pressure oil meter method, which
belong to the direct method, are generally applied to the cable
force measurement during bridge construction. Magnetic flux is
suitable for long-term monitoring and non-contact measurement,
whereas the initial cost is large and the installation convenience
needs to be improved. Vibration method is extensively used in
bridge structure monitoring with capturing the dynamic response

by installing acceleration sensors. This means that too many
cabling works need to be done to realize the requirement of data
transmission. The maintenance and management of sensor are also
faced with much trouble.

In order to resolve above problems, digital image techniques
come into the engineering structure monitoring [5–7] and material
detection and have been widely developed [8,9]. Chang and Ji [10]
studied cable vibration by using non-target video measurement
technology. By Canny edge detection image processing and dimen-
sionless length matching, the cable vibration frequency and ampli-
tude could be well obtained in the case of uncalibrated target.
Based on digital image processing (DIP) technology, Lee et al.
[11] used texture recognition algorithm to capture the motion of
known geometry, and calculated the actual displacement of the
cable through calibration. Choi et al. [12] introduced a dynamic
displacement vision system, which was experienced in the
masonry and two-story steel frame specimen to verify the reliabil-
ity. The accuracy was improved by updating the coefficient and
resizing the region of interest through this method. A set of com-
puter software developed by Kim et al. [13,14] could be used for
long-term cable force monitoring. Multiple cable forces on cable-
stayed or suspension bridge could be measured simultaneously
through digital image correlation (DIC) method. Tian et al. [15] pre-
sented an advanced video deflectometer using actively illuminated
LED targets for bridge deflection. The video deflectometer was
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applied for field, remote, and multipoint deflection measurement
of the Wuhan Yangtze River Bridge with strong robustness against
ambient light changes. Feng et al [16] proposed a novel noncontact
vision-based method for cable force measurement which was
applied in structural installation stage of the Hard Rock Stadium
in Florida. Satisfactory agreements were observed between mea-
sured cable forces by the vision-based sensor and the reference
readings from load cells. A vision-based inspection systemwas also
developed for detecting surface damages on cables in long-span
cable-stayed bridges by Li et al. [17]. An efficient scale-invariant
feature transform (SIFT) was presented to achieve the multi-
image mosaic with partially overlapped regions in different defect
images which were acquired by four cameras. In order to obtain
more comprehensive bridge structural safety information, the dig-
ital image techniques combined with unmanned aerial vehicle
UAV [18–24] and machine learning [25–31] were also widely
applied to the health monitoring of bridge structures. There are
many novel combinations of digital image techniques, but few
studies have compared the otherness between different digital
image techniques.

Different digital image techniques have their own advantages.
DIC has the advantage of matching recognition accuracy and DIP
has high processing efficiency. It is a crucial issue that how to
evaluate the difference between the two methods. In contrast to
previous studies using a single digital image method such as DIP
[11–13] or DIC [9,24,32–34,41], this paper carried out a further
study which combines these two methods for cable force measure-
ment. To verify the reliability of the digital image techniques, two
laboratory tests, including single point and multi-point cable force
measurement, are performed and also compared with accelerome-
ter or numerical simulation. Moreover, more exploration and
thoughts are produced between different digital image techniques
about diversity and application, this also provides a new thought
and way for further promotion in the engineering practice. In addi-
tion, the digital image acquisition equipment employed in this
paper is the ordinary Digital Single Lens Reflex (DSLR) Camera on
the market, which is convenient and cheap. It can be applied not
only in the long-term monitoring of stay-cable bridge, but also in
the regular inspection.

2. Measurement principles

2.1. Vibration frequency method

In the vibration frequency method, the dynamic response of the
stay cable is measured by a sensor. To solve the cable tensile force,
the dynamic characteristics such as the vibration frequency and
mode shape of the stay cable are acquired from the dynamic
response. Assuming that the sag-span ratio of the cable is relatively
small and the axial vibration of the cable can be ignored, the
following motion equation can be concluded:
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where, EI is the bending stiffness of the cable, vðx; tÞ represents the
amplitude, F is the cable force, and m is the mass of the cable per
unit length. When both ends are simply supported, the boundary
condition is put into:

vð0; tÞ ¼ 0
v 00ð0; tÞ ¼ 0

� vðl; tÞ ¼ 0
v 00ðl; tÞ ¼ 0

ð2Þ

Substituting Eq. (1) into the vibration equation yields:

F ¼ 4ml2f 2n
n2 � n2p2EI

l2
ð3Þ

If the bending stiffness is small, then:

F ¼ 4ml2f 2n
n2 ð4Þ

2.2. Digital image processing

Before processing, image sampling and quantization are the
first steps of image processing technology, which is the crucial part
in the overall process. This process includes collecting images by
acquisition equipment, image processing and converting into digi-
tal signals. Image quantization is the process of dividing the value
range of each sample point into several intervals where the values
of each interval could be represented by a mean value. Digital
image sampling will be automatically discretized and arranged
into the form of a matrix for storage. Each small area can be called
a pixel and each pixel contains two attributes, namely position and
gray scale.

Based on MATLAB 2017, target recognition, binarization and
morphological processing, and finally obtaining the target point
displacement time history diagram through dynamic capture of
centroid can be realized by DIP method. A target for tracking needs
to be set on the cable when measuring cable force using DIP
method, and the displacement time-history diagram of cable vibra-
tion could be obtained by tracking the motion path of the target
which was shown in Fig. 1(a). Therefore, it is necessary to separate
the targets in the image sequence from the viewpoint background
to make it stand out and reflect the vibration of the cable. In this
study, false color enhancement technique, which refers to the
mathematical operation of a color image, was applied to fulfill
the above requirement. The general linear false color mapping
can be expressed as Eq. (5). Fig. 1(b) shows the results by false
color enhancement processing.
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Here, ðRf ;Gf ;Bf Þ represents the three primary color components
of the original image and ðRF ;GF ;BFÞ represents that of the trans-
formed image by false color enhancement matrix.

In order to highlight the target, eliminate useless background
information and improve image processing efficiency, the binariza-
tion method is a better choice. Binary image refers to a two-
dimensional array with values of 0 and 1. Each pixel is either black
or white, and its gray value has no intermediate transition image. It
can be seen from binary image (Fig. 1(c)) that there are still many
discontinuous areas in the target, and sometimes some noises
would appear around the target. Erosion and dilation are common
operations in morphology. Erosion, which is a process of eliminat-
ing convenience points and shrinking the boundary points inward,
can be used to eliminate small and meaningless objects while dila-
tion is the process of merging all the background points in contact
with the object into the object, making the boundary expand out-
ward. Sometimes, it is necessary to combine the two courses for
better results, which is opening and closing operation as shown
in Fig. 1(d).

A� B ¼ fx; y ðBÞxy #A
��� g ð6Þ

Aþ B ¼ fx; y ðBÞxy \ A
��� –£g ð7Þ

A�B ¼ ðA� BÞ þ B ð8Þ

A � B ¼ ðAþ BÞ þ B ð9Þ
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Eq. (6) presents the erosion and Eq. (7) presents the dilation.
Eqs. (8) and (9) presents the relation between erosion and dilation
in opening and closing operation, respectively. Where A is the pro-
cessed region, B is the structure region.

The motion of centroid often reflects the target very well with a
strong anti-noise ability. Vibration of the cable could be distinctly
extracted from the dynamic response of the centroid. If the binary
image with the size of the image processing region of M � N is
gðx; yÞ, then the centroid coordinate of the target could be showed
as Eq. (10).
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2.3. Digital image correlation

The DIC method has been widely developed in recent years
[35,36], especially in the field of experimental mechanics [37–
41]. Its principal idea is to find the maximum pertinency between
the deformed image and undeformed image. The captured target
patterns on cable surface before and after deformation are usually
called a ‘‘reference” and a ‘‘target” image, respectively. The image
matching of DIC between a reference and a target image is shown
in Fig. 2(a). A circular subset from the reference image is selected
and used to estimate its corresponding position in the target
image. For DIC method, the region of interest and the target subre-
gion are selected by Vic-2d software. Based on the normalized
cross correlation function, the target subregions before and after
deformation are matched and identified, so as to obtain the time-
domain image of the cable motion and the frequency domain graph
by fast Fourier transform (FFT).

Correlation function [42], which is usually used to identify the
differences between two images, can be roughly classified into
cross-correlation function and distance-based minimum square
distance function. The cross-correlation method was selected for
calculation in this paper because it can adapt to the difference

between the light and lighting. Cross-correlation (CC) is a matching
method which can simply determine the position of the required
referenced presented target-window function in a two-
dimensional interested subset. A small area centered at a certain
point on the surface to be measured is selected as a subset, and
the gray value feature of the rectangular area is taken as the refer-
ence. By means of CC, the dynamic feature of the target can be
induced from the matching search of the neutron region of the
image before and after deformation. As shown in the Fig. 2(b),
the target point is shifted to ðx00; y00Þ after deformation by identify-
ing the selected subset. Within the selected subset, the adjacent
point ðxi; yiÞ of the target point also becomes ðx0i; y0iÞ. The correlation
of the pixel set with the subarea region in the reference image is
determined by calculating the CC coefficient by

Cðf ; gÞ ¼ Cðxi; yj; x0i; y0jÞ ¼ CðpÞ ð11Þ
For standard CC functions:

Cðf ; gÞ ¼
PM

i¼�M

PN
j¼�Nf ðxi; yjÞgðx0i; y0jÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPM

i¼�M

PN
j¼�N

f 2ðxi; yjÞ
s ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPM

i¼�M

PN
j¼�N

g2ðx0i; y0jÞ
s ð12Þ

where

x0i ¼ xi þ ui

y0j ¼ yj þ v j
ð13Þ

where, ui and v i represent the displacement components of any
point in the x and y directions in the selected subregion. In Cðf ; gÞ,
f ðxi; yjÞ and gðx0i; y0jÞ respectively represent the grayscale distribution
values before and after the deformation of the sub-region which
have a gray level ranging from �N to N and �M to M.

(a) (b)

(c) (d)

Fig. 1. (a) Original image. (b) Image with false color enhancement processing. (c) Image with binarization. (d) Image with opening and closing operation.
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3. Experiments and discussions of cable force measurement

3.1. Experimental instrument

The instruments used are a cable-stayed bridge model, a DSLR
Camera, an acceleration sensor, lens, and a computer. The span
combination of the model is 2.15 + 4.8 + 2.15 = 9.1 m and is scaled
according to the scale of Guanhe Bridge (Fig. 3) at 1:70. Located at
the junction of Lianyungang city and Yancheng city, Jiangsu pro-
vince, Guanhe Bridge has a span of 32.9 + 115.4 + 340 + 115.4

+ 32.9 = 636.6 m. A series of dynamic response experiments were
conducted by a portable DSLR Camera. The acceleration sensor
was also installed on the cable to measure dynamic response syn-
chronously. The main instrument parameters are shown in Table 1.

3.2. Verification experiments comparing with accelerometer

To verify the digital image techniques, dynamic responses were
measured in the vertical direction of the stay cable under an
artificial vibration condition comparing with the accelerometer. A
target and an accelerometer were installed on R03 cable to capture
the dynamic response by digital image techniques and conven-
tional method respectively as shown in Fig. 4. Before the verifica-
tion, the images must be calibrated first, which means measuring
the size value of each pixel. The camera was positioned perpendic-
ular to the target plane and the focal length of the lens was

(a) 

(b) 
Fig. 2. (a) Subset matching of speckle images captured before and after deformation. (b) Two-dimensional digital image correlation principle.

Fig. 3. Guanhe Bridge.

Table 1
Main instrument parameters.

Instrument Brand Parameter

Camera Canon 70D Acquisition rate: 50 frames/s
Resolution: 1280�720 pixels

Lens Canon STM Focal length: 18–55 mm manual zoom
Acceleration Sensor TST120A500 Sampling frequency: 100 Hz
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adjusted to 55 mm. Meanwhile, the distance between the lens and
the target was measured at 780 mm. The diameter of the target is
10 mm, and the pixel value occupied by the diameter is 63. There-
fore, the unit pixel resolution is 0.159 mm. Then the camera posi-
tion is fixed and artificial excitation was carried out on the cable.

Fig. 5 shows the dynamic responses and the power spectral
density (PSD) function according to the FFT of stay cable R03
obtained by acceleration, DIP and DIC. To reduce the error caused
by special factors, three experiments were completed to increase
the reliability of the results by taking the average in this study.

Comparison results between DIP and DIC can be seen in Table 2.
To validate the accuracy and precision of the estimated dynamic
response, deviation analysis is performed with percent deviation
shown in Eq. (14). The first-order frequency deviation of DIP is
about 1.67%, and the second and the third are much smaller,
respectively 1.48% and 0.47%. By contrast, the first-order deviation
of DIC is relatively large, about 4.70%, and the second and third
order frequency deviation are smaller, respectively 1.79% and
1.51%. Therefore, the dynamic response results concluded from
the digital image techniques are found to be reliable.

Percent deviation ¼
Xn
i¼1

dm � dcð Þ2=
Xn
i¼1

dmð Þ2 ð14Þ

here, n is the number of measured data points, dm is the dynamic
response measured by the accelerometer, and dc is the dynamic
response estimated by the digital image techniques in Table 2. Also,
dm represents DIP and dc represents DIC in Table 3 and Table 5. dm
represents Abaqus and dc represents digital image method in
Table 4.

3.3. Cable force measurement of single point

Fig. 6 and Fig. 7 show the PSD function for the dynamic proper-
ties of the stay cable R02 and R04 obtained by two digital image
techniques. Comparing results of two methods as shown in Table 3,
we can find that the first three frequencies are roughly the same
with the deviation of all frequencies were within 1%, which can

satisfy the actual requirements of engineering. After measure-
ments, the length of stay cable R04 is 1.980 m and the stay cable
R02 is 2.400 m. It can be found that the frequency of the stay cable
R04 is slightly higher than R02, which is consistent with the anal-
ysis of vibration theory that the longer the cable is, the lower its
vibration frequency is under the same condition. Nevertheless, it
is interesting to note that the cable R03 is shorter than the R02,
and the vibration frequency is lower. The main reason is that the
mass of the sensor is larger compared with the cable, which is dis-
tinct from the relative mass on actual bridge. In other words, the
measurements of cable force will be affected by sensor installation
and digital image techniques have the superiority to handle these
problems.

In addition, the results were also compared with the numerical
simulation analysis [43] to increase their reliability for the stay
cable without acceleration. The stay cable R04 was selected to sim-
ulate by Abaqus. Its material parameters include: lengthl ¼ 1:98 m,
unit length mass ¼ 0:1362 kg=m, diameter of circular section
d ¼ 6 mm, and its elastic modulusE ¼ 16:3 Gpa measured by ten-
sile experiment. Table 4 shows a comparison between two digital
image techniques and the numerical simulation of Abaqus. From
the results, it can be found that the deviation of digital image tech-
niques and numerical simulation results were less than 3% for the
first three order frequencies of cable R04. Based on vibration
method, the cable force of each order frequency was estimated
and then average value could be obtained. The deviation of DIC
method was 1.09% while the DIP method is only 0.24%, both meth-
ods show feasible results.

3.4. Cable force measurement of multi-point

Modal analysis is also an important factor in the process of
cable force measurement as Fig. 10 shows. Five targets (TI-T5)
were arranged on the stay cable to obtain the multi-target vibra-
tion data in this paper as shown in Fig. 8. Cable force could be con-
cluded from the vibration frequency which is the mean value of the
first three frequencies of five targets. The processing method is as

(a) 

(b) 

Fig. 4. The (a) diagrammatic drawing and (b) actual image of the acceleration and target placement.
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Fig. 5. Dynamic response of first vibration for stay cable R03. (a) Dynamic response and (b) PSD image of DIP. (c) Dynamic response and (d) PSD image of DIC. (e) Dynamic
response and (f) PSD image of accelerometer.
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same as single target by DIP and DIC. Fig. 9 shows the process of
two digital techniques.

Table 5 shows the comparison results of five points by two dig-
ital image techniques. The DIP maintains a satisfying stability and
the first three order frequencies can be distinctly obtained. Mean-
while, the third frequency of the first three targets of digital image
techniques were difficult to gain, which can only get the third
order frequency of two targets. That is why the third order shows
a large relative deviation of more than 10% while the first two

orders have a smaller of 0.7% and 1.86%. Furthermore, the cable
force corresponding to each target of five can be estimated based
on the first three frequencies using two digital image techniques.
After averaging, the relative deviation of stay cable force converged
greatly with an acceptable range of 3.05%.

Consequently, more viable results can be obtained by solving
cable force with multi-points which can also meet the actual
requirements of the project. Meanwhile, the measuring errors
due to more complex background changes such as bad weather,

Table 2
First three order frequency measurement results of stay cable R03.

Method Number Frequency (Hz)

1st 2nd 3rd

Accelerometer 1 5.95 13.98 19.01
2 5.96 14.39 19.29
3 5.96 13.98 19.21
Mean value 5.96 14.12 19.17

DIP 1 5.96 13.93 19.24
2 5.96 14.35 19.25
3 6.25 14.70 19.30
Mean value 6.06 14.33 19.26
Deviation (%) 1.67 1.48 0.47

DIC 1 6.23 14.03 19.38
2 6.25 14.02 19.51
3 6.23 13.98 19.49
Mean value 6.24 14.01 19.46
Deviation (%) 4.70 0.79 1.51

Table 3
Cable force measurement results of stay cable R02 and R04 by DIC and DIP.

Cable number Method Frequency (Hz) Tension (N)

1st 2nd 3rd

Stay cable R02 (l1 ¼ 1:980 mÞ DIP 7.12 14.12 21.30 107.06
DIC 7.07 14.18 21.25 105.89
Deviation (%) 0.7 0.42 0.23 1.09

Stay cable R04(l2 ¼ 2:400mÞ DIP 6.67 13.38 20.06 140.12
DIC 6.68 13.40 20.07 140.45
Deviation (%) 0.15 0.15 0.05 0.24

Table 4
Cable force measurement results of stay cable R04 by digital image techniques and Abaqus.

Cable number Method Frequency (Hz) Tension (N)

1st 2nd 3rd

Stay cable R04 (l1 ¼ 1:980 m) Abaqus 7.03 14.21 21.83 108.82
DIP 7.12 14.12 21.30 107.06
Deviation (%) 1.28 0.63 2.43 1.62
DIC 7.07 14.18 21.25 105.89
Deviation (%) 0.59 0.21 2.66 2.69

Table 5
Cable force measurement results of five targets by DIC and DIP.

Target number Frequency (Hz) Tension (N)

1st 2nd 3rd

DIP DIC DIP DIC DIP DIC DIP DIC

1 8.56 8.56 16.70 16.69 24.20 \ 144.22 148.58
2 8.53 8.56 16.67 16.67 24.35 \ 144.25 148.41
3 8.53 8.53 16.74 16.59 24.19 \ 144.06 147.19
4 8.53 8.15 16.67 16.31 24.73 21.92 145.69 129.14
5 8.53 8.62 16.67 15.66 24.42 21.13 145.51 128.38
Mean value 8.54 8.48 16.69 16.38 24.39 21.53 144.75 140.34
Deviation (%) 0.70 1.86 11.73 3.05
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changes in light and the emergence of other dynamic backgrounds
should be taken into account in practical engineering applications.
More obvious targets such as LED lights could be arranged for
easier identification to reduce the impact of light changes or bad
weather. For the change of dynamic backgrounds, the selection of
region of interest could be narrowed to get better processing
results.

4. Conclusions

In this study, two kinds of digital image techniques were used
in stay cable force measurement from single to multi-target, which
can meet the requirements of engineering. The minimum deviation
of cable force measurement at a single point is 0.24% and the max-
imum is 2.69%. The cable force measurement deviation of the
multi-point is about 3.05%. Compared with previous works such
as the researches of Kim et al. (the cable force deviation between
digital image method and design value is about 5%) [14] and Feng
et al. (the maximum discrepancy of vision sensor is 5.6% compared
with load cell) [16], the results of this paper are famous. Compar-
atively speaking, DIP method shows better dynamic response
performance.

The digital image techniques would be more reliable and conve-
nient in bridge health monitoring, especially in cable force moni-
toring with the development of high-performance cameras. This
paper presented the application of two digital image techniques
in cable force monitoring, verified the reliability of the two meth-
ods with acceleration, and compared the differences between the
two methods. The DIP method has the advantages of simple

Fig. 6. (a) PSD function of stay cable R02 by digital image processing and (b) digital image correlation.

Fig. 7. (a) PSD function of stay cable R04 by digital image processing and (b) digital image correlation.

Fig.8. Five targets placement.
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algorithm, convenient calculation and so on. The DIC method algo-
rithm is relatively complex, but it has certain superiority for the
feature recognition under the complex background. In the future
monitoring process, different methods should be selected consid-
ering the characteristics of the two methods and the requirements
of the actual project. DIP and DIC can also be used simultaneously
for comparative analysis to increase the accuracy of cable force
measurement. For digital image techniques, multi-target hunting
is able to conclude mode information of stay cable and modify
the outcome of single target to some extent. For these reasons,
application of digital image techniques in bridge health monitoring
will develop rapidly with the continuous improvement of
technology.

It should be noted that despite the satisfactory results of the
digital image techniques, several predictable problems during
engineering application are still need to be tackled with in future
studies, such as whether the lab test results are consistent with
the actual bridge monitoring. These problems would be explored
further in future studies and would be considered as a long-term
study.
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