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Abstract

Early warning combined with engineering practices is necessary because landslides generally happen during expressway
tunnel excavation. This study proposed a prediction method based on grey catastrophe theory and microseismic
monitoring system to realize early warning for tunnel landslides. First, a microseismic monitoring system was installed in
the excavated tunnel. Data on the precursory signal of surrounding rock instability such as micro-fracture and
deformation caused by tunnel excavation were collected and preliminarily predicted according to the grey theory. Hence,
a grey catastrophe prediction model was established to predict the occurrence of disasters. Second, the monitored
precursory earthquake source points of instability and damage such as tunnel surrounding rock rupture and deformation
were determined according to the basic principle of microseismic monitoring and positioning. Possible locations where
disasters could happen were then predicted. Results demonstrate that the predicted landslide time and location of an
expressway tunnel are close to the actual situation, and the system can realize accurate warning for tunnel landslides. This
study provides a reference for real-time landslide prediction in tunnel excavation.
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1. Introduction

Landslides often happen in tunnel construction and seriously
affect construction safety and progress or even lead to injury
or death. Therefore, landslide prediction and warning is of
great importance. Many uncertain factors lead to landslide.
Despite strict management and safeguard measures, the
inaccurate prediction of time and location can prompt this
phenomenon. Tunnel landslide is a complex, highly
nonlinear scientific problem that wusually has the
characteristics of large displacement, non-uniformity, and
nonlinearity. The development of tunnel landslide is mainly
manifested by the displacement, stress, strain, energy, and
acoustic emission of surrounding rocks.

Numerous studies have been conducted on tunnel
landslide in excavation. After deformation, the surrounding
rocks are in a plastic state and thus exhibit the above-
mentioned nonlinear characteristics. Some complex
mechanical behaviors such as bifurcation and sudden
changes occur in the system [1]. The traditional mechanical
method used to predict the instability of surrounding rocks
cannot determine the mechanical parameters and loads and
does not recognize the calculation formula and mechanical
model. Hence, the prediction effect cannot meet engineering
requirements[2]. The complex load path of surrounding
rocks in tunnel excavation brings some difficulties to
prediction. Moreover, geological conditions and rock mass
occurrence in different places are unknown. Owing to this
limited understanding, some parameters of surrounding rock
medium and their mutual relations are inaccurate, and the
understanding of fracture instability mechanism is
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inconsistent. Therefore, this research field is in an uncertain
state with incomplete information. The instability of tunnel
surrounding rocks follows a grey process, and the
microseismic event rate of surrounding rocks in the future
predictable period cannot be calculated [3-6]. Therefore, a
nonlinear scientific method is suitable to predict the
instability of surrounding rock in tunnel excavation.
Accurately predicting tunnel microseismic events during
construction and determining the time and place of landslide
are an urgent problem that must be solved.

In this study, a GM(1,1) mathematical model was
established by using the grey catastrophe theory model and
used to analyze actual projects under construction for the
accurate prediction of the time and locations of landslides.
The microseismic monitoring system based on the grey
catastrophe theory was also applied to predict the time and
locations of landslides induced by tunnel excavation. By
combining the nonlinear theory and the advantages of
microseismic system, this model can foresee the time and
locations of tunnel landslides and overcome the
shortcomings of the above-mentioned methods in the
prediction and early warning of narrow areas. The results
provide reference for accurately predicting the time of
landslides during tunnel excavation.

2. State of the art

Many studies have been conducted on early warning for
tunnel landslides, such as numerical study of mathematical
model, analysis of field detection data, and comprehensive
research combining theory and practice. Wang Yingchao[7]
established a spatio-temporal prediction model for tunnel
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landslides based on stress transfer and grey-cooperative
nonlinear theory; however, this model failed to create a
prediction. Xu Chuanhua[8] explored the nonlinear stability
of rock mass according to the dissipative structure theory
and revealed the instability process and failure mechanism.
They also proposed the analysis method and instability
criterion. However, the field monitoring data were basically
obtained from the typical section of the excavated tunnel.
This point-to-surface method has the limitations of small
measurement area in the radial direction of the tunnel and
limited monitoring coverage in the axial direction. Jiang
Anan, Cheng Xuejun, and Li Changhong[9-12] successfully
used a nonlinear prediction model based on acoustic
emission parameters. Theories are powerful tools and
mathematical basis for solving complex and nonlinear
problems such as disasters induced by tunnel excavation.
However, no directional analysis has been conducted on
microseismic event collection. Hu Jingyun[13] discussed the
stability of typical large and complex mined-out areas but
did not consider the tunnel after exploration. Mirag Eren[14]
added the dimension of time to the grey relational analysis
algorithm and used the multi-attribute decision analysis
method. However, this strategy was not applied to the actual
project. According to Delgado [15], the grey theory method
considers the uncertainty in analysis, and its effectiveness
has been verified in an actual application. Azadeh
Dabbaghi[16] analyzed experts’ qualitative judgments
combined with the grey system theory and developed
organizational strategic plans, and this study was conducted
at the management level. Memon[17] combined the theories
of grey system and uncertainty that did not require
probability distribution or fuzzy membership function.
However, practical engineering cases were not considered.
The model established by Fabozzi[18] showed that early
warning system based on field threshold is the most suitable
earthquake risk mitigation measure. Studies on the
prediction of instability under strong earthquakes did not
consider creep under microseismic conditions. Abraham
Minu Treesa[19] realized early warning for tunnel landslides
by using MEMS. Early warnings are published when the
critical conditions of two parts of the system are exceeded.
However, no study had applied this strategy for actual
construction projects. Barbieri[20] believed that necessary
tools should be provided in tunnel excavation, including
real-time automatic monitoring system with threshold alarm
combined with emergency procedures and coordinated with
infrastructure owners. However, secondary analysis cannot
be performed based on the theoretical model. Gomez
Judit[21] implemented distributed optical fiber sensor
system in a subway tunnel for structural health monitoring
and compared it with the theoretical model of field structural
conditions. The reliability of the early warning system was
also studied, but the relationship between the establishment
of grey theoretical model and microseismic events was not
examined. Ahmed[22] analyzed the soil deformation caused
by tunnel excavation and its influence. He believed that the
main challenge for the new tunnel is to monitor and mitigate
the surface disturbance that might affect the existing
structure. Therefore, he conducted an analysis through field
data and numerical simulation but failed to investigate the
critical points of landslides. Li Shulin[23] analyzed the data
of precursory focal mechanism solution combined with the
microseismic moment tensor theory and judged the fracture
type of engineering rock mass but failed to predict the time
and place of landslide. Verdon[24] conducted a case study
according to the actual situation and demonstrated how to
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use the L-shaped downhole fiber array to monitor
microseisms. A relatively simple method was applied to
detect events from continuous waveform data, and a
workflow was developed. However, comprehensive analysis
was not conducted in combination with the grey theory.
Considering the difficulty and low accuracy in locating
micro-seismic sources in the surrounding rock of deep
tunnels, Wang Jianfeng[25] used heuristic algorithm—gravity
search algorithm to search for micro-seismic sources in the
surrounding rocks of tunnel and compared the search results
from the algorithm, particle swarm optimization, and
simplex method. However, the grey theory was not
employed for comparative analysis.

These theories are powerful tools and mathematical basis
for solving complex and nonlinear problems such as
disasters induced by tunnel excavation. However, the above
studies failed to use the proper method to explore the
practical application of grey theory. Only a few works on
disaster prediction in tunnel excavation had employed a
microseismic monitoring system and applied the grey
catastrophe theory. In the present study, grey theory
combined with microseismic event collection was adopted to
develop a calculation model for microseismic event rate. A
field implementation scheme of microseismic system was
also discussed. Microseismic wave velocity was collected
and analyzed. A catastrophe model was also established
through fitting curve and transformation to provide a basis
for studying the time and place of tunnel landslides.

The remainder of this study was organized as follows.
Section 3 describes the structure of the microseismic event
rate model based on the grey theory, the field
implementation scheme, and the determination of
microseismic wave velocity. Section 4 presents how the
function sequence was established based on the above model
and how the prediction value and prediction error of
microseismic event rate were obtained. The time of
instability of surrounding rock was also determined, and the
specific location was predicted. Finally, section 5 discusses
the summary and conclusions.

3. Methodology

The microseismic event rate of surrounding rock instability
precursor signals such as micro-fracture and deformation
caused by tunnel excavation was calculated following the
basic principle of microseismic monitoring system. A GM
(1,1) model of on-site monitoring data was established, and
the frequency of microseismic events in the next working
period of rock was predicted. Dynamic information was
provided, and a model was established for data acquisition.
The catastrophe model was obtained through fitting curve
and transformation, and the time of disaster was predicted.
Following the basic principle of microseismic monitoring
and positioning, the precursory earthquake source points of
rupture and deformation of tunnel surrounding rock were
located. Finally, the time and location of the final disaster
were predicted according to the catastrophe theory for the
forecast and prevention of disasters.

3.1 Project Overview

The separated tunnel is a deep-buried extra-long tunnel with
a left-right distance of 40 meters and a total length of 5000
meters. The maximum buried depth is over 300 meters. The
tunnel section has a loose structure with poor shear strength
and thus is prone to landslide.
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3.2 Construction of grey theoretical model
The microseismic event rate is predicted by establishing a
grey theory model.

First, the microseismic event rate, which is a data series,
was established based on the order of time. In time
series #,t,,13,...t,, the number of microseismic monitoring

events iS Xy, X,X3,...X,,.

Let x° = (x°(1),x°(2),x°(2)..x°(n) (1)

A simple summation sequence was randomly generated,
x!,and

x =), X' (2), X' (2)..x! (n) ()

The whitening differential equation of GM(1,1) model is
as follows:

1
x
= raxt =1

dt 3)

The following function sequence of GM(1,1) was
obtained as follows:

0 _1_,a 2 —a(k-1)
x°(k)=(0-e )(xo )+ . Je @

The microseismic event rate was predicted by using

equation (4) and processed into power series by curve fitting:

y=ayt+aqt+ a2t2 + a3t3 + a4t4

®)

where ay,a;,a,,a3,a4 are the coefficients to be

determined, and yis the microseismic event rate at ¢ .

The cusp catastrophe model was obtained through
differential homeomorphism transformation by transforming
equation (5):

y=x4+ux2+vx+c (6)
where,
a a a a
u =—6p2 +—2,v=8p3 +2p=2 4+ p="
ay ay ay 4a4

where x is state variable, and u and v are control variables.
The important parameters were determined. For
microseismic monitoring and prediction, y is the

microseismic event rate of microseismic monitoring; x is the
mechanical parameter of the mechanical process, u# and v
reflect the parameters related to the mechanical process and
microseismic monitoring, respectively; and c is a constant.
Equation (6) was derived to obtain the equilibrium surface
equation:

@

4x + 2ux +v=0

In Equation (7), the relationship equilibrium surface
between state variable x and control variables u and v is a
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singular point set, and the control variable surface is a
bifurcation set. The equation is as follows:

8u® +27v =0 ®)
x changes steadily with the constant changes of two
parameters u and v in the control variable plane. When the
control point crosses the bifurcation point set, x is bound to
jump suddenly. The judgment criterion was expressed as
below:
F =8u’ +27v? ©)
When F>0, the rock mass is stable. When F=0, it is in a
critical state. When F<0, the rock mass is unstable.

3.3 Field implementation of microseismic system

Rock mass data were collected by using BMS high-precision
microseismic monitoring system to determine the inelastic
deformation, released energy, and time parameters of micro-
fracture. Figure 1 shows that when the surrounding rocks
were damaged, the released energy triggered the embedded
geophone with elastic waves. Owing to the difference in the
distance between the seismic source and the geophone, the
time when the seismic wave propagates to the geophone also
varied. Seismic source location and energy calculation were
conducted according to the time difference for each
geophone.
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Fig. 1. Schematic of microseismic monitoring

1#
_L-Invert construction
g i

1 Optical cable  Monitoring substation
Mountain

ey
monitoring room |

|
|
|
|
Open cut tunnel
| Troll
|
|

%

7%

|
|
I
I
I
I [ Acquisition platform
I

[T AT I

Analysis platform

Fig._ 2. Schematic of field layout

A cable with eight core

~2)

Left geophon | ]

r/g

[~Right side detector

Eight way box

Jonitoring substation A cable with eight oére

Fig. 3. Section of geophone layout

Microseismic monitoring is rarely used in tunnel
construction. Hence, the proposed system for tunnel
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excavation combining the characteristics of tunnel
construction technology and microseismic technology must
be implemented gradually. Considering the characteristics of
tunnel construction, the left and right lines were constructed
separately. The monitoring substation was installed on the
right line of the tunnel and was moved forward with the
advance of the working face. During the monitoring of the
right-line tunnel, the monitoring substation continuously
records the disturbance caused by the excavation of the left-
line tunnel and the rock mass around the geophone for 24
hours to ensure the safety of tunnel construction. The layout
area spanned from the face to the second lining (Fig.2), and
the sensors were mechanically arranged. The distance
between the monitoring points was 15 m to 20 m, and the
geophone was arranged on the primary lining (Fig.3).

3.4 Determination of microseismic wave velocity
Microseismic wave velocity was determined through
blasting calibration. The calibration method is as follows.
When blasting occurs, microseismic events are automatically
collected by the microseismic system, and the arrival time of
the corresponding geophones can be obtained through
analysis. The spatial coordinates of blasting source and each
geophone were measured with instruments. Given the time
and distance, time difference, and distance difference
between each monitoring point and the seismic source, the
values can be solved by using simultaneous equations.
Therefore, the propagation velocity of the microseismic
waves in the rock mass can be obtained. Mean value was
calculated by screening multiple groups of wave velocities.
The waveform was collected manually, and the arrival time
of microseismic wave at each monitoring point was obtained
as shown in Table 1.

Table 1. Time summary of the vibration waves produced by
blasting

Monitoring Geophone coordinates Arrival
points Coordinate | Coordinate | Coordinate time
of axis X of axis Y of axis Z
24 208.6199 154.9804 3.1 1027
3# 184.6127 142.6259 3 1015
44 197.9913 149.4096 2.1 1017
T# 217.2245 145.671 33 1019
8# 189.2063 131.4952 3.5 1024
o# 204.3691 139.1829 2.5 1019
Blasting 121.6081 | 57.5003 8.1 0
source

Average values were obtained, and the wave velocity was
4.561 m/ms.

4 Results and Discussion

4.1 Prediction of disaster time
With the above theoretical model, the tunnel construction
process can be dynamically monitored in a large area to
predict the microseismic event rate. The values of a and b
were obtained by the least square method and the extreme
value (see Table 2).

The first-order whitening nonlinear differential equation
of GM(1,1) model is as follows:

U _0.4669%, = 0.0173
dt
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The time response function sequence of GM(1,1) model
is as follows:

xo (k) =1.10520-4669(k=D)

The predicted value and error of microseismic event rate
were calculated and are shown in Table 2.

Table 2. Measurement and prediction of microseismic
events

Microseismic  event
. rate Predicti
Tm.le Date GM on error
series Measure Predicte (%)
value
d value
1 November 2nd 3 3.00 0.00
2 November 3rd 2 1.81 -9.64
3 November 4th 4 2.88 -27.94
4 November 5th 7 4.60 -34.32
5 November 6th 5 7.33 46.67
6 November 7th 15 11.70 -22.02
7 November 8th 18.66
8 November 9th 29.76
9 November 10th 47.47

A curve was drawn and is shown in Fig. 4.

Microseismic event rate

—8— Measured value
—e— Estimate

T rrr rr < rTUrYeYrTreYroerrT—rT1
Time series

Fig. 4. Comparison of monitoring and prediction data

The 7th, 8th, and 9th predicted values were substituted to
the mutation model, and a; was calculated using the least
square method to obtain u, v, and F. Table 3 lists the
prediction values for 3 continuous days.

Table 3. Prediction results of tunnel landslide

Time Whether
. Date u v F landslide
series
happens
9 November 8" | 2.28 | 4.94 1107.322 | NO
10 November 9% 5'70 5.07 1242.07 | NO
1 II\I(;?,Y ember 255 | -343 | -147.206 | YES

The calculation results revealed that on November 10,
F<0, a landslide will happen on the surrounding rock of the
tunnel. This prediction is close to the actual tunnel landslide
at 21:53 on November 10, 2011.

4.2 Prediction of disaster location

In tunnel construction, microseismic events have the same
frequency as the surrounding rock movement, that is, the
distribution area coincides with the movement field and the



Pengfei Luo, Changhong Li and Liu Bo/Journal of Engineering Science and Technology Review 14 (2) (2021) 192 - 197

high stress difference area of the surrounding rock. The
precursory microseismic event rate of the surrounding rock
instability of the tunnel was predicted by using the grey
catastrophe theory model, and the occurrence time of the
surrounding rock instability was also obtained. In this part,
the precursory microseismic events were located, and the
place where the surrounding rock failure and instability will
happen was predicted. The positioning results from the data
analysis of surrounding rock fracture event from November
1, 2011 to November 8, 2011 are shown in Fig. 5.
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According to the above monitored microseismic events,
the microseismic rupture and deformation events were
mainly concentrated at the tunnel exit
RK182+268~RK182~290. With the advancement of the
heading face, the microseismic event rate showed an
increasing trend. The grey catastrophe model of
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microseismic event rate was also analyzed, and the time of
landslide was predicted. On the basis of the spatial
distribution characteristics of microseismic events, the
surrounding rock landslide induced by tunnel excavation
was  predicted to be mainly distributed at
RK182+268~RK182~290. At 21:53 on November 10, 2011,
the right line of the tunnel of LJ4 contract section of an
expressway was constructed to RK182+267.6. The tunnel
collapsed, the primary support at the upper step
K182+287~K182+267.6 (19.4 m) and the left side of the
lower step K182+282.6~K182+287 (4.4 m) also collapsed,
and roof failure was formed.

This finding is in good agreement with the location of
landslide analyzed by the microseismic monitoring system.
Many gullies and fissures were found on the surface of the
tunnel, which crossed a fold. Stress concentration resulted in
rock stratum breakage and joint development at the fold axis
and inflection point of both wings, which is also the
dominant position of fault development. This phenomenon
influenced the stability of the engineered tunnel.

5. Conclusions

Tunnel excavation was monitored by using a microseismic
monitoring system to accurately predict the time and
location of landslides. The monitoring data were predicted
according to the grey catastrophe theory model. The
following conclusions could be drawn:

(1) The microseismic event rate comprehensively reflects
the deformation and fracture of the surrounding rock system
of the tunnel, and its size indicates the damage degree of
rock medium. A grey catastrophe theory model is
established to predict the development trend of surrounding
rocks.

(2) During construction, the microseismic events have the
same frequency as the surrounding rock movement. Hence,
the movement of the surrounding rocks can be predicted
according to the microseismic events.

(3) On the basis of the microseismic event rate monitored
by the microseismic system, a grey catastrophe model is
successfully established to effectively predict the occurrence
time of tunnel landslides. According to the principle of
microseismic monitoring and positioning, the location of
landslide can be accurately predicted.

(4) The microseismic monitoring system can monitor the
disasters induced by tunnel excavation in a wide area and
with high precision. This innovation advances the
development direction of tunnel disaster monitoring.

On the basis of field monitoring and theoretical study,
the method of combined grey catastrophe theory and strong
earthquake monitoring system was proposed. The
established prediction model is simplified and close to field
reality and thus can accurately determine the time and
location of landslides and provide reference for predicting
disasters induced by tunnel excavation.
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