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Abstract

With the rapid development of the Chinese water project, the safety monitoring of dams is
urgently needed. Many drawbacks exist in dams, such as high monitoring costs, a limited
equipment service life, long-term monitoring difficulties. MEMS sensors have the advantages
of low cost, high precision, easy installation, and simplicity, so they have broad application
prospects in engineering measurements. This paper designs intelligent monitoring based on
the collaborative measurement of dual MEMS sensors. The system first determines the
endpoint coordinates of the sensor array by the coordinate transformation relationship in the
monitoring system and then obtains the dam settlement according to the endpoint coordinates.
Next, this paper proposes a dual-MEMS sensor collaborative measurement algorithm that
builds a mathematical model of the dual-sensor measurement. The monitoring system realizes
mutual compensation between sensor measurement data by calculating the motion constraint
matrix between the two sensors. Compared with the single-sensor measurement, the dual-
sensor measurement algorithm is more accurate and can improve the reliability of long-term
monitoring data. Finally, the experimental results show that the dam subsidence monitoring
system proposed in this paper fully meets the engineering monitoring accuracy needs, and the
dual-sensor collaborative measurement system is more stable than the single-sensor
monitoring system.
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1. Introduction

China is the world's leading country in dam engineering technology. At present, China has

built nearly 100, 000 reservoir dams. On the one hand, constructing dams can bring huge
economic benefits but, on the other hand, will bring serious outcomes to mankind if the dam
fails [1]. In August 2012, a 180, 000 m3 containment reservoir experienced dam failure in
Zhoushan City, Zhejiang Province. The dam failure accident occurred suddenly, and water and
sediment mixed with mud fell down, causing many downstream houses to be washed away.
Several people were buried, 11 people were killed and 27 were injured [2].

Dam safety monitoring refers to obtaining relevant data of the dam by professional
equipment and manual inspections to ensure that the dam can achieve its maximum benefit
under safe conditions [3-4]. Dam safety monitoring can be traced back to the end of the 19th
century, when German engineers observed the horizontal displacement of the Eschbach
gravity dam in 1891. As researchers from various countries have subsequently researched dam
safety monitoring, dam safety monitoring systems have gradually improved. The initial dam
safety monitoring methods included appearance inspection, single-point monitoring, and
qualitative analysis, while we currently obtain data and quantitatively analyses the safety of
dams using high-precision instruments. The conventional monitoring methods are lead-type
horizontal displacement meters, pipe-type sedimentation meters and fixed inclinometers used
for measurements. The conventional methods are cumbersome, time-consuming and labor-
intensive and have a low degree of automation, serious interference from human causes, and
difficult data processing, so they do not meet the requirements of the fast, real-time and
dynamic monitoring of dam deformation [5-6].

With the development of microelectromechanical systems (MEMS), MEMS sensors have
been widely used in civil engineering. MEMS sensors originated in the 1950s. Discovering
the piezoresistive effect of Si semiconductors, researchers began their research on Si sensors.
Based on the development of MEMS, the piezoresistive effect of Si semiconductors is used to
convert the changes of features such as pressure, displacement, acceleration and angle into the
changes of voltage in the circuit so that it is convenient to calculate the displacement and angle
of the monitoring point. In 1962, the coming of the first miniature silicon pressure sensor
created a precedent for MEMS technology. The continuous development of MEMS
technology has also promoted improvements in sensor performance [7-9].

Professor CEYLAN from lowa State University proposed the idea of a "smart road".
During road paving, wireless MEMS sensors are embedded in the concrete to realize the real-
time monitoring of road temperature, humidity and other criteria [10]. C Li carried out research
on ground subsidence monitoring technology based on MEMS sensor data fusion for the
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tunnel during the shield construction period. Based on this method, by arranging the sensor
node monitoring network, the absolute surface settlement caused by tunnel construction can
be estimated. [11]. Taiwan's National Earthquake Engineering Research Center LIN and
others have developed a local bridge scour safety system that is based on ZigBee network
technology and MEMS sensor technology and that integrates MEMS acceleration sensors and
MEMS pressure sensors for bridge health monitoring [12]. Zhu HC proposed a set of in situ
and long-term submarine terrain deformation monitoring systems. The scheme of using a
MEMS attitude sensor to form arrays for in situ and long-term monitoring was determined.
The selection of key parts was described in detail, and the related hardware and system
structure were designed. This system realized the rapid collection of multimode and long-
distance data [13]. Liu FC designed array displacement meter-based slope deformation
monitoring for pumped energy storage power stations, whose main monitoring unit is a shape
array accelerometer produced in Canada. The Shape Accel Array (SAA) converts the
acceleration change monitored by the accelerometer into displacement through a quadratic
integral [14]. To address the lack of conventional monitoring instruments, Liao C proposed an
FOG strap down inertial navigation system combining an FOG and accelerometer to monitor
dam body deformation and measure the tilt value of an object according to varying angles.
However, this system is not suitable for long-term real-time monitoring [15].

MEMS sensors can achieve long-term real-time monitoring in the engineering field and
eliminate the limits of traditional monitoring methods. Currently, the manufacturing of MEMS
sensors is becoming increasingly mature. It has the advantages of small size, low cost, low
energy consumption, easy installation, strong performance, and high monitoring data
reliability. However, dam subsidence is chronic. If the MEMS sensor is directly applied to
dam monitoring, we cannot guarantee the reliability of the sensor measurement data [16-17].

It is difficult to detect sluggish movement by MEMS sensors. To address this problem, this
paper designs a new intelligent monitoring system based on the collaborative measurement of
dual MEMS sensors, which improves the sensitivity of the monitoring system while ensuring
the accuracy of the measurement data. The system uses coordinate transformation in the
monitoring system to determine the endpoint coordinates of the sensor array to determine dam
subsidence [18]. Then, based on a dual MEMS sensor collaborative monitoring algorithm,
common compensation between sensor monitoring data is realized [19].

The rest of the paper is arranged as follows: Section 2 introduces the MEMS sensor array
design scheme, Section 3 introduces the dam subsidence monitoring algorithm, Section 4
introduces the dual-sensor collaborative measurement algorithm, Section 5 describes the
system composition, Section 6 describes the experimental results, and Section 7 summarizes
the conclusions.

2. MEMS sensor array design scheme

The settlement monitoring system designed in this paper is mainly aimed at large earth-rock
dams in plateau areas. The mechanism of settlement and deformation of earth-rock dams is
relatively complicated, and there are mainly couplings: the coupling between the deformation
that changes with the increase of the filling height and the aging deformation; the compression
deformation generated during the filling process is caused by the dissipation of pore water
pressure. The coupling effect between the resulting consolidation settlement and the soil
skeleton creep under the continuous earth pressure state; the stress coupling bearing and
deformation coordination effect between clay and gravel soil. The Changheba Hydropower
Station in the Dadu River Basin, Sichuan, China has a total reservoir capacity of 1.075 billion
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m3. The minimum elevation of the dam foundation surface is 1 457.00 m, the maximum dam
height is 242.50 m, and the dam crest length is 502.85 m. The dam body is based on core wall
settlement monitoring. Settlement monitoring program. In order to monitor the settlement of
the core wall, the internal settlement of the core wall area is monitored by a variety of
instruments. The stable performance string settler and electromagnetic settler are selected. At
the same time, in order to adapt to larger settlement deformation, the innovative use of a large
range potentiometer displacement meter. At the axis of the core dam, a vertical line for layered
settlement observation is arranged. Settlement measuring lines of potentiometer type
displacement meters are arranged on the core wall, downstream and the axis of the dam.
Settlement measuring lines of potentiometer type displacement meters are arranged on the core
wall and downstream. The height spacing of the measuring points is 30 m. The specific layout
is shown in Fig. 1.
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Fig. 1. Schematic diagram of dam settlement monitoring instrument layout

Multiple MEMS sensors are installed in the pipeline to form a sensor array. A linear array
of equally spaced sensors and networks of other shapes can be adopted, as shown in Fig. 2 and
Fig. 3.

As shown in Fig. 2 and Fig. 3, the blue line is the monitoring pipe, and the red line is the
MEMS sensor installed in the pipe. The topological structure of the even-spaced straight-line
layout scheme is relatively simple. However, when the terrain is non-flat, the sampling interval
is no longer equal, resulting in no uniform sampling. In the radial sensor array scheme,
recovering the original terrain from the digital signal is complicated. Moreover, as the terrain
is deformed, its optimal deployment plan may no longer be ideal. Therefore, this paper adopts
the equally spaced linear sensing array scheme [20].

In this type of layout, the sensor array strips are far apart. The deformation of a certain
sensor array belt will not affect the adjacent sensor array, so each sensor array can be analyzed
separately. The dam subsidence model is the core of the dam safety monitoring system and
aims to convert the discrete data measured by the sensor array into the subsidence of the dam.
To improve the measurement accuracy of the sensor array, this paper proposes a dam
subsidence monitoring scheme based on two-sensor collaborative measurements.
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3. Dam subsidence monitoring algorithm

3.1 The flow of the subsidence monitoring algorithm

In the measurement, the MEMS sensor cannot directly determine the displacement of dam
subsidence. The displacement data are obtained by measuring the tilt angle of the carrier after
movement. The accelerometer- and gyroscope-measured values are transformed into an Euler
rotation matrix through information fusion. As shown in Fig. 4, multiple sensors form a sensor
array, which is arranged inside the dam to monitor the subsidence of the dam [21].

Fig. 2. Equally spaced linear sensing array scheme

Fig. 3. Radial sensing array scheme
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Fig. 4. Schematic of the sensor array measurement system
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Assuming that the sensor array layout plane is horizontal in the dam, first, we record the
initial angle of the sensor array. When the dam subsides, the sensor array will deform with the
dam and then record the angle value of the rotation around each axis. Based on the above-
described attitude angles, the relative rotation matrix is calculated so that we can calculate the
endpointcoordinates of each segment in the array. Taking the head end of the first segment as
the reference point, the subsidence is calculated as the difference between the coordinate
values and the initial values. The measurement algorithm flow is shown in Fig. 5.

MEMS sensor array

v

The angle measured in horizontal surface

v

Rotation angle after deformation

v

Relative rotation matrix

v

Array endpoint coordinates

v

Calculate dam subsidence

Fig. 5. Dam settlement measurement algorithm flow

3.1 Solving end point coordinates in the sensor array based on coordinate
transformation

MEMS sensor arrays are equally spaced inside the dam. In the array coordinate system, the
positive x-axis direction is defined as the direction in which the sensor extends, and the
positive y-axis direction is defined as the direction pointing to the inside of the dam, as shown
in Fig. 6.

Z(U)

Initial shape
X,
Inertial coordinate

system

Rotated shape
Xy

Fig. 6.1. The principle of the subsidence calculation and calculation of displacement through the tilt
angles.
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Fig. 6.2. Schematic diagram of array pipe deformation and rotationt angles.
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When the sensor array is deployed on different terrains or the terrain changes, the sensor
array network will be bent and twisted accordingly in space. Fig. 6.1 is a schematic diagram
of the possible bending and torsion of the first sensor array when the terrain changes. In the
figure, (a) is the inertial coordinate system {G}, (b) is the initial shape of the array, and (c) is
the shape of the array after the terrain is deformed. The bending and twisting of the sensor
array can be transformed into the rotation of several sensors around the sensor coordinate
system (or around a fixed coordinate system). The rotation sequence around the sensor
coordinate system is different from that of the inertial coordinate system, and the rotation angle
is the same. Fig. 6.2 shows the bending and torsion of sensor 3. It is stipulated that the angle
of rotation is positive when rotating counterclockwise around the coordinate axis; when
rotating clockwise, it is negative (the same hereinafter). One segment of the sensor array
(defined as x = 0) is fixed. The coordinate values calculated in this paper are about the fixed
point of the first segment of the array. The coordinate of this fixed point is O (0, 0, 0) [22].

Multiple sensor arrays are placed at equal intervals to form a sensor network. Considering
the structural safety of large earth-rock dams, the sensor array designed in this paper is very
slender, so the Bosch BMI055 inertial measurement device is used. Bosch BMI1055 IMU is an
ultra-small 6-axis inertial sensor, composed of a digital three-axis 12-bit accelerometer and a
digital three-axis 16-bit gyroscope. They are installed in pairs on the flexible circuit board and
placed in the array pipeline. 5 pairs of sensors are a group, and each group has a single-chip
microcomputer. The interval between the sensors is determined according to the frequency of
the actual terrain. In the laboratory simulation environment, the interval between the sensors
is designed to be 30cm. In addition, it is required to ensure the consistency of the sensor
coordinate system during deployment, that is, the coordinate axis xb of the sensor is along the
direction of the sensor array. This article requires that the torsion angle of the sensor array
around the xb axis is less than 60°. If the sensor array can be twisted around the xb axis (the
xb axis is along the sensor array direction), it will not be able to distinguish the movement of
the terrain (settlement or uplift).
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Fig. 7. Conversion relationship between the inertial coordinate system and sensor coordinate
system

The angle data directly measured by the MEMS sensor are relative to the inertial coordinate
system, so the coordinate system of the sensor during bending and torsion changes as follows:

1) Before measurement, the sensor coordinate system is consistent with the inertial
coordinate system.

2) Rotate angle around the z, axis.

3) Rotate angle around the rotated y, axis.

4) Rotate angle around the xp axis.

As shown in Fig. 7, the black line coordinate system directs the initial coordinate system,
and the red line directs the coordinate system after rotation.

In Fig. 7, the rotation matrix of each step is

CoS(Wgs) SiN(wes) O

R,(wes ) =] sin(-ygg) C€OS(ygs) O 1)
0 0 1
[cos(f,) O sin(-60,)
R (O)=| O 1 0 )
| sin(0sz) 0 cos(bgs)
1 0 0
Rx ( ¢GB )=|0 COS(¢GB) Sin(¢GB) 3)
_0 Sin(-¢GB) COS(¢GB)
cosdcosy’ siny/'cos6 -sin@

R,s =| -Siny'cosg + cosy/'singsind  cosdcosy’ + siny'singsing  singcose | (4)
COSy/'siNAcosg + siny'sind  -sindcosy’ + sindcosgsiny’  cosécosg

The rotation matrix RGB of the sensor array is calculated according to (1), (2), and (3) and is

Res = R (4s5)R, (055)R, (ep) - In (4), (6.0.v ) means (Gsg, ds5.Wes ) in (1), (2), and (3).

According to (4), the rotation matrix RGB is the rotation transformation relationship between
the sensor coordinate system (B system) and the inertial coordinate system (G system).
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By setting the mathematical model of the rotation relationship between the sensor
coordinate system and the inertial coordinate system, it is also necessary to construct the array
coordinate system (A system) and the sensor coordinate system (B system) rotation

mathematical model. When the sensor array is arranged horizontally, ¢,and 6,,are equal
to 0, and only the initial angle /, needs to be recorded. When the sensor array is deformed,
the current angles@,,, G ,and ., are recorded [23-29]. Therefore,

Pas = Pes
Opp = Op (5)
Ve =Ves™ Yoa
Similarly, Rgz = RgRoa=Ras R, (Wga) s0
cosdcosy’ siny'cosd -sin@
R,z =| -Siny'cosg + cosy/'singsind  cosfcosy’ + siny'singsing  singcosd | (6)

cosy/'sin@cosg + siny'singd  -sindcosy’ + sinfdcosgsiny’  cosdcosg

In (6), (6,4,%')means (65, des Wes~ Wen ) in (1), (2), and (3). The point P(i, j) is
used to represent the endpoint coordinates of the i segment of the j™ sensor array. After
rotation, the endpoint coordinates of each segment of the array can be calculated by the

following formula:
P(J.1)=P(j,i-1)+LeRz(],0), 121
{P(LO)=(0,M,0), i=0
In (7), | is the length of each array, whose coordinate is(l ,0,0) .P(],0) is the starting

(")

point of the j-th array, and A is the distance between the sensor arrays.

Combined with the description in this section, through the iterative calculation of equations
(6) and (7), the coordinates of the array end points can be obtained to solve the subsidence of
the dam, as shown in Fig. 8.
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Fig. 8. Array Endpoint Solving Algorithm
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4. Sensors collaborative measurement algorithm

In the traditional MEMS sensor measurement system, a single sensor is used to measure the
measured carrier. In long-term monitoring, the measurement result of a single sensor
accumulates a large error over time, and it is difficult to guarantee the accuracy of the
measurement data. To address these problems, this paper proposes a dual-sensor cooperative
measurement scheme.

inertial coordinate system

sensor j ¥ sensor i

Fig. 9. Distributed sensor network system structure

In the multisensor system, multiple sensors are used to measure the same state quantity
because the multisensory measurement data can compensate for each other to reduce the
measurement error. Moreover, this arrangement is very conducive to sensor fault diagnosis
and isolation. Two MEMS sensors on a sensor array not only displace themselves with the
settling of the dam but are also affected by each other’s movements. This structure is called a
distributed sensor network system structure, as shown in Fig. 9.

In Fig. 9, C is the sensor motion transfer matrix, which can be measured when the sensor
array is installed. The following can be known from the angular velocity relationship measured
by the given sensors:

Wi = Wgj T O
Wi = Wgyj + Djyp ©))
Wi = Wgj T O

Where @ is the angular velocity vector. The subscript G /1 indicates the angle of the

nodal system i relative to the inertial coordinate system G (the same follows below). Projecting
(8) into the array coordinate system (A), the first equation of (8) can be changed to:

Qlj/i = Qlj/j +ij/i 9)
Where Q is the skew symmetric matrix of @, and the superscript j represents the

projection on the array coordinate system j. Combining the differential equation of the motion
transition matrix C results in the following:

gl;i :Q}A_C;Cij (10)
Then, we obtain a mathematical model of the motion transfer matrix:
{C; = (Qlj/j _Qlj/i)C;

Q. =CclQ C! D
/i i 1/i~7
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In (11), Q,j, ;and Q,i ;; are composed of local absolute angular velocity vectors that can be
obtained from the measured values of inertial nodes i and j. Equation (11) is a nonlinear matrix
differential equation whose initial value can be obtained from the static matrix. H;i is defined
as the installation matrix of the IMU at sensor node i. Then, the measured value at sensor node
iis

m =H,x, =H,Cix, = H,C,x, (12)

In (12), x; is the local vector (such as acceleration and angular acceleration) in the sensor
node i system. In the same way, m; can be obtained. A scattered sensor network system can
realize information sharing and mutual compensation for measurement data so that a dual-
sensor cooperative measurement scheme can reduce measurement errors.

Each MEMS sensor group node can use inertial measurement sensors with the same or
different performances or can be combined with other systems. Each node system forms a
delivered network topology, and nodes can communicate with each other to realize network
information sharing. In the information fusion of scattered sensor networks, each sensor node
can show its own system state model without the need for a common navigation system state
model. The distributed system provides a more flexible solution for designing multisensor
measurement systems. It not only improves overall measurement performance but also
improves sensor-level and system-level fault tolerance, provides more accurate local state
estimations, and realizes automatic sensor alignment.

5. Construction of the dam subsidence monitoring system

The whole measurement system includes a sensor array, a controller, and a computer. The
sensor array consists of four rigid pipes. In application, both the accuracy and the economic
efficiency need to be considered. Eachrigid pipe hosts twomems sensors (BMI055) and is
arranged on elastic steel tape.

The controller is a STM32 microcontroller unit (MCU) in the system. Data are acquired
from the sensor array by the Inter-Integrated Circuit (11C) bus protocol and sent to the MCU.
Then, the MCU communicates with the computer software by analog-to-digital converter
(ADC) module. The computer is to calculate and draw the shape curves of the array, directly
showing vertical deformation and the orientation (subsidence).

6. Experimental result analysis

In the test, eight MEMS sensors are used to remodel the shapes of the array, which is composed
of four segments. The sensor array is deployed inside the assimilated dam. The dam model is
put in a glass box, and the MEMS sensor array is buried horizontally. To facilitate observation,
the sensor array is arranged against the glass wall, and eight red marks are evenly made on the
array pipe. Fig. 10 shows the following:
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Simulated dam

' | Hexagon WLS400M

MEMS sensor

‘M]EMS SEnsor array ‘

Fig. 10. Simulation experiment of dam subsidence

The Hexagon WLS400M white light measurement system adopts manual operation to
realize three-dimensional measurement operation, quality inspection and digitization. The
system has complete functions and can support a variety of industrial applications. The solid
carbon fiber sensor structure provides stable and protective support for all optical components,
ensuring high reliability under harsh environmental conditions. To support the monitoring
accuracy, a Hexagon WLS400M white light scanner system is applied to observe the
displacement change of the red mark on the pipeline. The accuracy of the WLS400M system
is 0.03 mm. At the same time, the MEMS sensor array measures static acceleration and initial
inclination, and then, the data are collected by the MCU, sent to the computer, and transferred
to tilt angles. Then, the subsidence of the array are obtained according to the relationship
between the tilt angles and coordinates mentioned earlier. The reference point and tested points
are the same for the system designed in this paper and the Hexagon WLS400M system. The
error analysis principle used for the shape reconstruction of the MEMS sensor array is shown
in Fig. 11.

MEMS sensor array

v
Static acceleration
acquisition v
Hexagen WLS00M
System
h 4

Tilt angle calculation

L 4
‘ Convert into ‘

v coordinates

Coordinate calculation

¥

Error analasis

Fig. 11. Error analysis principle used by the MEMS sensor to monitor dam subsidence
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Table 1. the measurement error

Max Min
Root
Mean ) absolute | absolute
mean Max Max Min
absolute ) ) value of | value of
square Error | Subsidence | Subsidence . .
Error tilt angle tilt
Error (mm) (mm) (mm) R
(mm) ® angle
(mm) o
)
1 0.95 1.5 1.04 9.11 0.53 45.22 5.22
2 0.78 0.82 0.25 7.13 0.61 25.96 4.68
3 0.16 1.17 1.55 8.91 0.84 48.03 6.26
4 0.43 1.31 1.65 8.05 1.74 43.81 4.12
5 0.68 0.91 1.07 8.90 1.06 38.97 7.11

As mentioned earlier, the initial values of the array are zero, and the displacements
measured directly represent vertical subsidence. We performed five experiments that took
three days each. The mean absolute error (MAE), root-mean-square error (RMSE), maximum
absolute error, and maximum subsidence are adopted to analyses the measurement error,
which are listed in Table 1. Strong agreement is proven between the measured data and the
observed data. In the four shape experiments, the maximum RMSE is 1.5 mm, the maximum
absolute error is 1.65 mm, and the maximum subsidence is 9.11 mm. The minimum RMSE is
2.35 mm, and the minimum absolute error is 0.16 mm, with the maximum subsidence being
6.05 mm. The maximum absolute value of the tilt angle is 48.03°, and the minimum one is
4.12°. In the computer screen, the subsidence monitoring results are presented in Fig. 12 below.
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Fig. 12. The PC results

7. Conclusion

To address the requirements of the dam subsidence monitoring project, this paper analyses the
disadvantages of the current engineering monitoring system and designs a dam subsidence
monitoring system based on a MEMS sensor array. First, combined with a three-dimensional
measurement model, a settlement measurement algorithm is proposed, which converts the
resolved space bending and torsion angles into the endpoint coordinates of the sensor array
and calculates terrain subsidence by the endpoint coordinates. Then, to analyses the inferiority
of single-sensor measurement, this paper proposes a method of dual-sensor collaborative
measurement, which improves the accuracy and reliability of the measurement data obtained
by the monitoring system. Through experimental analysis, compared to conventional
monitoring systems, the monitoring system proposed in this paper is more table exhibits
excellent sensitivity to the slow displacement of the carrier and can effectively reduce
cumulative error. In order to improve the measurement signal processing capability of the dam
settlement monitoring system, our work will mainly focus on the multi-sensor information
fusion algorithm. In addition, in the extreme cold environment of the plateau, in order to ensure
the long-term measurement stability of the monitoring system, measuring the cold resistance
and pressure resistance of the array is also the focus of the design of the monitoring array in
the next stage.
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