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Abstract. In order to analyze and express the plane displacement vector of deformation monitoring
more intuitively, confirm the value of deformation at the main deformation direction, and obtain the
stabilization state of deformable body as well as the deformation development, an method named
direct projection characterization method is proposed, on the basis of the fundamental theory of plane
projection . The direct projection characterization method is an analytic method that projecting the
plane deformation components onto the main deformation direction and calculating the deformation
guantity. The engineering practice for monitoring indicates that this method is able to reflect the
deformation vector at the main deformation direction more succinctly and intuitively. In addition, it
can be applied to analyze the monitoring results of displacements for geological hazards including
slopes, landslides, collapses, etc. It aso can be used to serve the information feedback system and has
an application value for engineering practice.

Introduction

The guiding ideology of geologica hazard prevention is “prevention first and combining
avoidance with control”. As a result of the ideology, monitoring and early warning play an
important role. Among those monitoring types, displacement monitoring is applied widely on account
of itsintuitive results and notable effect. In the engineering practice, the common method for plane
displacement monitoring is geodetic surveying. And coordinate components under surveying
coordinate system or their resultant vectors are used to characterize the deformation extent of
deformable body in data processing. However, technicians pay more attention on the displacement
along the main deformation direction of deformable body. Therefore, taking the safety monitoring
data of a high slope in Chongging reservoir of the Three Gorges as the research object, the error of
displacement components is eliminated after confirming the main deformation direction. And the
plane deformation components are projected onto the main deformation direction and the deformation
guantity is calculated. Compared with the traditional characterization method, this analytic result is
more accurate and more intuitive for reflecting the feature of plane displacements of slopes, and it is
able to provide important data support for stability analysis and safety assessment of high slopes.

Characterization method of plane displacement analysis

At present, in the process of plane displacement monitoring for geological hazards, the traditional
method, single component characterization method, has a problem that the real deformation vector
and the data characterization vector do not tally. To solve this problem, the methods below are
adopted.

(1)For displacement components, error eliminating and signal-noise separation are conducted to
enhance the reliability of the one-dimensional components.
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(2) On the basis of the more reliable one-dimensiona components, the deformation data is
projected onto the known main deformation direction to characterize the deformation vectors.
Data processing of displacement components. During the deformation observation process, the
observation data have three types of errors including gross error, systematical error and accidental
error, causing by errorsin observation environment, devices and workers. To ensure the reliability of
displacement components data, the data processing flow is showed in Fig.1.
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Fig. 1 Data processing flow of deformation components

Generally, the principle of “3 6 ” can be used to judge whether the original observation sequence
has gross error. After eliminating the gross error, algorithms like linear interpolation, Lagrange
interpolation or polyfit can be adopted to interpolate the observation sequence to ensure the integrity
of it in time domain. Then, curve fitting, multiple linear regression, GM(1,1), wavelet signal-noise
separation and other mature algorithms can be used to process the datal>®.
Analytic characterization of projection. After error eliminating and signal-noise separation of
plane displacement components, based on the more reliabl e displacement components, the azimuth of
the main deformation direction of the slope is set as a, and the displacement value of that projected
onto the main glide direction (deformation rate or deformation accumulant) is expressed as Am. In
addition, the displacement value of the direction from upsiope towards downslope is positive. As
shown in Fig.2, the projection values are expressed as equations below when the main direction is
distributed in different quadrants.

DM =DX cosa +DYsina (L
DM =- DX cos(180°- a) + DY sin(180° - a) = DX cosa + DY sina (2)
DM =- DX cos(a - 180°) - DY sin(a - 180°) = DX cosa + DY sina (3)

DM =DX cos(360°- a) - DYsin(360°- a) = DX cosa + DY sina (4)
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Fig. 2 projection analysis
From equations (1) to (4), displacement components of X and Y can be projected onto the main
deformation direction when this direction is known. Then, the deformation process curve of
monitoring points can be drawn by projection analytic values according to time sequence. Asaresullt,
the deformation feature of monitoring points can be characterized accurately and intuitively.

Case study

Taking the high slope in Chongqing reservoir of the Three Gorges as the example, horizontal
displacements of the high slope are analyzed applying direct projection characterization method. That
will be the reliable data support for slope stability assessment and information feedback.
Introduction of monitoring area. The elevation of the top of the researched high slope is 297m to
299m while that of the base of the lopeis 214m to221m. The elevation difference is about 80m. The
base of the slop is in the deep foundation excavation area, and the azimuth of main deformation
direction o is 142 degree. Moreover, the length of the deformation areais 149m and the width of it is
56m. Besides, the threat objects are the buildings for immigrants on the top of the slope. These
buildings have 10 floors and are divided into three units with frame structure and pile foundation.
There are 90 families, about 400 people, living in the buildings. Since November 2013, the grounds
and wallsin different floors have appeared different degrees of cracks, which caused that the security
doors could not be closed. It has serioudly affected the normal life of residents and became a threat to
the safety of lives and properties of residents.

To eliminate the security risks atogether, the design units conducted emergency reinforcement
design in highly deformed area (the security level is the highest). The principle of emergency
reinforcement design is “dynamic design and informatization construction”. Combining with the
status quo of deformation development in monitoring area and the conditions of geological
environment, plane displacement and subsidence observation, deep displacement monitoring, tilt and
crack observation of buildings are applied to establish the comprehensive monitoring system.
Meanwhile, pre-stressed anchor cable is adopted in the design for support. And whether to conduct
compensate tension for anchor cable will be decided according to the feedback information of
monitoring.

Analytic characterization of monitoring data for plane displacement.

Preprocessing of deformation components. The method of projection analytic characterization
is analyzed for observed quantities of plane displacements. First, the origina observed components
are preprocessed to eliminate the gross error.

The plane displacements of this project are observed applying geodetic surveying by total station.
The coordinate of the device center is set as (X0,Y0,HO), the azimuth from the device center to the
target point is B, and the horizontal distance from the center to the monitoring point is D. The root
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mean square error of the plane coordinate components of monitoring points can be obtained by error
propagation rate.

D?sin® bm?
m’ = cos’ bmZ +Tmb (5)
r
D? cos® bmy?
mZ =sin? bm? +Tb (6)

Taking the points (P6, P9, P11) on the principle monitoring section as the instances, the root mean
square errors of coordinate components of monitoring points can be obtained by the equations (5) and

(6), asshownin Table 1.
Table 1 The root mean square error of coordinate components

monitoring root mean sguare error

. azimuth horizontal distance
point X Y
P6 301.4383° 200.262m 0.94 1.00
P9 297.7467° 148.160m 0.52 1.00
P11 298.7731° 166.566m 0.65 1.00

According to theflow diagram in Fig.1, in the case of P6, the original deformation rate components
are analyzed and processed as 3X6=+2.82mm, 3Y 6=+3.00mm. The phased achievements are shown
inFig.3.
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Fig. 3 deformation rate pretreatment(P6)

It can be seen from Fig.3 that the “jump” situation of the deformation rate components for P6 is
inhibited. Thus, the results are capabl e to reflect the deformation rate of this point which ismore close
to the real situation.

Plane displacement analysis. Two methods are adopted to anayticaly characterize the
displacement vectors taking P6 as the example (a=142° ). The first method is a traditional
characterization method of displacement vectors under the surveying coordinate. The second method
is the direct projection characterization method which is studied in this paper, and the result of it is
shown in Table 2.
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Table 2 Comparison table of displacement vector characterization

The first chracterization
The second

Moni;;zlng ANAX (mm) AAY (mm) method chracterization
diplacement (mm) azimuth(° ) method (mm)

2/18 0.00 0.00 0.00 0.00
3/1 -0.05 1.20 1.20 92.44 0.78
3/8 -1.84 2.05 2.75 131.98 271
3/23 -3.12 2.12 3.77 145.87 3.76
3/30 -4.44 2.13 493 154.35 481
4/5 -5.72 2.46 6.23 156.68 6.02
4/13 -5.74 2.96 6.46 152.69 6.35
4/21 -5.57 2.33 6.04 157.27 5.83
4127 -7.68 155 7.84 168.61 7.01
5/6 -9.91 111 9.97 173.61 8.49
5/12 -8.14 -0.37 8.15 182.59 6.19
5/29 -10.03 0.25 10.04 178.54 8.06
6/7 -9.30 -1.28 9.39 187.86 6.54
6/16 -9.60 -2.27 9.87 193.27 6.17
6/22 -8.62 -2.63 9.01 196.99 517
7/1 -9.42 -1.43 9.53 188.62 6.54
7/13 -7.59 -2.34 7.94 197.17 4.54
7120 -9.20 -5.06 10.50 208.80 4.14
7127 -8.79 -3.20 9.36 200.02 4.96
8/6 -10.02 -4.16 10.85 202.55 5.33
8/14 -9.52 -4.86 10.69 207.05 451
8/23 -10.92 -4.36 11.76 201.77 5.92
8/30 -11.22 -5.56 12.53 206.37 5.42
97 -10.96 -4.39 11.81 201.82 594
9/15 -13.72 -2.68 13.98 191.05 9.16
9/22 -16.02 -4.68 16.69 196.29 9.74
9/28 -13.92 -5.98 15.15 203.25 7.29
10/7 -12.42 -5.68 13.66 204.58 6.29
10/15 -10.72 -6.38 12.47 210.76 4.52
10/22 -8.72 -6.98 11.17 218.68 2.57

At present, the first characterization method is widely used. Nevertheless, the characterization
process includes displacement coordinate calculation, displacement quadrant calculation and
displacement azimuth matrixing while the characterization results have to be assisted by displacement
azimuth and drawings to express intuitively. Based on the projection principle which is same to the
first characterization method, the components are directly projected onto the main deformation
direction with resultant calculation. Thus, this type of analytic calculation is more simple and the
result of it is more intuitively. As shown in Fig.4, the deformation development trend of monitoring
points can be determined by the process line of displacement vectors of the main deformation
direction.

260



1200

10.00

2.00

A i
deformation  6.00 "‘-.“\/ Vaa /
S y M NNT
4.00 ’/2 \
2.00

a.00

218 3/8 3w 444 4418 BA4 BS19 643 618 TSI TA1E Bf2 0 BALT 841 816 1041 10416 10431

—#— dizplacement vector{mim)

Fig. 4 Cumulative deformation process of points

It can be seen from Fig.4 that the plane displacements of P6 has experienced three stages. Thefirst
stage was from 18 February 2014 to 6 May 2014. The anchor cables of the treatment project have not
been tensioned. The tangential angle of deformation rate for this point a became smaller and the slope
was in theinitial deformation stage. The second stage is divided into two phases. The first phase is
from 6 May 2014 to 3 August 2014. In this phase, the anchor cable began to be tensioned and the
monitoring dataindicated that the deformation trend was restrained and the slope tended to be stable.
The second phaseisfrom 3 August 2014 to 22 September 2014. This phase was impacted by therare
heavy rain in the northeast of Chongqging. The deformation rate increased unexpectedly. The relevant
information was fed back to the design and construction units immediately and the designers decided
to construct the second row of anchor cables. The three stage is from 22 September 2014 to 22
October 2015. This stage is the period of tension construction for anchor cables. The monitoring data
showed that the deformation developed towards the negative direction, which explained that the
expected results were obtained by anchor cable construction and the accelerated deformation trend
was removed.

Conclusion

In the field of geological hazard, ground displacement monitoring is the most common and
effective monitoring method. At present, the traditional method, resultant of displacement
components, is widely used by techniques. The displacement vectors are characterized by
displacement scalar and displacement azimuth. The disadvantages of this method is the complex
calculation and analysis, and it is failed to obtain the intuitive results. In the case of a high slope in
Chongging reservoir in the Three Gorges, the direct projection characterization method is discussed
in this paper. After gross error elimination and single-noise separation of the observed displacement
components, the deformation components are directly projected onto the main deformation direction
to characterize the displacement conditions of monitoring points along the main deformation
direction. The practice proves that applying the direct projection characterization method turns
calculation and analysis to be more simple and efficient and makes characterization more reasonable
and intuitive. It is able to serve the system “dynamic design and informatization construction” better
and has an application value for engineering practice.
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