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*e displacement of the cross section directly reflects the stress state and stability of the surrounding rock and structure, so the
monitoring of it is essential during the construction and operation of the tunnel and underground engineering, particularly under
the conditions of earthquake and other geological disasters.*is paper introduces a new contact tunnel profile monitoring system
(TPMS) in detail that uses a tilt sensor and a displacement sensor as data acquisition devices. According to the relation between the
sensing physical quantity and displacement change, the displacement calculation formulas of the tunnel cross section measuring
points based on the two-dimensional plane coordinate system were deduced, and in order to eliminate the actual installation and
positioning deviation of the monitoring system, the method of obtaining the optimal monitoring plane and converting co-
ordinates of the measuring points was proposed, thus establishing the theoretical basis for the application of the TPMS. With the
Beishan exploration tunnel (BET) in China as the test platform, the TPMS was successfully applied for long-termmonitoring.*e
application experience showed that the TPMS can realize continuous monitoring, automatic collection and transmission of the
monitoring data, remote access whenever necessary, without affecting the transportation in the tunnel, and high accuracy, which
reaches 0.01mm. *is system provides a new simple and effective method with good generality and applicability for the de-
formation monitoring of the tunnel and underground engineering.

1. Introduction

During the construction and operation of the tunnel and
underground engineering, it is crucial to guarantee the safety
and stability of the surrounding rock and structure. *e
convergence displacement of the surrounding rock directly
reflects the stability of a rock mass after excavation [1, 2] and
also provides support for the inversion of the rock me-
chanics parameters and the determination of a reasonable
support time. *erefore, convergence displacement moni-
toring of the surrounding rock and structure is an essential
item for underground engineering deformation monitoring,
and the applicability of monitoring methods and systems is
of vital importance to guaranteeing safety during tunnel and
underground engineering construction and operation.

At present, the monitoring methods for the conver-
gence displacement of the surrounding rock are mainly
divided into two categories: noncontact and contact
monitoring. Noncontact monitoring methods mainly in-
clude the automatic tracking total station measurement
method, three-dimensional (3D) laser scanning, and close-
range photography [3–9]. *e above researchers have
conducted many studies with respect to the monitoring
principle, the feasibility of monitoring, and the proposal of
monitoring programs [10, 11]. *e advantages of the total
station method are the high measurement accuracy and low
light requirements during the measurement process;
however, this method is easily affected by the dust gen-
erated in the construction process, and the layout of the
total station in the full-length of the tunnel is relatively

Hindawi
Mathematical Problems in Engineering
Volume 2020, Article ID 6617976, 14 pages
https://doi.org/10.1155/2020/6617976

mailto:lebingest@126.com
https://orcid.org/0000-0001-6247-4998
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/6617976


expensive. *e advantages of 3D scanning are fast mea-
surement speed, complete and accurate measurement data,
and low light requirements for the test environment, but
the registration, denoising, splicing of the point cloud data
obtained, and slice after 3D modeling still have errors and
reliability issues. *e advantage of close-range photogra-
phy is that the measurement is convenient and fast, but the
measurement accuracy is greatly affected by the lighting
condition. Specifically, the light source cannot work when
light is limited, so an artificial light source should be used as
a supplement. *e above noncontact measurement
methods are mainly based on optical principles, and its
measurement accuracy can only reach the millimeter level.
For real-time monitoring in long-term health diagnosis
[12], the system equipment needs to be fixed near the center
of the tunnel section, which will affect normal operation.

Contact monitoring methods that are used to measure
the convergence displacement mainly include a convergence
meter and a convergence measurement system [13–16]. *e
convergence meter is a measurement instrument specially
used tomonitor the distance change (i.e., convergence value)
between any two points on the wall of the tunnel or other
engineering surrounding rock. *is instrument has a digital
display and vibrating-wire convergence meter and is widely
used to measure the convergence deformation of tunnels
and underground engineering. *e Bassett convergence
system (BCS) is a representative convergence measurement
system that uses a tilt sensor and a long and short arm
structure to transfer the displacement between measuring
points in order to obtain the relative displacement between
these points. With the development of optical fiber tech-
nology, in recent years, some scholars have used a fiber
Bragg grating for convergence displacement contact mea-
surements [17, 18]. Among them, the convergence meter has
now realized automatic measurements with an accuracy
reaching 0.01mm, but there are some problems, such as the
large interference effects in the construction and operation
of the project. *e BCS has high precision and automation,
but it is fixed and not suitable for large-scale layouts because
of high cost. As a new method for measuring the conver-
gence displacement of surrounding rock, fiber Bragg grat-
ings are not yet mature, with some issues, such as difficult
laying and obvious influence of temperature change.

In terms of the disadvantages of the methods mentioned
above, a new-type contact tunnel profile monitoring system
(TPMS) was developed to monitor the long-term defor-
mation and performance of the tunnel surrounding rock and
structure. *e operating principle of this monitoring system
is similar to that of the BCS; that is, it can realize the au-
tomation and continuity of the measurement process. Ad-
ditionally, this system is simple in structure, relatively cheap,
suitable for different sections, and reusable.

2. Basic Principles of the TPMS

2.1. Composition of the TPMS. *e TPMS is composed of a
series of linked arms that are fixed to the tunnel wall. Each
arm is fitted with a high-accuracy displacement sensor and
precision tilt sensor to monitor the deformation, and a data

logging system is available to automatically collect the real-
time displacement and transmit it to a computer. A typical
measurement unit of the TPMS is shown in Figure 1, in-
cluding the sensor, rod end, extension tube, and fixed an-
chor. *e length of the measuring arm between two adjacent
measuring points can be adjusted on the spot using ex-
tension tubes. As an independent working part, the number
of TPMSmeasurement units can be increased and decreased
according to the size of the tunnel section and the number of
measuring points. *e TPMS can be applied to various
section forms and can be set up on unsupported bare rock.
In addition, the system can be modularly assembled. After
the measurement unit is disassembled, it can be reused in
many cases except for the fixed anchor.

*e sensors of the TPMS include a tilt sensor and a
displacement sensor (Figure 2). *e tilt sensor is a capacitive
sensor, the displacement sensor is a resistive sensor, and the
main specifications of the tilt and displacement sensors are
shown in Table 1. Both of these sensors produce a signal that
can be converted to a change in the microvoltage according
to the change in the physical quantity of the sensor. *e data
logging system of the TPMS is composed of a data collector
and data processing software. *e data collector model is
CR800 produced by Campbell Scientific company, which is a
research-level data collector characterized by low cost, small
size, and different channels (Figure 3). When TPMS mon-
itoring is conducted, the transducer transfers signals to the
data collector, which is connected to the remote-control
computer using an RS-232 communication mode. Using the
measurement and control software, automatic real-time
monitoring can be realized.

As shown in Figure 4, the TPMS is available in either an
open or closed loop structure around the inside of the
tunnel. Compared with a closed loop structure, an open loop
structure omits the linked measuring arm AH. *e closed
loop structure is analogous to that of conventional closed
end survey techniques, while the open loop structure must
be referenced to a reference point. Variations from the
relative displacements between adjacent measuring points
are measured, and after they are transmitted to the reference
point, the displacement variations at each measuring point
relative to the reference point can be obtained.

2.2. Calculation Principle for the TPMS. A position change
between adjacent measuring points will cause the length and
angle of the measuring arm to change. *rough the dis-
placement and tilt sensors, the change in the length and
angle can be obtained, giving the relative displacement
between the measuring points. With anymeasuring point on
the monitoring section taken as a reference point, the rel-
ative displacement of each measuring point relative to the
reference point can be obtained through recursion. Gen-
erally, the engineering datum point is located in a region
with stable deformation, and it is believed that the dis-
placement caused by that is negligible. *e relative dis-
placements of the two measuring points are obtained by the
sensor variation values between the two measuring points,
and the absolute displacement of each measuring point
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relative to the engineering datum point is obtained via
calculation.

It is assumed that the measuring points are serially
numbered to 0, 1, 2, . . ., n starting from the reference point.
Under the global coordinate system for the monitoring
plane, the initial coordinate for eachmeasuring point is (xG
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yG
0,0), (x
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2,0), . . ., (xG
i,j, yG

i,j), i, j� 0, 1, 2, . . ., n
(Figure 5). Superscript G on the coordinates denotes the

global coordinate system; the first subscript i denotes the
serial number of the measuring points; the second subscript j
denotes the measurement times; and 0 denotes the initial
position of measuring points. In the local coordinate system
of adjacent measuring points, the initial coordinate of each
measuring point is (xL
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ordinates denotes the local coordinate system, and the

Fixed anchor

Rod end

Extension tube

Sensor body

Composition of TPMS

Figure 1: Typical measurement unit of the TPMS.

Tilt sensor

Displacement sensor

Figure 2: Composition of the TPMS sensor.

Table 1: Main technical specifications of TPMS sensors.

Specification Tilt sensor Displacement sensor
Manufacturer VI Tec (USA) Honeywell (USA)
Sensor model MEMS(micro-electro-mechanical systems) MLT-38000101
Range ±5° 0∼50mm
Accuracy 0.003° 0.01mm
Input voltage 5.5∼15 Vdc 5.5∼15 Vdc
Output voltage ±2.5 Vdc ±2.5 Vdc
Operating temperature −40∼+85°C −40∼+80°C
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CR800 collector

Figure 3: Data collection box.
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Figure 4: Schematic diagram of the TPMS monitoring configurations: (a) closed loop structure; (b) open loop structure.

o x

……

……

(xG0,0, yG0,0)

(xG1,0, yG1,0)

(xG2,0, yG2,0)

(xGi,0, yGi,0)

Figure 5: Initial coordinates of each measuring point in the global coordinate system.
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subscripts are the same as above.*emain symbols and their
basic meanings in the text are shown in abbrevations section.

To analyze the relative displacement between adjacent
measuring points, a random measuring point i − 1 is taken
to build a local coordinate system relative to the measuring
point i (Figure 6). During the actual measurement, the
measuring points i − 1 and i both move, so the relative
position of themeasuring arm at any time can be obtained by
translating the measuring arm between two points with the
initial position of point i − 1 as the origin point. In Figure 6,
the initial length of the measuring arm between point i and
point i − 1 is Li, the rotation angle of the measuring arm is
Δθij, and the length variation is ΔLij during the jth
measurement.

Initial local coordinate for measuring point i is as
follows:

x
L
i,0 � x

G
i,0 − x

G
i−1,0

y
L
i,0 � y

G
i,0 − y
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. (1)

*e initial length of the measuring arm is
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Horizontal and vertical coordinates for the point with
the length equal to the initial length on the measuring bar
under i − 1 local coordinates are as follows:

x
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*us, according to the geometrical relationship between
the elongation ΔLij of the measuring bar arm and the initial
measuring arm length Li, the horizontal and vertical co-
ordinates for measuring point i during the jth measurement
under a local coordinate system for i − 1 are as follows:
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*e global coordinate for measuring point i during the
jth measurement is
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By taking i � 1, the coordinates of measuring point 1
relative to reference point 0 in the jth measurement can be
obtained:
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When constructing the global coordinate system in the
measurement section, it is often considered that the refer-
ence point does not move; that is, xG

0,0 � xG
0,1 � . . . � xG

0,j and
yG
0,0 � yG

0,1 � . . . � yG
0,j. *erefore, the global coordinates of

each measuring point in the jth measurement can be ob-
tained by recurrence from measuring point 1.

*e displacement is generated by subtracting the cor-
responding initial global coordinates from the global co-
ordinates obtained by each measurement:

Δxi,j � x
G
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G
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G
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⎪⎭
. (7)

*us far, the corresponding displacement changes in
each measuring point can be calculated by the initial global
coordinates and the variation in the measuring arm obtained
by the tilt and displacement sensors.

2.3. Calculation of the Variation in the Rotation Angle and
Length of the Measuring Arm. *e data logging system
converts the changes in the sensor angle and displacement
into electrical signals, and the conversion of the angle and
displacement to an output voltage is as follows.

*ere is a polynomial relationship between the incli-
nation of the tilt sensor and the output voltage as follows:

θ � C0 + C1Vt + C2V
2
t + C3V

3
t + C4V

4
t + C5V

5
t , (8)

where θ is the inclination of the tilt sensor; Vt is the output
voltage of the tilt sensor; and C0, C1, . . . , C5 are calibration
constants for the tilt sensor.

*e displacement measured by the displacement sensor
has a linear relationship with its output voltage:

L � KdVd + b, (9)

where L is the displacement of the displacement sensor, Vd is
the output voltage of the displacement sensor, and Kd and b
are calibration constants for the displacement sensor.

After the TPMS is installed, the initial measurement is
carried out to record the initial output voltages (V0

t and V0
d)

of the tilt and displacement sensors for each measuring arm.
*en, the initial values of inclination (θ0) and displacement
(L0) are obtained according to equations (8) and (9),
respectively.

After the TPMS works normally, the change in the
rotation angle and length of the corresponding measuring
arm can be obtained by subtracting the initial values of the
inclination and displacement measured by the tilt and
displacement sensors:

Δθ � θ − θ0
ΔL � L − L0

􏼩. (10)
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2.4. Optimization of theMonitoring Plane and 2D Coordinate
Transformation. After TPMS installation, the initial coor-
dinate for each measuring point measured using a total
station is a 3D space coordinate under a geodetic coordinate
system, which requires transformation into planar two-di-
mensional (2D) coordinates for monitoring the section.
When fixed anchor measuring points are used, it is difficult
to keep all fixed anchors in the same plane, which introduces
the problem of how to determine the optimal monitoring
plane.

During actual monitoring, the monitoring plane should
be perpendicular to the horizontal plane. *us, the posi-
tional relationships between the initial 3D space coordinates
(Xi, Yi, Zi) (i � 0, 1, . . . , n) of each measuring point and
optimal monitoring plane Ω are as follows (Figure 7).

Suppose the equation of the plane for the optimal
monitoring plane is as follows:

F(X, Y, Z)Ω � 0. (11)

Because the optimal monitoring plane is parallel to the
Z-axis of the geodetic coordinate system, equation (11) can
be expressed as

a0 + a1X + a2Y � 0, (12)

where a0, a1, and a2 are all plane equation parameters.
With the minimum sum of the distance from each

measuring point to the plane, the optimized objective
function is established as
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where f(X, Y, Z) is the objective function and di is the
distance between measuring point i and the optimal mon-
itoring plane.

After the optimal monitoring plane is determined using
the computing method above, the 3D spatial coordinates for
measuring points need to be transformed into a 2D coor-
dinate in the plane. *e optimal monitoring plane is

perpendicular to the horizontal plane (Figure 7). *e Y-axis
of the established 2D coordinate system is parallel to the Z-
axis of the geodetic coordinate system. When the trans-
formation of the X-axis and Y-axis coordinates for each
measuring point is conducted, the points can be investigated
in the XOY planes of the geodetic coordinate system
(Figure 8).

*e projection point of the reference point (X0, Y0, Z0)
in the optimal monitoring plane is taken as the origin of the
2D coordinate system; thus, the 3D coordinate for the
projection point (XT

0 , YT
0 , ZT

0 ) can be obtained using the
following equation:
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According to the space vector method, the 2D coordi-
nate for the projection point of any measuring point in the
optimal monitoring plane is

x
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3. Practical Application of the TPMS

3.1. Engineering Background. *e new contact TPMS was
successfully used in the Beishan exploration tunnel (BET).
Figure 9 shows photographs of the entrance and the internal
tunnel of the BET. *e BETwas constructed as a small pilot
underground facility for the proposed underground research
laboratory of the geological disposal of high-level radioactive
waste in China.

*e BET is located in the Jiujing site of the Beishan area,
which is located approximately 80 km northwest of Yumen
City, Gansu Province, PR China. As shown in Figure 10, the
BET is mainly composed of 5 parts: a ramp (with a slope of
20°, a vertical depth of 50m, a length of 146.19m, a height of
2.64m, and a width of 2.8m), a horizontal tunnel (with an L
shape, a length of 110m, a height of 3.0m, and a width of
2.8m), underground test chambers (with a total length of
approximately 90m, a height of 3.033m, and a width of
4.0m), a water sump, and a ventilation shaft [19, 20].

*e surrounding rock of the BET is mainly granite with
good integrity, except for the Shiyuejing Fault, and the rock
of the BET is a typical hard rock with a uniaxial compressive
strength above 190MPa [20]. *e main unfavorable geology
of the BET is the Shiyuejing Fault, which has an inclination
of approximately 70–80°. *e rocks in the fault zone are
strongly fractured, with the various well-developed dikes.

Δθij

(xLi,0, yLi,0)
(xLi,j, yLi,j)

Li

Li

ΔLij

xRi,j

yRi,j

θi,0

O (xGi–1,0, yGi–1,0) x

y

Figure 6: Local coordinate system between adjacent measuring
points.
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*e BETwas excavated by full-face smooth blasting, and
it took 18 months to complete the excavation. To obtain the
peripheral displacement of the BET surrounding rock, the
TPMS was adopted immediately after excavation.

3.2. In Situ Measurement Scheme. *e measuring section of
the TPMS was set in the supporting test area of the BET,
which is located in the Shiyuejing Fault zone (Figure 11).
Before excavation, advanced pipe shed support in the arch

(a) (b)

Figure 9: Photographs of the entrance and internal tunnel of the BET.

O

Y

Z

X

y

x

Ω
(Xi, Yi, Zi)

Figure 7: Relationships between global coordinate of measuring points and the optimal monitoring plane.

O Y

X

(X0, Y0, Z0)

(XT
0, YT

0, ZT0) (Xi, Yi, Zi)

xi

x

Figure 8: Projection plane of global coordinates and the optimal monitoring plane.
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top was conducted for this area, with the length set as 6m.
After the pipe shed section was tunneled 5m, 4m of the
advanced small pipe support in the arch top was set up
forward. When the advanced small pipe support was
completed, tunneling stopped after 3m of forward con-
struction. Afterwards, the mesh shotcrete and the steel arch
supports were installed with an arch spacing of 0.5m. After
the shotcrete was completed, the TPMS was installed, and
the TPMS was located at the junction between the advance
pipe shed and the advance small pipe, where the support was
relatively weak.

As shown in Figure 12, the chamber span was 4.0m, the
height of the arch apex was 3.0m, and the straight-wall
section had a three-centered arch shape. *ere were 6
measuring points arranged in the measuring section with an
open loop system. Except for measuring point 0, which was
set on the ground as a reference point, the other 5 measuring
points were all arranged on the arch, with measuring point 3

at the apex of the arch, points 1 and 5 in the arch foot, and
points 2 and 4 located on the hance.

3.3. Section Optimization and Coordinate Transformation.
According to the optimization and transformation method
described in Section 2.4, the optimal plane corresponding to
each measuring point of the in situ monitoring test is solved,
and the initial 2D coordinates of each point are established.

By total station measurements, the initial 3D coordinates
in the geodetic coordinate system of eachmeasuring point in
the field test are shown in Table 2. As shown in Table 2, the
numerical values of the measuring points in 3D geodetic
coordinates are all relatively great, and numerical overflow
may occur during optimization. However, the origin posi-
tion of the geodetic coordinate system does not affect the
obtainment of the optimal plane and coordinate transfor-
mation. *erefore, the geodetic coordinate system origin is

Shiyuejing fault

Deformation monitoring tunnel

Advance detection tunnel

Grouting
tunnel Pump chamber

sump

Rescue chamber

Small fracture

Ramp

Entrance

EDZ and groundwater monitoring tunnel

Advance detection tunnel

Passing bay

Blasting test tunnel

Supporting test tunnel

Figure 10: Spatial structure of the BET [19].

Measuring section of the TPMS

50
00

50
0

50
0

30
00

Supporting test area

Advance pipe shed

Advance small pipe

Figure 11: Schematic diagram of measuring section location (unit: mm).
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translated to point (4524348, 360610, 1606), and the cor-
responding initial 3D coordinates of each measuring point
are transformed into (Xd, Yd, Zd) coordinates. According to
the objective function for equation (13), the optimal mon-
itoring plane determined by all the measuring points is
calculated. When parameters a0, a1, and a2 in equation (12)
are multiplied by any nonzero constant that can still meet
the equation, only the proportional relations between the
parameters of the plane equations need to be obtained.
*erefore, set a1� 1 and the Levenberg–Marquardt (LM)
integration algorithm and particle swarm optimization
(PSO) may be used, where LM is a least squares fitting al-
gorithm and PSO is an iterative optimization algorithm. Via
calculations using MATLAB software, the plane parameters
a0� −0.4629 and a2� −0.3531 can be obtained. *en,
equation (14) is solved, and the 3D coordinate of the pro-
jection point for the reference point in the optimal moni-
toring plane is (1.5802541, 3.1643227, 0.893). Finally,
according to equation (15), the 2D coordinate of each
measuring point on the optimal monitoring plane (x, y) can
be obtained (Table 3).

3.4. Analysis of the Long-Term Monitoring Results. After
installation and debugging of the test instruments and with
December 18th, 2016, as the start time for monitoring, 561
days of test data were obtained by July 2nd, 2018. As con-
vergence and deformation monitoring was mainly focused on
local variations in the section, in subsequent data processing,
the displacement of the reference point was returned to zero,
and the relative displacement of each monitoring point was
obtained. Time-history curves for the x and y directions and

the total displacement of each measuring point relative to the
reference point are shown in Figure 13.

As shown in Figure 13, in the initial monitoring stage,
the total displacement of each measuring point increased
almost linearly with time, and the displacement increase rate
of each measuring point showed a tendency to significantly
decrease around the 30th day, and the displacement in-
creased slowly after the 30th day and showed a tendency to
converge to fixed values. *e monitoring data of the sur-
rounding rock indicated the following phenomena: there
was mainly a horizontal displacement at measuring points 1
and 5, while the vertical displacement was small. In contrast,
a vertical displacement mainly occurred, while the hori-
zontal displacement could be ignored in the case of point 3.
Because of the symmetrical location of measuring points 2
and 4, their displacement variation laws were similar. *e
horizontal displacement of the tunnel was larger than the
vertical displacement, mainly because the tunnel was located
in the Shiyuejing Fault zone, the rock lithology was poor, the
in situ stress condition was complex, and the tunnel vault
was presupported. *e surrounding rock deformation was
mainly controlled by the horizontal stress.

*e direction of the total displacement of each mea-
suring point can be obtained by the ratio of the displacement
value in the x direction to the displacement value in the y
direction:

tanφ �
dy

dx

, (16)

where φ is the angle between the displacement of the
measuring point and the horizontal direction and dx and dy

1

2
3

4

5

0 (reference point)

Figure 12: Distribution of measuring points.

Table 2: Initial 3D coordinates of TPMS measuring points.

Measuring point X (m) Y (m) Z (m) Xd (m) Yd (m) Zd (m)

0 4524349.584 360613.163 1606.893 1.584 3.163 0.893
1 4524349.582 360613.173 1608.374 1.582 3.173 2.374
2 4524349.399 360612.651 1608.933 1.399 2.651 2.933
3 4524349.137 360611.909 1609.084 1.137 1.909 3.084
4 4524348.889 360611.183 1608.920 0.889 1.183 2.920
5 4524348.688 360610.693 1608.309 0.688 0.693 2.309
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are the displacement values of the measuring point in the
horizontal and vertical directions, respectively.

According to equation (16) and the data of Figure 13,
the displacement direction angle of eachmeasuring point at
different times could be obtained, as shown in Table 4.

Based on the obtained displacement direction angle, the
displacement trend diagrams of the measurement section
at 30, 200, 400, and 561 days after monitoring were given,
that is, the displacement envelope diagram, as shown in
Figure 14.
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Figure 13: Time-history curves of the displacement of each measuring point: (a) x-direction displacement; (b) y-direction displacement;
(c) total displacement.

Table 3: 2D coordinates of each measuring point in the optimal plane.

Measuring point x (m) y (m)
0 0 0
1 −0.00826 1.481
2 0.51332 2.040
3 1.25532 2.191
4 1.97870 2.027
5 2.47749 1.416
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4. Discussion and Suggestions

4.1. Comparative Analysis of the TPMS and Artificial
Convergence. *e TPMS is a new-type convergence dis-
placement monitoring device. To verify the feasibility and
accuracy of monitoring results, especially after TPMS in-
stallation is completed, the convergence displacement is
measured manually using a convergence gauge. *e results
are compared and analyzed with the TPMS data. *e
convergence gauge is a 30m digital convergence gauge
manufactured by Jiangsu Haiyan Engineering Material and
Instrument Co., Ltd. *e horizontal measuring line is the
connected line between measuring points 1 and 5 on the
TPMS; the measurement time lasts 17 days, from December
18th, 2016 to January 3rd, 2017. *e relative displacement of
measuring points 1 and 5 of the TPMS in the horizontal
direction is just the convergence displacement of the 1–5
measuring line. *e measurement results from the TPMS
and artificial convergence monitoring are shown in
Figure 15.

A linear function is used to conduct a linear fitting on the
TPMS and manually measured data, and the fitting equa-
tions are

y1 � 0.27297t + 0.80094, (17)

y2 � 0.28189t + 0.7726, (18)

where y1 denotes the measured results from the TPMS, y2
denotes the measured results from the artificial convergence
gauge, and t denotes the measurement time. *e measured

data from the TPMS are in better agreement with those from
the artificial convergence gauge, verifying the accuracy of the
TPMS data and the feasibility of using the TPMS as a new-
type monitoring method for tunnel section convergence.

Compared with traditional convergence monitoring
methods, such as the convergence meter, the TPMS can
realize the continuous monitoring, automatic collection and
transmission of monitoring data, and remote access
whenever necessary, without affecting the transportation in
the tunnel. Furthermore, the monitoring frequency of the
TPMS can be set freely according to the need. *e mea-
surement accuracy of the TPMS relates to the accuracy of the
tilt sensor and displacement sensor, which reach 0.003° and
0.01mm, respectively.

4.2. Comparative Analysis of the TPMS and BCS. As a rep-
resentative convergence measurement system, the BCS
measurement schematic diagram is shown in Figure 16.
From Figures 1 and 16, similarities are evident between the
TPMS and the BCS, such as the structure of the measure-
ment system and relative displacement measurement be-
tween two measuring points. However, the measurement
principles of the TPMS and BCS are clearly different; the
BCS obtains the relative displacement of adjacent measuring
points by two tilt sensors and the length of the measuring
arm, and the TPMS obtains the relative displacement of
adjacent measuring points through tilt and displacement
sensors. Compared with the BCS, the TPMS integrates both
the displacement sensor and the tilt sensor so that only one

0
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2

3

4

5
0d

30d
200d
400d
561d

Direction 
vector

Wall of 
the tunnel

Figure 14: Displacement envelope diagrams and direction vector of the displacements.

Table 4: Displacement direction angle of each measuring point at different times.

Measuring point
30 d 200 d 400 d 561 d

dx (mm) dy (mm) φ (°) dx (mm) dy (mm) φ (°) dx (mm) dy (mm) φ (°) dx (mm) dy (mm) φ (°)

1 3.514 0.148 2.41 4.683 0.344 4.20 4.802 0.532 6.32 4.914 0.645 7.48
2 1.496 0.611 22.22 2.174 1.324 31.34 2.339 1.766 37.05 2.425 1.820 36.89
3 0.281 0.907 72.79 0.408 1.940 78.12 0.431 2.587 80.54 0.445 2.716 80.70
4 1.521 0.565 20.38 2.318 1.192 27.21 2.439 1.587 33.05 2.546 1.701 33.75
5 3.064 0.040 0.75 4.183 0.268 3.67 4.280 0.453 6.04 4.393 0.536 6.96
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measuring arm can transmit the angle and displacement
between two measuring points. *erefore, the TPMS sim-
plifies the long arm and short arm structure of the BCS and
avoids the errors introduced in calculating the displacement
by using a fixed length long arm and short arm, thus forming
a simple and effective measurement method for the con-
vergence displacement of the tunnel.

4.3. Suggestions for the TPMS. *rough the practical appli-
cation of in situ monitoring, the following three suggestions
for improvement are summarized. First, the long-term sta-
bility of the displacement sensor used in the TPMSmonitoring
unit is worse than that of the tilt sensor, and data floating
sometimes occurs when the acquisition frequency is dense. If
the displacement sensor is changed from the voltage sensor
to the vibrating-wire sensor, the error caused by the sensor
itself can be reduced. Second, although the open loop
structure can reduce interference in the use of the tunnel,
the monitoring configuration should be made up of a
closed loop structure so that the closure error can be ef-
fectively reduced.*ird, to obtain the absolute deformation

of each measuring point, it is necessary to regularly
measure the spatial coordinates of the reference point
through engineering datum point guidance. In addition,
since this project monitors the tunnel after the support, the
displacement is small. To ensure the accuracy of the
measurement, we chose a small range of the sensor. When
monitoring a large deformation tunnel, it is necessary to
select a sensor of the appropriate range according to the
actual situation.

5. Conclusions

A new contact TPMS was introduced in detail, and the
method of obtaining the optimal monitoring plane and
converting coordinates of the measuring points was
established to eliminate the actual installation and posi-
tioning deviation of the monitoring system. *e dis-
placement calculation formulas of the tunnel cross section
measuring points based on the two-dimensional plane
coordinate system were proposed, providing a theoretical
basis for the popularization and application of this mon-
itoring system.
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Figure 15: Data diagram of the TPMS and artificial convergence monitoring.
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Figure 16: Measurement schematic diagram of the BCS.
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*rough long-term monitoring of the convergence
displacement of the surrounding rock in the BET, the time-
history curves of each measuring point and displacement
envelope diagrams for the measurement section were ob-
tained. Monitoring application practice and results show
that the TPMS can realize continuous monitoring, auto-
matic collection and transmission of monitoring data, re-
mote access whenever necessary, without affecting the
transportation in the tunnel, and high accuracy, which can
reach 0.01mm, and can be applied to the long-term health
monitoring of the lining or envelope of the tunnel and
underground engineering.

*e reliability of TPMS monitoring is verified by
comparing with themonitoring data of a convergence meter.
To better apply the TPMS, three further research directions
for improvement are proposed. Additionally, the conver-
gence monitoring method such as the TPMS and the BCS
can be used in the same measurement section for com-
parative analysis.

Abbrevations

x, y: *e initial 2D coordinates of measuring point (m)
X, Y, Z: *e initial 3D coordinates of measuring point (m)
Δθij: *e rotation angle of the measuring arm (°)
ΔLi: *e length variation h of the measuring arm (m)
θ: *e inclination of the tilt sensor (°)
L: *e displacement of the displacement sensor (m)
Vt: *e output voltage of the tilt sensor (V)
C: *e calibration constants for the tilt sensor
Vd: *e output voltage of the displacement sensor (V)
Kd: *e calibration constants for the displacement

sensor (mm/V)
b: *e calibration constants for the displacement

sensor (mm)
a0, a1,
a2:

*e plane equation parameters

dx, dy: *e displacement values of the measuring point in
the horizontal and vertical directions

φ: *e angle between the displacement of the
measuring point and the horizontal direction

t: Time.
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