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Abstract—The purpose of this study is to enhance the role of sensor tech-
nology in tunnel deformation mapping. The method is to combine RTK (real-
time dynamic difference) algorithm with GIS (Geographic Information Sys-
tems) technology. After coordinating transformation of the deformed data that
was collected from the test tunnel, the HGMonitor was then employed to solve
the problems. The results show that the horizontal accuracy of tunnel defor-
mation monitoring is about Smm, and the elevation accuracy is about 15mm,
which can meet the actual requirements. We also verified that the test data
meets the requirements for tunnel deformation mapping accuracy, which can
help to improve the safety and reliability of the tunnel structure.
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1 Introduction

With the continuous development of railways and highways in China, tunnels have
made great progress as an indispensable underground project. However, the tunnel
construction technology is still far behind other countries, and owing to its long histo-
ry, a considerable proportion of the tunnel has been damaged to varying degrees In
view of the tunnel lining structure deformation, crack, block and seepage, the real-
time monitoring of tunnel health not only can improve the safety and reliability of the
structure, but also can be used for early warning, so as to avoid the occurrence of
accidents and to protect the lives and property of the people. Therefore, in order to nip
in the bud, we need to establish a comprehensive early warning mechanism and to
carry out real-time all-round monitoring of the structure of the project. However, the
current monitoring model is still in the traditional way, or only limited to a certain
level of technical improvement, which is far less than the actual operation of the pro-
ject management needs.

The large-scale engineering safety monitoring needs to use the Internet of Things
thought, and combine with the global navigation and positioning system, total station,
laser scanner, sensor, communication and computer technology, in order to achieve
intelligent monitoring and management of objects. In this paper, we mainly study the
application of GIS technology and sensor technology in tunnel deformation monitor-

188 http://www.i-joe.org



Short Paper—Application of GIS Technology and Sensor Technology in Tunnel Deformation Mapping

ing, and combine GIS technology with real-time dynamic difference (RTK) to im-
prove the accuracy of tunnel deformation mapping.

2 State of the art

In recent years, with the development of satellite measurement technology and the
development of geographic information science, the technical means of acquiring
spatial information has been progressing. At present, the powerful spatial information
acquisition and management capabilities of GPS and GIS technology play an increas-
ingly important role in the fields of surveying and mapping, resource exploration and
transportation [1-2]. As a new technology, the satellite positioning network RTK
technology, with its unique advantages, can obtain the three-dimensional coordinates
of high precision and high sampling frequency all day long. The sampling frequency
of the receiver has reached 10-20HZ, and the positioning accuracy can reach millime-
ter level, which is widely used in the field of deformation monitoring, especially in
the application of tunnel deformation monitoring [3-5]. The GIS technology combines
the spatial data and the attribute data management as a whole. The GIS technology
can not only manage the geographic spatial data and attribute data of tunnel, but also
can visualize the deformation points. Therefore, the combination of satellite position-
ing technology and GIS is to apply in the tunnel deformation monitoring, which can
achieve real-time monitoring of tunnel deformation, spatial positioning and visualiza-
tion [6-8].

Real-time dynamic difference method (RTK) is a new commonly used GPS map-
ping method, which is one of the most important applications and research fields of
GPS, used to obtain the real-time position information of any moving target by build-
ing a wireless communication link for data transmission between the reference station
and rover. It has the advantages of high operation efficiency, high operation automa-
tion, high integration degree, low operating conditions, easy operation, easy to use
and strong data processing capability. Its application is very strong, and it is widely
used in various industries of surveying and mapping, such as project lofting, topo-
graphic mapping, survey and design, land demarcation, cadastral survey, real estate
side painting, geological prospecting and other fields. The measurement accuracy of
RTK technology has always been the focus of surveying experts and scholars. At
present, GPS RTK technology has been widely used in survey field, but RTK survey-
ing can be affected by more complex error than static surveying, so the suitable con-
trol measure must be taken in order to ensure the reliability of RTK surveying
achievement [9].

Tapete, D. (2015) proposes a method of using traditional multi-point monitoring
to replace traditional single point monitoring, which applied three-dimensional laser
scanning technology to the field of tunnel deformation monitoring. The results show
that the distance from the station cannot exceed the tunnel diameter by using the 1CP
registration method. The reasonable resolution of the field scan is high resolution.
When the scan blocking rate is too large, in order to avoid the impact of obstacles, it
needs to be scanned on both sides of the center line of the tunnel. With this method,
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we can quickly and comprehensively obtain the complete data of the tunnel surface,
thus overcoming the deficiency of the traditional method [10]. Aiming at the short-
comings of tunnel deformation, Kun, T (2016) uses the s-spline curve to fit the tunnel
section scan data, and calculates the Hausdorff distance between the two-stage curve
segment. It uses the overall deformation information of each part of the curve section
to reflect the deformation of the section. At the same time, according to the character-
istics of subway tunnel section scanning data, he proposes the s spline curve fitting of
the main point selection method and the non-section information removal method
[11]. Based on the monitoring method of tunnel deformation, Gan (2016) proposes a
method to extract the deformation by means of the coordinate migration of the nodes
on the central axis, and the central axis node is extracted by the segment fitting meth-
od. This method gives the implementation steps of tunnel deformation monitoring
using 3D laser scanning [12].

In summary, the above studies cannot accurately measure the cross-section of the
tunnel. In order to enhance the role of sensor technology in tunnel deformation map-
ping, we combine RTK (real-time dynamic difference) algorithm with GIS (Geo-
graphic Information Systems) technology. After coordinate transformation of the
deformed data that is collected from the test tunnel, the HGMonitor is used to solve it.
The results show that the horizontal accuracy of tunnel deformation monitoring is
about Smm, and the elevation accuracy is about 15mm, which can meet the actual
requirements. We have verified that the test data meets the requirements for tunnel
deformation mapping accuracy, which helps to improve the safety and reliability of
the tunnel structure.

3 Methods

3.1 GIS (Geographic Information Systems)

GIS (Geographic Information Systems), also known as geographic information
system, is a comprehensive discipline combining with geography and cartography,
and has been widely applied in different fields. GIS is an information system that
acquires, stores, analysis and displays spatial data. A geographic information system
is a kind of information system space professional form of data management system.
In a strict sense, this is a computer system with centralized, storage, manipulation,
and display of geographic reference information, for example, according to the loca-
tion of the data in the database to identify the data, it is generally considered that the
entire GIS system including the operator and the input system data.

The data collection and editing of GIS is that the operation of the layer. According
to certain requirements, it usually uses effective tools and means convert field meas-
urement data, map elements, photo information and other space and attribute data into
a (x, y) coordinates that the computer can identify.

A database is a repository for storing and managing data. The GIS database is a
collection of data in which spatial and attribute data are stored together in a certain
data organization. In general, the spatial data has two different structural types of
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vector data and raster data. GIS database cannot only manage the spatial data, but also
has the DBMS function to manage the attribute data.

GIS can manage different types of data. Before the data is unified, it must be in ac-
cordance with certain standards and formats for data processing and transformation.
The main data processing tasks and contents include: Data transformation (data trans-
formation is the use of certain mathematical formulas and models of data in the math-
ematical form of the conversion, including projection transformation, scale scaling,
image correction, etc.), data refactoring (data refactoring is the use of certain tools in
the geometry of the structure of the conversion, including data splicing, compression,
interception and structure type conversion, etc.), and data extraction (data extraction
is the use of certain conditions will be the complete set of data extraction of its subset,
including data type selection, Boolean extraction, data window, spatial interpolation,
etc.).

Spatial statistics and analysis is a unique feature of GIS, which is a tool for deter-
mining the relationship between spatial geography elements. It mainly includes the
following: (1) topological superposition. Topological superposition is to overlay lay-
ers with different attribute attributes in the same region, and to form new spatial at-
tribute characteristics, which can give new spatial attribute feature retrieval query,
map update, splicing and tailoring, and model application analysis. (2) buffer estab-
lishment. Buffer is one of the most basic spatial analysis functions of GIS. It is to set
up buffer polygons according to the requirements of various types of elements, such
as point, line and surface of spatial geography entity, and to determine the spatial
distance relationship among different geographical elements according to polygons.
(3) digital terrain analysis. GIS provides the functions of constructing DEM (digital
elevation model) and related terrain analysis, including slope, slope, valley line, ridge
line, surface roughness, surface area, volume, profile and visual analysis, and this
provides basic data for geoscience research decisions and engineering design. (4)
spatial set analysis. Spatial set analysis is the use of the given conditions for geo-
graphical data Boolean logic operations.

By means of GIS software, the data is processed and analyzed to generate new ge-
ographic information. The geographic information is usually displayed in the form of
a map.as shown in Figure 1.

3.2  Real-time dynamic difference method (RTK)

Real-time dynamic difference method(RTK) is a new commonly used UPS meas-
urement method. UPS RTK technology has the advantages of high operation efficien-
cy, high operation automation, high integration degree, low operating conditions, easy
operation, easy to use and strong data processing capability. Its application is very
strong, and it is widely used in various industries of surveying and mapping, such as
project lofting, topographic mapping, survey and design, land demarcation, cadastral
survey, real estate side painting, geological prospecting and other fields. The meas-
urement accuracy of RTK technology has always been the focus of surveying experts
and scholars. At present, GPS RTK technology has been widely used in survey field,
but RTK surveying can be affected by more complex error than static surveying, so
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the suitable control measure must be taken in order to ensure the reliability of RTK
surveying achievement.

Map data slicing
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Fig. 1.GIS technology in Mapping

RTK positioning technology is based on the carrier phase observations of real-time
dynamic positioning technology, which is GPS technology and data transmission
technology combined with the composition of the combination system. RTK GPS
measurement system is mainly composed of GPS receiver, data transmission system
and software system. For the merits of intuitionistic and shortcut, strong real-time,
none-accumulation end points error etc. GPS RTK poisoning technology is generally
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used, the difference is composed of poisoning error and coordinate transformation
error. In the Precise positioning of GPS, whether the detection and reparation for
cycle slips of carrier phase is feasible or not it will affect the precision of positioning
results directly, especially in the RTK. GPS carrier phase surveying technique has
been developed from static, fast static to real time kinematic (RTK) positioning,
which changed the acquiring way of spatial information and enlarged the area of GPS
application. The way it works is that there are at least two simultaneous GPS receiv-
ers (one base station, running on the flow), and use the carrier phase difference tech-
nique to process the difference between the two station carrier phase observations in
real time. The forensic station transmits its observation and station coordinate infor-
mation to the rover through the data link. The rover not only receives the data from
the base station through the data link, but also collects the GPS observation data. In
the system, the real-time location results of the mobile station are obtained by the
differential observation.

According to the working principle of RTK measurement, and reference to the rel-
evant research literature, it shows that the accuracy of RTK measurement is related to
the selection of the reference station, the selection of the coordinate transformation
parameters, the selection of the observation time, the characteristics of the equipment
and so on, which has significant characteristics.

1. The accuracy of the RTK measurement accuracy is reflected in the baseline solu-
tion accuracy of the reference station and the mobile station, which has a systemat-
ic influence on the selection of conversion parameters, the selection of equipment
and the status of the satellite.

2. The measurement error of RTK 1is directly related to the distance between two sta-
tions (base station and the flow station). The smaller the pitch, the higher the accu-
racy, and the greater the spacing, the lower the accuracy.

3. The RTK measurement error and the distance between two stations are nonlinear.
The spacing is limited, the accuracy is not changed, and the distance is more than
this range. The farther the distance, the lower the accuracy.

According to the characteristic analysis of RTK lateral error, the relative error of
the baseline distance based on the exponential function is obtained by inverting the
comparison of the mathematical function. It has a good correlation and can reflect the
accuracy of RTK reasonably.

Set the RTK to measure the baseline distance (X) is the x-axis, and the relative er-

ror (y = Ax/x) between the coordinate inverse distance and the measured distance
AX s the y-axis, then there are:
bx
y=ae (1)
In” =1n“+bx ()

—_ y — a
Set V= In*,4=In , then there are:

v=bx+ A (3)
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Thus it can be seen that, through the least squares principle, we can solve the mod-
el parameters u and h, so we can get the mathematical model formula (1) of the rela-
tive accuracy. In its relative error, the error m is:

m= 12(% — ae™
n T=
(6)

It can be seen that the mathematical model of the relative measurement accuracy of
RTK baseline is:

24172

_ bx+
y=ae” x2m )

3.3 Coordinate system conversion

According to the geographical location and existing data of Yunnan Province, the
coordinate system of geography data is used in Xi'an 80 coordinate system. The pro-
jection system is selected by Albers projection (double standard latitude and other
area conic projection). The model of Albers projection is as follows:

p=S(@) d=0Ar (8)
The plane coordinate is:
xX=p,—-pcosd y=psind ©)
According to the conditions of the area conic projection:
en_ A0 Jop _
Then, there is:
1
-pdp =—Mrdo
o

(1

It is integrated by above formula (1), we can get:
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p2=£(C-erd¢)=£<C-S) (12)
o o

In the formula:

P wett projection radius;
O _projection constant;

A -difference of longitude;
Ps

C -integral constant;

@

-the projection radius of the weft '+ ;

S _the trapezoidal area of 1 radian longitude difference and 0% ~@® latitude dif-
ference on ellipsoid surface;

The geographic data from the study area are derived from the highway data updat-
ing system of Yunnan Province. The basic geographical data includes the administra-
tive divisions (to the county level), rivers (to five level), residential (to counties) and
highways; and the thematic geography data includes tunnels, service area, toll sta-
tions, entrances and exits, weather stations, governance super stations, road mainte-
nance stations and monitoring points.

The BDS uses the Chinese Geodetic Coordinate System (CGCS2000), and the
GPS uses the w(GS-84 coordinate system. In the tunnel deformation monitoring, the
information collected by the satellite receiver is transmitted to the data center through
the wireless network in real time. Then we carry out the calculation and analysis. In
this paper, we use a GNSS (Global Satellite Navigation System) deformation moni-
toring data calculation software HCMonitor that Shanghai Huaxing Navigation Tech-
nology Co., Ltd. developed to carry out the data solution.

4 Experiment

In the analysis of the test data accuracy, due to the deflection of the tunnel in the
case of the load will be deformed, we try to select the tunnel itself and the impact of
the external environment of small changes in the measured points. Therefore, this
paper chooses the data of the 3 # tunnel top point as the test data, and estimates the
accuracy of the data by the average deviation (AVEDEV).

The average deviation refers to the individual measurements and the average dif-
ference of the sum of absolute value, divided by the number of measurements, it can
reflect the trend of concentration measurement data, and can embody the difference
between the measured value and the average value, so as to give expression to the
level of data accuracy.

- 1 n .
D=—"% (dl _d)
n El=1 (13)

oy d.
In the formula: D -mean deviation; d _the average of the measured data; '’ -the
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individual measurements.

Using the formula to take the original solution after the data bit and decimal place
(unit: m), convert to mm, and remove the data in the X (red), Y (blue), elevation
(green) of the abnormal value, we do the following analysis:

(1) make the scatter plot of X, Y, elevation point, as shown in Figure 2 and Figure
3;

(2) according to the actual data, the percentage of abnormal data

4+5+5
———x100% =6.7%
is: 3x70 .
(3) the mean deviation of the longitude, latitude and elevation values is:

X deviation: D =4.5mm

Y deviation: D =4.9mm

the levation deviation: D =15.3mm
According to the calculated results, it is concluded that the horizontal accuracy of
tunnel deformation monitoring is about 5Smm, and the elevation accuracy is about
15mm, which can meet the actual requirements.
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Fig. 2. X, Y value scatter plot
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Fig. 3. The elevation value scatter plot

5 Conclusion

The large-scale engineering safety monitoring needs to use the Internet of Things
thought, and combine with the global navigation and positioning system, total station,
laser scanner, sensor, communication and computer technology, in order to achieve
intelligent monitoring and management of objects. In this paper, we mainly study the
application of GIS technology and sensor technology in tunnel deformation monitor-
ing, and combine GIS technology with real-time dynamic difference (RTK) to im-
prove the accuracy of tunnel deformation mapping. It is embodied that the defor-
mation monitoring data collected from the test tunnel is solved by HGMonitor. The
results show that the horizontal accuracy of tunnel deformation monitoring is about
Smm, and the elevation accuracy is about 15mm, which can meet the actual require-
ments. Finally, we have verified that the test data can meet the requirements for tun-
nel deformation mapping accuracy.
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