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Receiving inspection plays a crucial role in ensuring construction quality after the completion of engineering projects. Traditional
inspection measurement methods, such as manual observation means and optical equipment measurement methods, have limita-
tions in terms of the number of measurement sites and the range of measurements. These traditionalmethods fail to provide accurate
curve parameters and continuous spatial morphology information for large-span curved bridge structures. This paper proposes a
reverse model measurement method to address this issue. The reverse model is built based on point cloud data acquired by 3D laser
scanning technology. Finally, take the Taizicheng No. 1 Bridge as an example, the validity of the proposed method is verified.

1. Introduction

Bridge engineering is currently undergoing significant advance-
ments due to the increasing number of infrastructure projects
involving river and sea crossings. Bridge construction evolves
with longer spans, more complex shapes, innovative structural
designs, and advanced construction techniques [1]. Therefore,
large-span curved bridge structures are most chosen although
there are more restrictive requirements that need to be consid-
ered in the design of curved bridges, such as bending moment,
torque, combined bending and torsion, and more complex
forces, compared with the small-span and linear ones [2].

For large-span curved bridge structures, the inspection
of their accurate curve parameters and continuous spatial
morphology information is the most difficult problem [3–5].
Traditional inspection measurement methods are manual
observation means and optical equipment measurement
methods including total stations, theodolite instruments,
and laser range finders, and they are generally used to mea-
sure linear parameters. The manual observation measure-
ment is always limited by various adverse environmental
conditions such as large spans and the high height of bridges,
not to mention the disadvantages of being error-prone. The
optical equipment measurement methods, such as surveying

and mapping with total stations [6], have obvious shortcom-
ings of finite and discrete measurement sites and limited
measurement range. So they fail to provide accurate curve
parameters and continuous spatial morphology information
for large-span curved bridge structures. Therefore, a mea-
surement method for acquiring accurate curve parameters
and continuous spatial morphology information for large-
span curved bridge structures is urgently needed.

3D laser scanning technology, as a real scene replication
technology, is rapidly developing and is increasingly adopted
in measurement because it is fast and accurate in data acqui-
sition and can extract comprehensive spatial morphology
information for structural analysis and calculation [7]. It has
been widely used in the measurement of ancient Chinese
wooden structure buildings [8], the safety assessment of pedes-
trian bridges [9], the displacement changes of a bridge during
the construction phase by analyzing the 3D point cloud data-
set scanned several times [10], and the damage’s extent pre-
diction of bridges [11]. It has also been used effectively in
bridge construction and maintenance [12] and deformation
monitoring of large-span steel structures [13]. The 3D laser
scanning technology can comprehensively obtain precise
geometry parameter information and has reached a millime-
ter level, satisfying the need to comprehensively obtain the
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spatial geometry information of complex-shaped curved bridge
structures. However, it is only used for the linear dimension
measurement of small structures, not yet in the curve param-
eter measurement for large-span curved bridge structures.

In this paper, the reverse models of large-span curved
bridges are established based on 3D laser scanning technol-
ogy to obtain accurate curve parameters and continuous
spatial morphology information. The main processes are
divided into three steps as follows. First, the point cloud
data of large-span curved bridges is obtained through 3D laser
scanning technology; second, the reverse models, namely the
continuous spatial morphology information, of the bridges
are obtained after the point cloud data are processed by
specific processing algorithms; and third, using the reverse
model, the curve parameters of large-span curved bridges
can be calculated accurately. The diagram of procedures is
shown in Figure 1.

2. Data Processing Methodology

The laser signal is transmitted by a laser pulse transmitter,
which is inside a 3D laser scanner, to the surface of a target
object. After arriving at the surface, it will return to the receiver
along the original path, so the point cloud of the surface can be
obtained. In this paper, a 3D laser scanner named Scan Station
P40 was used, the exact parameters of which are shown in
Table 1.

2.1. Set Reference Datum Sites.Due to the large span of bridges,
multiple scans are required to obtain the overall point cloud
data of the bridges. The coordinates of each scanned point
cloud exist in different coordinate systems, so they must be
unified into one same coordinate system so that the overall
point cloud model of the target subject can be obtained. For
this point, a global positioning system (GPS) control network
method is adopted to solve this problem. The GPS is a
satellite-based navigation system that provides accurate posi-
tioning, usually expressed in terms of longitude, latitude, and
altitude, of any point on Earth. AGPS control networkmethod
is used to set reference sites accurately. These reference sites

are important to unify all point clouds of different coordinate
systems into one same coordinate system.

There are two requirements for reference site setting
[14]. One is that there should be no obstruction for GPS to
receive satellite signals. The other one is that the site should
be as far away from the transmission line as possible to avoid
the interference of other electromagnetic signals to the satel-
lite signal.

2.2. 3D Laser Scanning. After setting reference sites, 3D laser
scanning work can be carried out. The scanning sites of 3D
laser scanners are determined according to the actual situa-
tion. Increasing the number of scanning sites is necessary if
there are many obscures around the target object. Otherwise,
the overall structure data of the target object cannot be obtained
completely. At least two reference datum sites must be laid
out between adjacent scanning stations for subsequent point
cloud registration.

2.3. Point Cloud Registration. The essence of point cloud
registration is to transform all point clouds scanned from
each scanning site into one same coordinate system, so the
point cloud reverse model of the target object can be obtained
after point cloud registration. Reference sites set by the GPS
control network method are extremely important references
during the point cloud registration process. Through the spa-
tial coordinates of reference sites, the overall point cloud reg-
istration of the object can be realized. Take the registration
process of adjacent two sets of point clouds as an example.
Their coordinates belong to two different coordinate systems
because they are scanned from different scanning sites. The
Procrustes analysis technique [15] is adopted to unify these
coordinates into one coordinate system, which is often used to
deal with two sets of data that have a similar structure butmay
have different rotations, and translations, namely, in different
coordinate systems. Given that the same reference site exists
in two adjacent groups of point clouds, it is possible to unify
the coordinates into one coordinate system if the transforma-
tion relationships, rotation matrices, and translation matrices
between them can be calculated.

Data processing

Set reference datum sites

3D laser scanning Point cloud registration

Point cloud denoising

Measurement of bridge curve Curve size acquisition

FIGURE 1: The diagram of procedures.

TABLE 1: The parameters of Scan Station P40.

Parameter Distance accuracy Scanning rate Point accuracy Target acquisition accuracy Scanning range

Data 1.2mm+ 10 ppm 1 million points/s
3mm @ 50m;
6mm @ 100m

2mm @ 50m
360° horizontally;
290° vertically
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The singular value decomposition [16] is the one to figure
out the rotation matrix R and translation matrix T between
two sets of point cloud coordinates. Then, two sets of point
clouds can be unified into one same unified coordinate system
through Equation (1):

A¼ BRþ T þ E; ð1Þ

where matrix A and matrix B are the representations of two
sets of point cloud coordinates, respectively. The matrix E
is the error matrix after conversion between matrix A and
matrix B.

2.4. Point Cloud Denoising. The scanning rate of the Scan
Station P40 is 1 million points/s, so plenty of point clouds
will be obtained after the whole scanning operation. During
the scanning process, many duplicate and useless point clouds,
from something around the target object, will inevitably be
obtained due to some unpredictable factors such as instrument
error or improper manual operation. These point clouds will
have an adverse impact on later data processing, so they must
be deleted.

The mean shift algorithm is a density-based algorithm
that can discover clusters of arbitrary shapes in multidimen-
sional space [17, 18] and is widely used in image processing,
computer vision, and data analysis. Its computational pro-
cess refers to iteratively moving the core toward the highest
density. It is achieved by calculating the mean value of the
points within a given radius and moving the core toward the
mean, which continues until convergence, i.e., until the core
no longer moves significantly. The calculation steps are as
follows. First, calculate the offset of the current point to the
mean point and move the current point to its offset mean.
Then, use it as a new starting point and continue to move
until the set threshold is met. Through the iterative process
of the mean shift algorithm, each point cloud can be moved
to the maximum probability position on the surface of the
point cloud model, which means that the noise reduction
process of the point cloud model is completed. This algo-
rithm can effectively filter out duplicate and useless point
clouds [19], so it is adopted for point cloud denoising.

3. Case Study

3.1. Bridge Overview. The Yanqing–Chongli Expressway, or
the Yanchong Expressway for short, is a liaison road between
the 2019 World Expo Park Road and the 2022 Winter Olym-
pic Games venue. Taizicheng Bridge is an important bridge
in the Hebei section of the Yan Chong Expressway. Taizi-
cheng No. 1 Bridge is in Zhangjiakou City and is part of the
Taizi Cheng Interchange. The first right-hand section of it is
a cable-stayed bridge with a double-tower and double-cable
deck steel box girder, the span arrangement of which is 25+
60+ 120+ 60m. The rendering of the Taizicheng No. 1
Bridge is shown in Figure 2. Due to the large-span curved
bridge structures, the reverse model measurement method is
applied to measure its curve parameters and continuous spa-
tial morphology information for receiving inspection.

3.2. Reference Site Setting. According to the complex char-
acteristics of the bridge, nine scanning sites are named from
T001 to T009 separately and placed around the bridge, as
shown in Figure 3. T001, T002, and T003 are laid on the
nearby half-hillside, and the remaining six sites are located
on the east side of the right bridge and the west side of the left
bridge.

3.3. 3D Laser Scanning Setting. The scanning accuracy of the
laser scanner is 3mm@ 50m. However, during the measure-
ment process on-site, to ensure higher accuracy, the distance
between the location of the measuring point and the target
object is generally controlled between 10 and 20m. With
such scanning accuracy, it is possible to obtain sufficiently
accurate point clouds and reduce operation time. For struc-
tures such as piers, fabrications, and towers, increase the
number of scans and reduce the distance between two adja-
cent scanning stations so that the point clouds of local details
structures can be obtained.

3.4. Point Cloud Registration. Import the scanned point cloud
data and the spatial coordinates of reference sites into the
Cyclone software, a specialized data processing software.
Transform the coordinates of all point clouds into the same
coordinate system using point cloud registration between two
adjacent scanning stations. The reverse model of the large-
span curved bridge is obtained in digital form, the result of
which is shown in Figure 4.

3.5. Point Cloud Denoising. The mean drift algorithm is used
for point cloud denoising. Input initialized original point
clouds. Set the value domain window width hr≤ 0 and the

FIGURE 2: Taizicheng No. 1 Bridge.
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FIGURE 3: Reference sites.
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null domain window width hs≤ 0. Make ε¼ 2× hs, then calcu-
late theGaussian kernel functionwhich is shown in Equation (2):

G¼ exp −G:hs=hsð Þ: ð2Þ

After iterative calculation, the smoothed point clouds can
be obtained. A comparison of original point clouds and ones
after denoising is shown in Figures 5 and 6. From the com-
parison of the two figures, we can see that the duplicate and
useless point clouds caused by external environmental fac-
tors such as vibration, temperature, wind, dust, etc., have
been filtered.

4. Bridge Curve Parameter

The curve radius of the bridge is 1,100m. The traditional
method is not practical and accurate for curve parameter
acquisition because it can only select a few points to reflect
the overall configuration of the bridge.

4.1. Curve Parameter Acquisition Methodology. Using the
reverse model, the curve parameter of the large-span curved
bridge can be calculated accurately. The calculation processes
are divided into three steps. First, project the bridge accord-
ing to the actual situation. The Taizicheng No. 1 Bridge
studied in this paper is in the north–south direction, so the
fitting of the bridge curve radius is projected to the XOY

plane; second, extract representative point clouds of bridge
curves. The Levenberg–Marquardt algorithm [16] is used to
extract point cloud data of the curved shape of the bridge,
which can provide numerical solutions for nonlinear mini-
mization. This algorithm can combine the advantages of the
Gauss–Newton algorithm and the gradient descent method
by modifying the parameters during execution. After several
iterations, representative points of bridge curves are obtained.
Third, fit the projected 2D points. Since the bridge is a curved
bridge with a constant curvature, the circular function is
directly used to fit the projected points of the XOY plane of
the bridge. It should be pointed out that when the fitting
analysis is performed, reasonable functions are adopted to
perform according to specific bridge geometric features, oth-
erwise the obtained fitting equation is meaningless.

4.2. Analysis of Fitting Curve. The fitting equation of the
curve radius is shown in Equation (3). R-squared, a com-
monly used statistic, is the coefficient of determination and is
used to measure how well a statistical model fits the observed
data. R-square values range from 0 to 1, with values closer to
1 indicating that the model fits the data better. The fitting
result of Equation (3) is 0.99997, the curve fitting result of
which is shown in Figure 7. The error of the curve radius
between the design value and the calculated one is 0.17%,
indicating that the calculation result is accurate:

FIGURE 4: The point cloud of the whole bridge.

FIGURE 5: Original point clouds.

FIGURE 6: Point clouds after drift algorithm processing.
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x − 1;101:95ð Þ2 þ y − 557:24ð Þ2 ¼ 1;099:222: ð3Þ

5. Discussion

Regarding the comparison between the traditional measure-
ment methods and the proposed method in this paper. Tra-
ditional methods are only suitable for measuring the linear
parameters of small-scale components. During the measure-
ment process, several factors will affect the accuracy of measure-
ment results, including the selection of different measurement
locations, manual operation errors, and calculation errors.
Therefore, they are not suitable for measuring the curve
parameters of curved components, not to mention for large-
span curved bridge structures. In contrast, the proposed
method can completely obtain the continuous spatial mor-
phology information and accurately calculate the curve
parameters of large-span curved bridge structures. Although
the efficiency of the reverse model method, including scan-
ning time and data processing time, is roughly the same as
that of traditional measurement methods, the practicability
and accuracy of the proposed method are undoubtedly better.

6. Conclusion

This study focuses on accurately measuring the curve param-
eter of large-span and complex curved bridges after on-site
construction. By utilizing 3D laser scanning technology and
reverse model measurement, the previous challenge of accu-
rately measuring the curve parameter of curved bridges has
been addressed. The approach was successfully implemented
during the receiving inspection of the Taizicheng No. 1
Bridge, with the geometric features of curved bridges being
fitted using 3D laser scanning technology and reverse model-
ing. The error between the design value of the curve radius
and the fitted value was found to be 0.17%, indicating a good
fitting effect. This study presents a practical and reasonable

method for measuring the curve parameter of curved bridges,
which could potentially be widely adopted in the receiving
inspection of large-scale curved structures in the future.
Future research could focus on the real-time monitoring
of bridges using 3D laser scanning technology.
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