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Abstract

To overcome the problems existing in the application of the traditional stability control method of the surrounding rock of
deep shafts, in this paper, a stability control method for the surrounding rock of deep shafts is presented based on the New
Austrian Tunnelling Method (NATM) and the Norwegian Method of Tunnelling (NMT), and a support design method of deep
shafts is also proposed. In addition, taking a deep shaft construction project as an example, the support design process of a
deep shaft is presented: the engineering geology and in situ stress of the deep shaft are collected and processed to evaluate
the rock mass quality with the Q-system, rock mass rating (RMR), and geological strength index (GSI). The strength and
deformation parameters of the intact rock are obtained via laboratory tests, and the rock mass mechanical parameters are
calculated using the generalized Hoek—Brown method. Then, a variety of support design methods based on rock mass clas-
sification systems are applied to determine the primary and permanent support, and the support time is obtained on the basis
of a convergence-confinement analysis and engineering experience. A two-dimensional plane-strain model is constructed
to analyze and evaluate the safety of the proposed support system, incorporating the major geological discontinuities and

non-hydrostatic in situ stress state prior to excavation.

Keywords Deep shaft - Support design - Stability analysis - Numerical modeling

Introduction

A deep shaft project (denoted XZJ) is being carried out
to provide a central ore-lifting facility for various mining
areas at the Xincheng gold mine, located in northeastern
Laizhou, Yantai, Shandong Province, China (Fig. 1). The
shaft is required to have a circular cross section with a fin-
ished diameter of 6.7 m and a depth of 1527 m, making it
the deepest shaft in China.

The stability control method of the surrounding rock
of deep shafts is an important part of the construction of
deep shafts and has been developed with the surround-
ing rock pressure theory of underground engineering. The
development of the surrounding rock pressure theory of
underground engineering can be divided into three periods:
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the classical surrounding rock pressure theory period, the
granule pressure theory period, and the elastoplastic sur-
rounding rock pressure theory period (Zheng 2012). Accord-
ing to the classical theory of surrounding rock pressure, as
described by Heim and Rankine, the pressure acting on a
support structure is equal to the gravity of the overburden
rock (Cai 2002). However, as the depth of the underground
engineering increases, the pressure acting on the support
structure is no longer only the gravity of the overburden rock
because with increasing excavation and support time, the
support structure and the surrounding rock separate, some
rock masses become loose, collapsing and forming an arch,
and the gravity of the loose rock in the arch is the pressure
acting on the support structure. This process was the focus
of the granule pressure theory period, which was supported
by M.M.IIporoassikoHoB and K. Terzaghi (Jia 2010). With
the development of support methods and technology, people
realized that the surrounding rock pressure was not only the
gravity of the loose rock mass in the arch of the surrounding
rock but mainly the deformation-induced pressure between
the surrounding rock and support. Combined with the devel-
opment of continuum mechanics and numerical analysis, the
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development of surrounding rock pressure theory entered the
elastoplastic surrounding rock pressure theory period, and
its early theoretical foundations were presented by Fenner
and Kastner (Bieniawski 1989a).

In the classical surrounding rock pressure theory period
and the granule pressure theory period, the surrounding rock
of engineering was only used as the load to be controlled
by the support, which formed the traditional philosophy of
timely and high-strength support to prevent surrounding rock
loosening and improve the stability control of the surround-
ing rock in undergrounding engineering. Under the guidance
of this philosophy, as the depth of underground engineering
increases, the surrounding rock pressure increases, and the
strength and stiffness of the support also increase. However,
for deep surrounding rock with a high pressure, technical
measures to continuously enhance the support strength and
rigidity have achieved poorer stability control and economic
gain (Zhao 2018).

The New Austrian Tunnelling Method (NATM) is the
most revolutionary and representative method presented
during the elastoplastic surrounding rock pressure theory
period for the stability control of surrounding rock; it was
originally developed for use in the Austrian Alps, where
tunnels are commonly excavated at depth and under high
in situ stress conditions (Vydrova 2015). Compared with
the traditional stability control methods of surrounding rock,
the main innovation of NATM is that takes advantage of the
self-supporting capability of the surrounding rock, which is
accomplished by dual-lining supports (initial and final sup-
port) that are intended to allow the rock to deform before the
application of the final lining so that the loads on the lining
are reduced, provided that detrimental loosening, resulting
in a substantial loss of strength, is avoided (Kendorski and
Hambley 1992).

The Norwegian method of tunneling (NMT) is another
important method presented during the elastoplastic surround-
ing rock pressure theory period for the stability control of sur-
rounding rock. It is also based on the philosophy of exerting
the self-supporting capability of surrounding rock. Unlike
NATM, NMT has good applicability in hard jointed rock mass
engineering, and there are great differences in the selection of
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support types and the determination of support parameters,
while its rock mass classification system can be used to predict
the mechanical performance of engineering rock masses and
support requirements, which can only be achieved by on-site
monitoring in NATM (Barton et al. 1992; Barton 1998). Since
NATM and NMT were proposed, they have been widely used in
various rock engineering projects, such as bridges, mines, and
water conservancy construction. A variety of methods based
on NATM and NMT applications, such as the Australian meth-
odology, Canadian and Scandinavian methodology, and South
African methodology, also have been proposed (Purwanto et al.
2014; Li 2017; Meng et al. 2015).

In China, the stability control method of the surrounding
rock and construction technologies for deep shafts have not
been proposed; therefore, these methods based on the tradi-
tional stability control philosophy of shaft surrounding rock
are still being used to sink deep shafts. However, with these
methods, the rock mass conditions for rock mass classifica-
tion are not sufficient, and the variability in different rock
mass qualities is small or even absent. All of these factors
result in the poor applicability of the rock mass classification
method and some limitations of the corresponding support
design method in deep shaft construction (Li et al. 2015). The
geological conditions of the deep strata are obviously differ-
ent from those of shallow strata; thus, the empirical value
of lining thickness based on the experience of shallow shaft
construction is no longer suitable for deep shaft construction.
The increasing shaft diameter also renders the design of the
shaft lining beyond the application scope of the lining design
method of a shallow shaft (Wang 2012). A combined con-
struction operation process of short section excavation and
lining, which requires a high-strength rigid concrete lining to
be installed immediately after the opening of the shaft front,
results in frequent rock bursts and cracking of the shaft lining
due to the high surrounding rock pressure (Xiao 2015). In
view of this, to take advantage of the self-supporting capabil-
ity of the surrounding rock (as in NATM and NMT), a new
stability control method and support design method of the
surrounding rock for deep shafts are proposed and used to
design a support system for the XZJ project, which provides
a reference for other deep shaft construction.
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Stability control method of the surrounding
rock of a deep shaft

NATM represents both a design philosophy and a construc-
tion method (Golser 1979; Brown 1981; Hagenhofer 1990;
Barton and Grimstad 1994). As a construction method, it
is more suitable for soft rock tunnel construction, and as
a design philosophy, it has a guiding role for most under-
ground engineering. The main principles of NATM are
summarized in Karakug and Fowell (2004). Compared with
NATM, NMT is a set of technical systems based on the
Q-system of rock mass classification for the stability con-
trol of the surrounding rock of underground engineering.
Similarly, NMT can be applied to most rock engineering,
and its essential characteristics are summarized in Singh and
Goel (2011a).

The self-stability of shaft surrounding rock is not
considered in traditional theory or methods (Terzaghi
1943; Talobre 1957; Ozturk and Guler 2016; McCreath
1980). Only a few researchers have shown the applica-
tion of the self-stability of surrounding rock in support
design and stability analysis of deep shafts, but there is
no introduction or explanation of the stability control
method of the surrounding rock of deep shafts (Fabich
et al. 2015; Hormazabal et al. 2012). Both NATM and
NMT emphasize making full use of the self-supporting
capability of the surrounding rock. With the open-
ing of the shaft front, the primary support is applied
immediately to stabilize the exposed surfaces and allow
the rock to deform and release internal stresses, which
avoids the problem of a high surrounding rock pres-
sure in the application of the traditional stability control
method of surrounding rock in deep shaft construction,
greatly reduces the occurrence frequency of rock bursts,
prevents the shaft lining from cracking, and reduces the
support strength requirement and support cost. Based
on NATM and NMT, this paper proposes a stability
control method for the surrounding rock of a deep shaft.
The details are as follows:

(i) Mobilization of the strength of the rock mass—
This method relies on the self-supporting capability
of the rock mass being conserved as the main com-
ponent of shaft support.

(ii)) Primary and permanent support—The primary
and permanent support are used to allow the rock to
deform before the application of the final lining so
that the loads on the lining are reduced.

(iii) Primary support—The primary support is used
to enable the rock to support itself. The loosening
and excessive rock mass deformation is minimized
by applying a 25-50-mm layer of sealing shotcrete
immediately after opening of the shaft front, and then

a flexible but active combination of systematic rock
bolts, additional shotcrete, and steel ribs are installed
within the stand-up time to allow the rock to deform
and release internal stresses.

(iv) Permanent support—The final lining is installed as
soon as possible to further strengthen the surround-
ing rock and form a safety reserve. Theoretical analy-
sis and engineering experience are used to determine
the time to install it.

(v) Rock mass classification—The participation of geol-
ogists is very important as the primary support, and
the further design of supports during the excavation
of rock requires the classification of the rock mass.

(vi) Dynamic design—The design is dynamic during
shaft construction. Classification of the rock mass
at every shaft front opening is performed, and the
supports are selected accordingly.

Deep shaft support design method

The design methods can be divided into three main groups,
namely, empirical, analytical, and numerical methods.
According to the stability control method of the surrounding
rock of a deep shaft, support design methods based on rock
mass classification—a kind of empirical method—are recom-
mended; they are flexible, convenient, and applicable. How-
ever, the NATM classification and its support design method
are based on the engineering performance of the surround-
ing rock (John 1980). This approach evaluates the rock mass
quality and suggests support measures in the process of the
excavation of rock, which reflects NATM’s dynamic design
philosophy and cannot be used in preliminary support design
for deep shafts. The Q-system of rock mass classification and
its support design method adopted by NMT can predict the
rock mass quality and support requirements, which is one of
the essential characteristics of NMT, and can be used in shaft
preliminary support design. Many similar rock mass classi-
fication methods and their support design methods, such as
RMR and RQD, are also recommended to avoid errors due
to the characteristic limitations in the application of a single
method. The estimation method of lining pressure based on
RMR is recommended. Combined with engineering experi-
ence, reasonable support parameters of shaft linings can be
determined with this approach. The convergence-confinement
method is an important analysis method of NATM. Accord-
ing to the convergence-confinement analysis of the shaft sur-
rounding rock and support, we can determine the appropriate
time to cast the concrete lining, which can result in a sta-
ble and economic lining design. The numerical simulation
method can fully consider various factors affecting the stabil-
ity of the surrounding rock and support system and simulate
and predict the actual performance of the shaft surrounding
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rock and support system to evaluate the safety and support
effect of the proposed support system. Figure 2 shows the
process of shaft support design.

Geological conditions

For the efficient design of reliable supports for deep shafts,
a thorough geological exploration of the site is neces-
sary, including rock mass identification. Figure 3 shows a
156-336 cross section of the study site containing the axis
of the XZJ shaft, two geotechnical boreholes, and the geo-
technical units, as interpreted from available geotechnical
information at depths of approximately —930 to —1494.3 m.

The shaft top was located at+32.7 m; the shaft was ini-
tially designed to reach a depth of —1295 m. ZCK-1 and
ZCK-2 represent boreholes; borehole ZCK-1 was located
at the center of the XZJ shaft and drilled from the surface
to a depth of —1331.7 m. Its azimuth is 336° %+ 10°, its dip
angle is 89.85° +0.5°, and the total slant distance is 3.39 m.
After ZCK-1 was finished, the XZJ shaft was deepened
to —1494.3 m. The sinking of the XZJ shaft was performed
without detailed geotechnical information from —1331.7 m

to—1494.3 m. To provide this geotechnical information,
another borehole, ZCK-2 with a distance of 20 m from
ZCK-1, was drilled from —930 m to —1570 m. ZCK-2 has
an azimuth of 70° + 15° and dip angle is 89.92° +0.4°, and
the total slant distance is 2.7 m. The data between —930 m
and —1494.3 m were considered in this study because they
provide sufficient geological and geotechnical informa-
tion. Based on these evaluation indexes of the Q-system
and RMR, the geological and geotechnical data obtained
from the cores of ZCK-1 and ZCK-2 were analyzed, and the
results are summarized as follows.

(1) The main geotechnical unit is a granodiorite unit.
Based on the integrity of the rock core, this unit is subdi-
vided into original granodiorite, semiclastic granodiorite,
and cataclastic granodiorite. (2) Two or three sets of criti-
cal joints with an average joint spacing of 0.1 ~0.8 m are
observed, and a number of randomly distributed joints are
also found in the rock cores. (3) The main type of joint
surface is planar, with a few undulating or discontinuous
joints. (4) The critical joint sets are smooth or slightly
rough, and the separation between the joint walls is
1~5 mm. Small parts of the joint walls are slightly altered
by groundwater, and no fracture-filling material is found

Field investigations
- borehole, etc.
- in-situ test

Assemble engineering information
- designed diameter and depth of shaft
- sinking equipments and method, etc.

Laboratory tests
- rock properties,
e.g.oci, E, p ...

Rock mass conditions

- empirical method based

- rock mass classifications (RQD, RMR, GSI, Q)
- strength parameters of rock mass

- Unal’ s method (1999)
- “ thick wall”

formula

on rock mass classification

v

Design temporary support

v

Design permanent support

- select support components
- determine support parameters

- empirical methods

- the convergence-confinement method

- calculate lining pressure
- determine the lining thickness

4 |

| A

unsatisfactory

v

Determine the support timing

- determine the support timing for rock bolts and shaft lining

v
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Stability analysis of the proposed support system
- use the numerical software to analyze the stability of the

proposed support system incorporating the major geological

discontinuities and non-hydrostatic in-situ stress state
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Fig.2 Flow chart for ground support and shaft lining design
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Fig.3 Vertical profile with an orientation from 156~336° contain-
ing the axis of the XZJ shaft, ZCK-1; the geological units were inter-
preted from the available geotechnical data

in the core samples. (5) Although there are signs of a large
water inflow or of high-pressure groundwater, their dis-
tribution was limited and concentrated at certain depths;
therefore, the rock core can generally be regarded as dry.

From a structural geology point of view, 4 sets of faults
(Fig. 3 and Table 1) are expected to be encountered during
the construction of the XZJ shaft. The faults will affect the
stability of the shaft surrounding rock and the support sys-
tem considered in this paper.

In situ or pre-excavation stresses are of primary impor-
tance while undertaking any major underground excava-
tion stability problem (Sheorey 1994). There is no stress

Table 1 Summary of faults expected to be encountered during the
sinking of the XZJ shaft

Faults Depth (m) Dip Dip direction
F1 -970~ —980 m 30°£10° 300° £20°
F2 —1266~ —1269 m 50°+10° 243°+10°
F3 —1400,-1415 m 45+10° 225°+10°
F4 —1455,-1460 m 45+10° 225°+£10°

disturbance from other mining excavations adjacent to the
XZ1J shaft at the study site; only the in situ stress is consid-
ered in this paper. The related in situ stresses are calculated
from Cai et al. (2000), Li et al. (2012), and Zhao et al. (2007);
the stress directions are the same as the directions suggested
by Cai et al. (2000); and the mean value of the calculated
stresses at a depth is selected as the in situ stress of XZJ at
this depth. The corresponding results are presented as follow:

oy = 0.035H +5.231 (1)
o, = 0.021H +0.636 )
o, = 0.027H 3)

where oy, is the major horizontal principal stress, trending
approximately 90-270°; ¢, is the minor horizontal princi-
pal stress, trending approximately 0-180; o, is the vertical
stress; and H is the depth (in m).

Geomechanic classification and properties
of a rock mass

Rock mass classification systems are important for estimating
rock mass behavior and developing countermeasures to ensure
safe and economic mining operations (Aksoy 2008). According
to the support design method of deep shafts, the RQD (Deere
etal. 1967), RMR (Bieniawski 1989b), and Q-system (Grimstad
and Barton 1993) are used in this paper. If the 1989 version of
Bieniawski’s RMR system is used, then the geological strength
index (GSI) is determined by the equation GSI=RMR 959 —5,
where RMR |59 has a groundwater rating of 15 and the adjust-
ment for the joint orientation is set to zero (Hoek and Brown
1997). The rating results of the rock mass quality for the rock
surrounding the XZJ shaft are listed in Table 2.

Table 2 Rock mass geomechanic classification results

Level Geotechnical RQD Q RMR GSI
unit

-930~-980m  Cataclastic 58% 0.181 65 60
granodiorite

—980~ —1060 m  Semiclastic 61% 0.381 70 65
granodiorite

—1060~ —1080 m Cataclastic 53% 0.166 60 55
granodiorite

—1080~ —1250 m Original 81% 0.506 70 65
granodiorite

—1250~ —1310 m Semiclastic 69% 0.288 70 65
granodiorite

—1310~ —1450 m Original 63% 0.263 70 65
granodiorite

—1450~ —1500 m Semiclastic 60% 0.167 70 65
granodiorite
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Table 3 Strength and deformability parameters of the intact rock

Rock my O 6; (MPa) E (GPa) p ¥ (MN/m?)
type (MPa)
Granodi- 45 735 7.8 60.63 0.23 26.1x1073

orite

Determining the strength of a rock mass is difficult since the
representative specimens are too large for laboratory testing. This
difficulty can be overcome by using the generalized Hoek—Brown
method (Hoek et al. 2002). The following intact rock parameters
are obtained using unconfined tests (5 sets and 15 samples), tri-
axial tests (11 sets and 33 samples), and Brazil split tests (5 sets
and 15 samples) of rock cores at different depths (Table 3): the
Hoek—Brown intact rock parameter (m;), the unconfined com-
pressive strength (6,;), the tensile strength (c,;), the deformation
modulus (E;), Poisson’s ratio (u), and the bulk density (y).

The drilling and blasting method is preselected as the shaft
sinking method, which resulted in severe blast-induced damage
to the surrounding rock of the XZJ shaft in the shallow section
(Fig. 4). Due to the differences in rock strength and integrity
at different depths, the damage of the surrounding rocks of the
deep shaft section may be more or less than the damage of the
shallow shaft section. However, the shallow shaft surrounding
rock is severely damaged, and the deep shaft surrounding rock
may be conservatively predicted as severely damaged. The dis-
turbance factor D is associated with blast-induced damage in
the surrounding rocks and thus assigned a conservative value
of 0.8 for the deep section of the XZJ shaft, according to the
method proposed by Marinos and Hoek (2000).

And the rock mass parameters, such as the Hoek—Brown
rock mass parameters (my, s, and o), the deformation modu-
lus (E,,,), the tensile strength (c,), the cohesion (c), and the
friction angle (®), are calculated and listed in Table 4.

Temporary support for the XZJ shaft

According to the stability control method of the surrounding
rock for deep shafts, temporary support is directed to enable
the rock to support itself, which means allowing the shaft

Fig.4 The damage of surround-

ing rock at shallow section of
XZJ shaft
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surrounding rock to deform before loosening and excessive
rock mass deformation occurs. In view of this, temporary
support components are required to have sufficient support
and deformation capacities, where the support components
can deform as the rock deforms while still providing suffi-
cient support to ensure the stability of the shaft surrounding
rock during shaft sinking. These support components may
include rock bolts, steel wire mesh, steel ribs, or shotcrete.
Certainly, a 25-50-mm layer of sealing shotcrete should be
applied immediately after the opening of a shaft front. How-
ever, the use of additional shotcrete that may result in the
transition from flexible temporary support to rigid support
is not recommended in this paper.

The important parameters to be determined for the tem-
porary support are those of the rock bolts. Here, resin bolts
are used, and the main bolt parameters are the length and
spacing. Support design methods based on the rock mass
quality in the Q-system, RMR, and RQD were used to deter-
mine these bolt parameters for shaft temporary support
(Grimstad and Barton 1993; Merritt 1972; Deere and Deere
1988; Bieniawski 1984). Table 5 summarizes the results of
the temporary support design, where L is the length of the
rock bolts and determines the maximum value of the empiri-
cal design, while the bolt spacing determines the minimum
value of the empirical design. Adjacent regions with similar
support parameters and short distances can be combined into
one region, and the most conservative values of their support
parameters can be selected as the support parameters of the
combined region because it is unreasonable to change the
support parameters for sinking shafts over short distances.

Permanent support for the XZJ shaft

Concrete lining is a common type of permanent support for
mine shafts and has many advantages compared to other
types of support. The concrete lining provides an anchor for
utility hangers and shaft steel, and the regular dimensions
of the shaft allow the standardization of the shaft steel and
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Table 4 Strength and deformability parameters of the rock mass

Level Geotechnical unit m, S A G,m (MPa) o, (MPa) E,, (GPa) c (MPa) D (°)
—930~ —980 m Cataclastic granodiorite 4.152  0.0023 0.503 3.49 0.04 10.36 4.83 38.33
—980~ —1060 m Semiclastic granodiorite ~ 5.591 0.0050  0.502 5.13 0.07 13.80 5.33 40.87
—1060~ —1080 m  Cataclastic granodiorite 3.083  0.0011 0.504 237 0.03 7.61 4.37 35.78
—1080~ —1500m  Variety of granite 5.591 0.0050 0502  5.13 0.07 13.80 533 40.87

hardware. The smooth surface of the concrete lining, com-
pared to rough shafts of the same diameter, greatly reduces
ventilation loss. This type of support is also useful for assist-
ing in the control and collection of groundwater in wet shafts,
resulting in dry walls. According to the stability control
method of the surrounding rock of a deep shaft, the concrete
lining is required to only achieve the safety reserve, and it
does not need to be very thick, especially when unavoidable
overbreak occurs.

To design a shaft concrete lining, the lining pressure should
be determined. Traditional methods of estimating the lining
pressure without taking the self-supporting capacity of shaft
surrounding rock into account assume a rigid lining. A trial
lining thickness is selected, and the resulting lining safety
factor is calculated. This process is repeated until the desired
safety factor is obtained. Using a traditional design method, a
high lining pressure is obtained; for a deep shaft, this results
in a very thick concrete lining (McCreath 1980).

Table 5 Recommended parameters for temporary supports for the XZJ shaft derived from empirical methods

Level Rock quality Recommended category of support Selection of parameters
—930~ —980 m Q=0.181 Pattern bolt spacing 1.0~1.3 mand L=3.0 m Pattern bolt spacing 1.0 m and L=3.0 m
Steel wire mesh
RMR =65 Pattern bolt spacing 2.5x2.5 mand L=3.0 m
RQD=58% Deere (1988) Pattern bolt spacing 1.5~1.8 m
Merritt (1972) Pattern bolt spacing 1.2~1.8 m
—980~ —1060 m Q=0.381 Pattern bolt spacing 1.3~1.6 m and L=3.0 m Pattern bolt spacing 1.2 m and L=3.0 m
Steel wire mesh
RMR =70 Pattern bolt spacing 2.5%2.5 mand L=3.0 m
RQD=61% Deere (1988) Pattern bolt spacing 1.5~ 1.8 m
Merritt (1972) Pattern bolt spacing 1.2~1.8 m
—1060~ —1080 m Q=0.166 Pattern bolt spacing 1.0~1.3 mand L=3.0m Pattern bolt spacing 1.0 m and L=3.0 m
Steel wire mesh
RMR =60 Pattern bolt spacing 2.5x2.5 m and L=3.0 m
RQD=53% Deere (1988) Pattern bolt spacing 1.5~1.8 m
Merritt (1972) Pattern bolt spacing 1.2~1.8 m
—1080~ —1250 m Q=0.506 Pattern bolt spacing 1.3~1.6 mand L=3.0 m Pattern bolt spacing 1.3 mand L=3.0 m
Steel wire mesh
RMR =70 Pattern bolt spacing 2.5x2.5 mand L=3 m
RQD=81% Unsupported
—1250~ —-1310 m Q=0.288 Pattern bolt spacing 1.3~1.6 mand L=3.0 m Pattern bolt spacing 1.2 m and L=3.0 m
Steel wire mesh
RMR =70 Pattern bolt spacing 2.5x2.5 m and L=3 m
RQD=69% Deere (1988) Pattern bolt spacing 1.5~1.8 m
Merritt (1972) Pattern bolt spacing 1.2~1.8 m
—1310~ —1450 m Q=0.263 Pattern bolt spacing 1.3~1.6 mand L=3.0 m Pattern bolt spacing 1.2 m and L=3.0 m
Steel wire mesh
RMR =70 Pattern bolt spacing 2.5X2.5 m and L=3 m
RQD=63% Deere (1988) Pattern bolt spacing 1.5~1.8 m
Merritt (1972) Pattern bolt spacing 1.2~1.8 m
—1450~ —1500 m Q=0.167 Pattern bolt spacing 1.0 m~1.3 mand L=3.0 m Pattern bolt spacing 1.0 m and L=3.0 m
Steel wire mesh
RMR =70 Pattern bolt spacing 2.5x2.5 mand L=3 m
RQD=60% Deere (1988) Pattern bolt spacing 1.5~1.8 m

Merritt (1972) Pattern bolt spacing 1.2~1.8 m
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According to the stability control method of the sur-
rounding rock of a deep shaft, the lining pressure and
thickness are different when the casting concrete time is
different, but surrounding rock-lining equilibrium with a
designated safety reserve can always be achieved. There
are no quantitative criteria for shaft lining design, but some
recommended values of lining thickness obtained from
engineering experience are used. In South Africa, unre-
inforced concrete linings 0.23 ~0.30 m thick are generally
accepted as sufficiently strong for virtually all rock forma-
tions (Holl and Fairon 1973). A permanent concrete liner
of at least 0.5 m was also established based on a practice
used in civil engineering tunnel projects (Hormazabal et al.
2012). However, the specific value of lining thickness can-
not be obtained due to its wide range of empirical values.
Taking the control of the loosed shaft surrounding rock
as the calculation principle of lining pressure, a calcula-
tion method based on RMR g4 is used to calculate the
lining pressure, and then the lining thickness is calculated
(Oztork 2000). The calculated lining thickness results can
be used as a reference, and a reasonable lining thickness is
selected in combination with the recommended empirical
lining thickness value in this paper.

Equation (4) is used to determine the concrete lining
pressure:

P=htxyxTS 4)

Here, ht is the rock-load height (m) determined from
Eq. (5), y is the unit weight of the rock material (0.027 MN/
m?), and TS is the support constant, which changes between
1 and 2.25.

100 — RMR
ht=S><[—1989]><B

100 )

where B is the shaft diameter and S is the stress factor. Equa-
tion (6) is used for calculating S. If the RMR 444 value is less
than 40, which is usually the case for weakly stratified and
clay-bearing rock, then Unal’s mRMR index value (Unal
1996) should be used.

O ..

A Bk Oci
S =Ae +Ck+DPv (6)
where k is the ratio of the major to minor horizontal princi-
pal stresses; o, is the uniaxial compressive strength of the
intact rock (MPa); P, is the vertical in situ stress (MPa); and
A, B, C, and D are the constants presented in Table 6.

The thickness of the concrete lining can be represented
by Eq. (7) or Eq. (8) (Unrug 1992):

_ ([_fsFs 1"
t_r<[fc/FS—2P] -1 ™
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where f, is the uniaxial compressive strength of the concrete
(25 MPa), P is the external pressure (MPa), r is the inner
radius of the circular shaft (m), t is the thickness of the con-
crete lining (m), and FS is the safety factor with respect to
failure (in compression) of the concrete lining. In this study,
a safety factor of 2.5 for the concrete lining (for static load-
ing and dry shaft wall rock) is judged as appropriate (Obert
et al. 1959; Pariseau 2017).

If the surrounding rock pressure is suddenly applied to
the concrete lining, then the concrete lining will exhibit
elastic behavior, and the “thick wall” formula (Eq. 7)
should be selected. If a high shaft wall rock pressure is
slowly applied to the concrete lining, then the concrete
lining will exhibit plastic behavior, and the Huber for-
mula (Eq. 8) should be used (Vergne 2003). In this sec-
tion, we assume the elastic concrete lining behavior and
use the thick wall formula to calculate the thickness of the
concrete lining. The thick wall formula is more conserva-
tive than the Huber formula, and designers often find the
notion of the plastic behavior of concrete linings to be
unintuitive.

The lining pressure depends on the strength of the rock
mass, the shaft radius, and the in situ stress, so the calcula-
tion results in Table 7 vary from 0.57 to 0.77. The corre-
sponding calculation results of lining thickness for the XZJ
shaft are 0.2 ~0.3 m. A concrete lining thickness of 0.3 m
was determined to be suitable throughout the whole study
section of the XZJ shaft combined with the recommended
empirical values of lining thickness.

Support time

The primary support allows limited deformation but pre-
vents loosening of the rock mass. In the initial stage, very
small forces are required to prevent the rock mass from
shifting inward, but once movement starts, large forces
are required (Singh and Goel 2011b). Therefore, primary

Table 6 Some constants for calculating the S (Ozturk and Unal 2001)

RMR A B C D

26 19.772 0.605 =24.727 —1.438
35 14.882 0.588 -17.814 -1.106
45 11.933 0.590 —14.25 -0.928
60 8.584 0.580 —10.042 —-0.661
75 4.89 0.568 -5.79 -0.335
85 1.693 0.528 -1.615 —-0.078
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Table 7 Pressure and thickness of the concrete lining at different
depths

Level Concrete lining Thickness of the
pressure (MPa) concrete lining (m)
-930~ —-980 m 0.72 0.271
—980~ —1060 m 0.65 0.252
—1060~ —1080 m 0.77 0.293
—1080~ —1250 m 0.59 0.216
1250~ —=1310 m 0.57 0.210
—1310~ —1450 m 0.68 0.255
—1450~ —1500 m 0.69 0.257

support should be installed within the stand-up time to
prevent movement. The stand-up time depends upon the
unsupported span of the shaft, which is defined as the dis-
tance between the shaft front and the last support. The
stability evaluation chart (Bieniawski 1984) shows the rela-
tionship between the stand-up time and unsupported span
for various rock mass RMR classes and is used to give the
unsupported span and its corresponding stand-up time for
the surrounding rock of the XZJ shaft with different RMR
values. The results are summarized in Table 8. It is rea-
sonable for that shaft to be excavated with an unsupported
span of 4 m when considering the stability of the shaft
wall rock and the shaft construction technology, in which
the 4-m unsupported span is coincident with the excava-
tion advance in each blasting cycle, and its corresponding
stand-up time (at least 10,000 h) is enough for the installa-
tion of the primary support.

The convergence-confinement method was used to
determine the appropriate support time based on the sup-
port requirements or calculate the safety factor of the
support system according to the designated support time
(Duncan-Fama 1993; Panet 1993, 1995; Carranza-Torres
and Fairhurst 2000). The three basic components of the

Table 8 The evaluated results of the unsupported span and stand-up
time for the advance of the shaft excavation

Level Rock quality ~ Unsupported Stand-up time (h)
span (m)

—930~ —980 m 65 18.0 700
4.0 10,000
3.8 20,000

—-980~—-1060m 70 20.0 1000
4.0 40,000

—-1060~—-1080m 60 15.0 300
4.0 5000
3.0 7000

—1080~—-1500m 70 20.0 1000
4.0 40,000

convergence-confinement method are the longitudinal
deformation profile (LDP), the ground reaction curve
(GRC), and the support characteristic curve (SCC). The
GRC is the theoretical basis of NATM and describes the
relationship between the stresses and deformations around
the openings (Bieniawski 1989c). Three constitutive models
based on the postfailure behavior of a rock mass, namely,
the elastic-perfectly plastic model (GSI < 25), the strain-
softening model (25 < GSI<75), and the elastic-brittle
model (GSI>75), are used to calculate GRC (Hoek and
Brown 1997; Alejano et al. 2009). Different constitutive
models are used, and the theoretical methods for establish-
ing GRC are also different (Salencon 1969; Wang 1996;
Brown et al. 1983; Duncan-Fama 1993; Gumusoglu et al.
1987). The GSI values of the surrounding rock of the XZJ
shaft are between 25 and 75, and the strain-softening model
should be used to establish the GRC. However, there are no
widely accepted parameters for the strain-softening model
(Youn-Kyou and Pietruszczak 2008), and the corresponding
theoretical methods for establishing GRC are more complex
than the other two models. Therefore, the elastic-perfectly
plastic model is used in this paper.

The implementation of the convergence-confinement
method is described by Carranza-Torres and Fairhurst (2000),
which is used as reference for the analysis of the XZJ shaft. A
“butterfly-shaped” or “non-butterfly-shaped” failure zone usu-
ally develops around a circular opening. For the case of a non-
butterfly-shaped failure zone, Carranza-Torres and Fairhurst
(2000) suggested that the non-hydrostatic stress field could be
transformed into hydrostatic stress field to define a GRC. That
is, the XZJ shaft is assumed to pass through the rock mass that
is initially subjected to a hydrostatic stress field of a magnitude
equal to the mean value of the horizontal principal stresses, as
calculated through Egs. (1) and (2). The theoretical method
described in Carranza-Torres and Fairhurst (2000) is used to
establish a GRC. For another case, the finite element software,
Phase2, a two-dimensional numerical program is used to cal-
culate the GRC in this paper. Detailed process of numerical
simulation is systematically described in Rocscience Inc.
(2013). In situ stresses calculated through Egs. (1), (2), and
(3) are directly applied to the numerical model. Additionally,
the rock bolt with a diameter of 22 mm is made of HRB500
steel with a tensile strength of 500 MPa, and the safety factor
is set to 1.2 (Obert et al. 1959; Pariseau 2017). Seven shaft
cross sections corresponding to depths of —980 m,— 1060 m
,— 1080 m,— 1250 m, — 1310 m, — 1450 m, and — 1500 m are
analyzed. These sections are selected to cover the advance of
the shaft through the geotechnical units listed in Table 2.

A portion of the maximum radial displacement at a
point on the shaft excavation boundary occurs before the
shaft front advances past the specific point. The excava-
tion boundary continues to shift inward until it reaches its
maximum as the shaft front advances beyond the point. To
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Fig.5 Longitudinal displacement profiles obtained from Phase2
axisymmetric models for the 7 shaft cross sections

determine the appropriate displacement before the concrete
lining is installed, the LDP, which represents the relation-
ships between the shaft wall displacement and the distance
from the shaft front, is established for each of the 7 shaft
cross sections (Fig. 5). The shaft cross section at a depth
of —980 m is used to illustrate the analysis procedure of the
convergence-confinement method in Fig. 6. The convergence
of the wall before installing bolts and casting concrete are
obtained and listed in Table 9 with respect to a given safety
factor (e.g., P;/ P = 2.5 for the concrete lining in Fig. 6).

The advance of the concrete lining normally lags behind
the advancing shaft front to allow for the relaxation of the
surrounding rock. Failure to choose an appropriate lag dis-
tance is likely to result in the failure of the support. In shaft
engineering, a distance of 2 ~ 3 times the diameter of the shaft
is widely accepted and applied (Vergne 2003). Table 9 shows
that a distance of less than 8 m is required to relax the shaft
surrounding rock for all the shaft cross sections analyzed
above; however, the time it takes to sink 8 m is not sufficient

sections.
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Fig.6 Application of the convergence-confinement method for the
XZJ shaft at a 980-m depth
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Table 9 Installation time for the bolts and lining

Level Installation time of bolts The time of casting
concrete

Convergence Distance Convergence Distance

of the wall from the of the wall  from the

(mm) shaft front  (mm) shaft front

(m) (m)

—930~ -980 m 15.0 4 23.0 4
—980~ —1060 m 10.0 4 17.8 4
—1060~ —1080 m 35.0 4 37.8 8
—1080~ —1250 m 15.0 4 21.8 4
—1250~ -1310 m 14.0 4 21.1 4
—1310~ —-1450 m 18.5 4 26.1 8
—1450~ —1500 m 19.0 4 27.1 8

for the ground reaction or the relaxation of the shaft surround-
ing rock, and 16 m (approximately 2 times the shaft diameter
and 4 times the excavation advance in each blasting cycle)
without the concrete lining was determined according to the
recommended values mentioned above. Figure 6 also shows
that the greater the deformation capacity of the rock bolts is,
the earlier the rock bolts should be installed to attain the same
safety factor, which contributes to the stability of the shaft sur-
rounding rock and the safety of the sinkers. Therefore, bolts
with a high deformation capacity are recommended.

Stability analysis of the proposed shaft
support

The shaft support design proposed above is based on the assump-
tion of stress isotropy and rock mass continuity. However, physi-
cal discontinuities (such as faults, joints, and bedding planes)
are present in rock masses, and joints usually account for a large
number of discontinuities. In underground excavation design,
joints are generally considered in the calculation of the rock
mass strength, while the effect of discontinuities (such as faults
and bedding planes) on stress also should be evaluated. The FE
analysis using Phase2 is carried out to evaluate the influence of
these conditions on the performance of the support system.
Figure 7 shows the numerical model with two faults. The
element type of the model is 3-node triangles, and the num-
ber of elements is 6715. The displacement in the X, y, and
z directions at the model boundary are restricted. The major
horizontal principal stress (o) and the minor horizontal prin-
cipal stress (o},) are applied in the x and y directions of the
model, respectively, and the intermediate principal stress (o)
is applied in the z direction. The values of principal stress are
calculated through Eqgs. (1), (2), and (3). Details of the discon-
tinuities used in this section are shown in Table 1 and Fig. 3.
The Mohr—Coulomb criterion is selected as the slip criterion.
It is too difficult to obtain the fault properties (tensile strength,
cohesion, friction angle, and stiffness), and the weakest fault,
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Fig.7 Two-dimensional plane-strain model with two faults

for which all property values are assigned to 0, is used to con-
servatively evaluate the shaft stability. The displacement before
the concrete lining is installed is summarized in Table 9; the
numerical simulation procedure of the stress relaxation can be
found in the Phase2 Tutorials (Rocscience Inc. 2013).

Figure 8 shows the two-dimensional plane-strain model of
the shaft section at — 1266-m depth. The support elements,
major discontinuities, and plastic zones are visible in the
model. The different colors in Fig. 8 show the failure degree

Fig.8 Two-dimensional plane-
strain model showing shaft

section at depth of — 1266 m. Yielded
. Elements
The numbered lines represent
K [per-cent]
the supporting bolts, and the red 0

lines are rock discontinuities 5
10
15
20
25
30
35
40
45
50
55
a0
&5
70
75

a
o

85
a0
95

of the shaft wall rock after excavation and the installation
of all the support elements. To gain good support from the
bolts, they should be long enough to pass through the plastic
zone that develops around the shaft and should be anchored
in the elastic zone, as demonstrated in Fig. 8.

The loads imposed on all the supporting components
should be analyzed under the action of the major disconti-
nuities for all the geotechnical units. The axial force distribu-
tions in end-anchored bolts #1, #6, #11, and #15 are 0.155
MN, 0.161 MN, 0.157 MN, and 0.163 MN, respectively. The
tensile capacity of a rock bolt is 0.196 MN, and its residual
capacity is zero. The actual axial force of an installed bolt
is less than the bolt strength, and the smallest safety fac-
tor observed is more than 1.2. For a given factor of safety,
the supporting capacity envelopes of the concrete lining are
plotted in axial force versus shear force space or moment
space. The values of the axial force, shear force, and moment
in the concrete lining are computed and plotted in the same
space to verify that the safety factor was below the design
limits. Figure 9 shows the supporting capacity diagrams of
the 0.3-m-thick concrete lining. All the computed values fall
inside the factor-of-safety design limit envelope, thus meet-
ing the safety requirements of the concrete lining.

Discussion

Considering the problems that arise in the construction of
deep shafts in China, a stability control method and support
design method of the surrounding rock of deep shafts are
proposed based on NATM and NMT, and then the process
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Fig.9 Supporting capacity dia-
grams of a 0.3-m-thick concrete
liner a with and b without the
effect of major discontinuities
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of support design of the XZJ shaft is illustrated. However,
the calculation of the lining pressure is approximate because
of the lack of parameter values (e.g., A, B, C, and D corre-
sponding to RMR =65 and 70 in Table 7); these parameters
were acquired in the analysis of a 300 ~ 500-m shaft and also
need to be updated or revised when applied to a deeper shaft.

The support system recommended for the XZJ shaft is a
preliminary design and should be calibrated by field moni-
toring or observation when sinking the shaft. Additionally,
the support design is proposed without considering the
effects of groundwater and the dynamic loading induced by
blasting, which can be considered after collecting sufficient
information in the final design phase.

Conclusions
Taking the XZJ project as an example, the stability control
method of the surrounding rock of a deep shaft and its

preliminary support design method are explored:

1. Based on NATM and NMT, the stability control method
of the surrounding rock of a deep shaft is proposed: a
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layer of sealing shotcrete should be added immediately
after opening of the shaft front, and then a flexible but
active combination of systematic rock bolts, additional
shotcrete, and steel ribs should be installed within the
stand-up time to allow the rock to deform and release
internal stresses. The final lining should be installed as
soon as possible to further strengthen the surrounding
rock and form a safety reserve. Rock mass classifica-
tion is necessary for the primary support design and the
dynamic support design work that is performed at every
shaft front opening during the shaft sinking.

According to the stability control method of the sur-
rounding rock of a deep shaft, a preliminary support
design method of the surrounding rock of a deep shaft
based on rock mass classification is proposed. Many
rock mass classification methods and their support
design methods are recommended to design the pri-
mary support of a deep shaft; it is popular to design
the concrete lining using an empirical method, but the
results of theoretical methods can also be referenced. A
convergence-confinement analysis should be carried out
to determine the appropriate time for support installa-
tion, and then the numerical simulation method can be
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used to simulate and evaluate the actual performance of
the shaft surrounding rock and support system.

3. The support design method of the surrounding rock of
a deep shaft is used to design a support system for XZJ:
(1) the excavation advance in each blasting cycle is 4 m;
(2) 25 ~50-mm concrete is sprayed immediately after
opening the shaft front, and then resin bolts with the
spacing of 1.0~ 1.3 m and a length of 3 m, steel wire
mesh, and steel ribs are installed; and (3) the thickness
of the C25 concrete lining used is 300 mm, and a 16-m
distance without permanent support is used between the
shaft lining and the shaft front to relax the shaft sur-
rounding rock.

4. The safety of the proposed support system under the
influence of non-hydrostatic pressure and faults is
evaluated with a two-dimensional plane strain model
in Phase2 software. Safety factors of 1.2 and 2.5 are
obtained for the bolt and concrete lining, respectively,
which fully illustrates that the deep shaft support design
method mainly based on rock mass classification is
accurate and reliable.
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