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Abstract: Currently, measurement points in bridge structural health monitoring are limited. Con-
sequently, structural damage identification is challenging due to sparse monitoring data. Hence,
a structural full-field displacement monitoring and damage identification method under natural
texture conditions is proposed in this work. Firstly, the feature points of a structure were extracted
via image scale-invariant feature transform. Then, the mathematical model was analyzed respecting
the relative position change of the feature points before and after deformation, and a calculation
theory was proposed for the structure’s full-field displacement vector (FFDV). Next, a test beam was
constructed to obtain the FFDV calculation results for the beam under different damage conditions.
Validation results showed that the maximum length error of the FFDV was 0.48 mm, while the
maximum angle error was 0.82◦. The FFDV monitoring results for the test beam showed that the
rotation angle of the displacement vector at the damage location presented abnormal characteris-
tics. Additionally, a damage identification index was proposed for the rotation-angle change rate.
Based on the validation test, the index was proven to be sensitive to the damage location. Finally,
a structural damage identification program was proposed based on the FFDV monitoring results.
The obtained results will help to expand structural health monitoring data and fundamentally solve
damage identification issues arising from sparse monitoring data. This study is the first to implement
structural full-field displacement monitoring under natural texture conditions. The proposed method
exhibits outstanding economic benefits, efficiency, and visualization advantages compared with the
conventional single-point monitoring method.

Keywords: bridge structure; computer vision; structural health monitoring; displacement vector;
safety evaluation; damage identification

1. Introduction

The number of measuring points arranged on a bridge structure is limited, which
results in sparse monitoring data for the structure and hence difficulty in identifying
structural damage.

Owing to the rapid development of computer technology and artificial intelligence,
image-recognition technology has become the research highlight of structural health mon-
itoring. Lee et al. [1] proposed a long-term displacement measurement system based on
the self-motion compensation of computer vision, which solves the problem of long-term
monitoring error accumulation in computer vision methods. Digital image correlation
(DIC) is a method for processing images before and after deformation and obtaining full-
field displacements. Ngeljaratan et al. [2] used DIC technology to measure the rotation
and deformation of a bridge deck via a shaking table test. This method can be used to
determine the three-dimensional (3D) dynamic response and modal characteristics (natural
frequency, damping ratio, and modal shape) of bridges. Meng et al. [3] proposed a new
close-range photogrammetry technology that uses a fixed camera with a tilt-compensation
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device and a close-range photogrammetric target to measure subsidence in local areas of a
structure. The technology uses various image-processing algorithms to achieve real-time
automatic measurements of structural subsidence. Dong et al. [4] proposed a full-field
optical flow method based on deep learning to measure structural displacement. This
method offers a higher level of accuracy than the classical optical flow algorithm, and
the measurements are consistent with displacement sensor measurements. Chen et al. [5]
proposed a bridge-vibration measurement method combining unmanned aerial vehicles
(UAVs) and digital image correlation technology. The DIC method was used to analyze
a bridge video captured by a UAV, to monitor the displacement of a measuring point,
by which the frequency and vibration mode were extracted from the time-variant dis-
placement of the target point. The experimental results proved the feasibility of UAVs in
bridge-vibration measurements. Compared with the method of Ngeljaratan [2], the later
method offers a 35% increase in monitoring efficiency, a 26% decrease in monitoring costs,
and a 7% increase in monitoring accuracy. Tian et al. [6] proposed a cable force estimation
method based on UAV and computer vision technology. The test results indicated that
the cable force calculated using this technique was consistent with the value measured
using an accelerometer. Yu et al. [7] proposed two remote-detection methods for long-span
bridges based on computer vision: in the first method, structural deformation is obtained
by detecting the movement of a bridge target light source via a camera under a bridge; the
second method is used for bridges that cross rivers or deep canyons and involves the use
of cameras on a bridge deck to monitor deformations. The two methods are applicable
in safety assessments of various bridges and large engineering structures. Lee et al. [8]
used a fiber Bragg grating (FBG) differential settlement measurement (DSM) system to
monitor the vertical displacement of a prestressed concrete box girder bridge that had been
damaged in an earthquake for more than two years. This system is based on the hydrostatic
liquid leveling of the connected vessels, buoyancy, force equilibrium, and photo-elasticity
of FBGs [9–11]. The results showed that the FBG–DSM liquid-level system is promising
for inexpensive long-term monitoring of bridges over long distances as it does not require
specific environmental conditions, in situ visibility, or intensive labor.

For structural damage identification based on computer vision, Quqa et al. [12] pro-
posed a digital image crack-recognition method based on neural networks and image
processing. This method requires a high-resolution camera to capture images of welded
joints in large-span steel bridges. By training with a dataset constructed using crack pixels,
accurate crack recognition was achieved. Moreover, the method is highly robust against
noise. Li et al. [13] proposed a fine crack segmentation network (FCS-Net), which combines
ResNet-50 with a full convolutional network. A test was performed using steel beam
images with complex backgrounds, and the results showed that the MIoU of the FCS-Net
was 0.7408, which is better than those of benchmark algorithms, such as LinkNet, DeepLab
V3, and CrackSegNet. Peng et al. [14] proposed a crack-recognition method that combines
an R-FCN and Haar AdaBoost, which is suitable for UAV-based image recognition. This
method relies on UAV-based computer vision and uses feature learning to recognize bridge
cracks. Feroz et al. [15] proposed a bridge safety state assessment method based on a UAV,
which combines visual image sensing technology with UAVs for crack image acquisition.
As a result, it promotes the development of UAV detection and bridge-surface crack de-
tection. Dan et al. [16] proposed an automatic identification method for bridge-surface
cracks based on two-dimensional amplitude and phase estimation (2D-APES) and mobile
computer vision. As suggested by the name, 2D amplitude and phase estimation is per-
formed to obtain a high-precision 2D spectral estimation of the crack image. Subsequently,
low-frequency information is filtered to enhance the crack information to realize automatic
crack identification. Khayatazad et al. [17] proposed a steel structural surface corrosion
detection technology that combines image roughness and color information. Huang [18]
and Jin [19] proposed a new method for identifying the corrosion of steel structures. This
method combines the fully convolutional neural network U-Net with a newly developed
image semantic segmentation model to achieve pixel-level corrosion defect identification of
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steel bridges. Rahman [20] proposed a semantic segmentation deep learning method and an
efficient image marking tool that allows the rapid preparation of large training datasets and
serves as a foundation for the effective detection, segmentation, and evaluation of corrosion
status in images. Prasanna et al. [21] investigated the automatic detection of concrete bridge
cracks. Firstly, an image was filtered with increasing structural elements to smoothen the
image and remove noise. Subsequently, the edges of the bridge cracks were accurately
extracted using a multiscale morphological edge detector. Sarvestani et al. [22] developed a
robot image-acquisition system based on computer vision. The system uses a vision-based
remote-control robot to obtain images. It identifies the sizes of the cracks obtained using
digital image-processing software, resulting in a rapid, safe, reliable, and low-cost detection
process. Yeum et al. [23] proposed a vision-based inspection technique that automatically
processes and analyzes acquired images. The images used in this technique are captured
without controlling the angles and positions of cameras, and a preliminary calibration is
not required. Using images from many different angles and prior knowledge regarding
typical appearances, the proposed technique can successfully detect cracks near bolts.
Morgenthal et al. [24] used a UAV equipped with a camera to acquire high-definition image
data for bridge structures. Its trajectory was automatically calculated via a 3D model,
and typical bridge damage was identified using the machine learning method. Zhong
et al. [25] proposed a crack-shaped intelligent extraction model based on a support vector
machine. They used UAVs to obtain images of a bridge structure, which were then used
to realize the intelligent recognition of bridge-crack width. Liang et al. [26] designed a
bridge monitoring scheme using a UAV equipped with a high-definition pan–tilt–zoom
camera. The scheme can efficiently acquire images of bridge cables based on their structural
characteristics and the distribution form of bridge cables, extract useful information via
image processing, and comprehensively evaluate the health status of bridge cables based
on relevant specifications. Lin et al. [27] designed an automatic bridge-crack detection
system using a real-time image-processing method. The system, which is assembled on
a UAV, can realize real-time data acquisition and processing. Additionally, it can effec-
tively detect bridge cracks with higher precision and speed compared with other detection
methods. La et al. [28] developed a method that uses a climbing robot to inspect damage
in steel bridges. This method applies a steel-surface mosaic image and 3D reconstruction
technology to demonstrate the apparent state of the structure. Li et al. [29] developed a
visual inspection system comprising a climbing robot, an image-processing platform, and
four fixed cameras. Based on the scale-invariant feature transformation (SIFT) algorithm,
the system realizes bridge-surface continuous image sequence automatic stitching and the
intelligent recognition of bridge defects using image-processing technology. Cha et al. [30]
proposed a vision-based bolt-looseness detection method using the Hough transform and a
support vector machine. Subsequently, a structural damage location method was proposed
based on a density peak fast clustering algorithm.

The aforementioned structural health monitoring methods are computer-vision-based
and thus require the arrangement of target points on a structure [31]. The monitoring object
is the same as that in conventional monitoring, which targets local structural measurement
points [32]. Hence, structural damage identification difficulties arising from sparse moni-
toring data are not well solved [33]. The feature-extraction method can be used to obtain
natural texture feature points on a bridge surface. In this study, the mathematical model
was analyzed regarding the relative position change of the feature points on a bridge before
and after deformation. Then, a displacement field calculation theory was proposed for
the feature points. In addition, a full-field displacement monitoring method was estab-
lished for the structure under natural texture conditions. Finally, a damage identification
method was proposed combined with full-field displacement monitoring. The results
can be used to monitor the deformation of the bridge structure in a non-contact manner,
which improves the completeness of bridge structural monitoring data, and visualizes
structural damage. Compared with conventional single-point monitoring, the proposed
method offers outstanding economic, efficiency, and visualization advantages. In fact, the



Appl. Sci. 2023, 13, 1756 4 of 22

proposed method can automatically yield images of a bridge, provide structural full-field
displacement analysis results in real time, and automatically output the damage location.
The results presented herein can be applied extensively to small- and medium-span bridges.

2. Full-Field Displacement Monitoring of a Structure Based on Natural Texture
Feature Monitoring
2.1. Full-Field Displacement Vector (FFDV) Point Source Generation Method

In practical applications, an appropriate descriptor that represents homonymous
image points on a structural surface must be identified. The natural texture features of
a bridge surface are consistent before and after deformation and can be used to form
natural homonymous points. Under photogrammetry, these natural texture features can be
detected as extreme points in the scale space of an image. Currently, the most typically used
method to detect extreme points in an image scale space is scale-invariant feature transform
(SIFT) [34–39]. The SIFT algorithm can detect image feature points in a multiscale space.
The extracted feature points exhibit invariable scales, positions, and directions, which can
be matched by the generated feature vector descriptor.

To validate that the image feature points on a bridge can represent homonymous
points, we used a chessboard pattern to perform a validation test. Figure 1 shows the
feature-point extraction results for two chessboard images at different positions. In the
image shown in Figure 1, the position of the chessboard was shifted, whereas the position
of the camera was fixed.
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Figure 1. Expression of feature points in two images.

The feature points extracted (as shown in Figure 1) were matched, as shown in Figure 2.
The number of feature points extracted from Figure 1 was 2117. To intuitively show the
matching results for the feature points, only the matching results for the first 40 feature
points are presented in Figure 2. As shown in the figure, the feature points extracted from
the chessboard at different positions matched accurately, which verified that the feature
points could represent the image’s homonymous points.
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2.2. Calculation Method of the Structure’s FFDV

The feature points obtained using the SIFT feature-extraction method constitute the
source data of the structural FFDV. The matching of feature points only completes the
connection between homonymous points on the structural surface, while the relative spatial
position change at the homonymous points before and after deformation cannot be deter-
mined. We established a standard reference system under different operating conditions
to determine the relative positions of the feature points before and after deformation. We
used fixed points to simplify the spatial geometric transformation of the feature points.

Establishing a fixed point provides a location basis for the feature points of the struc-
ture before and after deformation. To accurately calculate the displacement value of the
feature points of the structure before and after deformation, we propose a mathematical
model of the relative position change of the feature points, as shown in Figure 3.
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In Figure 3, the red squares represent fixed points. Theoretically, a fixed point O can
represent any feature point on the chessboard. The center of the chessboard was selected
as the fixed point. As shown in Figure 3, the displacement vector AiA′i is composed
of starting point Ai before deformation and ending point A′i after deformation. This
displacement vector is the basic element of the structure’s FFDV, as shown by the blue
vector in Figure 3, where Mi represents the feature points before and after deformation,
which are generated based on the following algorithm: For bridge images (i1 and i2) before
and after deformation, the feature points are first extracted from the images and expressed
as Ai and A′i, respectively; subsequently, the initial matching for C = {(Ai, A′i):i = 1, 2,
. . . , n} is obtained, where Ai∈i1 and A′i∈i2. Feature points Ai and A′i are projected to the
fixed point O to obtain feature-point coordinates, Ai(xi,yi) and A′i(x′i,y′i), respectively, and
coordinate values (xi,yi) and (x′i,y′i) are extracted between fixed point O and each of the
feature points Ai and A′i. Next, Mi = [(x′i − xi),(y′i − yi)]i is obtained. Mi is a displacement
vector with two parameters, i.e., length L and angle θ, which can be obtained from the
known feature-point coordinates Ai(xi,yi) and A′i(x′i,y′i). Set M = {Mi:I = 1, 2, . . . , n} is
composed of Mi as the initial calculated full-field displacement of the structure. The FFDV
of the structure surface can be extracted using the method described above by solving
vector set M.

2.3. Full-Field Displacement Monitoring Test of the Structure

Figure 4 shows the size and structure of the beam used in the current test. Figure 5
shows a photograph of the test beam.
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Figure 4. Illustration of the test beam with dimensions (units: mm).
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Figure 5. Photograph of the test beam.

The appropriate monitoring camera was selected by analyzing the measurement
accuracy, field angle, focal length, and other aspects. Finally, the Fuji GFX 100 ordinary
civilian camera and the Fuji GF 32-64/4 RLM WR lens were selected.

The camera was placed 5 m from the center of the test beam during the test, as shown
in Figure 6. Dial indicators were used to measure the structural deformation to provide
validation data. Figure 7 shows the layout of the dial indicators; as shown, 13 dial indicators
were arranged uniformly in the lower section of the test beam.
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To validate the FFDV extracted from the structure, a Leica scan station (P50 high-speed
3D laser scanner) was used to scan the structure. The scanning resolution was 0.8 mm/10 m,
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the target acquisition accuracy was 2 mm/50 m, and the noise accuracy was 0.4 mm/10 m.
Code marks with a width of 20 mm on the upper and lower gusset plates of the test beam
were arranged to validate the accuracy. Figure 8 shows the location and number of the
code marks. Figure 9 shows the scanned scene.
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Figure 9. Three-dimensional laser scanning validation test.

Subsequently, the damaged member of the test beam was simulated by cutting. Table 1
lists the damage conditions for the test beams. Figure 10 shows the number and positions
of the damaged members, whereas Figure 11 shows the damage to the members of the
test beam.

Table 1. Damage conditions.

Damage Condition Member Type Member No. No. of Damaged Members Damage Order

D01 - - 0 -

D02 Vertical member 13–14 1 1

D03 Vertical member
Inclined member 13–14 and 12–13 2 2
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Figure 10. Location of damaged members.

The loading point of the test beam was located at the middle of the span, as shown
in Figure 12. The load was varied from 0 to 400 kN in 100 kN increments. Each load level
was sustained for 2 min to ensure that the test beam was fully deformed, the test beam
images were captured, the dial indicator data were obtained, and the 3D laser scanning
of the test beam was performed. Figure 13 shows the loading system of the test beam. In
the load-holding stage, images were captured every 30 s, dial indicator data were obtained
every 30 s, and 3D laser scanning was conducted every 5 min.
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In the test, strong features on the chessboard were used as fixed points. Theoretically,
any feature point on the chessboard can be used as a fixed point O. In this study, the
feature point at the center of the chessboard was selected as a fixed point. The layout of the
chessboard is illustrated in Figure 14. The position of the chessboard was fixed throughout
the test.
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The SIFT feature-point extraction method was used to extract the feature points of the
test beam under various operating conditions. Figure 15 shows the feature-point extraction
results for the test beam. The feature-extraction results for the D01 operating condition
were simplified, unnecessary environmental feature points were deleted, and the main
features of the structure were highlighted, as shown in Figure 16.
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The yellow calibration line in the web member, as shown in Figure 17a, corresponds
to a series of pixel matrix arrangements in the image. The actual physical size of each
pixel was the monitoring resolution, and Figure 17b shows the calibration model. Yellow
calibration lines were drawn in the middle of each vertical bar. The exact length of each
calibration line was measured, and the number of pixels represented by the corresponding
calibration line was counted. Subsequently, the monitoring resolution was calculated as
R = L/n (mm/pixel), and the results are listed in Table 2.
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Table 2. Resolution calibration.

Vertical Bar No. No. of Pixels Calibration Line Length/mm Calibration Value mm/px Average Value

1–2 1986 367.17 0.1849

0.1771 mm/px

3–4 1999 359.21 0.1797
5–6 1993 360.10 0.1807
7–8 1991 357.30 0.1795

9–10 1998 356.32 0.1783
11–12 1994 312.39 0.1567
13–14 1989 355.91 0.1789
15–16 2654 453.94 0.1710
17–18 1982 356.83 0.1800
19–20 1993 321.44 0.1613
21–22 1988 357.77 0.1800
23–24 1987 356.75 0.1795
25–26 1994 361.37 0.1812
27–28 1989 363.10 0.1826
29–30 1983 359.47 0.1813
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The monitoring resolution of the bridge image, which converts the pixel scale of the
bridge image to a deformation monitoring scale, was obtained by calibrating the pixel
size. Subsequently, the deformation value of the structure was obtained by changing the
pixel position.

2.5. The Structure’s Full-Field Displacement Monitoring Results under Natural
Texture Conditions

Using the method described above, the FFDV of the structure surface was calculated
under each load condition and chromatographic assignment was performed based on
vector size. Figures 18–20 show the FFDV of the structure surface under various operating
conditions. Owing to space limitations, only two load levels, i.e., 100 and 400 kN, are
shown under operating conditions D01–D03.
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Figure 20. Structure surface FFDV under D03 condition.

The FFDV distribution presented in Figures 18–20 shows that the displacement vector
of the top chord steel plate of the test beam is directed toward the mid-span. Meanwhile,
the displacement vector of the bottom chord steel plate is directed toward the support,
indicating that the top chord steel plate of the test beam is under pressure and that the
bottom chord steel plate is under tension. This vector distribution is consistent with the
stress characteristics of the test beam under load. In addition, the test beam’s deformation
increases with the load. Taking the undamaged condition as an example, the maximum
displacement of the test beam under the load of 100kN is 3.82 mm, and the maximum
displacement under the load of 400kN is 9.57 mm. This is consistent with the deformation
law of the structure under load.

Figure 20 shows the structural deformation characteristics under a load. The full-
field displacement monitoring method significantly expands the structural deformation
monitoring data and extends the measurement of structural points to full-field displacement
measurement.

2.6. Validation of the Structure’s FFDV Accuracy

First, the structural lower-edge deformation values were validated. The extracted
deformation values were compared with values measured using the dial gauge, as shown
in Table 3 (owing to space limitations, only data for operating condition D01 are shown).
Table 3 shows that the maximum error of the edge deformation of the structure was
4.41% and that the deformation of the extracted structure was consistent with the actual
deformation.

Subsequently, we validated the displacement vector in the plane. Under each operating
condition, a Leica ScanStation P50 3D laser scanner was used to scan the test beam. During
the scanning, a built-in coaxial camera was used to perform synchronous shooting, and the
color point cloud of the test beam was obtained, as shown in Figure 21a. The Leica Cyclone
point-cloud processing software was used to automatically extract the center coordinates
of the code marks, as shown in Figure 21c.
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Table 3. Accuracy validation of deformation measurement.

Load Level Deformation
Extraction Position

Measured Value of
Dial Indicator R1/mm

Extracted Deformation
Value R2/mm

S = R2 − R1
/mm

Error Value
|S|/R1/%

100kN
2080 2.92 2.95 0.03 1.03%
3580 3.63 3.47 −0.16 4.41%
5080 2.93 2.97 0.04 1.37%

200kN
2080 4.76 4.71 −0.05 1.05%
3580 5.46 5.33 −0.13 2.38%
5080 5.02 4.85 −0.17 3.39%

300kN
2080 6.45 6.33 −0.12 1.86%
3580 7.34 7.38 0.04 0.54%
5080 6.34 6.44 0.1 1.58%

400kN
2080 8.18 8.04 −0.14 1.71%
3580 9.41 9.33 −0.08 0.85%
5080 8.32 8.06 −0.26 3.13%
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Figure 21. Location coordinate extraction of code marks.

The same code-mark position coordinates were used before and after deformation for
the displacement calculation. The code marks of the center displacement vector are shown
in Figure 22 (based on the D01 400 kN condition).
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The displacement vector near the code marks was compared with that shown in
Figure 22, based on the D01 400 kN condition (see Figure 23).
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Figure 23. Validation of monitoring results. 

  

Figure 23. Validation of monitoring results.

As shown in Figure 23, the vector length error of the code-mark position was within
0.5 mm, and the angle error was within 1◦, indicating that the extracted FFDV can accurately
reflect the full-field displacement characteristics of the structure.

2.7. Monitoring Steps of Structural Full-Field Displacement

The steps of the structural FFDV monitoring are summarized based on the results
above (see Figure 24).
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Figure 24. Steps of structural full-field displacement monitoring.

3. Damage Identification Method Based on FFDV Monitoring
3.1. Analysis of Damage Identification Index Applicable to FFDV Monitoring

The displacement vectors for the nos. 13–14 damaged vertical member are shown in
Figures 25–27. Owing to space limitations, only two load levels, i.e., 100 and 400 kN, are
shown under operating conditions D01–D03.
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Figures 25–27 show that the displacement vector distribution of the nos. 13–14 member
changed significantly after damage and that the vector rotation angle was abnormal above
and below the damaged section. This is because the nos. 13–14 vertical member could not
form a complete structural system with the main structure due to damage, and the sections
above and below the damaged section shifted freely with the gusset plate, as shown in
Figure 28.
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Figure 28. Relative displacement of nos. 13–14 damaged member under load condition D03.

The result shows that the vector rotation angle of the damaged member was abnor-
mally distributed; as such, the rotation angle can be used as the damage identification
index for the structure’s FFDV. The FFDV above and below the steel plates was extracted
based on 400 kN as an example, as shown in Figure 29.
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3.2. Damage Identification Index for the FFDV of the Structure

As shown in Figure 29a, before damage occurred, the structural system was complete,
and the rotation angle of the structure’s FFDV changed only slightly, thus satisfying the
structure’s deformation coordination under load conditions. After the nos. 13–14 vertical
member was damaged (Figure 29b), the rotation angle of the no. 13 gusset plate (as shown
by the red arrow in Figure 29b) changed significantly. Since the lower section of gusset
plate no. 13 could not maintain its vertical support under the load conditions, gusset plate
no. 13 flipped abnormally under the inclined member (nos. 12–13) support, resulting in
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an abnormal rotation angle of the displacement vector on gusset plate no. 13. The nos.
12–13 inclined member was subjected to further damage (Figure 29c); consequently, gusset
plate no. 13 could not maintain its support. At this time, the rotation of gusset plate no.
13 was restrained only by the transverse steel plates at both ends. Compared with the
gusset plate, the transverse steel plate features a smaller section, lower stiffness, and limited
restraint capacity. Therefore, gusset plate no. 13 cannot effectively coordinate with the
main structure during deformation. Under load conditions, it only deformed downward,
showing an abnormal displacement vector distribution under the deformation law of the
structure system (as indicated by the red arrow in Figure 29c).

The essence of the structure’s FFDV abnormal angle, as shown in Figure 29, is that
damage destroys the structure’s deformation coordination and expresses damage infor-
mation via the FFDV’s abnormal rotation angle. This property can be used to analyze the
FFDV’s rotation-angle change rate before and after damage. Figure 30 shows the solution
model for the vector’s rotation-angle change rate, and Equation (1) shows the equation to
calculate the vector’s rotation-angle change rate.
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Figure 30. Schematic diagram of displacement vector’s rotation-angle change rate.

To validate the proposed damage identification index, the rotation-angle distribution
of the upper chord steel plate edge was extracted. Figure 31 shows the rotation-angle
distribution curve of the upper chord steel plate edge.
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Subsequently, the K value for the two damage conditions was calculated, as shown in
Figure 32.
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Figure 32. Rotation-angle change rate curves under two damage conditions.

Figure 32a shows the peak value of the rotation-angle change rate under condition
D02 on the no. 13 gusset plate, which was situated above the nos. 13–14 damaged member.
Figure 32b shows that the abnormal distribution area of the rotation-angle change rate
under condition D03 was wider than that under condition D02. The peak value was near
the no. 12 gusset plate, and the abnormal distribution area of the rotation-angle change
rate was consistent with the position of the two damaged members, i.e., the nos. 12–13 and
13–14 members.

3.3. Validation of FFDV’s Rotation-Angle Change Rate Damage Identification Index

Further tests were conducted to validate the applicability of the damage identification
index. The damaged members were repaired under conditions D02 and D03. After repair,
the nos. 9–10, 11–12, and 13–14 vertical members were used to damage the local section.
After completing a single damage condition, the damaged member was repaired prior to
the next damage test. Please refer to Table 4 for the new damage conditions, Figure 33 for
the location of the damaged members, and Figure 34 for the member repair and damage.

Table 4. New damage conditions.

Damage Condition Member No. No. of Damaged Members Degree of Damage Load Level Damage Order

D04 - 0 -

300 kN

-
D05 9–10 1

50%
1

D06 11–12 1 2
D07 13–14 1 3
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Figure 33. Schematic diagram of new damaged members.
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Using the method for calculating the FFDV of the structure, the FFDV of the test beam
was obtained under various conditions. FFDV chromatography was performed on the
rotation-angle change rate, as shown in Figure 35.
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Figure 35. Diagram of FFDV and rotation-angle change rate chromatography.

Based on Figure 35, when the structure was undamaged, the structural rotation angle
changed continuously with the typical structural deformation coordination characteristics,
and no abnormal rotation-angle change was observed. After the damage, the overall
rotation-angle change characteristics of the structure’s FFDV showed no significant change.
However, an abnormal rotation-angle change rate was observed in the damaged member.
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The peak value of the rotation-angle change rate was significantly higher than the average
rotation-angle change rate of the structure, and the abnormal characteristics of the rotation-
angle change rate of the damaged member were prominent. This verifies that the rotation-
angle change rate index is highly sensitive to damage location.

3.4. Damage Identification Program for the Structure Based on the Rotation-Angle Change Rate of
the FFDV

With the results presented above, an FFDV monitoring method based on the natural
texture features of the structure is proposed. Furthermore, a damage identification index
applicable to the structure’s FFDV is proposed. This index exhibits a peak response
to the damage location. We summarize the methods detailed above to form a damage
identification program based on the FFDV of the structure, as shown in Figure 36.
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4. Conclusions

In this study, a full-field displacement monitoring method based on natural texture
features was proposed, and the abnormal characterization mechanism of the displacement
vector in damaged sections was investigated. Additionally, a damage identification index
was proposed for full-field displacement monitoring of the structure. The main conclusions
are as follows:

1. The image scale-invariant feature transform (SIFT) algorithm can be used to extract
the natural texture features of a structure surface. Arranging a fixed point can con-
strain the positions of the feature points on the structure surface before and after
deformation. The FFDV of the structure surface can be extracted by calculating the
relative positional relationships between the feature points and the fixed point before
and after deformation.

2. A method to calibrate the monitoring resolution of structural images was proposed.
The method calibrates the monitoring resolution by using the length of the feature
line and the number of pixels represented by the feature line. The calibration results
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showed that the monitoring resolution of the test beam image in this study was
0.1771 mm.

3. Results obtained with 3D laser scanning validated the accuracy of the FFDV of the
structure. The validation results showed that the maximum absolute error of the full-
field vector length was 0.48 mm and that the maximum absolute error of the rotation
angle was 0.82◦, indicating that the extracted displacement vector can accurately
reflect the full-field displacement characteristics of a structure.

4. The displacement vector of a structurally damaged section has been shown to indicate
an abnormal rotation angle. Based on this finding, a damage identification index was
proposed considering changes in rotation-angle rate. The index was proven to be
applicable in the full-field displacement monitoring of the structure. Furthermore, the
identification effect of this index was validated via various tests. The validation results
showed that the identification index indicated an abnormal peak response at the dam-
age location, validating the accuracy of the index in damage location identification.

5. The structural FFDV extraction method expands conventional structural deformation
monitoring data. Improving monitoring data dimensions renders the damage signal
more intuitive, which is beneficial in solving the damage identification challenges
caused by sparse monitoring data.

6. The full-field displacement monitoring method proposed in this work demonstrated
favorable results in the laboratory. However, actual bridge structural environments
are more complicated than the laboratory environment. In particular, the noise in
images is more significant. Therefore, the noise-interference problem associated with
this method is recommended as a subject for future studies.
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