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Shaft linings in thick weakly cemented stratum have the disadvantages of large deformation and repeated damage after repair.
Considering the typical geologic characteristics and the failure characteristics of shaft linings, we establish a multilayer
automatic deformation monitoring system in this paper, and the monitoring system can realize the real-time, continuous, and
long-term dynamic monitoring on shaft linings. Based on the concrete strength failure criterion under biaxial compression
and the analytical solution for spatially axisymmetric problem of thick-wall cylinders, the damage limit of the shaft lining in
Xieqiao coal mine is obtained. *en, we choose three sections as the test area according to the typical damage forms of shaft
linings to carry out the monitoring scheme on the auxiliary shaft in Xieqiao coal mine. *e monitoring results show that the
extreme value of the shaft lining deformation is 2.369mm. And the shaft lining located in the border between the floor aquifer
and the bedrock generates the most severe deformation, which is about 89.4% of the deformation limit. *e shaft lining
deformation increment fluctuates in certain range, which belongs to elastic deformation. Finally, we inverse the stress state
according to the deformation value of the shaft lining, and the obtained additional stress is found to be lower than the ultimate
compressive strength. Long-term project practice confirms that the deformation monitoring results can reflect the real stress
condition of the shaft lining and that the monitoring system can realize the real-time dynamic evaluation for the status of the
shaft lining.

1. Introduction

*e surface soil of weakly cemented stratum is usually
a deep, loose sedimentary layer that is mostly composed of
the Tertiary and Quaternary unconsolidated sediment, while
the bedrock section is mainly sand layer that is rich in water
and low in rock strength [1–3]. Under the action of the
aquifer seepage compressive deformation, the covering soil
is more prone to water-losing compression deformation
[4, 5]. *erefore, the coupling effects of creep and damage of
concrete and rock mass, formation seepage and freeze-thaw
effect can lead to fatigue accumulation of shaft linings, and
cause their overlarge local deformation. *en, the annular
fracture zone is formed due to the damage accumulation of
the concrete lining. As time goes by, the accumulation of
disaster conditions will finally induce the occurrence of

geological disasters. For example, in 1995, an accident
happened at the twenty-year-old west airshaft in Xin-
glongzhuang coal mine. *e stone of the lining was sheared
along the stripping surface, and the peeling heights reached
100∼200mm.What was worse, the transverse reinforcement
was exposed, and the cracks water inflow reached 20m3/h,
which caused an economic loss of millions of RMB [6].
According to incomplete statistics [7, 8], over one hundred
shaft linings have ruptured (damaged) in China since 1980s.
However, shaft linings are usually in service for a long time
before routine maintenance, so that their deformation and
destruction are always concealed and abrupt. Once they are
damaged, the failure may evolve into a collapsed disaster,
bringing huge losses of lives and property.

*e prediction and evaluation of the deformation and
failure of shaft linings have an important significance for
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effectively avoiding special engineering geological disasters in
mines. One effective way is to establish mathematical models
and numerical simulationmodels to predict the fracture limit
of shaft linings. For example, Liu et al. proposed a nonlinear
prediction and discrimination method for the nonmining
fracture of shaft linings [9, 10]. Based on combination
technology, Shao and Zhang established a KNN prediction
model for the deformation and failure of shaft linings, and
the model was verified with testing data [11]. Considering the
multiple factors of shaft deformation damage, Yuan et al.
established a genetic algorithm-support vector machine
model for the nonmining fracture prediction of shaft linings
and provided a new way for the quick and accurate pre-
diction [12]. Taking the elasticity theory as a foundation,
Zhang et al. established a mathematical model for the de-
struction prediction of shaft linings by MATLAB and then
carried out forecast analysis on the force distortion of shaft
linings [13]. *eir results demonstrated that the stress and
deformation of shaft linings could be predicted and analyzed
by the model. By virtue of the application examples of main
shaft, auxiliary shaft, east airshaft, and west airshaft in
Xinglongzhuang coal mine, Xu et al. evaluated the shaft safety
by the method of the improved experience fitting and the
multivariate statistical distance discriminant [14]. In addi-
tion, Chen et al. analyzed the stress and strain relationship,
the range of plastic zone, the shaft shape, and the time of shaft
lining destruction by numerical simulation [15–17]. It is
noticed that the deformation and failure of shaft linings in
weakly cemented stratum is a gradually varied, dynamic
process under comprehensive effects. Hence, both theoretical
calculation and numerical simulation methods have some
limitations in the prediction of shaft failure. To be specific, in
the course of theoretical calculation, a large number of as-
sumptions must be applied to idealize complex problems;
while in numerical simulation, some factors such as dynamic
disturbance and spatiotemporal effect are usually ignored,
which may result in a certain deviation between the calcu-
lated results and the actual results.

Microdeformation monitoring, as a dynamic and real-
time testing technology, can be an extremely important
means for engineering disaster prevention and control
[18–22]. Especially, in the field of deformation monitoring,
Chai et al. proposed a deformation monitoring method
based on the fiber Bragg grating technique and established
the strain transfer relationship between fiber Bragg grating
and shaft lining [23–26]. *eir proposed method can predict
the actual stress-deformation and provide a basis for the
prediction of shaft failure. Xu et al. set the monitor location
through orthogonal tests and achieved the goal of full-depth,
multilayer, and intelligent monitoring [27]. However, the
information level of shaft lining monitoring in China is still
much lower than that of water conservancy, bridge, and
other engineering fields. Firstly, the testing environment is
complex and harsh, and the requirement for testing accuracy
is high for shaft linings. Secondly, there are some un-
certainties for the damage location of shaft linings.*irdly, it
is difficult to authentically implement dynamic feedback of
the obtained data for the monitoring system due to the lack
of intelligence.

Current research shows that there is always a big obvious
deformation before the deformation and failure of shaft
linings [28, 29]. Hence, based on the comprehensive analysis
of formation characteristics and existing engineering practice,
in this paper, we establish an intelligentmonitoring system for
the real-time dynamic monitoring of shaft linings in the
weakly cemented stratum. Combined with a theoretical
model, we predict the deformation limit value of shaft linings.
Furthermore, by virtue of the deformation monitoring sys-
tem, we grasp the deformation regularity of shaft linings and
successfully predict the failure location. It is believed that our
work has important significance for shaft lining disaster
control in weakly cemented stratum and similar stratum.

2. Characteristics of Weakly Cemented Stratum

Xieqiao Coal Mine is located in Xieqiao Town, Yingshang
County, Fuyang City, Anhui Province of China. *e
thickness of the weakly cemented loose layer (topsoil layer)
is 310.5m, and the bottom aquifer has a thickness of 60m.
*e auxiliary shaft was built in 1991, and the design pa-
rameters were 772.2m in depth and 7.6m in net diameter.
*e topsoil section of the shaft lining was made of double-
layer reinforced concrete sidewall with a thickness of 1.1 to
1.8m, while the bedrock section was ordinary plain concrete
with a thickness of 800mm.

*e bedrock of Xieqiao coal mine is covered by thin
Cenozoic loose layer with a thickness of 390.35 to 509.10m.
*emainmineral composition of the weakly cemented loose
layer is the “secondary mineral” (the products of rock
weathering), ranging in the thickness from 50 to 500m. *e
loose layer consists of a number of aquifer and aquiclude
along the stratum depth, as shown in Table 1.

According to the Mohr–Coulomb criterion [30–32],
the main indicators reflecting the strength of rock soil
include elastic modulus E, cohesive force c, and internal
friction angle φ. As shown in Figure 1, the variation in
strength index of saturated clay is not linear with the
increase of formation depth in weakly cemented stratum
[33]. *e strength parameters of the stratum fluctuate
up and down with the increase of the depth. *at is,
the weakly cemented stratum has obvious delamination,
and the strengths of different layers are quite different. As
a result, there will be a strength difference surface between
two layers. Correspondingly, the location with the maxi-
mum strength difference along the shaft depth is the most
prone to deformation and failure.

3. DeformationLimit of Shaft Linings inWeakly
Cemented Stratum

3.1.UltimateForced StateResponseModel for theDeformation
Failure of Shaft Linings. According to the characteristics of
nonmining deformation failure of shaft linings, it is in the
state of three-dimensional stress and its damage is the result
of the vertical pressure, radial pressure, and circumferential
pressure [34, 35]. *e radial pressure of the internal wall is
zero, that is, it is in the state of two-dimensional stress.
*erefore, the deformation failure of the shaft generally
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Table 1: Structural composition of the weakly cemented stratum in Xieqiao mining area.

Stratum Depth (m) Stratigraphic distribution Parameters Lithology

1st aquifer 26 q � 0.021∼0.603 L/s·m Medium fine powder

1st aquiclude 25 IP � 17∼22 Sandy clay

2nd aquifer 65 q � 0.199∼2.73 L/s·m Medium fine sand

3rd aquifer 175 k � 3.22∼12.14m/d Medium coarse sand

2nd aquiclude 70 IP � 18∼29 Clay

3rd aquiclude 40 IP � 20∼30 Clay

4th aquifer 50 q � 0.524∼1.935 L/s·m Medium coarse sand

4th aquiclude 20 — Cemented clay

q is the unit water inflow, K is the permeability coefficient, and IP is the plasticity index.
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Figure 1: Variation of rock-soil parameters with buried depth. (a) Elastic modulus; (b) friction angle; (c) cohesion.
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develops from the internal wall and then gradually extends
to the outer wall. When the inner wall ruptures, the exposed
shaft lining is still in the state of bidirectional compression.
*erefore, the strength failure criterion of concrete under
bidirectional load, i.e., the fourth strength theory (energy
theory), can be adopted to determine the ultimate state of the
shaft lining as shown:

������������

σ23 + σ22 − σ2σ3


≤ σa, (1)

where σ2 is the second principal stress, MPa; σ3 is the third
principal stress, MPa; and σa is the design strength of
concrete, MPa.

*e shaft lining can be assumed to be a spatial axi-
symmetric thick-wall cylinder with uniformly distributed
pressure at both ends and linearly distributed pressure in the
longitudinal direction along the depth [36–39], as shown in
Figure 2.

For thick-wall cylinders, the uniform load P at the top is

P �
ur�ra

E

μra
−
2Krar

2
b

r2b − r2a
(H + h), (2)

where ur�ra
is the radial displacement; K is the slope of the

lateral pressure along the longitudinal distribution,
which generally takes 13 kN/m; H is the buried depth of
the bottom aquifer; h is the thickness of the bottom
aquifer,m; μ is Poisson’s ratio of thick-wall cylinders; E is
the elastic modulus of thick-wall cylinders; and ra and rb
are the diameters of inner and external sidewalls, re-
spectively, m. Here, K � q/H, where q is the lateral
pressure of the lining.

*e longitudinal load of the shaft is mainly composed of
the deadweight G and the superposition of the additional
stress for thick topsoil layer σA, namely, P � σA + G. Herein,
G � cc · H, where cc is the concrete gravity and generally
takes 25 kN/m3. *erefore, the superposition of the addi-
tional stress can be obtained as follows:

σA �
ur�ra

E

μra
−
2Krar

2
b

r2b − r2a
(H + h)− ccH. (3)

According to existing engineering experience, the border
between the floor aquifer and the bedrock segment of the
shaft lining in weakly cemented stratum is prone to de-
formation and failure; that is, the lining located between the
topsoil and the bedrock is easiest to be destroyed. *e stress
state in this region can be expressed as [40]

σ1 � σr�ra
� 0,

σ2 � σθ r � ra �
2Kr2b

r2b − r2a
h +

2qr2b
r2b − r2a


,

σ3 � σz�H+l � ccH + σF,

τrθ � 0,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(4)

where σ1, σ2, and σ3 are the first, second, and third principal
stresses of the shaft lining, respectively, σr is the radial stress,
σθ is the tangential stress, σz is the axial stress, and τrθ is the
tangential strain.

*e limit state means that the internal pressure on the
reinforced concrete of internal wall reaches the ultimate
compressive strength. Here, the vertical stress σz is the
vertical ultimate bearing capacity of the internal wall. *us,
it can be seen that

������������

σ2z + σ2θ − σzσθ


� σa. (5)

When σz reaches the largest value,

σz �
σθ
2
±

��������
4σ2a − 3σ2θ



2
.

(6)

Substituting Equation (4) into Equation (6), we can
obtain the additional stress of the shaft lining under the limit
state, which can be expressed as

σA �
Kr2b

r2b − r2a
(H + h) +

�������������������

σ2a −
3K2r4b

r2b − r2a 
2(H + h)

2




− ccH.

(7)

3.2.Deformationof the InternalWall of ShaftLiningsunder the
Ultimate Damage. *e buried depth of the floor aquifer of
the auxiliary shaft in Xieqiao coal mine is 430m, and the
main parameters are shown in Table 2.

Taking the above parameters into Equations (2) and (3),
σA can be expressed as

σA � 6.003 × 104ur�ra
− 85.9(unit: MPa). (8)

Similarly, according to Equation (7),

σA � 56.315 MPa. (9)

*us, the deformation value ur�a of the internal wall
under the ultimate damage is 2.369mm.

P

ra

rb

q q

Figure 2: Axisymmetric calculation model of the thick-wall
cylinder.
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4. Deformation Monitoring System of
Shaft Linings

4.1. Test System. Shaft deformation monitoring system is
composed of data acquisitionmodule (multichannel wireless
static strain gauge) and sensor system. *e data gathered by
the data acquisition module are transmitted through wires
into static strain gauge. *e strain gauge synthesizes and
analyzes the data and then transfers them into the computer
by wired or wireless modems for further analysis and col-
lection. Based on the real-time monitoring of rock-soil
parameters, the system can determine whether the de-
formation parameters are in the normal working range by
analyzing the data variations.*e overall arrangement of the
test system is shown in Figure 3.*e configuration of the test
system mainly includes host, JM1900USB bus converter,
stabilized voltage supply, displacement sensor, CAT-5E, and
system software.

*e displacement sensor of the test system adopts the
resistive linear displacement sensor. It has the advantages of
linearity, high resolution, and little distortion. Its linearity
accuracy is 0.3%, and the temperature drift coefficient is
1.5 ppm/°C. Considering the damp and leaking working
conditions of the shaft, the displacement sensor uses the
waterproof design. *e waterproof design mainly includes
the air plug type communication cable joint and the silica gel
waterproof sleeve, as shown in Figure 4.

4.2. Test System Layout. In recent years, the causes of shaft
lining damage have been extensively investigated by many
scholars and experts. *rough surveying and comparing the
damage locations of shaft linings, and considering the typical
geological characteristics of the test areas, we set up three
monitoring stations (hereinafter referred to as the test areas)
at the most dangerous location according to the principles of
reducing measurement points, saving costs, focusing on key
points, and striving for innovation. *e three test areas are
the border between the Cenozoic aquifer and the aquiclude
(1st test area), the border between the floor aquifer and the
bedrock (2nd test area), and the top of the ingate (3rd test
area).

Figure 5 shows the inspection station of displacement
sensors of the test system and the distribution of substations
located in the shaft lining. Considering the hydrological and
geological conditions, in order to reduce the testing cost and
alleviate the interference on normal working of the shaft
lining, we combine the theory research and field test or-
ganically so as to reflect the most comprehensive in-
formation with the least test parameters. Since the rock
stratum inclination is the modest and that the distribution of
ground pressure along the shaft lining along the tangential is
symmetrical, we adopt the same way for the three test areas.

In each test area, four symmetric test points are selected, and
the test items include the longitudinal displacement and
radial displacement.

Figure 6 shows the layout of the test components. An
intelligent control substation detector is set in each test area,
which is in charge of the regular testing and timing sampling
for the measured point. *e measured data will be trans-
mitted to the terminal station on the ground. *e terminal
station is responsible to send test instructions to each
substation, receive the information from the substation, and
return the test information to the computer. According to
the information feedback analysis, the system can give an
alarm in time when a rupture crisis appears.

4.3. Monitoring and Warning Settings. *e monitoring
system can set the deformation threshold value of the shaft
lining according to the deformation limit value obtained by
the above theoretical model. After the corresponding sensor
exceeds the set alarm threshold value, color or sound alarm
will be generated. According to the deformation degree of
the shaft lining, two stage warning systems can be set up as
shown in Figure 7.

Once the deformation exceeds the upper and lower
normal values, the system will blare out a warning; while the
deformation exceeds the upper and lower warning values,
the system will blare out an alarm.

*e monitoring sections of the test system are connected
by signal cables along the beam to the ground. *e signal
transmission of the test system is shown in Figure 8.

5. DeformationMonitoring System Application

Full-depth deformation monitoring of the shaft not only
means heavy workload but also needs large economic in-
vestment. *erefore, we can select the suitable monitoring
sections based on the hydrogeological conditions and the
shaft structural characteristics. In this sense, we can achieve
the requirement of simple construction economically and
reasonably. *e Mesozoic stratigraphic break in Xieqiao
coal mine and the Cenozoic and Upper Paleozoic is un-
conformable contact. *e total thickness of the upper
Paleozoic Permian Shiqianfeng stratum is 127.1m, in
which the weathered fracture zone is 301.5∼343.3m. *e
below is an intact bedrock segment. *e Quaternary loose
layer of Cenozoic is a loose sedimentary stratum inter-
sected by the riverbed, floodplain, and shallow lake. *us,
the selected test areas can be depicted as follows (see
Figure 9):

(1) *e first test area is located in the border between
the Cenozoic aquifer and aquiclude, which is 280m
from ground surface in vertical depth. *is area is
mainly composed of the medium fine sand, coarse

Table 2: Parameters of the shaft lining in Xieqiao coal mine.

Length
(m)

Internal diameter,
ra (m)

Elastic modulus,
E (GPa)

Poisson’s
ratio (μ)

External
diameter, rb (m)

Concrete internal
friction angle, φ (°)

Compressive
strength, σa (MPa)

Concrete density
(ρ/kg/m3)

772.2 3.8 36.5 0.16 5.7 55 60 2500
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sand, and multiple layers of gray-green clay and
sandy clay.

(2) *e second test area is located in the border between
the floor aquifer and the bedrock (the location of the

large sidewall seat of the shaft lining), which is 430m
from ground surface in vertical depth. *e stratum in
this area is mainly composed of weathered fine
sandstone, clay sand, and weathered mudstone. *e
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power

USB bus
adapter

Power
cord

Host

Sensor

Host

Sensor

Host

Sensor
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Sensor
cable
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USB
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Figure 3: Schematic of the test system.
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Figure 4: Digital photo of the displacement sensor.

Ground

Sha�
bottom

Diameter
7.6 m

4-V.S 4-D.S

Substation

Substation I

Inspecting
workstation

340m

Wellhead

Sha�
lining

Terminal
station

Substation II

Substation III

Figure 5: Test system arrangement of the shaft lining.
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weathered fine sandstone is grayish green clay with
thinmudstone.*e fracture develops, and the fracture
surface is weathered seriously. *e weathered mud-
stone is dark gray, and the cracks are developed.

(3) *e third test area is located at the top of the ingate,
which is 700m from ground surface in vertical
depth. *e stratum in this area is located at the
bottom of No. 25 coal seam. It is mainly composed of
mudstone, sandstone, as well as locally fine, and
medium- and coarse-grained sandstone rock. *e
rock is compact and moderately stable, and the
cracks are undeveloped.

As shown in Figure 9, the test system in Xieqiao coal
mine consists of three test areas, and twelve longitudinal and

radial displacement sensors. *e terminal station is located
at the electrical equipment control room, which is about
70m away from the wellhead. *e eight sensors in each
section are symmetrically distributed.

*e monitoring system can automatically monitor and
store the test data for a long time under the control of the
computer. *e computer in workstation can automatically
display (print) the radial and longitudinal displacement
reports or the variation curves of the shaft lining through
software processing. *e ground station staffs can not only
analyze and evaluate the condition of the shaft lining in time
through the small deformation law given by the computer or
report but also share the reports, curves, and analysis results
of the shaft lining stability.

6. Deformation Monitoring Results and Shaft
Lining Strength Check

6.1. Analysis of Monitoring Results. *e deformation
monitoring system of the auxiliary shaft in Xieqiao coal
mine started running after the installation test in No-
vember 2014, and the deformation was monitored in dif-
ferent time periods. In order to analyze the deformation of
the shaft lining and evaluate the stability of the monitoring
system since the installation of the test system, we process
the test data and obtain the longitudinal displacement and
radial displacement curves of the shaft lining at different
depths.

(i) 1st test area (−280m)

*e test system executes radial and longitudinal dis-
placement monitoring in four directions on the selected
three test areas. *e sensors numbered 1-1, 1-2, 1-4, and 1-6
are radial displacement sensors, and those numbered 1-3, 1-
5, 1-7, and 1-8 are longitudinal displacement sensors, as
shown in Figure 9. *e deformation of the first test area is
shown in Figure 10, where the original point of the number
of days in the figure represents 20th November, 2014. As can
be seen from the figure, the maximum longitudinal de-
formation value of the shaft lining is about 1.5mm and the
maximum radial deformation value is about 0.48mm. *e
deformation of the shaft lining is within the deformation
limit.

(ii) 2nd test area (−430m)

*e test system executes radial and longitudinal dis-
placement monitoring in four directions on the selected
three test areas. *e sensors numbered 2-2, 2-5, 2-6, and 2-7
are radial displacement sensors, and those numbered 2-1, 2-
3, 2-4, and 2-8 are longitudinal displacement sensors, as
shown in Figure 9.*e deformation of the second test area is
shown in Figure 11. As can be seen from the figure, the
maximum longitudinal deformation value of the shaft lining
is about 1.8mm and the maximum radial deformation is
about 1.95mm, which are close to the rupture limit. *e
deformation of shaft lining in this location is the largest,
which is about 82.5% of the limit value of shaft lining de-
formation. Hence, we should pay close attention to strength
monitoring of the shaft lining.
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Figure 6: Layout of test components.
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(iii) 3rd test area (−700m)

*e test system executes radial and longitudinal dis-
placement monitoring in four directions on the selected
three test areas. *e sensors numbered 3-1, 3-3, 3-4, and 3-7
are radial displacement sensors, and those numbered 3-3, 3-
5, 3-6, and 3-8 are longitudinal displacement sensors, as
shown in Figure 9. *e deformation of the third test area is
shown in Figure 12. As can be seen from the figure, the
maximum longitudinal deformation value of the shaft lining
is about 1.12mm and the maximum radial deformation is
about 0.2mm.*e lining deformation is relatively small, and
the shaft lining shows good working condition.

In summary, the shaft lining deformation increment
fluctuates in certain range, which belongs to elastic de-
formation. From the deformation curves, we can see that
the maximum displacement of the shaft lining appears at
the border between the floor aquifer and the bedrock
section in weakly cemented stratum. *e deformation
curves of the shaft lining may reach the peak values within
a period of time, so we should pay close attention to the
deformation during this period. *erefore, during normal
working of the shaft lining, we should strengthen the
subtime subregional monitoring and take active control
and preventive measures to prevent the occurrence of
disasters.
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Figure 10: Radial and longitudinal displacement curves at the first test area (−280m). (a) Radial displacement; (b) longitudinal
displacement.
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Figure 11: Radial and longitudinal displacement curves at the second test area (−430m). (a) Radial displacement; (b) longitudinal
displacement.
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6.2. Shaft Lining StrengthCheck. *emaximum deformation
of the shaft lining appears at the border between the floor
aquifer and the bedrock, and the radial displacement is
1.95mm. According to Equation (3), the additional stress at
this location is

σA �
ur�ra

E

μra
−
2Krar

2
b

r2b − r2a
(H + h)− ccH

� 31.15 MPa< σa � 60 MPa.

(10)

Obviously, the shaft lining has not reached the rupture
limit. *e results show that the deformation and failure of
the shaft lining is a step-by-step process. By real-time dy-
namic monitoring on the deformation of the shaft lining, we
can analyze the stress state of the shaft lining by back analysis
of the deformation.*us, the safe state of the shaft lining can
be evaluated reasonably.

7. Conclusions

(1) *e weakly cemented stratum is obviously stratified,
and the strength parameters fluctuate up and down
with the depth of the stratum. *erefore, a strength
difference surface will be generated between two
layers. *e sidewall is the most prone to deformation
and cause damage at the position where the strength
difference in the depth direction is the largest.

(2) According to the strength criterion of two-way
compressive concrete and the displacement solution
of the axisymmetric problem of thick-wall cylinders,
the deformation value of the inner wall of the shaft
lining is 2.369mm.

(3) *e intelligent deformation monitoring system of
the shaft lining can realize the prediction of
multipoint deformation for deep shaft lining. *e

monitoring results show that the maximum
longitudinal and radial deformation values of the
shaft lining are about 1.8 mm and 1.95 mm,
respectively.

(4) *e maximum displacement of the shaft lining ap-
pears at the border between the floor aquifer and the
bedrock section in weakly cemented stratum. Long-
term follow-up monitoring results show that the
shaft lining is in good working condition, but the
area near the deformation limit should be paid close
attention. In addition, it needs to take active control
and preventive measures in order to prevent the
occurrence of disasters.

(5) *e additional stress value at the position of the
shaft lining with the maximum deformation is less
than the ultimate compressive strength. *ere-
fore, the monitoring results can well reflect the
stress state of the shaft lining, and the monitoring
system can realize the real-time dynamic in-
telligent evaluation for the safety state of the shaft
lining.
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Figure 12: Radial and longitudinal displacement curves at the third test area (−700m). (a) Radial displacement; (b) longitudinal
displacement.
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