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Abstract

In constructing hard rock mine deep shafts, the failure caused by high stress is a significant problem. A construction section
extending from the -930 m to -1271 m level of a 1527 m deep shaft was selected as a case study. Q, RMR, and GSI rock mass
quality classifications of the surrounding rock were obtained to determine the shaft’s maximum unsupported sinking cycle
height in different construction sections. The potential failure mode, failure zone shape, and failure depth of the surrounding
rock shaft under high stress were then analyzed theoretically, empirically, and by numerical simulation, sequential stress control
and delayed support technology was proposed according to the results. The temporary and permanent support timing parameters
were calculated and verified by the empirical chart, numerical simulation, convergence-confinement theory, and theoretical
formula. Results show that the surrounding rock in all the construction sections from -930 m to -1271 m belongs to the mild or
severely pressure squeezed strata. The potential failure mode is stress-controlled, and the failure zone of the surrounding rock
is “ear” shaped. Temporary support strengthens the rock mass, improves the shear capacity of surrounding rock, and prevents
the broken rock from falling but does not release stress. Permanent support, conversely, cannot bear the stress of surrounding
rock. The stress and elastic strain energy in rock mass should be released to the greatest extent possible before installing per-
manent support; it is not advisable to install it too early. The time and cycle height of delayed permanent shaft support were
comprehensively determined to be four days and 16 m, respectively. The numerical simulation and safety factor proof show
that the sequential stress control process effectively minimizes stress in surrounding rock and ensures long-term shaft stability.

Keywords Deep shaft - Sequential stress control - Delay support - High stress

Introduction

The shaft is the throat of the underground mining produc-
tion system. It is a significant piece of infrastructure, and its
establishment is the most challenging project related to under-
ground mine construction. Compared with a shallow shaft, the
geological conditions and stress state of a deep shaft are more
complex, especially under the action of strong excavation
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disturbance (Li et al. 2013; Walton et al. 2018). Polytropic
strata and stress conditions produce increasingly complicated
mechanical response mechanisms and distinct response char-
acteristics as depth increases (Mishra et al. 2017; Li et al.
2020; Zhang et al. 2018). To this effect, shallow-shaft design
methods and construction technologies may not be directly
applicable in deep-shaft engineering scenarios.

In deep hard rock engineering, with the in-situ stress increasing,
substantial excavation and stress unloading cause rapid changes in
local horizontal or vertical stress and higher stress concentration.
Fracture, fragmentation, plastic expansion, rockburst, or other
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disasters may occur once the compression-shear stress borne by
the surrounding rock exceeds its capacity (Zhou et al. 2015; Ren
et al. 2020; Arshadnejad 2019). As a result, the geological envi-
ronment of shaft-surrounding rock deteriorates. Deformation and
failure are inelastic rather than simply controlled by the structural
plane, especially as horizontal tectonic stress, blasting disturbance,
and other nonlinear loads increasingly affect the system. Effec-
tive stress control and support design measures under high stress
and strong excavation disturbance conditions are necessary for
the long-term stability of deep shafts (Li et al. 2010). However,
there is no universally accepted stress control technique for the
construction process of hard rock deep shafts in metal mines. In
soft rock shaft engineering, the “rigid resistance’ method based on
steel plates or high-strength concrete is generally adopted for shaft
support (Yao et al. 2020) to resist high stress. Another support
concept is called yielding or flexible support, which allows some
deformation to occur in a controlled manner by the dissipation of
deformation energy in order to reduce the ground pressure and
cause the relaxation of ground stress, Ge 2020 developed a new
flexible and yielding support under a weak and squeezing rock,
it has an initial, intermediate and final layers, the intermediate
layer between initial and final layers as a deformation gap which
turns the system into highly flexible support, which helped control
decline.

Several technical problems persist in constructing shafts
more than 1200 m deep due to complex construction con-
ditions such as high in-situ stress and induced stress, high
water pressure, and high rock temperature. Unlike weak
and large deformation rock conditions, high-stress hazards
including rock failure and even rock burst events are highly
problematic in hard rock mine (Sun et al. 2020; Wagner
2019). There is an urgent demand for a new technical sys-
tem for stress control and support to ensure the long-term

Fig. 1 Location of the new
designed shaft (a) and simpli-
fied geological map including
Jiaojia fault (b) (modified from
Huang et al. 2020)

Xinchen Gold Mine
New Main Shaft:
X=4144658.500
Y=40513013.130
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stability of deep shafts. This research proposes a sequential
stress control and delayed support technology based on the
rock—support interaction principle. The proposed method
was developed using empirical, convergence-confinement
theory, and numerical simulation information. Stress dis-
tribution and deformation are found to be controllable by
improving existing construction technology. This method
emphasizes the energy released in advance rather than after
the support, it can help reduce the use of support material
and maintain long-term stability in shafts more than 1200 m
deep. They have been successfully applied in a 1527 m deep
shaft in China, presented below as a case study.

Project overview

A new shaft under construction is located Xincheng-Jiaojia
fault zone, Jiaodong Peninsula (Fig. 1). It has a designed
diameter of 7.5 m, the net diameter of 6.7 m, head eleva-
tion of +32.9 m, bottom elevation of -1494.1 m, and total
depth of 1527 m. In the sinking process, the normal sec-
tion is supported by C25 plain concrete with 300 mm thick-
ness above -622 m and 400 mm below -622 m. In the mine
area, the main ore-controlling structure is the Jiaojia fault,
derived from Houjia and Hexi faults (Huang et al. 2020)
which jointly constitute the ore-controlling fault system. To
master the in-situ stress distribution and provide a basis for
shaft design, six measuring points from the 830 m to 1060 m
depth were measured using the traditional hollow inclu-
sion gauge method. After linear regression processing,
regression curves including the maximum horizontal prin-
cipal stress 6,,,,,» minimum horizontal principal stress c,,,,,,
and the vertical principal stress o, were obtained with depth

oup

anite

E Guojialing granite

Quaternary
sediments

[ I Faults
[ Golddeposit




Arab J Geosci (2022) 15: 368

Page3of 15 368

45
io. Chme =0.046 H —7.11
35
o
= 30+
2
o
a 25
20
[ ]
15 1 ° o,=0.0354 H —8.44
8é0 9(I)0 9%0 1 OIOO 1 0I50 1100
depth/m

Fig.2 Linear regression curve of measured in-situ stress

as shown Fig. 2. The maximum principal stress reaches
42.11 MPa at the measured 1060 m depth, and the regional
stress field is controlled by horizontal tectonic stress.

In the shallow section construction, a mechanized rapid
construction method was used. A sinking cycle time is usu-
ally 1 day and the sinking cycle height is 4 m. It was divided
into five construction stages: (a) drilling; (b) charging and
blasting; (c) removing waste rock; (d) lining; (e) bottom
cleaning, as shown in Fig. 3. This method is widely used,
reducing the exposure time of surrounding rock, simplify-
ing construction procedures, and ensuring construction
quality and progress. However, the rockburst risk obviously
increased as the excavation depth increased, especially
after entering the depth of -930 m. In order to reduce the
risk of rockburst, it was necessary to conduct stress control
research. For this reason, the 930 m to 1271 m depth con-
struction section was selected for stress control and delayed
support research.

Fig.3 Mechanized rapid
construction method: a drill-

ing, b charging and blasting, ¢
removing waste rock, d lining, e
bottom cleaning

Rock mass quality and stability evaluation

Most support design and stability evaluation techniques are
based on rock mass quality classification. The Barton rock
mass quality classification is usually used in support design
(Barton 1978; Barton et al. 1974; Bieniawski 1989) and the
RMR rock mass quality is used in stability evaluation and
parameter design. According to the engineering geological
and hydrogeological condition, ore body occurrence con-
dition, joint fracture information, in-situ stress measure-
ment results, and rock physical and mechanical properties,
the Barton rock mass quality (Q) evaluation method was
adopted in this study to classify engineered rock mass qual-
ity. The Q index value can be calculated as follows:

_RQD J, I,

J, J, SRF M

Q J

n a

where RQOD is the rock quality index; J, is the number of
joint groups; J,. is the joint roughness coefficient; J, is the
joint alteration coefficient; J, is the joint water reduction
coefficient; SRF is the stress reduction factor. ROD/J, rep-
resents the block size of rock mass; J,/J, represents shear
strength between blocks; J,/SRF represents the effects of
water and other stresses on rock mass quality.

After field investigation ( Fig. 4) and laboratory testing,
each rank index of Q, RMR, and GSI classification was
determined and compared among shaft-surrounding rock
sections between -930 m and -1271 m as shown in Table 1.

According to the surrounding rock stability analysis chart
(Fig. 5) established by a large sum of RMR rock mass clas-
sification results, if the RMR rating result is 63, as the case
showed, the corresponding unsupported sinking height is
approximately 17 m, and the stand-up time is more than
2 week; therefore, the unsupported sinking height and

i
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Fig.4 TV scans of boreholes
(a) and core roughness in some
sections (b)
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Table1 RMR, GSI, and Q rock

) . " Construction section/m  Grading index parameters Q classification RMR GSI Score
quality classification results classifica-
tion
ROD J, J, J, J, SRF
-930.0~-972.0 86 6 1~15 1 1.0 20 1.1/1IV 69/11 70
-972.0~-987.0 76 9 1~15 1 1.0 20 0.6/1V 69/11 65
-987.0-1050.0 51 9 1~15 1 1.0 20 0.4/1V 65/11 65
-1050.0~-1073.0 71 6 1~15 1 1.0 20 0.9/1V 65/11 65
-1073.0~-1102.0 52 6 1~15 1 1.0 20 0.7V 63/11 65
-1102.0~-1153.0 80 6 1~15 1 1.0 20 1.0/1V 69/11 65
-1153.0~-1207.0 77 9 1~15 1 1.0 20 0.6/1V 67/11 65
-1207.0~-1250.0 87 9 1~15 1 1.0 20 0.7/1V 69/11 70
-1250.0~-1271.0 68 9 1~15 1 1.0 20 0.6/IV 67/11 65

stand-up time can be determined primarily as Table 2 by
Fig. 5, which demonstrate that it allows improving the height
without lining immediately to 17-20 m and maintains the
stability during shaft sinking.

Deep shaft failure analysis

Failure mode and failure zone shape of surrounding
rock

The failure mode of surrounding rock in an underground
excavation project can be divided into structural-plane con-
trolled, stress controlled, and the conversion between these
two types. Once a circular shaft is excavated, the redistributed

@ Springer

two-dimensional (2D) stress in the plastic zone can be cal-
culated by Eq. (2)-(3) ( Zhang et al. 2010). Here, we define
a stability coefficient N by Eq. (4) ( Bhasin and Grimstad
1996) to describe the stress state after excavation and judge
the shaft’s potential failure mode. If 1 <N <5, the judgment is
mild squeezing rock pressure; if N> 5, it is heavy squeezing
rock pressure. Table 3 gives more detailed information.

2sing
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Fig.5 Shaft stability analysis chart based on RMR results (Bieniaw-
ski 1989)

Table 2 Shaft stability parameters from -930 m to -1271 m

Construction section/m RMR  Sink- Unsup- Stand-
ing cycle  ported up time/
height/m height/m  week

-930 m~-972 m 69 4 ~20 >2

-972 m~-987 m 69 4 ~20 >2

-987 m~-1050 m 65 4 ~18 >2

-1050 m~-1073 m 65 4 ~18 >2

-1073 m~-1102 m 63 4 ~17 >2

-1102 m~-1153 m 69 4 ~20 >2

-1153 m~-1207 m 67 4 ~19 >2

-1207 m~-1250 m 69 4 ~20 >2

-1250 m~-1271 m 67 4 ~19 >2

0 9max
N=—— )

cmass

where o,/ is the radial stress in the plastic zone, MPa; ¢,/

is the tangential stress in the plastic zone, MPa; c is the
cohesion, MPa; ¢ is the internal friction angle, °; p; is the
supporting reaction pressure, MPa; a is the shaft radius, m; r
is the distance from the center of the shaft, m; o,,,, is maxi-
mum tangential stress, MPa; ¢,,,,,, 1S rock mass strength,
MPa.

Table 3 shows the N index value and the judging results of
strata stress state, both the Hoek—Brown and rock mechani-
cal parameters were calculated by RMR rating result and
Hoek-Brown empirical formula (Lin et al 2017). It shows
that the stress state is mild squeezing or heavy squeezing,
so the potential failure mode of each construction section
from -930 to -1271 m is stress controlled. The failure zone

shape of the shaft-surrounding rock can be divided into three
types: ear failure, oval failure, and butterfly failure. Previous
studies (Martin and Chandler 1994) have shown that when
the failure zone shape of surrounding rock is non-butterfly,
the average plastic zone radius under asymmetric stress is
consistent with the plastic zone radius under hydrostatic
pressure; this equates to the average asymmetric stress. It
is reasonable to simplify the design process of shaft sup-
port when the water pressure is used as the stress boundary
to draw the characteristic curve of the surrounding rock.
As shown in Fig. 6, shaft failure zone shape can be judged
according to different normalized mean stress (o, + 62)/26
and normalized deviation stress (6,-6,)/2c," values, o, is
called uniaxial compressive field strength, which is assumed
to approximately 0.56,. The results demonstrate that the fail-
ure zone shape at all construction sections of shaft is “ear”
type (Table 4).

Failure depth analysis

The Hoek—Brown strength criterion and Phase2 numerical
simulation software were adopted to analyze the shaft dam-
age zone distribution and its depth as shown in Fig. 7.

The depth of failure in brittle rock depends on stress
(induced by excavation relative to uniaxial compressive
strength o), lateral pressure coefficient 6,/c5, rock mass
structure, formed shape after excavation, and dynamic stress
increment induced by a distant micro-earthquake, Acy. An
empirical relationship for the depth of failure around a shaft
was established in a previous study (Martin et al.1999),
given as Eq. (5)-(6).

dy

Z o 125%mx g 51 )
a o,

Omax — 361 — 03 6)

where djis the failure depth of shaft-surrounding rock, m; a
is the shaft excavation radius, m; o, is the uniaxial compres-
sive strength of rock, MPa; ¢, is the maximum principal
stress, MPa; o5 is the minimum principal stress, MPa.

The failure depth of shaft-surrounding rock obtained from
the above two methods is shown in Table 5. Compared with
the numerical simulation method, the failure depth calcu-
lated by the empirical method is more extensive.

Sequential stress control and delayed
support
Under high-stress condition, shaft excavation often causes

stress redistribution and elastic strain energy accumulation
in surrounding rock. If the energy accumulated in the rock
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Table 3 Geological information

V Like porphyritic
and failure mode analysis of P -930m 0 granite
shaft from -930 to -1271 m

5% Sericified

BRSEN o

m cataclastic rock

~972m Potassified
granodiorite
-987m * cataclastic rock
% 7 Sericitization
V/A granodiorite
Z(// sericite
éi -1050m Z
4* -1073m
Zﬁ -1102m
% -1153m
éi -1207m
é -1250m
A ta7tm

Depth: 930-972m; N:4.74~4.94; Stress state: Mild squeezing rock pressure
Hoek Brown parameter: m,=4.863, s=0.016, a=0.501

rock mass mechanical parameters:c=7.28Ma, ¢=39.61°,0,,,,5s=10.50MPa

Depth: 972-987m; N:4.94 ~7.18 ; Stress state: Heavy squeezing rock

pressure.
Hoek Brown parameter: m,=3.611, s=0.005, a=0.502

rock mass mechanical parameters: ¢=6.55Ma, ¢p=37.08°,0,,,45s =7.16MPa

Depth: 987-1050m; N:7.18~7.75; Stress state: Heavy squeezing rock
pressure

Hoek Brown parameter: m,=3.611, s=0.005, a=0.502

rock mass mechanical parameters: ¢=6.55Ma, ¢p=37.08°,0,.,,,s =7.16MPa

Depth: 1050-1073m; N:7.75~7.90; Stress state: Heavy squeezing rock
pressure

Hoek Brown parameter: my=3.611, s=0.005, a=0.502

rock mass mechanical parameters: ¢=6.55Ma, ¢p=37.08°,0,.,,.s =7.16MPa

Depth:1073-1102m; N:7.90~8.12;Stress state: Heavy squeezing rock
pressure

Hoek Brown parameter: m,=3.611, s=0.005, a=0.502

rock mass mechanical parameters ¢=6.55Ma, ¢p=37.08°,6,,,ss =7.16MPa

Depth:1102-1153m; N:8.12-8.57;Stress state: Heavy squeezing rock
pressure

Hoek Brown parameter: m,=3.611, s=0.005, a=0.502

rock mass mechanical parameters: c=6.55Ma, ¢=37.08°,6,,45s =7.16MPa

Depth: 1153-1207m; N:8.57-9.03;Stress state: Heavy squeezing rock
pressure

Hoek Brown parameter: m,=3.611, s=0.005, a=0.502

rock mass mechanical parameters: ¢=6.55Ma, ¢p=37.08°,6,,4ss =7.16MPa

Depth: 1207-1250m; N:9.03-9.40;Stress state: Heavy squeezing rock
pressure

Hoek Brown parameter: m,=3.611, s=0.005, a=0.502

rock mass mechanical parameters: ¢=6.55Ma, ¢=37.08°,6,.,45s =7.16MPa

Depth: 1250-1271m;N:9.40-9.57;Stress state: Heavy squeezing rock
pressure

Hoek Brown parameter: m,=3.611, s=0.005, ¢=0.502

rock mass mechanical parameters: ¢=6.55Ma, ¢p=37.08°,6,,45s =7.16MPa

mass exceeds its storage capacity, instability or rock bursts
may occur (Yi et al. 2020; Jiang et al. 2010). The energy
accumulated in the rock mass should be released before the
permanent support is installed for stress control. In the con-
struction of a hard rock deep shaft, an crucial supporting

@ Springer

concept is that it is not usually the concrete lining that bears
the stress but the surrounding rock itself.

This study developed a sequential stress control method
that mainly focuses on flexible components such as bolts
and steel mesh for early support after increasing the sinking
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Fig.6 Determinant chart of fail-
ure form of shaft-surrounding
rock (Martin et al.1999)

Table 4 Results of stress
normalization of surrounding
rock and failure zone shape
judgment

Fig. 7 Distribution of plastic
zone during the construction
section of -1207 m to -1250 m
(a) and -1250 m to -1271 m (b)

*
[

0 — C3
26
o
fa ')

Normalized Deviatoric Stress

+ GRC

Kirsten & Klokow, 1979
O Jiayou et al, 1991

@ Martin et al, 1994

V¥ Martin, 1989

O Ortlepp & Gay, 1984

X Pelli et al, 1991

A Stacey & de Jongh, 1977

0.5 1 1.5 2 2.5 3

; 0 + C3
Normalized Mean Stress ———
207
Construction Section/m (] [ [ Normalized Normalized Judge-
deviatoric stress ~ average stress ment

results
-930.0~-972.0 37.60 18.24 102.5 0.18 0.55 I
-972.0~-987.0 38.30 19.07 102.5 0.19 0.56 I
-987.0-1050.0 41.19 20.20 102.5 0.20 0.61 I
-1050.0~-1073.0 42.25 21.44 102.5 0.20 0.62 I
-1073.0~-1102.0 43.58 22.20 102.5 0.21 0.64 I
-1102.0~-1153.0 45.93 23.36 102.5 0.22 0.68 I
-1153.0~-1207.0 48.41 24.88 102.5 0.23 0.72 I
-1207.0~-1250.0 50.39 26.29 102.5 0.24 0.75 I
-1250.0~-1271.0 51.36 27.21 102.5 0.24 0.77 I

Yielded
Elements
[per-cent]

cycles without lining them immediately. It allows enough  concrete lining is installed, which minimizes stress to ensure
time for the surrounding rock to release stress before the  long-term stability. The key to this approach is the proper
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Table 5 Failure depth calculation results around shaft in surrounding rocks

Construction Section/m Shaft radius /m Maximum tangential ~ Uniaxial compressive Numerical simulation ~ Empirical
stress /MPa strength /MPa method/m method /m
-930~-972 3.75 91.67 102.5 1.29 2.28
-972~-987 3.75 94.78 102.5 1.82 2.42
-987~-1050 3.75 99.03 102.5 1.96 2.62
-1050~-1073 3.75 103.71 102.5 2.08 2.83
-1073~-1102 3.75 106.55 102.5 2.01 2.96
-1102~-1153 3.75 110.91 102.5 2.14 3.16
-1153 ~-1207 3.75 116.63 102.5 2.08 3.42
-1207 ~-1250 3.75 121.92 102.5 2.17 3.66
-1250~-1271 3.75 125.40 102.5 2.01 3.82

selection of lining time and sinking bench height with
delayed permanent support.

Temporary support

We choose the construction section of -930 m to -1271 m in
the new main shaft as a case study. The resin bolt and seam
pipe bolt with adequate deformation ability were selected as
temporary support material. Metal mesh and a bimetal bar
were selected to prevent loose rock from falling, as shown
in Fig. 8. The temporary support mainly serves to release
dilatancy pressure and control loose pressure in rock mass.
According to the failure depth calculation results, Q and
RMR rock mass quality classification results and their support
chart (Rahim and Mohamad 2019; Kaya and Tarak, 2021),
different support parameters, including bolt length and bolt
spacing, are compared in Table 6. Table 6 shows the primary
selection results of support parameters, the bolt length is cho-
sen according to the simulation results, and the bolt spacing
is chosen by the Q rock quality index and its support chart.
The final designed bolt parameters were confirmed as
2.5 m in length with 1.5 m spacing at all construction sec-
tions to ensure the support safety. The bolts were installed
horizontally in a circular distribution in the surrounding
rock, 16 bolts in each row, and the row spacing and hole
bottom spacing were 1.5 m. The steel shape is HRB500

Fig.8 Temporary support
material of shaft: a resin bolt, b
bimetal bar, ¢ metal mesh

@ Springer

and 22 mm in diameter. After installing the bolt, the pres-
sure in shaft-surrounding rock was unloaded through
sequential stress control, then 400 mm C25 concrete lin-
ing was applied. The support effect after installing bolts
was simulated, as shown in Fig. 9.

As shown in Fig. 9, the designed bolt length is 2.5 m
but the simulated failure depths are 1.78 m and 1.84 m,
which is smaller than the designed support bolt length
whether it contains a structure plane or not. Therefore,
the designed parameters meet the requirements for shaft-
surrounding rock support.

Timing determination for permanent support

It is difficult to determine a reasonable sinking height and
deformation of shaft for releasing stress in surrounding
rock to an acceptable level for the purpose of sequential
stress control. In this study, the convergence-confinement
theory ( Manuel et al. 2019) was used to determine the
proper time for permanent support. As shown in Fig. 10,
the deformation characteristic curve (GRC) of surround-
ing rock, longitudinal section deformation characteristic
curve (LDP) of surrounding rock, and support character-
istic curve for concrete (PSCC) (400 mm, C25) are estab-
lished by Eq. (7)-(9).
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Table 6 Comparison of temporary support parameters and primary selection

Construction Section/m Rock quality index Failure depth Support parameters determined by ~ Primary selection
support chart results of support
parameters

-930.0 m~-972.0 m Q=1.1 Simulation:1.29 m L=32m;SC=SL=1.7m~2.1 m L=15m

RMR =74 empirical method: 2.28 m L=3.0m;SC=SL=2.5m SC=SL=1.7m
-972.0 m~-987.0 m Q=0.6 Simulation:1.29 m L=32m;SC=SL=1.5m~1.7m L=15m

RMR =74 empirical method: 2.42 m L=3.0m;SC=SL=2.5m SC=SL=1.5m
-987.0 m~-1050.0 m Q=04 Simulation:1.82 m L=32m;SC=SL=1.5m L=20m

RMR =70 empirical method: 2.62 m L=3.0m;SC=SL=2.5 mm SC=SL=1.5m
-1050.0 m~-1073.0 m Q=09 Simulation:1.96 m L=32m;SC=SL=1.5m~1.7m L=20m

RMR =70 empirical method: 2.83 m L=3.0m;SC=SL=2.5 mm SC=SL=1.5m
-1073.0 m~-1102.0 m Q=0.7 Simulation:2.08 m L=32m;SC=SL=1.5m~1.7m L=25m

RMR =68 empirical method: 2.96m [ =3 0m;SC=SL=2.5m SC=SL=1.5m
-1102.0 m~-1153.0 m Q=1.0 Simulation:2.01 m L=32m;SC=SL=1.7m L=25m

RMR =74 empirical method: 3.16 m [ -3 0m;SC=SL=2.5m SC=SL=1.7m
-1153.0 m~-1207.0 m Q=0.6 Simulation:2.14 m L=32m;SC=SL=1.5m~1.7m L=25m

RMR =72 empirical method: 3.42 m L=3.0m;SC=SL=25m SC=SL=1.5m
-1207.0 m~-1250.0 m Q=0.7 Simulation:2.08 m L=32m;SC=SL=1.5m~1.7m L=25m

RMR =74 empirical method: 3.66 m L=3.0m;SC=SL=2.5m SC=SL=1.5m
-1250.0 m~-1271.0 m Q=0.6 Simulation:2.17 m L=32m;SC=SL=1.5m~1.7m L=25m

RMR =70 empirical method: 3.82m | -3 0m;SC=SL=2.5m SC=SL=15m

Fig.9 Bolt supporting effect
simulation in shaft-surrounding

rock: a Bolt support without

structural plane, b Bolt support

with structural plane

1—sing
sing (1 —sing)(py + ccoteh) | sne-
= — t 7
e Ye a(po + cco d)) [ 11+ cootd (N
p, = K,(u — u;) elasticstage
Py =PI plasticstage ®)
u, . —x/R\ "V
— = exp| ——
u P\ T0 ©)

where u, is the radial displacement of surrounding rock
around shaft, mm; G is the shear modulus of surround-
ing rock, GPa; K is the stiffness of the support structure,

MPa/m; u; is the initial shaft displacement when permanent
support is installed, which can be determined by equilibrium
point of interaction between the temporary support and sur-
rounding rock, mm; P, is the bearing capacity of the support
structure and P/ is its maximum bearing capacity, MPa;
u, is the radial displacement of surrounding rock which has
a distance from the working face of the shaft, mm; u,M is the
corresponding maximum radial displacement, mm.

As Fig. 11(a) shows, a horizontal line is drawn to inter-
sect the deformation characteristic curve of surrounding rock
by the maximum bearing capacity of the temporary support (
P /"), then a vertical line is intersected the horizontal axis,
u, is deformation for installing temporary support. When
temporary support and surrounding rock reach balance,

@ Springer
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Fig. 10 Characteristic curve of
interaction between surrounding
rock and temporary support (a) A
Timing calculation diagram of P
permanent support (-1250 m to

-1271 m) (b)

—>
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Temporary support deformation
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permanent support can be installed, and the corresponding
surrounding rock deformation is u,. Figure 11(b) demon-
strates the point at which the required height and shaft defor-
mation for permanent support installing are marked with a
black line. At this point, in our case, the initial deformation
of shaft u; was 20 mm. A vertical line from u; is drawn to
intersect the longitudinal section deformation characteristic
curve (LDP) of surrounding rock, then a horizontal line is
drawn to intersect the vertical axis, the corresponding dis-
tance from the working face is 6.2 m.

@ Springer

Shaft displacement/mm

According to the permanent support timing calculation
diagram, the required deformation of the surrounding rock
and the height from the lining to working face in each con-
struction section can be calculated as shown in Table 7.

Table 7 shows that the minimum space requirement
for pressure unloading from 930 to 1271 m depth should
have an unsupported height from the lining to the work-
ing face greater than 4 m, that is to say, 2 sinking cycles
height (8 m) is needed during shaft excavation. Canadian
shaft construction standards, conversely, suggest that the
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Fig. 11 Numerical model of
simulated excavation schemes

Table 7 Permanent support timing calculation results

Construction Required bench Required deformation

Section/m height from working  of surrounding rocks/
face /m mm

-930~-972 59 11

-972~-987 59 11

-987~-1050 5.2 16.2

-1050~-1073 5.8 16.6

-1073~-1102 6 17

-1102~-1153 6.3 18

-1153~-1207 5.9 19

-1207 ~-1250 6.2 19.6

-1250~-1271 6.2 20

span of surrounding rock with delayed permanent support
should be 2-3 times the shaft diameter over a construction
time of about 4-6 days and 4-6 sinking cycles height. The
surrounding rock stand-up time unsupported span analysis
results based on RMR quality classifications and its sta-
bility chart indicate that an unsupported shaft height can
reach 17-20 m with 4-5 sinking cycles height. Accord-
ingly, the stress release time of the -930 m ~-972 m con-
struction section was determined to be four sinking cycles
and unsupported height to be 16 m.

Scheme 1:Lining 4m per
sinking cycle

Temporary
= support

Scheme 2:Lining 4m per
4 sinking cycle

—  Temporary
/. support

Working face

Sequential stress control technology and its
effect

A numerical model was established based on the above tem-
porary and permanent support parameters for the proposed
sequential stress control technology. The simulation model
was established in Flac3D with 70 m X 70 m X 300 m, rang-
ing from -1050 m level to -1350 m level, with 1,438,961
elements. The initial stress boundary condition was applied
after solving the stress tensor. Two simulation schemes were
designed as shown in Table 8 to demonstrate the effects of
stress control and safety improvement. The corresponding
mechanical parameters are shown in Table 9.

As shown in Figs. 11, 12, 13, during sequential construc-
tion, the time for releasing stress and elastic strain energy in
Scheme 1 is less than 1 cycle, and the stress is dynamic. In
the horizontal direction, the stress reduction zone forms in
the rock mass around the shaft and then transits to the stress
increase zone. A high stress concentration zone forms in
the unexcavated area under the working face in the verti-
cal direction. In Scheme 2, 4 sinking cycles are necessary
to release the stress and elastic strain energy during each
sequential stress control process. There is a 12 m space from
beginning to end that temporarily lacks permanent support.

Figures 12 and 13 show that in Scheme 2, the stress of
the shaft and its adjacent area is significantly lower than
that in Scheme 1. We set a stress monitoring line in the
outer edge of the concrete lining above the shaft bottom
to monitor changes in maximum principal stress distance
from the shaft bottom. As shown in Fig. 14(a), there is

@ Springer
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Table 8 Simulated deep shaft
excavation scheme

Table 9 Mechanical parameters
for the numerical simulation
models

Construction technology Simulated construction process Stress boundary condition
Scheme 1: the traditional Step 1: excavation 4 m initial sxx -34.649¢6 grad 0 0 0.047¢6
short excavation and short ~ Step 2:temporary support initial syy -18.035e6 grad 0 0 0.0294e6
support Step 3: Lining 4 m initial szz -26.016e6 grad 0 0 0.028e6
Scheme 2: delay support Step 1: excavation 16 m initial sxx -34.649¢6 grad 0 0 0.047¢6
with sequential stress Step 2: temporary support initial syy -18.035e6 grad 0 0 0.0294¢6
control Step 3: Lining 4 m initial szz -26.016e6 grad 0 0 0.028e6
Construction Section/m Bulk modu-  Shear modu-  Cohesion/MPa Inter friction Tensile
lus /GPA lus /GPA angle/® strength/
MPa
-930~-972 16.45 8.03 7.28 39.61 2.13
-972~-987 12.79 6.25 6.55 37.08 2.13
-987~-1050 13.43 6.20 6.55 37.08 2.13
-1050~-1073 12.79 6.25 6.55 37.08 2.39
-1073~-1102 12.79 6.25 6.55 37.08 2.39
-1102~-1153 12.79 6.25 6.55 37.08 241
-1153~-1207 12.79 6.25 6.55 37.08 241
-1207~-1250 12.79 6.25 6.55 37.08 2.74
-1250~-1271 12.79 6.25 6.55 37.08 2.74

Fig. 12 Evolution pr f

mgximum ;rlilric?pafl) ;:zzs gur— :gggggg:g; -3.2184E+06 -6.2367E+06

ing excavation (Scheme 1) 22.5000E+07 -1.0000E+07 -1.0000E+07
2.7500E+07 -1.5000E+07 -1.5000E+07
-3.0000E+07 -2.0000E+07 2.0000E+07
-3.2500E+07 -2.5000E+07 -2.5000E+07
i 3.0000E+07 3 0000E+07
-4.0000E+07 -3.5000E+07 -3.5000E+07
-4.2500E+07 -4.0000E+07 -4.0000E+07
4 S000E+07 4.5000E+07 4 5000E+07
SONEAT -5.0000E+07 -5.0000E+07

| -5.2500E+07 © -5.5000E+07 -5.5000E+07
© -5.5000E+07 ~-6.0000E+07 -6.0000E+07

ggggggg; -6.5000E+07 -6.5000E+07
62500E+07 -7.0000E+07 7.0000E+07
-6.5000E+07 -1.5000E+07 -1.5000E+07
-6.5158E+07 -1.7669E+07 -1.7268E+07

no obvious stress change; temporary support improves 2 72

strength but is not conducive to stress reduction in the 0 =p;——— (1 = =) (10

surrounding rock. However, Fig. 14(b) shows favorable @ "

stress-releasing effect after the construction technology is

adjusted. Stress decreases sharply to a small value within . a2 rl,2

0-16 m of the shaft bottom. A location more than 16 m %o =p,~m(l + ﬁ) (11

from the bottom, the stress in the concrete lining gradu-
ally converges to about 28 MPa. These observations are

verified by Eq. (10)-(12).

@ Springer
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Fig. 13 Evolution process of
maximum principal stress dur-
ing excavation (Scheme 2)

Fig. 14 Variation curve of
maximum principal stress with
distance from shaft bottom of
concrete lining outer edge. a
With versus without temporary
support in traditional construc-
tion process. b Original technol-
ogy versus improved technology

!
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Distance from working face/m Distance from working face/m
(a) (b)
If 6,6=28 MPa, a=3.75 m, r;=3.35 m, r=3.35,
(12) t=0.4m, fc'=16.7 MPa, then p,=2.83 MPa and F§=2.35,

where o, is radial stress in the lining, MPa; 6, is tangential
stress in the lining, MPa; a is the radius of the shaft, m; r; is
the internal radius of the concrete lining, m; r is the distance
from a point on the shaft to the center of the shaft, m; ¢ is the
concrete lining thickness, m; fc' is the concrete’s compres-
sive strength, MPa; p; is the pressure from shaft-surrounding
rock on the lining, MPa; F is the safety factor.

which can ensure the long-term safety of the lining.

Conclusions

High stress creates deformation, instability, and rockburst
disasters during deep shaft construction in metal mines.
The failure mode and failure zone shape of surrounding
rock in a typical deep shaft construction process were
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analyzed in this study. A sequential stress control tech-
nology for deep shaft construction was developed accord-
ingly. Corresponding temporary support and permanent
support timing parameters were calculated and validated
by theoretical analysis and numerical simulation. The main
conclusions can be summarized as follows:

1) Rock surrounding the construction section of -930 m to
-1271 m in the deep shaft is mild or severely squeezed
strata under high stress. The potential failure mode is
stress-controlled, and the failure zone of the surrounding
rock is “ear” shaped. It is crucial to provide stress con-
trol to prevent high-stress disasters such as rock bursts.

2) Temporary support strengthens the rock mass, improves
the shear capacity of surrounding rock, and prevents the
broken rock from falling but does not release stress. The
permanent support cannot bear the surrounding rock’s
stress but can only stabilize the rock mass. Therefore,
the rock mass’s stress and elastic strain energy should be
released to the greatest extent possible before permanent
support is installed; permanent support should not be
installed too early.

3) Rock mass quality classification, RMR stability charts,
and convergence-confinement theory information was
combined to determine the time and height of delayed
shaft permanent support as 4 days and 16 m, respec-
tively, during the construction of -930 m to -1271 m.
Numerical simulation and safety factor proof informa-
tion indicate that sequential stress control technology
can reduce the stress in the surrounding rock and ensure
long-term shaft stability. But when the excavation depth
increases, it should further study and adjust the stress
releasing time and space in time.

4) The proposed sequential stress control technology may
be a valuable reference for excavating hard rock deep
shafts in metal mines. Our results also suggest that stress
and deformation monitoring during construction should
be strengthened.
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