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With increasing coal mining intensity, the number, length and depth of coal mine roadways is increasing
drastically, the traditional drill-&-blast method and comprehensive mechanized driving method, and corresponding support methods are incapable of controlling the surrounding rock stability gradually. Hard rock TBMs
(Full-face tunnel boring machine) have signiﬁcant advantages in terms of fast advance rates, high support capacity, being favorable to environmental protection and low construction costs. Meanwhile some modern mines
are possible target for TBM application. TBMs have been successfully used for some roadway and inclined shaft
construction. Therefore, it can be foreseeable that the TBM tunnelling method will be the ﬁrst choice and
preferred future method for deep rock roadway construction in coal mines. However, because of the complicated
construction environments, many technical challenges are encountered during TBM tunnelling in deep roadway
including the presence of: (a) mixed and changing grounds; (b) high geostress; (c) squeezing deformation and the
induced TBM entrapment or overstressing on supports; (d) fractured and faulted zones; (e) special requirements
for TBM assembly, explosion-proof, inﬂuences of roadway or cavern groups, drainage due to the construction
environments in coal mine. Therefore, in order to cope with these challenges in deep roadway tunnelling, the
following scientiﬁc problems are identiﬁed as needing urgent examination: ground stress distribution and
geological conditions investigation of deep roadway; interaction mechanism between the surrounding rock and
the TBM; safety control for surrounding rock stability; informatization construction, optimization decision and
intelligent control for TBM tunnelling. Some research progresses are also presented. Solution to these problems
will provide an important theoretical foundation for application of TBMs in deep coal mines.

1. Introduction
With increasing resource demand and exploitation, coal mines are
entering into new depths (He et al., 2005). The state of coal mining in
China is taken as an example to illustrate the roadway construction
status here. Coal is abundant in China, and will be a signiﬁcant energy
source for a long time. At present, coal mine depths are increasing at a
rate of 8–12 m/a, even 10–25 m/a in eastern China (He et al., 2005).
Recently, more than 17 coal mines have exceeded 1000 m depth. The
deepest mine is greater than 1300 m deep. More and more mines will
likely enter into or exceed the 1000–1500 m depth, which can be called
over-1000 ms burial coal mine.
However, in deep coal mines, the surrounding rock behaves quite
diﬀerently from shallow mines. This diﬀerence in behaviour results in

many emergent engineering accidents and catastrophic phenomena
(Fig. 1), and poses a series of severe challenges to rock stability. The traditional drill-&-blast method (D&B) or comprehensive mechanized excavation method with ‘anchor bolts - steel sets - grouting’ does not satisfy
the roadway excavation and support needs of mine roadways below
600–800 m deep. When mining depth increases to 1000 m or even
1500 m, these traditional excavation and supporting methods fail gradually, and barely satisfy the deep roadway construction. Therefore, a new
construction method for roadways in deep coal mines is urgently needed.
It is well known that the TBM is the most advanced tunnelling machine
in the word. The TBM combines the functions of cutting rocks, support
installation, mucking and conveying into one machine (Barla and Pelizza,
2000) (Fig. 2). Compared with the drill-&-blast method, TBM tunnelling
has signiﬁcant advantages, including high construction eﬃciency and low
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Fig. 1. Photos of deformation and failure of the
roadway.

(a) Crown subsidence

(b) Cracks produced on the roadway floor
Fig. 2. Gripper TBM (modiﬁed from The Robbins
Company, 2015).
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demands, more and more coal mines are entering deep mining levels,
the mining depth is increasing at a rate of 9.39–21.53 m/a. The depth of
some old mines is already 800–1000 m, and there are 17 mines in China
which have reached 1000 m deep (Fig. 3 and Table 1).
Deep roadways account for 28–30% of the 8000 km/a of constructed coal mine roadways, which is more than 2200 km/a (He et al.,
2005). Meanwhile, as long wall mining continues to be the most prevalent mining technology for worldwide underground coal mining,
roadways are becoming longer. For example, the main roadways in
Shengdong mining area (China) have reached 6 km.

project cost. The TBM is more conducive to environmental protection and
is favorable to the surrounding rock stability control (Liu et al., 2016a;
Zheng et al., 2016). Therefore, TBM has been widely applied in water
diversion, highway and railway tunnels.
Considering the advantages of the TBM tunnelling method and the
demands of deep roadway construction, the feasibility of the TBM application in deep roadway construction is analyzed in this paper. Previous
cases of TBM application in coal mine construction are analyzed too. Thus,
hard rock TBM tunnelling method is believed to be a suitable approach for
deep roadway construction. Applications of TBMs in the mining industry
have previously been reviewed by Stack (1982), Handewith (1983),
Robbins (1984), Cigla et al. (2001), Home and Askilsrud (2011), Brox
(2013) and Zheng et al. (2016). But there have not detailed investigation
on the TBM application in coal mine roadway.
Because of the huge diﬀerences of the construction environment
among the coal mine, metallic ore mine and the civil projects, and poor
adaptability of TBMs to the geological conditions, some geohazards and
tunnelling accidents are prone to happen in the coal mine, such as
squeezing deformation and TBM entrapment. Therefore, the technical
challenges and geological hazards are reviewed, and possible countermeasures are provided. Subsequently, in order to cope with these technical
challenges of TBM tunnelling in coal mine, the main scientiﬁc problems
need to solve are discussed, as well as some research progresses are shown
brieﬂy. Data presented in this contribution have signiﬁcant implications
for TBM usage in deep coal mine roadway construction.

2.2. Demands of new theories and technologies for deep coal mine roadway
construction
(1) Geological environment of deep roadways.
Geological conditions signiﬁcantly deteriorate along roadways over

2. Feasibility and advantages of hard rock TBM application in
deep coal mine roadway construction
2.1. Coal mine roadway construction status
60% of the proven coal resources in China is buried deeper than
800 m, and 53% is buried deeper than 1000 m (He et al., 2005, 2015).
With the exhaustion of shallow coal resources and enormous coal

Fig. 3. The developing trend of coal mining depth in China (He et al., 2015).
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Table 1
Coal mines which mining depth reached 1000 ms in China.
No.

Coal mine

Maximum mining depth/
m

1
2
3
4
5
6
7
8
9
10
11
12
13
14

Xinwen Suncun Coal Mine
Xingdong coal mine of Jizhong Energy Group
Xinwen Huafeng Coal Mine
Shenyang Caitun Coal Mine
Kailuan Zhaogezhuang Coal Mine
Shandong Tangkou Coal Mine
Xuzhou Zhangxiaolou Coal Mine
Xinwen Xiezhuang Coal Mine
Yuejin Coal Mine of Yima Energy Group
Beipiao Guanshan Coal Mine
Linyi Gucheng Coal Mine
Beijing Mentougou Coal Mine
Jining Anju Coal mine
Kouzidong Coal Mine of SDIC Xinji Energy Co.,
Ltd.
Datun Zhangshuanglou Coal Mine
Chang Guang Coal Mine
Huainan Zhuji Coal Mine

1400
1300
1230
1199
1160
1111
1100
1100
1080
1059
1080
1008
1008
1005

15
16
17

1050
1080
1020

1000 m deep. Roadways commonly experience high geostress, high
water pressure, a large geothermal gradient and intense excavation
disturbance. For example, the measured geostress of 800–1000 m deep
roadway sections in the Huainan coal mine (China) show that the
maximum horizontal principal geostress reaches 20–36 MPa, the vertical geostress reaches 20 MPa, and the lateral stress coeﬃcient is
generally larger than 1 with a maximum of 1.6 (Luo et al., 2011). The
contradiction between high geostress and low strength grounds results
in sudden engineering disasters, such as large deformation of the surrounding rock, or overloading and collapses of supports (Hoek, 2001).

Fig. 4. Drill-and-blast method (modiﬁed from Xi’an Holiday software Co., LTD, 2012).

(2) Previous roadway excavation technologies.
At present, the two primary methods of roadway construction include the drill-and-blast method (D&B) (Fig. 4), and the cantilever-type
mechanized roadheader (Fig. 5).
The drill-&-blast method has been widely used in underground excavation for wide applicability, full ﬂexibility and strong adaptability to
various geologic conditions. However, disadvantages of the drill and
blast method include a slow advancing rate, complex tunnelling procedures, huge interactive disturbance among the construction procedures, prominent surrounding rock disturbance and an unsmooth excavation perimeter. Drill-&-blast tunnels commonly advance at a rate of
100–250 m per month.
The cantilever-type mechanized roadheader has been under exploration for many years. However, the supports cannot be installed in
time after excavation. Therefore, it is diﬃcult to control the surrounding rock stability, and it is easily trapped when advancing
through soft-weak grounds or faulted-fractured zones. High-eﬃciency
mechanized driving is a signiﬁcant challenge for roadways construction.

Fig. 5. Cantilever-type mechanized roadheader drivage.

rates of roadways over 1000 m are three to 15 times that of roadways
under 500–600 m deep (Xie, 2002). As a result, deep roadways have to
be repaired repeatedly.
It can be concluded that due to the fundamental diﬀerences in
geological conditions and stress states along shallow and deep roadways, the current excavation and supporting technologies cannot satisfy
the construction eﬃciency and surrounding rock stability demand of
deep roadways. Therefore, it is urgent to develop new construction
technologies for deep roadways.

(3) Previous roadway supporting technologies.
2.3. Technical features of the TBM tunnelling method

As for deep or over-thousand meter deep roadways, construction
experiences obtained from Germany and China have shown that it is
diﬃcult to support along the entire cross section by the drill-&-blast
method. The combined supporting systems composed of ‘prestressed
anchoring + steel sets + bolts + grouting + anchor cables or even
concrete lining’ have diﬃculty controlling the stability of the surrounding rock and may gradually fail in deep roadways by mechanisms
such as anchor bolts/cables invalidation (Fig. 6a), shotcrete breaking,
ﬂoor heave (Fig. 6b), or steel sets distortion (Fig. 6c). Roadways failure
statistics in Kailuan coal mine (China) show that damage and failure

TBM tunnelling is a kind of mechanized excavation method, which
excavates rocks by cutters/cutter-head rolling, pressing and cutting the
rocks (Fig. 7), and then removing material via a continuous conveyor
belt. TBMs have signiﬁcant advantages in drivage, supporting, environmental protection and cost (Barla and Pelizza, 2000).
(1) High advance rate.
Generally speaking, the TBM advance rate is triple to ten times the
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(a) Anchoring and shotcreting
failure

(b) Floor-heave

(c) U steel sets damage

Fig. 6. Large deformation of deep roadways and the induced supports failure.

secondary stresses through a smooth adjustment process, allowing the
conﬁning pressure to unloaded smoothly, and the stored energy to release gradually (Cai, 2008; Yan et al., 2012). TBM mechanized excavation has a smooth quasi-static unloading process. As a result, the
surrounding rock disturbance under TBM tunnelling method is smaller
and more gentle than that under D&B method (Barton, 2000; Cantieni
and Anagnostou, 2009), as shown in Fig. 9.
The in-situ geostress trends toward a hydrostatic state with the increasing mining depth. The circular cross section shape of TBM tunnelling is beneﬁcial for stress redistribution of surrounding rock as well
as reducing the stress concentration. The circular supporting structures
utilize the compressive property of the concrete fully, which enhances
the bearing capacity of the support systems. Fig. 8 shows how the
bottom corners of a roadway with originally straight walls and a
semicircle arch were squeezed and distorted dramatically. As a result
the roadway was heavily deformed to near circular shape, indicating
that the circular cross section is beneﬁcial to the stress state and the
subsequent deformation of the surrounding rock.
Almost all supporting methods can be implemented by the support
installation system equipped on the TBM, including segmental lining
(Fig. 10a), pea gravel backﬁlling (Fig. 10b), bolting, grouting, steel sets
and advanced supporting. The TBM support eﬀects are much better
than the traditional bolting and grouting methods. Both excavation and
supporting can be performed simultaneously in TBM tunnelling. Consequently the EDZ (Excavation Disturbance Zone) will be prevented to
evolve and enlarge further. TBM tunnelling method overcomes the
shortcoming of traditional tunnelling methods, speciﬁcally that advance rate excessively depends on supporting eﬃciency.
Additionally, the roadway ﬂoors often heave seriously in the soft
and weak grounds under conventional tunnelling methods, which may
induce the rails incline and intensive tensional cracks in the ﬂoor
(Fig. 1b). However, the circular cross section shape excavated by a TBM
largely eliminates stress concentration at the ﬂoor corners. What is
more important is that the ﬂoor can be supported in time and totally-

Fig. 7. Rock fragmentation mechanism in TBM boring (Liu et al., 2015).

drill-and blast-method’s (Zhang and Fu, 2007), twice to eight times that
of the mechanized roadheader. Rock fragmentation, supporting,
mucking, material transportation are performed continuously and simultaneously during TBM excavation. For example, The Yellow River
Diversion Project in Shanxi Province (China) recorded a daily advance
rate of 113.21 m in the 7# tunnel and a maximum monthly advance of
1821.5 m in the 4–7# tunnel (Zhang and Fu, 2007). Thus, if TBM is
applied in deep roadways construction, then roadway construction time
will signiﬁcantly decrease.
(2) Surrounding rock stability.
Ground disturbance is closely related to excavation method and
stress release (Cai, 2008). The disturbance of surrounding rock excavated by the drill-and-blast (D&B) method is the result of blasting
loads combined with high-speed dynamic unloading, which provokes
dynamic unloading stress waves near the excavation contour (Yan
et al., 2012). While the TBM uses cutters around the outer periphery to
roll and cut the rocks to fragment the rocks at the tunnel contour, the
initial stresses near the periphery of the excavation transform to

Fig. 8. The squeezed circular shape of the
roadway.
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roadheader method. Therefore, TBMs are widely applied in the diversion tunnels of hydropower stations or water transfer projects, highway
and railway tunnels.
(4) Application conditions for TBM tunnelling.
In terms of current technological level, the most suitable lithology
for TBM tunnelling is medium-hard rock, such as limestone and sandstone. The most applicable rock mass strength is Rc = 30–150 MPa for
TBM tunnelling. When the ground is too soft or weak, the surrounding
rock may deform and fail easily, inducing TBM entrapment. On the
contrary, when the ground is too hard, the boring eﬃciency of the
cutter-head and cutters decreases dramatically.

Where P0 is he initial geostres s; P1 and P2 are the redistributed seondary stress;
u1 and u2 are the correspon ding convergence on the excavation boundary.

2.4. Successful application cases of TBMs in coal mine

Fig. 9. Stress-convergence relationship of the surrounding rock under TBM and D&B
excavation.

Because of the above mentioned advantages, the TBM tunnelling
method has gradually tried to be applied to coal mine construction.
German had ﬁrst introduced a TBM in coal mine in 1971 (Hudewentz
and Lücker, 1983), and followed by coal mines in America (Handewith,
1983). The Canadian Donkin-Morien coal mine has built two parallel inclined shafts with the TBM and drill-&-blast method respectively in 1983.
The cutter-head diameter was 7.6 m, the cutter-head was assembled with
disc-cutters, which can fragment hard rock, and equipped with tear cutters
which can cut soft rock. The recent successful and planning TBM application cases in coal mine are listed as follows, see Table 2.
(1) Successful TBM application cases in coal mines.

(a) Segmenal lining installed (b) Pea gravel backfiling
behind the end of the shield behind the semental lining

The Methane Gas Extraction Roadway of Huainan Zhangji Coal
Mine was constructed by a gripper TBM developed by Northern Heavy
Industries Group Co. Ltd. (China). This TBM has been designed according to vertical shaft construction requirements, all the equipment
parts’ size and weight were designed according to the shaft cage size
and carrying capacity. The electrical systems’ explosion-proof design,
cutter-head integral transportation, high geostress, cutter-head entrapment, underground assemble and disassemble problems have been
solved successfully (Liu et al., 2016a). The 1413A Methane Gas Extraction Roadway at −670 m excavation level was constructed from
Nov. 2014, and ﬁnished at 12th Mar. 2015. The best daily advance rate
reached 30.7 m, the mean daily advance rate was 13.5 m. After this
roadway construction was ﬁnished, another roadway (1415A Methane
Gas Extraction Roadway) was constructed by this TBM. Its best monthly
advance rate reached 560 m. This is the ﬁrst TBM boring line for full
face hard rock roadway in a vertical shaft mine, the advance rate and
construction quality were much better than the traditional dill-&-blast
method, and provided suﬃcient time for gas extraction.
The No.2 auxiliary shaft of Shenhua Shendon Bulianta coal mine
(China) was also constructed by TBM starting on 11th Jun. 2015. This
inclined shaft is 7.62 m diameter, −9.5% (5.5°) downward slope,
2733 m length, and supported by segmental lining. This project adopted
the multi model TBM developed by China Railway Construction Heavy
Industry Co., Ltd., which has combined the EPB and hard rock TBM
model (Fig. 11). All of the electrical systems incorporate an explosionproof design, and the TBM is equipped with high ventilation ability,
long distance reverse-slope drainage, long distance heavy material
transportation and harmful gas detection etc. The waterproof structure,
the segmental lining, the grouting technologies over long distances,
large gradient, high underground-water pressure, crossing through already-existing roadways, excavation in soft argillaceous sandstone and
tunnelling through coal formation several times have been studied for
this project. This TBM was capable of driving through hard, soft and
mixed-ground. This project has produced the best monthly advance rate
of 639 m, and the mean monthly advance rate was 500 m over four
successive months, which marked the ﬁrst coal mine inclined shaft in
China completely constructed by TBM (Fig. 12).

Fig. 10. Segmental lining supports.

enclosed in TBM tunnelling. Therefore, the ﬂoor heave can be prevented and controlled eﬀectively in TBM tunnelling.
(3) Advantages in cost eﬀectiveness.
It is widely accepted that the TBM tunnelling method is economic
when the tunnel length to diameter ratio reaches 600 on the whole
(Zhang and Fu, 2007) for the below aspects.
a. Project schedule
TBM tunnelling is much faster than the drill-&-blast method and
comprehensive mechanized roadheader method, reducing construction
costs. More proﬁt can be made if the schedule is shortened.
b. Roadway maintenance costs
Almost all of the roadways over 800–1000 m deep, no matter constructed by drill-&-blast method or comprehensive mechanized tunnelling, are need to be repaired because of the intense deformation and
fracturing. Final stability can be attained usually after several rounds of
maintenance and repair. In TBM tunnelling, because the supports are
installed immediately, the ﬂoor can be supported immediately, and the
risk of the supporting structures failure is greatly reduced.
What’s more, TBM tunnelling has signiﬁcant advantages in construction safety and environmental protection. While the circular excavation cross section and overcut can be controlled accurately in TBM
tunnelling, therefore the material consumption is much lower than the
drill-&-blast method. So, it can be concluded that TBM tunnelling has
signiﬁcant advantages in high construction eﬃciency, low project cost,
environmental protection and surrounding rock stability compared
with the drill-&-blast method and the comprehensive mechanized
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Two inclined shafts
Two single-shield TBMs with earth pressure balance functions
made by China Railway Construction Heavy Industry Co. Ltd.

Fig. 12. The successfully ﬁnished Bulianta No. 2 auxiliary shaft.

(2) The under construction and planning TBM projects in coal mine.

2013–2014

2014

Anglo-American Coal Mine
(Australia)

Huainan Zhangji Coal Mine
(China)
Shenhua Shendon Bulianta coal
mine (China)

The Xinjie Taigemiao mining area of Shenhua Group Corp. is one of
the major energy resource bases in China. The main inclined shaft and
auxiliary inclined shaft of its No. 1 coal mine were constructed by two
single-shield TBMs with earth pressure balance functions, as shown in
Fig. 13. The two shafts feature by steep downgrade (−10.5%), long
length (6314 m), large burial depth (688 m) and large inner diameter
(6.6 m) (He, 2014). The TBM manufacturer, China Railway Construction Heavy Industry Co., Ltd., has combined the advantages of EPB and
TBM synthetically, and took the downgrade drainage (6°) and the
cutter-head mud cake phenomenon in sandy mudstone into consideration. The TBMs possess both the single-shield TBM model and EPB
model which can switch with each other quickly. Introducing TBMs into
the Shenhua Xinjie Coal Mine inclined shafts was unprecedented in coal
mine long inclined shafts construction.
The China National Coal Group Corp. in Shanxi Province (China) is
planning to introduce a mixed-TBM developed by China Railway
Construction Geavy Industry Co. Ltd. at the Dahaize coal mine. The
inclined shaft is 7.18 m in diameter, 2633 m long, −14° dip angle and
637 m deep. In addition, the Shuozhou Wuning mining area in Shanxi
Province (China) is also performing preliminary studies for introducing
TBMs in the main shaft construction.

2015

2013
Shenhua Xinjie Coal Mine
(China)

One gripper TBM made by Northern Heavy Industries Group
Co. Ltd.
Single-shield TBM developed by China Railway Construction
Heavy Industry Co. Ltd.

2003
Shanxi Datong Tashan Coal
Mine (China)

A Robbins hybrid single shield/EPB TBM

Fig. 11. The single shield TBM applied in Bulianta No. 2 auxiliary shaft.

1413A Methane Gas Extraction
Roadway at −670 m elevation
No. 2 auxiliary shaft

Excavation diameter is 4.82 m. The surrounding rock is mainly limestone, granite. The
TBM advanced through coal seam at the middle section (Gong, 2004). The average
daily advance rate was 16 m/d, the maximum advance rate reached 45.96 m; average
month rate was 493.3 m and the maximum month rate reached 662.5 m
The length of the single shaft tunnel is about 6.44 km, and the diameter is 7.6 m. The
project is featured by steep slope (-10.5%), long distance (6.44 km) and large
overburden (660 m) (He, 2014)
Two decline tunnels, at grades of 1:6 and 1:8. The hybrid machine has tackled mixed
ground conditions ranging from sand and clay to varying types of sedimentary hard
rock up to 120 MPa UCS, as well as coal seams. Methane gas was present throughout
the tunnel, so the machine has been designed as Explosion Proof Compliant to ERZ-1
(The Robbins Company, 2014)
The roadway diameter is 4.6 m and the main lithology is sandstone, of which the
uniaxial compressive strength is about 50–70 MPa
This inclined shaft diameter is 7.62 m, −9.5% (5.5°) downward slope, 2733 m length,
and supported by segmental lining
3.5 km main horizontal shaft
Robbins double shield TBM

Grosvenor Decline Tunnels

Tunnelling situation
Time
Coal Mine

Table 2
TBM application cases in coal mines.

TBM

Roadway/inclined shaft

X. Huang et al.

2.5. TBM application and development for deep rock roadway construction
in coal mines
Many deep roadways’ length to diameter ratios reach 600–1000 or
even higher. In this situation, TBMs have signiﬁcant advantages in
construction schedule, costs and tunnelling technology (Barton, 2000;
Zhang and Fu, 2007). In addition, consider the following aspects: (1)
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Fig. 13. Geological proﬁle of the Inclined shaft of Xinjie Taigemiao coal mine of Shenhua Group Corp.
Fig. 14. Geological proﬁle of the south rail-transport
roadway in Guqiao coal mine (China).

Faults

deformation and severe shield jamming. Finally the excavation was
changed from the TBM method to the drill-&-blast method after tunnelling 7 km (Shang et al., 2007). The water diversion tunnels at
Jinping-II Hydropower Station encountered frequent rockbursts. The
TBM was paralyzed due to being buried by rock ballast within 30 m
from the cutter head (Gong et al., 2012).
Moreover, the geologic conditions and construction environment of
the roadways in coal mine are quite diﬀerent from those in civil and
water conservancy TBM projects:

the horizontal geostress and vertical geostress tend to be equal in deep
ground, thereby the circular cross section formed by TBM is beneﬁcial
to surrounding rock stability; (2) the TBM excavation disturbance is
small, and the surrounding rock can be supported around the whole
periphery; (3) excavation and support installation can be performed
continuously and simultaneously in TBM tunnelling, TBM advance rate
is triple to ten times the traditional drill-&-blast method, the excavation
and supporting eﬃciency is increased greatly, and the working environment is improved dramatically; (4) modern large mines have the
economic conditions for the introduction TBMs. It is likely that TBM
tunnelling will become the ﬁrst choice and inevitable development
trend for coal mine deep rock roadway construction.

(a) It is diﬃcult to conduct a detailed geologic investigation before
mine construction.
(b) Because the surrounding rock commonly experiences severe tectonic activity along deep coal mine roadways, high in-situ stress,
alternating ground strength, frequent fracturing and faulting, gassy
grounds and water bearing grounds exist frequently. These complicated geological properties can be seen in the −780 m south railtransport roadway in Guqiao coal mine (China) (Fig. 14), which
represents the typical characteristics of deep rock roadway in coal
mine.
(c) The sedimentary rocks commonly found in coal mines are relatively
weak compared to host rocks in metal mines and other hard rock
tunnels.

3. Technical challenges of TBM tunnelling in coal mines and deep
rock roadway construction
The technical challenges of TBM tunnelling in coal mines mainly
derive from the geologic conditions and the speciﬁc construction environment.
3.1. The inﬂuence of geological conditions on tunnelling eﬃciency and
safety
Compared with the drill-&-blast method, TBMs generally have poor
adaptability and lack ﬂexibility (Barla and Pelizza, 2000; Barton, 2000;
Barla et al., 2014). Adverse geological conditions signiﬁcantly inﬂuence
TBM advance rate, utilization, rock fragmentation eﬃciency, cutter
wear and cutter-head vibration (Barla and Pelizza, 2000; Zhao et al.,
2007; Gong et al., 2016a). In extremely adverse zones, shield jamming,
fractured and faulted zone collapse, or even rockburst may occur
(Bilgin, 2016; Home, 2016). For example, the Kunming Shanggongshan
Tunnel of the Zhangjiu River Water Diversion Project in Yunnan Province (China) was constructed using a double shield TBM, but a large
number of small faults distributed densely along the tunnel lead to large

Given the above complex geological conditions of coal deposits,
TBM tunnelling along deep roadways is believed to be more challengeable than tunnelling in civil or water conservancy projects at
shallower depths with relatively simple ground conditions. Therefore,
the geologic conditions are the most important challenges for TBM
application in coal mine roadway construction. Geologic conditions
that inﬂuence TBM tunnelling can be summarized into four categories:
mixed and changing grounds, high geostress, soft and squeezing
grounds, fractured and faulted zones, they are discussed as follows.

111

Tunnelling and Underground Space Technology 73 (2018) 105–126

X. Huang et al.

using the ratio of percentage of the diﬀerent materials ‘A’ and ‘B’ on the
mixed face.
In view of the signiﬁcant inﬂuences of the mixed and changing
grounds on the tunnelling eﬃciency, studies on TBM tunnelling in
mixed and changing ground are mainly about the rock fragmentation
mechanics and the TBM performance predictions.

3.1.1. Mixed and changing grounds
(1) Characteristics of mixed and changing grounds, and the probably
induced problems during TBM tunnelling.
The grounds, consisted of two or more than two material types with
diﬀerent mechanical properties and geological features in the excavation face or changing along the longitudinal direction of the tunnel, can
be deﬁned as ‘mixed and changing ground’ (Zhao et al., 2007; Toth
et al., 2013; Ma et al., 2015; Liu et al., 2016a; Gong et al., 2016a;
Bäppler, 2016). Coal mine roadways are generally constructed in sedimentary rocks, such as mudstone, siltstone, sandstone and sometimes
coal. Whereas, mudstone, siltstone and coal are typically soft rock, their
hardness, strength, and brittleness are quite diﬀerent from the hard
rock (e.g. granite). The classiﬁcation of mixed-grounds can be seen in
Ma et al. (2015) and Gong et al. (2016a). For example, the TBM was
applied in the declines for transport and conveyor (−12.5% and
−16.67% gradient respectively) of the Grosvenor coal mine (Australia),
the TBM advanced through the mixed grounds ranging from sand, clay
and coal seams, the maximum UCS of which is up to 120 MPa (The
Robbins Company, 2014). If the TBM is applied in the south railtransport roadway of the Guqiao Coal Mine, the geological proﬁle of
which is shown in Fig. 15. The surrounding rock varies among mudstone, coal seam, sandstone and sandy mudstone. The mixed and
changing grounds were also encountered in incline shaft of China’s
Xinjie Taigemiao Coal mine (He, 2014). Thus the coal-bearing rock
formations are believed the most typical mixed-ground.
Because the properties of mixed and changing grounds vary signiﬁcantly, a series of problems with the TBM may result:

1) The rock fragmentation mechanism and cutting process in mixedground.
The mixed-grounds in coal mines are mainly composed of alternating soft and hard rock. Generally, a rock TBM is suitable for tunnelling in hard or medium-hard rock. Whereas the strength, hardness,
brittleness and abradability between soft and hard rock vary widely,
therefore the variation of crack initiation and propagation under the
cutters is great, and has signiﬁcant inﬂuences on rock fragmentation
eﬃciency and cutter durability. The interface between hard rock and
soft rock has a signiﬁcant inﬂuence on the rock fragmentation eﬃciency. Geng et al. (2016) investigated the mechanical performance
(including thrust, torque, eccentric force and overturning moment) of
TBM cutter-head in diﬀerent mixed-ground conditions. Yang et al.
(2016) put forward a three-dimensional model for the rock breaking
mechanism to forecast the cutting forces for mixed-grounds, accordingly the damage behaviour of mixed-ground under TBM cutting is
analyzed. However, studies on the inﬂuence of the composition and
interface of the mixed-ground on rock fragmentation and cutting processes are still limited (Gong et al., 2016a), also diﬃcult to provide
accurate theoretical foundation for new cutter-head designs, cutters
arrangement and high-eﬃciency tunnelling in the mixed-ground. Considering its complexity, rock cutting testing combing with discontinuous numerical simulation on the soft rock and hard-soft rock
interface is an eﬀective means to study the TBM cutting process in the
mixed-ground. Accordingly, theoretical models about cutting force
distribution and the mixed-face composition should be put forward.

1) While advancing through hard rock with high quartz content, the
cutters will be serious worn;
2) While tunnelling through soft and weak ground, the cutters will be
covered by mud, or even damaged (Zhao et al., 2007);
3) While driving through mixed-ground, ① when the cutters roll from
soft rock to hard rock, the instantaneously increased cutting forces
result in repeated shock to the cutters and uneven loads on the
cuter-head, and cracks will be initiated within the cutters which will
reduce the cutter lifetime and induce cutter-head damage; ② the
abradability of hard rock (e.g. sandstone) is higher than the soft rock
(e.g. mudstone), which will lead to uneven wear or abnormal wear
among diﬀerent cutters and result in overloading on some cutters
(Fig. 15). It is generally believed that the hard rock part controls the
penetration rate (Steingrimsson et al., 2002).

2) TBM performance prediction in mixed-ground.
Many TBM performance prediction models in full-face soil or rocks
were put forward in literatures (Rostami, 2016), including CSM model,
NTNU model, later QTBM, RME model and some empirical models.
However, due to the complexity of the ground, few prediction models is
put forward specially for mixed-grounds. Steingrimsson et al. (2002)
proposed a TBM penetration rate prediction model for mixed-face
ground based on the NTNU model, in which it is believed the hard rock
controls the penetration rate. Toth et al. (2013) put forward a TBM
performance prediction model for rock-soil interface (RSI) mixedground based on variance and sensitivity analyses of relevant parameters with the ﬁeld data of tunnelling in Singapore. Liu et al. (2017)
established an empirical TBM performance prediction model for calculating ﬁeld penetration index (FPI) based on the database established
from a mixed ground tunnel. Vergara and Saroglou (2017) proposed a
TBM performance prediction index (Mixed-face Penetration Index,
MFPI) for mixed-face conditions. The MFPI denote the ratio of the TBM
total thrust force applied on the tunnel face and for the penetration rate.
TBM performance prediction for diﬀerent categories of mixed ground
need to be studied in further.

(2) Studies on TBM tunnelling in mixed and changing ground.
Several property indexes were put forward to describe the geotechnical properties of mixed and changing ground. Dong et al. (2006)
proposed a cutter force diﬀerential index (CFDI) for two-part mixed
ground. Toth et al. (2013) gave the theoretical penetration rate model

(3) Countermeasures for TBM tunnelling through mixed and changing
grounds in coal mines.
When tunnelling through mixed and changing grounds, TBM type
selection, rock fragmentation pattern and operational parameters can
be modulated to adjust the ground conditions.
1) TBM type selection in mixed and changing grounds
Fig. 15. Cutters abnormally damage in complex strata.
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Hybrid TBMs, mixed-shield TBMs, dual-mode, multi-model and
crossover rock/EPB (XRE) TBMs are available for mixed grounds
(Fig. 16). Cutter-head, mucking and transportation systems, supporting
systems and other mechanical systems can be selected and modulated
according to the geologic conditions. For example, multi-model TBMs
applied in Xinjie Taigemiao coal mine and Shendon Bulianta coal mine
of Shenhua Group Corp. possessed both the single-shield TBM model
and EPB model which can be quickly switched with each other (He,
2014). These TBMs combined the advantages of EPB and single-shield
TBMs synthetically. The earth pressure balance (EPB) model can be
employed when tunnelling through coal/soil and soft grounds, while
rock TBM model should be chosen while advancing through hard or
medium-hard grounds. Additionally, modiﬁcations on the TBM according to the ground conditions will mitigate the diﬃculties eﬀectively, such as optimizing the cutters/cutter-head conﬁguration, and
modifying the mucking system.

a. Mixe-shield TBM (China Railway Engineering
Equipment Group Co., LTD, 2015)

2) Rock fragmentation pattern and operational parameters optimization
Furthermore, the TBM operational parameters should be adjusted to
adapt the mixed-grounds. For example, practices suggest that if the
strength ratio is very high (up to 5–10) between the hard and soft rock
parts of the mixed face, the thrust should be brought down to 85–90%
or even to 50% to limit vibration and abnormal cutter wear (Gong et al.,
2016a). We are trying to establish an interaction model between the
TBM and surrounding rock based on the neural network training, by
which the operational parameters can be optimized according to the
varying geological conditions. Conversely, when the operational parameters of the TBM vary dramatically, it refers the variation of the
geological formations on the tunnel face.
3.1.2. High geostress
(1) Characteristics of high geostress and the probably induced problems during TBM tunnelling.
Generally, the geostress increases with increasing overburden and
tectonic intensity. The lateral geostress coeﬃcient is usually larger than
1 or even up to 1.6 in sedimentary strata. For example, the measured
geostress results at 800–1000 m depth sections in Huainan coal mining
district (China) showed that the maximum horizontal principal geostress reaches up to 20–36 MPa, the vertical geostress reaches 20 MPa;
the geostress of south rail-transport roadway in Guqiao Coal Mine,
measured by a ﬁeld test of hydraulic fracturing stress measurements,
showed the maximum horizontal principal stress reached 28 MPa, the
lateral geostress coeﬃcient reached up to 1.60. Results from other deep
coal mines also show that the maximum in-situ stress reaches up to
20 MPa (Luo et al., 2011). Because excavation and supporting diﬃculties under conventional tunnelling methods increase with the increasing depth, the advantages of the TBM method in coal mine deep
buried roadway construction are more apparent. However, with increasing burial depth, rock failure problems are more prominent.
High geostress does signiﬁcant inﬂuences on TBM tunnelling eﬃciency and surrounding rock stability:

b. Dual-model TBM (China Railway Engineering
Equipment Group Co., LTD, 2015)

1) Inﬂuences of high geostress on TBM tunnelling eﬃciency.

c. Crossover rock/EPB (XRE) TBM (The
Robbins Company, 2017)

Previous studies and ﬁeld observations have shown that the geostress will do evident inﬂuences on the TBM cutting process and subsequently impact the advance rate. Usually, the rock fragmentation by
the cutters is restrained, and a higher thrust force for cutting is required
with increasing geostress. However, the rock mass will break induced
by the increasing conﬁning pressure, a lot of fractures will be initiated,
therefore the TBM rock fragmentation will be promoted with the
growing conﬁning pressures.

Fig. 16. Versatile TBMs available for mixed ground tunneling. (See above-mentioned
references for further information.)
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(b) Supports damage induced
by coal bumps

(a) Surrounding rock failure induced
by coal bumps

Fig. 17. Surrounding rock failure and the supporting structure damage induced by coal bumps (Tiandi Science & Technology Co., LTD, 2011).

carried out indentation tests and numerical simulations, the results
show that while the conﬁning pressure increases from 1 MPa to 10 MPa,
the thrust force increases 25% when the distance of grooves is 5 cm, and
the thrust force increases 86% when the distance of grooves is 7.5 cm. It
can be seen that the rock fragmentation is restrained by the increasing
conﬁning pressure ﬁrstly, the TBM cutting forces required for rock
fragmentation increase with the growing conﬁning stress (Gong et al.
2016a). Bruland (1998) also stated that the stress may be positive or
negative for the penetration rate depending on the stress level and
anisotropy. Moreover, some researches indicate the conﬁning pressure
will promote the TBM cutting process if it is high enough which will
induce rock failure. Ma et al. (2011, 2016), Yin et al. (2014a, 2014b)
and Gong et al. (2012) performed laboratory indentation/linear-cutting
tests under conﬁning stress, ﬁeld penetration tests and tunnel case
studies to investigate the inﬂuence of in situ stress on rock fragmentation mechanism and TBM performance. It is found that the in-situ
stress not only inﬂuences rock mass boreability but also rock fragmentation process under TBM cutters; and there is a critical conﬁning
ratio (the ratio of rock uniaxial compressive strength to conﬁning
stress), the rock fragmentation by TBM cutters is restrained if the
conﬁning ratio is less than the critical value. Otherwise, the rock
fragmentation process will be promoted, and lower cutting forces and
cutting speciﬁc energy are needed.

2) Impacts of high geostress on surrounding rock stability.
When TBM tunnelling in rigid and hard grounds with high geostress,
rockbursts will be produced. Rockbursts damage the TBM and the
supporting structures heavily. For instance, severe rockbursts occurred
in the water diversion tunnels at Jinping-II Hydropower Station (China)
(Gong et al., 2012).
In coal mines, with the increasing burial depth and mining intensity,
coal bumps are more prominent, threatening mining safety (Fig. 17).
Coal bump is a dynamic phenomenon and can cause sudden and severe
damage to underground mining. It usually occurs in a form of instantaneous release of the elastic deformation energy within surrounding rock mass of mining roadway or face, characterized by loud
noise and thrown out of large amount of rocks or coal mass. Coal bump
is similar to the rockburst in civil and hydro-engineering tunnels, they
are both dynamic failure phenomena produced by the sudden conﬁning
pressures release during excavation in the highly stressed grounds.
However, due to the industry diﬀerences, the roadways and working
faces in coal mine are allowed to failure in some extent as long as won’t
generate severe instability and induce hazards. The dynamic failure
that induces hazard and needs treatment measures in coal mine is deﬁned as coal bump. The diﬀerences between the coal bumps and
rockbursts can be seen in Jiang et al. (2014, 2017). According to statistics, there were 32 mines with coal bumps in 1985 in China, reaching
a total of 142 in 2011 (Jiang et al., 2014). There were up to 35 serious
casualty accidents induced by coal bumps in Xinwen, Fushun, Huating,
Beijing, Yima, Fuxin, Gegang, Qitaihe and Pingdingshan coal mines
from 2006 to 2013, resulting in the death of more than 300 workers and
thousands of injured workers. The sudden energy release and blocks
ejections from coal bumps will damage TBM cutters, cutter-head,
roadway supports, grips and conveyors, induce mucking diﬃculties and
threaten miners.
Squeezing deformation, instability and collapses of soft and weak
rocks induced by high geostress will be analyzed in later Section 3.1.3
and 3.1.4 respectively.

2) Surrounding rock failure such as coal mine bumps induced by the
high geostress.
During TBM tunnelling under high geostress, rockburst (or coal
bump in coal mines) and nonviolent spalling are the two kinds of stressinduced failure modes (Kaiser, 2006; Gong et al., 2012). Based on
theoretical analysis, laboratory experiments, numerical simulations and
ﬁeld testing, the characteristics of coal bumps, the mechanism and
prevention techniques of coal bumps were investigated. According to
the characteristics of coal mine engineering, coal bumps can be classiﬁed into three types induced by material failure, hard roof or ﬂoor, and
tectonic structures respectively. Previous investigations show that
geological features are the main issues in terms of coal bumps (Jiang
et al., 2017). Some signiﬁcant achievements for coal bumps prediction
have been obtained. These prediction technologies include the traditional methods and new geophysical methods (such as electromagnetic
radiation (EMR), micro-seismic method, seismic CT technology and
charge induction technology) (Jiang et al., 2014, 2017). The previous
studies are concerned with the failure mechanism, numerical modelling, ﬁeld monitoring and forecasting methods for rockburst and coal
bump, but it is still diﬃcult to predict the coal bump/rockburst accurately.

(2) Studies on TBM tunnelling under high geostress.
1) Inﬂuences of high geostress on the rock fragmentation eﬃciency
and TBM performance.
Recently, the inﬂuences of in-situ stresses (i.e. conﬁning stress) on
rock fragmentation mechanism by TBM cutters have been investigated
by laboratory tests and numerical simulations. Bordet and Comes
(1975) found that the rock drillability decreases by almost 30% when
the conﬁning pressure is applied to 30–50 MPa; Innaurato et al. (2007)
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claystone, phyllite and schist often exhibit squeezing behaviour.
Squeezing deformation may result in TBM entrapment (e.g. cutter
head sticking, shield jamming) or overloading in back-up region (e.g.
back-up equipment jamming, inadmissible convergences, overstresses
acting on the supports) (Ramoni and Anagnostou, 2011), or even
question the feasibility of TBM application. The statistical analysis of
TBM accidents shows that squeezing deformation and its induced disasters account for 37% of the total major accidents (Shang et al., 2007)
(Fig. 18). Squeezing is the most frequently produced geological hazard,
threatening TBMs and workers, and results in project delay and large
economic losses. The shield jamming and overstressing on the supports
are mainly focused on in this paper:
Fig. 18. Statistics of engineering geological problems in TBM tunnelling (Shang et al.,
2007).

1) Shield jamming induced by squeezing deformation.
When squeezing and large deformation are produced, shield and
back-up systems are vulnerable to trapping or jamming (Ramoni, 2010;
Ramoni and Anagnostou, 2010b). As shown in Fig. 19, when the convergence among the shield region exceeds the overcut gap between the
surrounding rock and shield, then the surrounding rock will come into
contact with the shield and squeeze the shield. And then frictional resistance is generated on the outer surface of shield. While the thrust
force supplied by the TBM propulsion system is insuﬃcient to overcome
the above frictional resistance, this will cause the shield to jam completely (Ramoni, 2010; Ramoni and Anagnostou, 2010b). Construction
experiences show that time-dependent properties also play an important role during TBM driving through squeezing soft grounds (Hoek,
2001).
Squeezing or large deformation will be produced highly probably in
coal mine roadways. For example, the rail transport roadway of
Huainan Zhuji coal mine (China) is a typical squeezing roadway. Its
surrounding rock is mainly graniphyric mudstone. The monitoring results of the surrounding rock convergence are shown in Fig. 20. It can
be seen the convergences of the crown and the wall reached up to almost 220 mm, and the ﬂoor hove to about 500 mm. And when the
adjacent belt conveyor haulage roadway excavated to the position
(point ‘A’) parallel to the measurement points, the surrounding rock
response will be aggravated by the neighbouring roadway disturbance.
As a result, the surrounding rock convergence increased obviously
when the neighbouring belt conveyor haulage roadway excavated
parallelly. Meanwhile, the squeezing deformation is convergent with a
smooth rate, and induced severe supports damage. The squeezing deformation of this roadway was convergent in nearly three months, the
surrounding rock trends to be stable only when supports were installed
(point ‘B’). The ﬁnal roadway was shrank to the shape as shown in
Fig. 21. If the TBM is applied in this roadway, the TBM may be trapped
by the severe squeezing deformation.

(3) Countermeasures for TBM tunnelling under high geostress.
The eﬀective solutions include TBM modiﬁcation and operation
optimization, and ground treatment.
1) TBM Modiﬁcation and operation optimization.
The TBM machine can be modiﬁed properly when TBM tunnelling
in the highly stressed grounds. Moreover, the TBM operational parameters should be optimized to limit the disturbance on the surrounding
rocks. Speciﬁcally, the thrust and revolving speed of the cutter-head
should be reduced to attain low advance rate. As a result, the impacts
on the cutters, cutter-head will be reduced (Kaiser, 2006).
2) Countermeasures for coal bump.
Coal bump or rockburst can be avoided or mitigated by excavation
optimization, surrounding rock reinforcement, intensive monitoring
and eﬀective mitigation measures. Firstly, the disturbance in the surrounding rock should be limited as much as possible (Home, 2016).
Secondly, supports such as energy absorption support equipment, bolts
with constant resistance and large elongation, steel sets, shotcrete,
segmental lining or a combination of the above structures is needed to
reinforce the surrounding rock. Thirdly, performing intensive monitoring for micro-seismic activity and rock failure is necessary to prevent coal bumps or rockbursts. Finally, mitigation measures including
pre-drilling holes or even stress-relief pre-pilot excavation can be carried out to relieve the high geostress. These countermeasures have been
demonstrated to be very eﬀective in the Jinping II Hydropower Plant
(Gong et al., 2012, 2013) and other coal mines. However, an optimal
design of the layout and mining sequence of the mine is of signiﬁcant
important for coal bump mitigation.

2) Overstressing and damages on the supports.
3.1.3. Squeezing deformation and the induced geohazards
Another issue is over large surrounding rock loads may be applied
on the supports due to intense squeezing deformation, or even lead to

(1) Characteristics of squeezing deformation and the probably induced
problems during TBM tunnelling.
‘Squeezing deformation’ refers to the phenomenon of large longterm deformation due to overstressing on the surrounding ground of the
tunnel (Ramoni and Anagnostou, 2011). It is produced mainly in soft
and weak rocks with low strength and commonly in combination with
high geostress or high water pressure (Barla and Pelizza, 2000). During
TBM driving through deep soft ground, the high geostress and soft or
weak rock structures consist the basic conditions of squeezing deformation (Hoek and Marinos, 2000). The damage, dilatancy and
fracturing behaviour will occur after excavation (Huang et al., 2017a).
In further, the squeezing deformation of soft rock behaves signiﬁcant
time-dependent properties, it may last over a period of days, weeks or
months with a slow convergence rate. Mudstone, sandy mudstone,

Fig. 19. The proﬁle of the interaction between the surrounding rock and shield.
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Fig. 20. The sever squeezing deformation of the surrounding rock in Zhuji coal mine
(China).
Fig. 22. Overstressing on the supports (severe twist of steel sets) and induces damage.

predict squeezing deformation potential (Fig. 23). Accordingly,
squeezing deformation is classiﬁed into ﬁve grades: few squeezing,
minor squeezing, severe squeezing, very severe squeezing and extreme
severe squeezing deformation. However, these indexes are mostly empirical. Another important issue is to establish accurate constitutive
models and put forward suitable numerical methods to capture the
squeezing behaviour.
A number of constitutive models have been put forward to capture
the mechanical behaviour of soft rock. The conventional perfect elastoplastic, elastic-brittle, post-peak strain-softening that developed mainly
based on Mohr-Coulomb, Drucker-Prager or Hoek-Brown criterion often
ignore non-elastic deformation or treat it as elastic deformation, believing that the rock yields when it reaches the elastic limit and fails
when entering the yield stage. Thus, the constitutive models should
take the post-peak fracturing and bulking deformation, which are the
main component of squeezing deformation, into account.
Moreover, creep models are very important for time-dependent
behaviour of squeezing deformation. At present, there are mainly empirical rheological models, components rheological models, damagefracture rheological models, endochronic rheological models, fractional
diﬀerential constitutive models and rate relevant rheological constitutive models (Chen et al., 2014), etc. Among these models, the
empirical and components rheological models are the most widely
used, but they are of limit application conditions. Unloading creep tests
show that visco-plastic strain is usually generated by creep-dilatancy
(Huang et al., 2017a, 2017b). Typical visco-plastic constitutive models
of soft rock include (Barla and Pelizza, 2000; Barla et al., 2014): (1) the
CVISC viscoelasto-plastic models; (2) the VIPLA elastic-viscoplastic
model; and (3) the stress hardening elasto-visco-plastic model
(SHELVIP) constitutive model (Debernardi and Barla, 2009). Sterpi and
Gioda (2009) also proposed an elasto-visco-plastic rheological model
for squeezing deformation.
Numerical simulation is an eﬀective approach for studying the
squeezing procedure. Non-continuum mechanics analysis methods have
been more and more widely used due to their advantages in simulating
large deformation and rock fracturing. Non-continuum analysis
methods can reﬂect the cracking, slippage and fracturing process. The
typical discontinuous methods include discrete element method (DEM),
discontinuous deformation analysis method (DDA), numerical manifold
method (NMM) and the combined ﬁnite-discrete element method
(FDEM) (Munjiza, 2004). These continuous-discontinuous coupling
analyses methods may be feasible ways of modelling the squeezing and
large deformation of soft rock.

Fig. 21. Severe squeezing deformation of the roadway.

the supports failure. For example, the U shape steel arches were
squeezed or even damaged due to the severe squeezing deformation, as
shown in Fig. 22. Besides, the measured tensile force of the anchor
cables reached up to 400kN.
(2) Studies on TBM tunnelling in squeezing grounds.
1) Mechanism of squeezing deformation.
The mechanism of squeezing deformation of soft rock in previous
research can be summarized as (Hoek, 2001): complete shear failure,
yield failure, shear-slip failure, time-dependent micro-fracturing and
stress relaxation of foliated rock. A large number of previous studies
(Martin et al., 2003; Walton et al., 2015; Huang et al., 2017a, 2017b)
have shown that the stress-induced instability, squeezing and large
deformation of soft rock are mainly the results of dilatancy and fracturing behaviour, such as the pre-peak damage, micro-cracks initiation,
cracks extension and fractures coalescence.
2) Constitutive models and numerical modelling methods for squeezing
deformation.
Many previous studies (Hoek and Marinos, 2000) employed qualitative, semi-quantitative and quantitative deformation or stress indexes
to evaluate the squeezing potential. For example, Hoek and Marinos
(2000) used the ratio of the rock mass strength over the in-situ stress to
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Fig. 23. Squeezing deformation potential prediction
and evaluation via the relationship between strain
and the ratio of rock strength over in situ stress
(Hoek and Marinos, 2000).

3) Mechanism and prediction for shield jamming and overstressing on
supports induced by squeezing deformation.

inﬂuences of overcut gap and TBM stoppage time on the required thrust
forces were studied (Ramoni and Anagnostou, 2010b, 2011).

Squeezing and large deformation of deep soft ground may result in
shield jamming, cutter-head entrapment or overstressing on supports.
Recent studies include Graziani et al. (2007), Ramoni and Anagnostou
(2010a, 2010b, 2011). The core of the mechanism of shield jamming is
the interaction between the surrounding rock and the shield. As we
know, the deformation and stresses evolve gradually both in time and
space. It is usually taken as a plane strain problem in many early underground engineering stability analyses. However, the surrounding
rock deformation near the shield area is not only inﬂuenced by creep
but also by the spatial eﬀect of the tunnel face. Later, there are more
and more three-dimensional analytical and numerical models for
squeezing deformation and the induced shield jamming (Zhao et al.,
2015).

2) Surrounding rock reinforcement.
Advanced anchoring and grouting from the TBM machine or from
an adjacent roadway are useful ways to pre-treat the weak grounds. As
for gripper TBMs, all of the supporting structures for the conventional
drill-and-blast method can be used, including pre-stressed anchoring/
bolting + anchor cables + grouting + steel sets or shotcreting. The
supporting scheme can be determined according to the squeezing
grades. The improved supporting scheme to cope with the severe
squeezing deformation and instability for the rail-transport roadway of
the Huainan Zhuji Coal Mine is shown in Fig. 24. The supporting mainly
include advance grouting, the ﬁrst supports (high strength pre-stressed
anchors and reinforcement fabric was applied ﬁrstly, and subsequently
the U shape steel arches were installed immediately; then spray

(3) Countermeasures for TBM tunnelling in soft and squeezing grounds.
Bolt
22, L=2500, @700×700

Optimizing TBM modiﬁcations and TBM operational parameters,
and surrounding rock reinforcement can be adopted to cope with the
heavy squeezing deformation.

Anchor Cable
22, L=6300, @1400×1400

1) TBM modiﬁcation and operational parameters optimization
The TBMs can be modiﬁed to suit the squeezing grounds, including
the shield length, the shield surface lubrication and the double shield
conicity. For example, the shield length can be shortened properly; the
frictional resistance on the shield surface can be reduced with lubricants such as bentonite; and the shield can be designed slightly
‘conical’.
Another feasible and convenient way is to optimize the operational
parameters. Enlarging the overcut gap, increasing the thrust forces and
torque, sustaining a higher advance rate and reducing the TBM stoppage time are beneﬁcial for tunnelling through squeezing grounds. The
overcut gap can be enlarged to 10, 15 or even 20 cm. In addition,
limiting TBM downtime is especially important. Many examples show
that squeezing deformation evolves with the downtime signiﬁcantly.
The TBM may become jammed after stoppage for several days. The

Spray concrete
with steel bar nets
U-Steel Set

Bolt
Anchor Cable at floor
22, L=6300

Fig. 24. The enhanced supporting scheme.
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shotcrete, subsequently grout in shallow boreholes (1m depth); after
that, 5 m deep boreholes were grouted) and the secondary support (5
pre-stressed anchor cables were installed at each cross section).
Meanwhile, the ﬂoor was supported by grouting and anchoring. The
supporting parameters are listed in Fig. 24. The surrounding rock
trended to sustain stability after the supporting scheme implement, as
shown in Fig. 20. Regarding shield TBM, deformable segmental lining
with high strength can be employed.

instance, the groundwater inrush occurred heavily and the surrounding
rock argillizated into soil-like materials during at the south rail-transport roadway of the Huainan Guqiao Coal Mine. A karst cave full of
water was encountered in the TBM Main access (−2.2% gradient) of
China’s Tashan Coal Mine (Gong, 2004); as a result, a large amount of
water and slurry forced back the TBM 14 m.

3.1.4. Fractured and faulted zones

1) Rock fragmentation eﬃciency and TBM tunnelling performance
prediction in fractured and faulted grounds.

(2) Studies on TBM tunnelling in fractured and faulted zones.

(1) Characteristics of highly fractured and faulted grounds, and the
probably induced problems during TBM tunnelling.

The joints spacing and orientation do signiﬁcant inﬂuences on the
rock fragmentation mechanism and the TBM cutting processes.
Laboratory investigations and numerical researches on the inﬂuences
have been carried out in previous studies.
Regarding to laboratory tests, Thuro and Plinninger (2003), and
Gong et al. (2016a, 2016b) carried out penetration tests to study the
inﬂuences of joint spacing on TBM performance. Ma et al. (2011)
performed indentation tests on precast jointed concrete samples to investigate the eﬀects of joint orientation on TBM penetration. Yin et al.
(2016) investigated the joint spacing on the rock fragmentation process
according to the cutting forces, crack initiation/propagation and rock
chips by performing full-scale linear cutting tests. These studies showed
that there are mainly two rock fragmentation modes/stages of crack
initiation and propagation in the jointed rock. Meanwhile, the numerical studies on the inﬂuences of joint spacing and orientation were
performed mainly using the discontinuous analyses method (Gong
et al., 2016a; Zhai et al., 2016), such as discrete element method
(DEM), General Particle Dynamics (GPD) and FDEM.
The joint orientation and spacing on TBM performance were ﬁrst
taken into account in the NTNU model (Bruland, 1998). And then the
inﬂuence of the joint spacing and orientation was quantiﬁed in the later
updated models. Laughton et al. (1994) presented a Joint Impact Index
to evaluate the eﬀect of joints on TBM performance. Bruland (1998)
divided the discontinuities into ﬁssures, joints and single marked joints,
and then deﬁned a fracturing factor for the NTNU model. Barton (2000)
put forward QTBM model involving the joint parameters. Gong and Zhao
(2009) developed a rock mass characteristics (RMC) model to predict
the penetration rate, in which the joint spacing and orientation were
included as two independent indexes. Delisio and Zhao (2014) developed a TBM performance prediction model based on the Field Penetration Index for blocky rock formation (FPIblocky).

Fractured and faulted zones are commonly encountered in roadways
and are unfavourable for TBM tunnelling. For example, the south railtransport roadway of the Huainan Guqiao Coal Mine passed through the
faults of FD77, FD108-a, FD108, FD108-b and FD108-1 (Fig. 14), and
accompanied by a lot of sub-secondary faults, the rock masses within
these faults are highly fractured. Gong et al. (2016a) classiﬁed fractured
and faulted grounds associated with TBM tunnelling diﬃculties into
three types. While TBM tunnelling through fractured and faulted zones,
the angles between the joint face and tunnel axis have a signiﬁcant
impact on penetration rate and surrounding rock stability (Barton,
2000; Paltrinieri et al., 2016). The surrounding rock at the face or wall
may break and collapse easily, resulting in cutter-head or back-up entrapment, gripping diﬃculties, mucking problems or even groundwater
inrush:
1) Inﬂuences on TBM tunnelling eﬃciency.
Joints and fractures can facilitate rock fragmentation in some extent, such that the penetration rate can be increased (Bruland, 1998;
Cigla et al., 2001; Zhao et al., 2007). However, highly fractured
grounds will lead to instability, supporting diﬃculties, griper slippage
and instability, and damage to the cutters/cutter-head. Coping with
these problems may cost a lot of time, which will weaken the tunnelling
eﬃciency (Barton, 2000; Barla and Pelizza, 2000; Zhao et al., 2007;
Delisio and Zhao, 2014; Paltrinieri et al., 2016).
During TBM operation, the rock blocks at the tunnel face may fall
down and damage or obstruct the cutters/cutter-head (Barton, 2000;
Barla and Pelizza, 2000; Farrokh and Rostami, 2009). Heavy dynamic
cutting forces and an irregularly shaped tunnel face may cause intense
cutter-head vibrations and abnormal cutter wear (Delisio and Zhao,
2014). The cutter-head may be trapped due to mucking problems.

2) Mechanism and control technologies for surrounding rock stability
and water inrush in highly fractured and faulted grounds.

2) Surrounding rock instability and collapse.
Probing and detection technology ahead of the tunnel face is particularly important for tunnelling through fractured and faulted zones.
There has been continuous development in probing technologies, particularly geophysical methods, such as radar, ultrasonic and seismic.
There are also great developments in the supporting technologies, the
proper support installation time, strength and schemes should be investigated carefully to cope with the fractured and faulted grounds.
At present, the studies on the water-rich tunnels with high water
pressure mainly focus on the forms, evolution laws, propagation characteristics and formation conditions of the cracks and ﬂow paths from
geological aspects.

When TBM is tunnelling in highly fractured and faulted zones, because of the intensive joints spacing, instability and collapse of the
surrounding rock are more common. Tunnel wall instability may result
in cutter-head or back-up entrapment. The gripper on the open-type
and double shield TBM may slip and fail. Worse still, the TBM may be
buried by the falling blocks.
3) Groundwater inrush and burst.
Tunnelling through fault zones under high water pressure is another
challenge of TBM tunnelling (Anagnostou and Kovári, 2005). Shallow
groundwater mainly comes into the inclined shafts and roadways from
water-saturated layers of Quaternary strata via fractures and roadways.
With increasing burial depth, the conﬁned groundwater table increases
and the seepage pressure grows. Faults and fractures will be activated
during tunnelling and forming new ﬂow paths, and then generating
water inrush (Li et al., 2015; Paltrinieri et al., 2016). Groundwater
inﬂows may aﬀect mucking eﬃciency and the supports installation. For

(3) Countermeasures for TBM tunnelling in highly fractured and
faulted grounds.
The countermeasures include TBM modiﬁcation and advance
parameters optimization, advance detection and ground treatment.
1) TBM modiﬁcation and operational parameters optimization.
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Fig. 25. Rebar row: (a) installation device on TBM; (b) rebar row equipped on the TBM supporting system.

(a) Components and parts transporting
to the underground

(b) Cutter-head assemble

Fig. 26. TBM assemble in the vertical shaft mine.

Under some circumstances, multiple above mentioned grounds can
be encountered simultaneouosly. In addition, boreability problems and
cutters wear are severe in extremely hard rock. However, the extremely
hard rock is rarely appear in coal mine strata, this phenomenon is not
discussed in this paper.

Practices showed that the rebar rows are useful for coping with
blocky rocks falling and fractured rocks collapse. Rebar rows have been
equipped on some gripper TBMs, as shown in Fig. 25.
When TBM tunnelling in fractured and faulted grounds, the thrust
force and rotational speed of the cutter-head should be reduced to
lower the dynamic load on the cutters/cutter-head. Also the advance
rate should be declined to reduce the disturbance on the surrounding
ground, which may collapses and result in TBM entrapment.

3.2. Speciﬁc construction environments in coal mines
Construction environments in coal mine roadways and inclined
shafts are diﬀerent from that in water diversion, traﬃc and metro
tunnels. And the application of TBMs in coal mines is still in the exploratory stage. There are some special requirements of TBM tunnelling
in coal mines.

2) Advance detection.
It is essential to advance detect groundwater and fractures in the
rock mass. There are probing and geophysical exploration methods for
advance detection. The advance probe drill can be equipped on the
TBM easily now.

3.2.1. TBM transportation and assembly
A TBM is a big machine integrating mechanical, electrical and hydraulic systems. Numerous components must be disassembled, moved,
and reassembled each time the TBM is moved to a new location. The
cutter-head and the main drive are the largest single parts (Fig. 26). A
large assembly cavern is needed to assemble the TBM.
In shallow underground projects, the TBM cannot exit the tunnel
from the end, and must be disassembled inside the roadway. Usually, a
large cavern is needed for disassemble.
While TBMs are applied to inclined shaft construction, then heavy
gradient, long-distance transportation and reverse drainage may be
encountered. Due to the inﬂuence of the equipment weight along the
inclined plane under the downhill condition, the backup equipment
anti-slip and relaxation problems are needed to solve. Then its gradient,
transportation system should be designed carefully.

3) Ground treatment.
After the geological conditions are identiﬁed ahead of the face, the
ground needs to be advance reinforced, dewatered, water plugged and
supported. Advanced reinforce measurements include advanced
grouting, pre-anchoring, advanced small piping or ground freezing etc.
Through eﬀective grouting, rock mass strength will be increased and
permeability and deformability can be reduced. Supports for the wall
should be installed quickly as close as possible to the tunnel face. The
practices show consolidation grouting and ground improvement is
useful for passing through the fault zone in TBM tunnelling (Bayatia
and Hamidi, 2017). And wall support methods can employ the similar
supporting methods for soft and weak grounds (Fig. 24).
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construction is unprecedented, which is an innovation for coal mine
construction. In view of the technical challenges of TBM application in
coal mine roadways construction, the reasons can be concluded as: (1)
the ground stress and geological conditions are not investigated clearly;
(2) the mechanisms and control theories for rock fragmentation, TBM
entrapment and rock failure in deep roadway are still not mature; (3)
the assembly, explosion proof, countermeasures of TBM application in
coal mine are still on exploratory stage. Therefore, in order to cope with
above challenges, corresponding scientiﬁc problems need to solve as
well as some research progresses are discussed as follows.

3.2.2. Electrical equipment explosion-proof requirements
Because there is much explosive gas in coal-bearing formations, coal
mines require strict safety requirements regarding explosion-proof
safety standards (Belle and Foulstone, 2015). For instance, the normal
distances between the south rail-transport roadway and the No. 11-2,
13-1 and 4 coal seams in Guqiao Coal Mine are small (Fig. 14), thus it is
full of methane explosion risk. The TBM is assembled with numerous
mechanical, electrical, hydraulic systems, so the design and manufacturing of each system and the tunnelling process should meet the
‘Coal Mine Safety Standards’. Moreover, equipment and welding should
be spark proof.

4.1. Ground stress distribution and geological conditions of deep roadways
for TBM tunnelling

3.2.3. Inﬂuence of roadway groups and cavern groups disturbance
Usually, only a single or two parallel TBM tunnels are constructed in
civil and hydroelectric projects, therefore it don’t need to consider the
inﬂuences of the tunnel group. While tunnelling in coal mine, the TBM
tunnelling roadways are usually distributed within the roadway or cavern groups, which are densely distributed.
For instance, the rail transport roadway, belt conveyor roadway and
ventilation roadway in the China’s Huainan Zhuji coal mine consist of a
parallel roadway group (Fig. 27a). Roadways within the group are commonly distributed in large scale soft and weak ground, thus the adjacent
roadway disturbance zones and secondary stresses overlap with each other
(Fig. 27b). The in-situ measurement results of multiple position borehole
extensometer showed that the disturbed zone of deep roadway can reach
up to 30 ms. Therefore, its disturbances are more serious. The distribution
pattern, excavation sequence, and support scheme of roadway groups
prominently inﬂuences stability of the surrounding rock.

Stress distribution and geological conditions constitute the basic
conditions for TBM tunnelling, and have determining eﬀects on rock
fragmentation, TBM performance, tunnel face and wall stability and the
induced geohazards (e.g. shield jamming, cutter-head entrapment, coal
bump, groundwater inrush, etc.). Deep grounds have undergone a series
of sedimentary deposits, magmatic intrusion and tectonic activities and
commonly contain planar structures such as joints or faults. As a result,
alterative hard and soft grounds, faulted-fractured zones, water-bearing
ﬁssure zones and karst caves are produced. Many accidents have indicated that these complicated geological conditions have an adverse
impact on TBM tunnelling (Shang et al., 2007). There are high in-situ
stresses due to large overburden. In addition, the tectonic activities and
complicated geological structures will result in spatial variability of insitu stress. In a word, the geostress ﬁeld distribution and geological
conditions have directly aﬀected the safety and eﬃciency of TBM
tunnelling. Geological structures, the geostress distribution and its
spatial variability need to be investigated and can provide macro geologic structural models and stress conditions for stability analyses of the
surrounding rock.
However, conventional in-situ stress measuring methods such as the
drilling hydraulic fracturing method and over-coring stress relief
method are diﬃcult to perform in deep soft and weak rocks. We have
put forward a new method called the ‘Deep soft rock geostress measurement method and device based on ﬂow stress recovery principle’
for deep soft and weak rock mass (Liu et al., 2016c). This method takes
advantage of the signiﬁcant rheological properties of soft and weak
rocks. The in-situ stresses can be measured over time gradually by
embedding pressure transducers into the soft surrounding rock, as
shown in Fig. 28. Then the geostresses can be calculated according to
the measured three orthogonal normal stresses by the proposed algorithm. This method has been veriﬁed by uniaxial and triaxial calibration tests, and has been successfully applied in China’s Pingdingshan

3.2.4. Inverse drainage
Drainage is another problem when a TBM is used in inclined shaft
construction or tunnelling downward. Because the drainage ability of
TBM is limited, the TBM head may be submerged and the electromechanical equipment may malfunction. Thus, it is needed to determine the maximum water inﬂow and is generally designed to be
twice the maximum water inﬂow. It is usually diﬃcult to use a single
stage pump for long roadways. A multiple stage pump drainage system,
consisting of 4–6 immersible pumps at the head of the TBM, 3–4 centrifugal pumps in the backup area, and a booster pump is needed.
In addition, sometimes TBM may drive through coal seams across a
rock roadway, special excavation, supporting and ventilation schemes
are needed.
4. Discussions and prospect
TBMs application in coal mine roadway and incline shaft

-965m Main ventilation roadway at the
bottom of 13-1 coal seam

-890m Main belt conveyor haulage roadway
-885m Main rail transport roadway (North)

-904m Main ventilation roadway
Shaft station of
the coal mine
-906m Main rail transport roadway (South)

(a) The layout scheme

(b) The profile of displacement
magnitude (Unit: mm)

Fig. 27. The roadways group in the Zhuji coal mine.
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Fig. 29. The advance geology detecting transducers equipped on the TBM.

can provide theoretical foundation for cutter-head design and enhance
the tunnelling eﬃciency in coal mine roadways.
Rock penetration tests, linear cutting tests and numerical simulations for
penetration and linear cutting tests have been carried out. In order to reﬂect
the inﬂuences of the mixed-grounds and high geostress in deep roadways
and tunnels, the rock fragmentation tests by TBM cutters have been carried
out in the testing machine developed by Beijing University of Technology
(Gong et al., 2016b), based on which the cutters spacing, hard and soft
composite rock samples can be implemented. The fragmentation behaviour
of soft rock was investigated in multi-indentation tests by one dis-cutter (Liu
et al., 2016b). Yin et al. (2014a, 2014b) conducted TBM penetration tests to
investigate rock mass boreability under diﬀerent in situ stress conditions in
the ﬁeld. And the linear cutting tests under high conﬁning pressures (up to
20 MPa) on full-scale samples (1000 × 1000 × 600 mm) were performed,
some preliminary results about the inﬂuences of conﬁning pressures to the
rock fragmentation process were obtained (Pan et al., 2017). When the
conﬁning pressure is lower than the threshold, it restrains the rock fragmentation; while the conﬁning pressure exceeds the threshold, it promotes
the cutting process. Meanwhile, the rock fragmentation tests controlled by
forces are being carried out. These testing and simulation results give signiﬁcant insights on the rock fragmentation mechanism in mixed-ground and
under high conﬁning pressure. Accordingly, the rock fragmentation eﬃciency and its optimization can be analyzed.

Fig. 28. Schematic diagram of rheological stress recovery method for geostress measurement (Liu et al., 2016c).

No.1, No.5 and No.11 coal mine, Huainan Panyidong and Guqiao coal
mine. This measurement method is very suitable for geostress measurement in the soft and weak rocks of coal mine, which overcomes the
above technological challenges of the traditional methods, and is capable of measuring the in-situ stress and its evolution during the excavation process, and can obtain long-term strength of the rock mass.
As for advance geological forecasts, because the detection space is
narrow, some new synthetic approaches were put forward specialized for
TBM tunnelling, mainly including surface transient electromagnetic
method, horizontal sound probing (HSP) method, forward three-dimensional induced polarization method, borehole radar equipped on the TBM,
and main drive-source seismic wave inversion (Li et al., 2015, 2017).
Recently, the advance geology forecast technologies were equipped on the
TBMs, for example they were equipped on the gripper TBM of Jilin water
diversion tunnel from Songhua River and the double shield TBM of
Gaoligong Mountain Tunnel, as shown in Fig. 29. Accordingly, three-dimensional geological information can be obtained, and the advance faults
and water quantity of a water-bearing body can be forecasted.

4.2. Interaction mechanism between the surrounding rock and the TBM

(2) Interaction mechanism between surrounding rock and shield.

TBM performance is the result of the interaction between the machine, the tunnel support and the ground (Ramoni and Anagnostou,
2011; Rostami, 2016). The tunnelling eﬃciency and safety mainly depend on the interaction between the TBM and the surrounding rock
(Gong et al., 2016a), as shown in Fig. 30. Interaction between the TBM
and surround rock can be decomposed into the decisive eﬀect of variable rock types and rock structures on rock fragmentation eﬃciency
and boreability, as well as the determinate eﬀect of the deformation
and failure of the deep soft or weak rocks to TBM tunnelling safety.

Squeezing deformation is essentially the surrounding rock undergoing pre-peak damage-dilatancy, cracks extension, propagation and
failure, and ruptured blocks movements. Meanwhile, the induced shield
jamming is essentially the contact-squeezing-friction interaction between the surrounding rock and the shield (Fig. 30b). Therefore, how to
capture and simulate the progressive deformation and failure procedure
of is crucial for predicting squeezing deformation and the induced
shield jamming. Adopting continuous-discontinuous mechanical
models and numerical simulation methods are more reasonable. Systematic studies on the scientiﬁc problems of mechanism, continuousdiscontinuous mechanical models, simulation methods, and comprehensive prevention theories should be carried out.
Laboratory investigation is a useful way to study the squeezing mechanism. The complete deformation and failure process from excavation to
complete mining can be observed through the triaxial unloading conﬁning
pressure tests and unloading creep tests, from which the internal damage
and fracturing evolution can be analyzed. Particularly, what should be
noted is that the stress paths and unloading rates during the unloading
tests should reﬂect the intrinsic unloading characteristics of TBM tunnelling which are smooth unloading under high initial conﬁning pressure.
The time-dependent behaviour is of great importance to understanding the

(1) Interaction mechanism between cutters/cutter-head and the tunnel
face.
Generally, hard rock TBMs are suitable for hard and medium-hard
rock tunnelling (Barton, 2000). Lithology and geological structures may
vary during tunnelling, resulting in a huge variety of rock strengths,
hardness, brittleness and abradability. Thus, diﬀerent types of rock
behave quite diﬀerently under TBM cutters, which has signiﬁcant impacts on rock fragmentation eﬃciency and cutter lifetime (Fig. 30a), as
mentioned in Section 3.1.1. So the rock fragmentation mechanism and
calculation models in mixed-grounds are need to be investigated, which
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(a) Gripper TBM (modified from Gong et al., 20016a)

(b) Shield TBM

Fig. 30. Interaction between the surrounding rock and the TBM.

Real-time ﬁeld monitoring of the interaction between the surrounding
rock and the TBM shield is another important approach to predict
squeezing deformation and the induced shield jamming. Now, a kind of
pressure cell for measuring the squeezing force between surrounding rock
and TBM shield has been developed (Fig. 31), based on which an approach
for monitoring the interaction between the surrounding rock and TBM
shield has been put forward (Fig. 32) (Huang et al., 2017b). The surrounding rock convergence, the starting contact position, the contact
scope, the squeezing forces distribution and the frictional resistance force
on the shield can be monitored. Accordingly, the shield jamming state can
be judged. This real-time monitoring method has been applied in Jilin
Water Diversion Tunnels from Songhua River (China) and Lanzhou Water
Source Project (China) (Fig. 33). A lot of eﬀective in-situ monitoring results have been obtained (Fig. 34).

Fig. 31. Pressure cell for measurement of squeezing force between surrounding rock and
TBM shield.

actual squeezing deformation mechanism. Thus, we have carried out
triaxial unloading conﬁning pressure tests and unloading creep tests to
investigate the mechanism of squeezing deformation. The results show
that the squeezing deformation is mainly composed of pre-peak damagedilatancy and post-peak fracture-bulking, and creep-dilatancy caused by
time-dependent damage-fracturing (Huang et al., 2017a). Accordingly, the
corresponding constitutive model is established (Huang et al., 2017b).
Moreover, the mechanical models capturing the interaction between the
surrounding rock and the shield are put forward, which is in favour of
forecasting the shield jamming.
As the advantages of the discontinuous numerical simulation
methods in modelling large deformation and rock fracturing, they can
be used to calculate the cracking, slippage and fracturing process.
Typical discontinuous methods include discrete element method
(DEM), discontinuous deformation analysis (DDA), numerical manifold
method (NMM) and the combined ﬁnite-discrete element method
(FDEM), etc. These discontinuous methods are suitable to simulate the
squeezing deformation and instability of fractured and faulted grounds,
as well as modelling the interaction with the TBM.

4.3. Safety control for surrounding rock stability of TBM tunnelling in deep
roadways
Considering the geological challenges of TBM tunnelling in coal
mine roadways, they may result in large deformation and subsequently
induce TBM entrapment and overstressing on supports, rockburst/coal
bump, groundwater inrush, surrounding rock collapse. They can be
attributed to surrounding rock instability problems under unloading
condition with high geostress. Thus, surrounding rock stability control
is of great signiﬁcances for TBM tunnelling in coal mine deep roadways.
Control theories for squeezing and large deformation, groundwater
inrush, rockburst/coal bump and the corresponding compound supporting system need to be put forward.
The surrounding rock disturbance in TBM mechanized tunnelling is
generally small. But in the case of deep roadways, the surrounding rock
will further deform and fail after supports installation, resulting in support
structures damage. The traditional surrounding rock stability analyses
theories for shallow roadways are diﬃcult to deep roadways. Thus,
Fig. 32. A monitoring approach for the interaction between the surrounding rock and TBM
shield.
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(a) Vibrating wire surface strain gage

(b) Fiber Bragg graating surface strain gage

Fig. 33. In-situ monitoring for the interaction between the surrounding rock and TBM shield.

stresses’. The speciﬁc technologies include: advance grouting + integration of stepwise anchoring and grouting → grille arch lining and
ﬂoor heave control technologies. These technologies have been applied
in more than twenty coal mines of China’s Huainan and Pingdingshan
mine district, and are tired to apply in the TBM tunnels.

stability control theories for deep surrounding rock are urgently needed.
To be speciﬁc, the spatial and temporal distribution of surrounding
rock deformation and failure under diﬀerent advance rates, overcut
amount, supports installation time and the supporting strengths should
be studied. Establishing an multi-objective optimization model for
surrounding rock stability control will help determine the most suitable
advance rate, the critical overcut gap, the permissive stoppage downtime, the optimal supporting installation time and supporting strength.
For the squeezing soft rocks and fractured-faulted grounds, a kind of
stepwise combined supporting method was developed (Liu et al., 2012;
Kang et al., 2014). The core principle is ‘Stress state restoration and
improvement → enhance surrounding rocks strength → consolidate and
repair the damage and fracture zones → transfer the peak of the

4.4. Informatization construction, optimization decisions and intelligent
control for TBM tunnelling
It can be seen from Section 3 that it is diﬃcult to adjust the tunnelling schemes and operational parameters timely and eﬀectively. As a
result, TBMs often encounter many geological diﬃculties and frequent
engineering accidents, such as squeezing deformation, instability of the
Fig. 34. Crown, spandrel, and the wall strain curves
of the shield during tunnelling.

(a) Axial strain of the shield

(b) Circumferential strain of the shield
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Fig. 35. The monitoring methods for the interaction between the ground and TBM.

sensors have also been developed. Data can be monitored, acquired,
transmitted in real time. Furthermore, the monitoring process can be
controlled remotely by computer, tablet and phone. These in-situ
monitoring technologies have been applied in Jilin Water Diversion
Tunnels from Songhua River (China) and Lanzhou Water Source Project
(China). On the basis of the measured data, the TBM shield jamming
state, cutter-head vibration were judged.
Moreover, based on the massive acquired data, two solutions have
been put forward for the establishment of relationship models between
the ground and TBM operational parameters. The ﬁrst is nonlinear regression analyses based on the ground, TBM geometrical and tunnelling
parameters, through which the relation models between the penetration
and rock mass mechanical parameters are established (Liu et al., 2017),
as shown in Table 3. The second solution is the model established based
on neural network training the acquired electro-hydraulic information
and the monitoring data. The established modes are used for optimization decisions and intelligent control of TBM tunnelling.
The solution of above scientiﬁc problems contributes to improve the
operation and the advance rate, and reduce the major geological

fractured and faulted zones, and the induced shield jamming, cutterhead entrapment or even casualties. The main reason is that it is lack of
perception technologies and analyses method of the information including geological and hydrogeological conditions, rock mass mechanical properties, TBM electro-hydraulic parameters, interaction between the surrounding ground and TBM. At present, the tunnelling
information and data that can be acquired are very limited. Data are
often dispersed among the owners, TBM manufacturers and construction contractors separately. They do not interchange and share with
each other at most time. In a word, it mainly because it is short of realtime monitoring during construction, optimization decision methods
and intelligent control theories for tunnelling schemes and construction
parameters. Thus, it is useful to carry out real-time monitoring for the
interaction between the TBM cutter-head and the tunnel face, and the
interaction between the TBM shield and the surrounding rock. And the
TBM driving process also can be visualized, massive electro-hydraulic
information of the TBM can be obtained too. So that the state of the
TBM operation and the state of the surrounding rock can be assessed.
Massive interaction data between the TBM cutter-head and the
tunnel face, and the interaction between the shield and the surrounding
rock will be monitored, and a large number of TBM operational data
can be acquired. These information can be transferred into rock mechanical properties indexes and the interaction information between
surrounding rock and TBM. Systemic analyses of TBM tunnelling data
and massive monitored data from current and historical projects are
relatively recent (Festa et al., 2012; Zhang et al., 2013), which can be
used for intelligent tunnelling control and geological hazards prediction. It will be an important component of intelligent mine. Studies
about informatization construction, optimization and intelligent control
for TBM tunnelling are being paid increasing attention. Deep mining of
the logged data can be carried out by means of Artiﬁcial Intelligent
approaches (e.g. Artiﬁcial Neural network and grey theory (Zhang
et al., 2013) or expert system analyses method. For instance, Mahdevari
et al. (2012) used an artiﬁcial intelligence algorithm to forecast the
surrounding rock convergence, which prevented the jamming of the
TBM.
At present, the real-time monitoring methods for cutter-head vibration, disc-cutter and scraper abrasion, disc-cutter stress state, the
interaction procedure between the surrounding rock and the shield
have been proposed (Fig. 35) (Huang et al., 2017b). The corresponding

Table 3
The rock mass mechanical, TBM geometrical and tunnelling parameters for regression
analyses.
Rock mass parameters

TBM geometrical
parameters

TBM operation
parameters

Rock mass integrity
Rock uniaxial compressive
strength
Joint direction
Joint volume fraction
Rock brittleness index
Deformation parameters (E, μ)
Surrounding rock convergence
Surrounding rock damage and
fracture state
Rock frictional mineral content
(such as quartz content)
Rock porosity

TBM diameter
Disc-cutter diameter

Cutter thrust
Cutter-head torque

Disc-cutter Spacing
Blade width
Cutter number
Cutter lifetime index

Rotate speed
Penetration
Advance rate
Voltage
Electric current
Thrust of the driving
system
Cutter abrasion

Rock boreability index
Geostress
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Cutter-head
vibration
TBM utilization rate
Belt pressure
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hazards in TBM tunnelling in deep roadway of coal mines.
The application of TBMs in coal mine roadway is an expandence of
TBM application scope. The use of TBMs in other construction ﬁelds
also can be explored.
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5. Conclusions
In this paper, the feasibility and advantages of the TBMs application
in coal mine deep roadway construction are analyzed, and then the
technical challenges of TBM tunnelling in deep roadway are presented,
accordingly the corresponding scientiﬁc problems needed to study are
discussed. The main conclusions are as follows:
(1) Coal mines are progressing to depth greater than 1000 ms. The
traditional drill-&-blast method and comprehensive mechanized
driving method, existing supporting technologies represented as
anchoring, grouting and steel sets are diﬃcult to satisfy the construction eﬃciency and surrounding rock stability demands of deep
roadways. TBMs have signiﬁcant advantages in excavation and
supporting, and meet the deep roadways construction demand.
Successful TBM application cases in coal mine roadway and inclined shaft construction are reviewed. In addition, the modern
large mine has the conditions and abilities to introduce TBM tunnelling method. Thus, TBM tunnelling is believed will be the ﬁrst
choice and preferred future method for deep rock roadway construction in coal mines.
(2) Due to the poor adaptability of TBMs to geological conditions, and
because the geological conditions and construction environment of
the roadways in coal mine are quite diﬀerent from those in civil and
water conservancy projects, TBM will encounter a lot of technical
challenges during tunnelling in deep rock roadways: a. mixed and
changing grounds; b. high geostress; c. squeezing deformation and
the induced TBM entrapment or overstressing on supports; d.
fractured and faulted zones, in which the surrounding rock instability and collapses, groundwater inrush is common; e. speciﬁc
construction environments of coal mine including TBMs assembly,
explosion-proof, inﬂuences of roadway or cavern groups and drainage. The characteristics, the likely occurring problems and the
previous researches of these challenges are reviewed. The possible
solutions are provided for the challenges.
(3) The exploration TBM tunnelling method in coal mine roadway
construction is unprecedented. In order to deal with the above
challenges, and to drive safely and eﬃciently in deep rock roadways, studies on the following scientiﬁc problems need to be carried out: a. geostress distribution and geological conditions investigation; b. interaction mechanism between the surrounding
rock and the TBM; c. safety control for surrounding rock stability of
TBM tunnelling in deep roadways; d. informatization construction,
optimization decision and intelligent control for TBM tunnelling in
deep roadways. As well as some research progresses are presented.
After these scientiﬁc problems are addressed, it is ﬁrmly believed
that TBM tunnelling provides a powerful and eﬃcient way for deep
rock roadway construction, and will change the coal mine construction pattern.
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