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Shaft lining in ultradeep mines on the coast of eastern China under the complex external environments of “high in situ stress and
high osmotic pressure” has the disadvantages of failure; to solve this problem, the field test of high-performance concrete shaft
lining structure was carried out in Sha-ling gold mine. The field test study of the high-performance concrete shaft lining was
carried out in a —1120 m ingate and a —1114m to —1124 m shaft. Its stress and deformation were monitored and analyzed. The
maximum compressive stress of the HPC shaft lining structure at the level of —1117.7 m of the air intake shaft is 1.91 MPa. Based
on the Von-Mises yield theory and the analytical solution of thick-walled cylinder theory, the ultimate limit of the high-per-
formance concrete shaft lining in the Sha-ling gold mine was obtained. The high-performance concrete shaft lining strain changes
smoothly, and concrete strain can be divided into three stages: the rapid growth period, the slow growth period, and the stable
period. The monitoring results show that the high-performance concrete shaft lining has excellent mechanical properties in the
external environment of high in situ stress, which can be used as a reference for the support design of similar projects.

1. Introduction

Under the complex external environments of “high in situ
stress, high ground temperature, high water pressure, and
strong excavation disturbance” [1], the physical and me-
chanical properties of deep rock masses are generally dif-
ferent from those of shallow rock masses [2, 3]; thus, the rock
masses change from an elastic state to a plastic state. The
pressure distribution of the surrounding rock and the ex-
cavation disturbance stress path will affect the stability of the
surrounding rock. To study the fatigue failure characteristics
of sandstone, Zhu et al. carried out cyclic loading and
unloading numerical simulation tests of sandstone with
different loading parameters and different water content [4].
Gao et al. studied the mechanical properties of coal at
various mining rates on the laboratory scale and the field
scale [5]. Chen et al. adopted an analytical approach to
calculate the equivalent elastic modulus of fractured rock
masses with a random discrete fracture or regular fracture
considering the confining stress [6]. In the process of shaft

excavation, water inrush, rock-burst, lamping, and other
engineering support problems are frequent occurrences.
Some high-grade shaft lining concrete may even suffer brittle
failure in the deep external environment of high in situ stress
and high osmotic pressure. Simultaneously, the deep strata
and deep-water quality in the coastal area are rich in Cl™ and
SOZ ions, putting the shaft lining concrete at risk of
chemical corrosion [7-9], which seriously affects the
strength and durability of the concrete [10-13] and dra-
matically shortens the life of the shaft lining.

Stress-strain monitoring technology has been widely
used in geotechnical and underground engineering. Zhu
et al. monitored and analyzed the deformation of deep
foundation pit, ground subsidence, and adjacent buildings
[14]. Dou et al. studied the influence of shear displacement
on fluid flow and solute transport in three-dimensional
rough fractures of fractured rock mass [15]. Cao et al. used
the interferometric synthetic aperture radar (InSAR)
technology to obtain the ground surface deformation [16].
Dou et al. investigated the influence of the layer transition
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zone on the multilayered slope [17]. The shaft lining
structures’ stress, deformation, and strength characteristics
have been studied using model tests [18-24]. Ding et al.
analyzed the failure characteristics and mechanical
mechanism of the slope by the physical model test [25].
Zhao et al. analyzed the plastic limit load of shaft lining
based on the unified strength theory and discussed the
relationship between the plastic limit load of shaft lining
and the strength difference of structural materials [26]. Lyu
and Wang monitored and analyzed the shaft lining de-
formation of the weakly cemented stratum in west China
and obtained the limit deformation value of the shaft lining
[27]. To study the mechanical behavior of surrounding rock
under prestressed bolt support, Li et al. established the
mechanical model of bolt support, and the deformation of
the surrounding rock of the inclined shaft was monitored
[28]. However, previous studies on the shaft lining support
form usually focus on the topsoil layer; however, few re-
ports focus on the shaft lining stress and deformation
characteristics under the occurrence of the complex ex-
ternal environments of “high in situ stress and high osmotic
pressure” in the deep stratum.

As for the deep shaft support method of metal mine,
there is no mature theory so far. In the environment of high
in situ stress in the deep stratum, drilling in rock mass or
supporting by high-grade concrete is usually adopted to
resist the large deformation of surrounding rock. However,
Liu et al. presented that high-grade concrete (C50 and
above) has an impact tendency and brittle failure will occur
[29]. It is of engineering significance to study and use the
high-performance concrete shaft lining with low impact
tendency to control the deformation of surrounding rock
under the environment of high in situ stress of deep metal
mine.

Hence, based on the —1114m to —1124 m section of the
air intake shaft and the —1120 m ingate high-performance
concrete (HPC) shaft lining structure field application re-
search in this paper, we analyze the characteristics of stress
and deformation of high-performance concrete shaft lining.
Combined with the Von-Mises yield theory and thick-walled
cylinder theory, the ultimate stress of the high-performance
concrete shaft lining is established. The strain variation law
of the HPC shaft lining is obtained. The advantages and
disadvantages of the applications of HPC are summarized. It
is hopeful that our work can provide a reference for a deep
metal shaft lining structure design.

2. Engineering Geological

2.1. Engineering Background. As shown in Figure 1, the Sha-
ling gold mine is located in Lai-Zhou City, Shandong
Province. The linear distance between the northwest end of
the mining area and the coast of the Bohai Sea is about
5.3km, which belongs to the coastal area of Shandong
Province. The distance between the main shaft, the auxiliary
shaft, and the air intake shaft in the Sha-ling gold mine is
relatively close, which is approximately triangular in space,
and the linear distance between the auxiliary shaft and the air
intake shaft is about 60 m.
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The design depth of the air intake shaft within the Sha-
ling gold mine is 1449 m, the net diameter of the shaft lining
is 6.5m, and the thickness of the support is 400 mm, which
was excavated using a common method. The original sup-
port design parameters of the shaft from -1114m to
—-1124 m and the ingate at —1120 m of air intake shaft are
exhibited in Table 1.

2.2. Geological Background. The regional geological struc-
ture of the Sha-ling gold mine construction project is
complex, and the fault structure is developed within the area.
The main fault is the Jiao-Jia fault, the branch fault is the
Wang-Er-Shan fault, and the north section fault is the Ling-
Shan fault. The rock fissures are developed on both sides of
the Jiao-Jia fault zone. The upper part of the Jiao-Jia fault is
metamorphic gabbro and the lower part of the Jiao-Jia fault
is dominated by granite. The rock mass from —1114m to
—1124m is sericeous granite, and the quality grade of rock
mass is grade II. The uniaxial compressive strength of sericite
granite in this section is about 90 MPa. RQD value ap-
proaches 48%, and the rock mass is comparatively broken.

3. Distribution of In Situ Stress in Sha-Ling
Gold Mine

Understanding the law of in situ distribution is the basis for
investigating deep rock mechanics [30] in order to obtain the
in situ stress distribution law of the deep strata in the shaft
construction area of the Sha-ling gold mine and guide the
shaft excavation. Before the shaft excavation, our research
group used the hydraulic fracturing method to measure the
in situ stress in the Sha-ling gold mine. In the in situ
measurement of the air intake shaft in the Sha-ling gold
mine, the drill pipe cannot be lowered because of the serious
hole collapse. The linear distance between the auxiliary shaft
and the air intake shaft is about 60m, so the in situ mea-
surement is carried out in the auxiliary shaft. The hydraulic
fracturing in situ stress measurement equipment adopted
the SY- 2007 single-loop in situ stress measurement system
developed by the Institute of Geomechanics, Chinese
Academy of Geological Sciences [31]. The law of in situ stress
distribution in the auxiliary shaft of the Sha-ling gold mine is
shown in Figure 2.

It can be seen from Figure 2 that the maximum hori-
zontal principal stress in the shaft construction engineering
area is 24.14 MPa~45.56 MPa (-775.4 m~—1532.5m), and
the  minimum  horizontal  principal  stress is
18.85 MPa~37.51 MPa (-775.4m~-1532.5m). The maxi-
mum and minimum horizontal principal stress near
—-1120 m is 35.9 MPa and 27.2 MPa, respectively.

4. Field Test Method

4.1. Raw Materials and Mixture Proportions. The HPC of the
deep shaft is composed of silicate 42.5R cement, a special
compound comprised of river sand, copper-plated micro-
wire steel fiber, and a polycarboxylic acid water reducer. The
mixtures’ proportions of the HPC in the deep shaft are
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FiGure 1: Location of Sha-ling gold mine.

TaBLE 1: The original support parameters of —1114m to —1124 m shaft lining and the —1120 m ingate of the air intake shaft.
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FIGURE 2: In situ stress distribution of auxiliary shaft

in Sha-ling gold mine.

present in Table 2. The compound is composed of finely
ground slag powder, fly ash, and silica fume proportions. Its
performance meets the requirements of the concrete
cementing materials and the compressive strength of the
HPC reaches 80 MPa. Zhou et al. studied the splitting tensile
strength, flexural strength, brittleness coefficient, impact
energy index, dynamic failure time, and other parameters of

the HPC through rigorous laboratory tests [32]. The brit-
tleness coefficient, impact energy index, dynamic failure
time, and other parameters of the HPC belong to the cat-
egory of nonimpact liability, which will not be elaborated in
detail in this paper.

In order to complete the field test research on the
—1120 m ingate of the air intake shaft (the ingate support is
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TABLE 2: Mixing proportions of HPC.
Composition Cement Special admixtures Sand Steel fiber Water Admixture Water-binder ratio
b (kg:m™) (kg:m™) (kg:m™) (kg-m™) (kg:m™) (kg-m™)
Proportion 240 630 1205 50 200 10 0.23

5m) and the —1114m to —1124m HPC shaft lining, ap-
proximately 120 m* of HPC was prepared on-site. The HPC
was mixed evenly with a mixer and transported to the casting
layer using a bucket. When the concrete was mixed, steel
fiber was added in batches in order to evenly disperse the
material and ensure the workability of the concrete. The
HPC after mixing is shown in Figure 3, and the HPC shaft
lining after the mold removal is shown in Figure 4.

4.2. Field Monitoring Instruments

4.2.1. Force-Measuring Bolt. The environment of the deep
shaft in coastal areas is harsh. The complex external envi-
ronments, such as high ground temperature and water
drenching from the large shaft lining, put forth higher re-
quirements for monitoring the instruments’ reliability and
durability. To cope with the complex external environments
of the deep shaft and ensure the authenticity and reliability
of the monitoring results, an improved stress monitoring
sensor force-measuring bolt was used to monitor shaft lining
stress. As shown in Figure 5, the force-measuring bolt is
composed of three parts: the steel bar meter, the steel bar,
and a steel plate within the PVC pipe. The steel bar meter is
connected to both ends of the steel bar; one end of the steel
bar is welded to a steel plate. The steel plate length x width is
150 x 150 mm, and the thickness is 6 mm. The force mea-
surement bolt is 900 mm long.

Before the concrete shaft lining is poured, one end of the
unconnected steel plate is fixed to the surrounding rock. The
steel bar placed deep into the surrounding rock is then fixed
into the surrounding rock via epoxy resin. Both ends of the
PVC pipe are sealed to avoid the reinforcement meter being
interfered with by the vibrations caused by the pouring of
concrete into the shaft lining; thus reducing the probability
of the reinforcement meter being corroded by groundwater.
This instrument has been used, and its reliability has been
proven in the stress monitoring of the new main shaft at
-1300 m and -1418 m levels within the Xin-Cheng gold mine
[33].

4.2.2. Vibrating String Concrete Strain Gauge. The concrete
strain monitoring sensor uses an embedded vibrating string
concrete strain gauge. The standard measuring range of the
embedded vibrating string concrete strain gauge is £3000 pe,
and the working environment temperature is —25~80°C,
confirmed with a temperature measuring function.

When the strain gauge is buried in concrete, the vi-
bration frequency of the vibrating string in the strain gauge
changes with the deformation of the concrete. The strain size
of the strain gauge can be obtained by using the vibration
frequency change of the vibrating string; thus, the strain
change of the concrete can be measured. The strain

calculation formula of the vibrating string strain gauge can
be expressed as

5=k(fi2‘f(2))+TK(Ti‘To)’ (1)

where ¢ is the strain relative to the initial time, ye; k is the
conversion coefficient, k =2.48 x 1073; f, is the output
frequency, pe; f, is the original frequency, pe; Ty is the
coefficient for temperature correction, Ty = 2.2; T; is the
temperature value at the time of measurement, °C; T, is tne
initial temperature, °C.

4.3. Test Point Arrangement. Figure 6 illustrates the layout of
the stress and strain monitoring points on the shaft lining
from —1114m to —1124 m of the air intake shaft and the
ingate from —1120 m. Three measuring points were arranged
at the arch and the left and right shoulders of the ingate at
1120 m. Three measuring points were arranged on the shaft
lining connected with the ingate. The three measuring points
on the shaft lining were all at the same level with the
waistline of the ingate (-1117.7m). One load bolt, one
circumferential concrete strain gauge, and one axial concrete
strain gauge were installed at each measuring point. Data
collection was carried out after concrete pouring, and 3~4
groups of data were collected at each measuring point for a
total of 30 days.

5. Results and Analysis

5.1. Stress Characteristics and Analysis of the HPC Shaft Lining
at —1117.7m Level. The shaft lining stress variation of the
HPC at the —1117.7 m level is shown in Figure 7. The tensile
stress of the shaft lining is positive, and the compressive
stress is negative. It can be seen from Figure 7 that the
interaction stresses between the high-performance concrete
shaft lining and the surrounding rock are compressive stress
at measurement points No. 1,2,and 3 at —1117.7 m level. The
shaft lining restricts the movement of the surrounding rock
to the surface of the wellbore so that the interaction stress
between the shaft lining and the surrounding rock is
compressive. The stress of the surrounding rock is adjusted
continuously, and the interaction stress between the shaft
lining and surrounding rock is in a fluctuating state. During
the monitoring period, the interaction stress at measuring
point No. 1 is 0.029~0.056 MPa, the interaction stress at
measuring point No. 2 is 0.016~0.038 MPa, and the inter-
action stress at measuring point No. 3 is 0.33~1.91 MPa.
The interaction stress between shaft lining and sur-
rounding rock at —1117.7 m level of measuring point No. 3
increases slowly at first. After 18 days of high-performance
concrete pouring, the interaction stress between shaft lining
and surrounding rock at measuring point No. 3 increases
rapidly and finally stabilizes at 1.8 MPa. The compressive
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FiGURE 4: HPC shaft lining after form stripping.
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FIGURE 7: Variations of interaction stress between the horizontal shaft lining and the surrounding rock at the —1117.7 m shaft lining.

stresses between shaft lining and surrounding rock at
measuring points No. 1 and 2 are small, and the maximum
value is only 0.055MPa. As can be seen from Figure 8, the
circumferential strains of concrete at measuring points No. 1
and 2 are finally maintained at 500 pe and 600 pe, respec-
tively, which indicates that the surrounding rock at No. 1
and No. 2 has large deformation under the action of high in
situ stress. Thus, the interaction stresses between shaft lining
and surrounding rock at measuring points No. 1 and 2
should be larger because the surrounding rock produces
higher circumferential stress to the shaft lining. However,
the value of interaction stresses between shaft lining and
surrounding rock at measuring points No. 1 and 2 is small,
and the change law of interaction stress is not consistent with
the strain evolution of concrete. The analysis shows that the
hole diameter is too large when the force-measuring anchors
were buried at measuring points No. 1 and 2. The lack of
occlusion between the steel bar of the force anchor and the
surrounding rock leads to the nonsynchronous movement
which results in a small interaction stress between the
surrounding rock and the shaft lining+.

5.1.1. Ultimate Stress of the High-Performance Concrete Shaft
Lining at —1117.7 m Level. The calculation diagram of stress
distribution of surrounding rock during circular shaft ex-
cavation is shown in Figure 9.

When r = r,, the stress distribution of surrounding rock
can be expressed as

O = 0’
0,.9=P[(1+A)—2(1—-A)cos 20], (2)
Trg = 0,

where 0,, is the rock radial stress, 0,4 is the rock tangential
stress, 7,9 is the rock shearing stress, P is the initial stress,
and A is the nonuniform coefficient.

Yu et al. according to the calculation diagram of stress
distribution of surrounding rock during circular shaft ex-
cavation provided, the criterion for judging whether sur-
rounding rock enters a plastic state is introduced [34]:

0, =P[(1+1)—2(1-A)cos 26] >R, (3)

where R, is the uniaxial compressive strength of rock.

According to equation (3), if the tangential stress of the
surrounding rock is higher than the compressive strength of
the rock, the surrounding rock enters the plastic state.
Otherwise, the surrounding rock is in an elastic state. The
measured maximum horizontal principal stress and mini-
mum principal stress of Sha-ling gold mine at —1120 m are
35.9 MPa and 27.2 MPa, respectively, and the compressive
strength of surrounding rock is about 90 MPa. Thus, the
surrounding rock is in an elastic state after the vertical shaft
—1120m is excavated in the Sha-ling gold mine.

At present, there is no reasonable formula for deter-
mining the bearing capacity of the high-performance con-
crete shaft lining. The Von-Mises yield theory is adopted in
the design code of the mine chamber in China. Therefore,
based on the Von-Mises yield theory and thick-walled
cylinder theory, the formula for calculating the ultimate
bearing capacity of the high-performance concrete shaft
lining is obtained. The Von-Mises strength criteria are as
follows:

\/(‘71 ‘02)2 + (0, —‘73)2 +(0; _03)25 V2f., (4)

where o, is the first principal stress, o, is the second
principal stress, 03 is the third principal stress, and f, is the
axial compressive strength of concrete prism, MPa.

Assuming that the shaft lining is the homogeneous and
continuous isotropic material, the stress solution of the shaft
lining under the action of lateral pressure can be known
from the stress law of the thick-walled cylinder [35]:

2 2
Osr =_2bpoz(1_a2>’
b"-a r

b’p, a’ (5
(759 = _b2 _‘;2 (1 +r—2),

0., =v(0, +0y).
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where a is the radius of inner shaft lining, b is the radius of f (b2 _ a2)
. . . . c
external shaft lining, p, is the uniform external pressure on Po = (7)

the shaft lining, o, is the normal stress of shaft lining, o4 is
the circumferential stress shaft lining, o, is the vertical stress
shaft lining, » is Poisson’s ratio of concrete, and
Og > 05y > Ogp-

Substituting equation (5) into the Von-Mises strength
criterion equation (4), the stress of the concrete shaft lining
can be decomposed as follows:

fc(bz _az)
bPo =
v’ \/3a4/r4 +49” — v+ 1

(6)

Neglecting the stress concentration of high-performance
concrete, the shaft lining enters a plastic state at r = a.
Therefore, the ultimate stress of the concrete shaft lining can
be expressed as

b \/41/2 -4y +4

Poisson’s ratio of high-performance concrete is
0.14~0.23 [36]. Poisson’s ratio of high-performance concrete
in this study is 0.2, and its uniaxial compressive strength is
about 80 MPa. The radius of the inner shaft lining is
a=3.25m, the radius of the external shaft lining
isb = 3.65 m. Taking the above parameters into equation (7),
the ultimate stress of the HPC shaft lining in the Sha-ling
gold mine is 9.04 MPa.

During the monitoring period, the maximum stress at
the measuring point No. 3 of the shaft lining at -1117.7m
level is 1.91 MPa. Obviously, the compressive stress of high-
performance concrete shaft lining will not reach its limit
stress, and the high-performance concrete shaft lining can



meet the support needs of metal mines in the complex
environment of high in situ stress.

5.2. Stress Characteristics and Analysis of the HPC Shaft Lining
at —1120 m Ingate. The interaction stresses between shaft
lining and surrounding rock of the three measuring points at
a depth of —1120 m of the ingate vault as well as the left and
right arch shoulders are shown in Figure 10. The interaction
stresses between the shaft lining and the surrounding rock at
the three measuring points are tension stress which indicates
that the shaft lining and the surrounding rock at the three
measuring points of the ingate show the trend of tension or
shear movement. The interaction stress between the shaft
lining and surrounding rock of measuring point No. 4 is
0.61~1.73 MPa, the stress of measuring point No. 5 is
1.03~2.06 MPa, and the stress of measuring point No. 6 is
1.41~2.4 MPa.

The interaction stresses between the surrounding rock
and the shaft lining of the three measuring points of the
ingate’s high-performance concrete shaft lining are tension.
The analysis shows that it may be related to the distribution
of stress fields in the Sha-ling gold mine. The maximum
horizontal principal stress at —1120 m in the Sha-ling gold
mine is 34.09 MPa, and the vertical principal stress is
29.65 MPa, which is 1.15 times that of the vertical principal
stress. The maximum principal stress direction is near the
NW direction. Influenced by the distribution of the in situ
stress field in the Sha-ling gold mine construction area, the
three measuring points of the ingate vault and the left and
right shoulders were all subjected to tensile stress. The
opening of the ingate air intake shaft within the Sha-ling
gold mine is due south, and the angle with the direction of
the maximum principal stress is approximately 45°. The
vertical principal stresses at the arch and left and right
shoulders of the ingate are less than the maximum hori-
zontal principal stress. Therefore, the surrounding rock
stress of the ingate under the maximum horizontal principal
stress is higher than the surrounding rock stress under the
vertical principal stress. With the excavation of the shaft, the
surrounding rock at the vault and shoulder of the ingate is
broken. With the stress adjustment, the surrounding rock at
the vault and shoulder slips to both sides, and the acting
stress of the surrounding rock on the shaft lining is mainly
shear stress, causing the interaction stress between the shaft
lining and the surrounding rock to be the pulling stress.

5.3. Strain Variation and Analysis of the HPC Shaft Lining at
—1117.7m Level. Figures 8(a) and 8(b) are the strain vari-
ation of the HPC shaft lining at —1117.7 m level. The axial
concrete strain gauge at measuring point No. 2 and the
circumferential concrete strain gauge at measuring point
No. 3 are damaged, and no data was collected. Overall, the
concrete strains at the three measuring points of the HPC
shaft lining show a trend of first increasing and then sta-
bilizing. The strain change can be divided into three periods:
the rapid growth period, the slow growth period, and the
stable period.

Advances in Materials Science and Engineering

3.0
25+
20+t
<
S
S L5y
<10}
0.5+
00 1 1 1 1 1 1
0 5 10 15 20 25 30
Time (D)
—=— No.4
—+— No.5
—e— No.6
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In the first seven days after HPC pouring, the cir-
cumferential strain at measuring point No. 1 reaches 378
pe, which is 70% of the maximum strain during the
monitoring period, and the circumferential strain at point
No. 2 reaches —369 pe, which is 60% of the maximum
strain during the monitoring period. The axial strain of
measuring point No. 1 reaches 132 pe, which is 56% of its
maximum strain during the monitoring period. The axial
strain of measuring point No. 3 is —18 pe, which is 45% of
its maximum strain during the monitoring period. In the
first seven days after high-performance concrete pouring,
the strain growth rates of the three measuring points are
more than 45%, and the strain of high-performance
concrete is in the stage of a rapid period. After the casting
of the HPC, under the constraint of the surrounding rock,
the cementing material is hydrated. As the strength of
concrete increases, the constraints of the surrounding
rock increase leading to the fact that the strain of the
concrete increases rapidly.

From the 8th day to the 28th day after high-performance
concrete pouring, the strain growth rate of high-perfor-
mance concrete decreases obviously. The circumferential
strain of measuring point No. 1 increases from —378 ue to
—537 pe, increasing by 159 pe; the circumferential strain of
measuring point No. 2 increases from —369 pe to —588 pe,
increasing by 219 ue; the axial strain of measuring point No.
1 increases from —132 pe to —229 pe, increasing by 97 pe; and
the axial strain of measuring point No. 3 increases from —18
pe to =35 pe, increasing by 17 pe. From the 8th day to the
28th day after HPC pouring, the strain growth rate of HPC
slows down obviously. The analysis shows that the hydration
of high-performance concrete is basically completed in the
first 7 days after pouring, the stiffness and strength of
concrete are improved, and the deformation pressure of
surrounding rock on shaft lining decreases which leads to
the fact that the increasing trend of concrete strain slows
down.
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FIGURE 11: Strain variation of HPC for —1120 m ingate. (a) Circumferential strain of HPC for ingate. (b) Axial strain of HPC for ingate.

5.4. Strain Variation and Analysis of the HPC Shaft Lining at
—1120m Level. Figures 11(a) and 11(b) show the changes of
the circumferential and axial strain of HPC at an ingate
depth of —1120m. As seen from Figure 11, the circumfer-
ential strains of HPC at measuring points No. 4 and No. 5 of
the ingate are compressive, while the circumferential strain
of the concrete at measuring point 6 is tensile. The axial
strains of the HPC measuring points No. 4, 5, and 6 are all
compressive strains. The strain variation law at —1120 m the
HPC of the ingate is consistent with that of the —1117.7m
HPC shaft lining: the concrete strain increases rapidly from
the completion of casting to the 7th day after the casting. The
concrete strain increases slowly from the 8th day to the 28th
day after the casting. After 28 days, the concrete strain is
stable, and the strain does not change. Compared with the
strain change of the shaft linings concrete at —1117.7 m, the
strain growth rate at a depth of —1120 m ingate in the first 7
days is lower.

6. Discussion on the Application of the High-
Performance Concrete Shaft Lining

The low impact liability of HPC is reflected in the uniform
stress of the HPC shaft lining structure and the stable strain
change of the HPC. Under the influence of high in situ stress
and strong excavation disturbance, the stress of the HPC
shaft lining is uniform, which reduces the stress concen-
tration effect and cuts off the path of sudden energy release at
a certain point in the concrete under the action of a con-
centrated stress. The strain change of the HPC shaft lining is
stable, and there are no sharp strain increases or continuous
fluctuations, indicating that the ability to accumulate elastic
strain energy in HPC is poor.

The low impact liability of HPC shaft linings is related to
three factors: (1) there are no coarse aggregates in the HPC,
the concrete has good fluidity, and the scale of the internal
fabric interface decreases, increasing the compactness of the
concrete. (2) Steel fibers have a toughening effect on

concrete. When steel fiber is added to the HPC, the con-
crete’s ultimate stress and strain will increase. Simulta-
neously, the steel fibers are interwoven and bonded within
the shaft lining, which effectively prevents the expansion of
the cracks and slows down the development of microcracks
in the concrete [37]. The friction effect of the interface
between the fiber, the concrete, and the tension effect of the
fiber itself weakens the deformation energy storage of the
concrete. (3) The mixture of high-performance concrete
contains fly ash and mineral powder. The addition of fly ash
and mineral powder enhances the ability of concrete to resist
creep and the strain change of concrete is stable.

High-performance concrete has the advantages of high
strength, good durability, and small deformation. However,
high-performance concrete also has the disadvantages of
easy to appear surface cracks in the construction process and
high cost compared with ordinary concrete. At the same
time, with the increase of external temperature, the porosity
and pore diameter of HPC continues to increase, the internal
mesostructure deteriorates, and the compressive strength
decreases [38]. The high ground temperature environment
in deep strata also limits the wide application of the high-
performance concrete shaft lining.

7. Conclusions

In this study, the in situ stress of the Sha-ling gold mine is
measured and analyzed, the field application test of high-
performance concrete shaft lining is carried out, and the
strain variation law of high-performance concrete shaft
lining is analyzed. Combined with the distribution of in situ
stress and the change law of surrounding rock, the stress
change characteristics of the shaft lining are analyzed. The
conclusions are drawn:

(1) The maximum compressive stress of the HPC shaft
lining structure at the level of —1117.7 m of the air
intake shaft in the Sha-ling gold mine is 1.91 MPa,
and the compressive stress of the high-performance



10

concrete shaft lining will not reach its limit stress.
The HPC shaft lining can meet the complex sup-
porting of the metal mine depth shaft in a coastal
area.

(2) The maximum tensile stress of the HPC shaft lining
at a depth of —1120 m of the ingate vault as well as the
left and right arch shoulders is 2.4 MPa, which is
influenced by the in situ stress distribution in the
Sha-ling gold mine. The surrounding rock of
—-1120m ingate is separated from the shaft lining
which results in tensile stress in the ingate vault as
well as the left and right arch shoulders.

(3) According to the measured strain data of the high-
performance concrete shaft lining at —1117.7 m level
and —1120 m ingate in Sha-ling gold mine, it can be
seen that the strain change can be divided into three
stages: the rapid growth period, the slow growth
period, and the stable period. The circumferential
strain growth rate of the HPC shaft lining is higher
than the axial strain growth rate.
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