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Abstract: Due to the extremely high sensitivity of tunnel boring machine (TBM) performance to rock mass conditions and its huge
early investment, it is of great value to evaluate the rock mass boreability and predict the TBM performance. In this study, about 300
sets of field data from China and Iran are collected, covering three different rock types and 5 TBM tunnels. FPI (field penetration
index) is selected as the evaluation index of rock mass boreability. Specifically, the relationships between rock uniaxial compressive
strength(UCS), rock mass integrity index K, , angle between main structural plane of rock mass and axis of the tunnel ¢, tunnel
diameter, D and rock mass horeability are systematically analyzed. In addition, a unified approach of rock mass parameters which is
suitable for the study of rock mass boreability is discussed in detail, and an empirical prediction model of rock mass boreability with
relatively high accuracy (R* = 0.768) is further established. Based on this model and supplemented by K-center clustering method,
the boreability of rock mass are classified into 6 groups, which are then applied to the exploration of the distribution of average cutter
thrust and cutterhead rotation speed under various of rock mass boreability conditions. The findings in our work shed light on the
evaluation of rock mass boreability, the selection of operational parameters as well as the arrangement of TBM tunnel construction

schedule.

Keywords: tunnel boring machine(TBM); boreability prediction; rock mass classification; operational parameters

1 Introduction

With the development of mechanical manufactur-
ing technology and tunneling industry, full-section
hard rock tunnel boring machine (TBM) has been
widely used in the construction of super long tunnels &,
Compared with the traditional drilling and blasting
methods, TBM has many advantages such as rapid,
safe, economic and environmentally-friendly. However
it is also extremely sensitive to the change of rock
mass conditions!?l. Under favorable conditions of rock
mass boreability, TBM can often yield an ideal pen-
etration rate®l. Once a hard and intact rock mass with
poor boreability is encountered, it is more likely to
cause adverse consequences such as high tool wear
and low tunneling efficiency™, resulting in serious
delays of engineering progress and economic losses.
Due to the huge investments on the early stage of
TBM, accurate assessment of rock mass boreability
and prediction of TBM tunneling performance are
crucial for the selection of construction method,
arrangement of construction schedule as well as the
control of cost. Therefore, the prediction and evaluation
of the boreability of TBM rock mass have long been
an important research topic in the field of TBM tunnel
constructiont®l.

In the last four decades, different models for
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predicting the boreability of TBM rock mass have
been proposed by many scholars, which are mainly
divided into theoretical models and empirical models!.
The theoretical models are mainly based on the
mechanism of single-cutter rock breaking, and are
established through experimental and theoretical
analysis of the stress of single cutter. The famous
theoretical model (CSM model) of Colorado Institute
of Mining and Technology! is not capable in the
representation of the influence of engineering rock
mass discontinuity on TBM tunneling.

In contrast, empirical models are based on the
measured parameters of rock mass and rock mass
boreability indicators. Through the establishment of
empirical models, the TBM rock mass boreability can
be predicted. These models include Qrsm model obtained
from the improved Q classification of rock mass®,
PR model used in the prediction of net penetration
ratel’ models that predict the field penetration
index, FPI® 28 gnd NTNU models™®. Many scholars
have also put forward the corresponding classification
schemes of rock mass boreability according to the
prediction modelst™ 8 12161 However, empirical models
are often built on the field data from one or a few
tunnels, thus their applications are limited to the
projects with similar rock mass conditions. In order to
improve the adaptability of the models, it is imperative
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to make use of relevant engineering data as much as
possible to build a more universally applicable empiri-
cal model, as well as an appropriate classification
scheme for rock mass boreability.

This study focuses on the field monitoring data of
5 TBM tunnels from China and Iran. The main impact
factors for TBM rock mass boreability were analyzed,
and the empirical method which is capable in the
prediction of TBM rock mass boreability was establi-
shed. In addition, the classification of TBM rock mass
boreability was conducted. The corresponding research
results provide guidance in the assessment of rock
mass boreability, the selection of TBM tunneling par-

Table 1  Specifications of TBMs

ameters and the arrangement of construction schedule.
2 Engineering project and database development

2.1 Project profile

This study is based on the field monitoring data
collected from 5 TBM construction tunnels from
China and Iran. The main technical parameters of
TBM are presented in Table 1. Table 2 displays the
geological conditions for each tunnel. In the database,
the TBM tunnels cut through three types of rock mass,
namely igneous rock, sedimentary rock and meta-
morphic rock. The uniaxial compressive strength of
the rock ranges from 25 MPa to 150 MPa.

. . TBM total Maximum  Rotational speed
Project Project TBM type (_:utterhead Cutter Ma_chme weight C_utter thrust of cutterhead
ID diameter/ m  number weight/t spacing/ mm
/t / kN / rpm
1 Karaj water delivery tunnel®!  double shield 4.66 31 — — 70(901151) 16 913 0-11.00
Zagroswater delivery tunnel . _ - .
(Section 104and Section 29 double shield 6.73 42 90 28134 0-11.00(9)
West Qinling Tunnel of Lanzhou- _ _ 9
3 Chongging Railway2-2% open 10.20 68 800 19 000 0-6.32
4 Atypical diversion tunnel(6] open 8.50 49 ~825 ~1375 89 18 769 0-6.90
5 Yinsong water supply project!?®] open 7.93(8.03) 52 ~650 ~1 320 — 23 560 0-7.60
Note: The data in brackets are reported in some literature, which are not accepted in this paper.
Table 2  Geological characteristics of tunneling projects
. Length of tunnel . Maximum UCs
Project /km Lithology depth/ m / MPa
Karaj water delivery tunnel 2] 15.90 Tuff, shale, sandy tuff 600 30-150
Zagroswater delivery tunnel . .
( Section 1¥and Section 2131 26.00 Limestone, shale, marl limestone, calcareous shale 650 25-150
West Qinling Tunnel of - .
Lanzhou-Chongging Railway2-24 28.20 Phyllite, limestone, sandy phyllite 1400 33-80
Atypical diversion tunnel!6] - Quartz monosite, granodiorite, monosite - 45-115
Yinsong Water supply project!? 69.85 Sandstone, granite, andesite, diorite, tuff, limestone — 45-145

Note: UCS is uniaxial compressive strength of rock.

2.2 Database development

The database mainly includes three categories of
parameters, such as mechanical parameters, evaluation
indexes of TBM rock mass boreability and rock mass
parameters. Among them, the mechanical parameters
include the number of cutter N, the total thrust of disc
cutter TF, TBM cutter rotational speed RPM, etc.,
which are obtained according to the field records
during the construction process.

The evaluation index of TBM rock mass bor-
eability includes penetration rate PR, 12 net pen-
etration rate PRI*2, and field penetration index, FPI 2],
etc. The calculation formulas are as follows:

PR=_ (1)
Tb
y :1000PR (2)
60RPM
FPI=—Fo (3)
PR,,

where L is the TBM continuous excavation distance
(m); Tbis the continuous excavation time(h); PR, is
the penetrate rate, indicating the depth at which the

https://rocksoilmech.researchcommons.org/journal/vol41/iss5/9
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disc cutter cuts into the rock mass per turn(mm/r); and
Fn is the average single cutter thrust(kN), which is
estimated by the ratio of total thrust to the number of
the cutters on cutterhead F, =TF/N .

In the above evaluation indexes of boreability,
under the same rock mass condition, TBM specifica-
tions, mechanical parameters and penetration par-
ameters (thrust and rotational speed) exert significant
influences on the values of PR, and PR. Although
the FPI value is still affected by TBM specifications
and mechanical parameters, it eliminates the influence
of penetration parameters (thrust and rotational speed)
to a certain extent, and has been widely applied in the
evaluation of rock mass boreability. Therefore, FPI is
selected in this paper to characterize the boreability of
rock mass. In general, the smaller the FPI, the smaller
the thrust required for TBM to reach the specified
penetration rate, and the better the boreability of rock
mass. The larger the FPI, the worse the boreability of
rock mass.

Rock mass parameters include rock uniaxial
compressive strength UCS, rock quality designation
RQD, intactness degree of rock masses K, , angle

v !
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between tunnel structural plane and tunnel axis «,
tunnel diameter D, groundwater flux Q, tunnel buried
depth H, etc. Due to the difference of geological
survey methods between industries and regions, the
parameters representing the properties of rock mass in
different engineering projects are not identical. In
order to facilitate the follow-up research, it is
necessary to consider the correlation between different
rock mass indexes and unify the rock mass property
evaluation index.

Both RQD and K, are essentially the indicators
representing the integrity of rock mass?’l. Based on
the research results of previous scholars, the author
finds that RQD and K, are significantly correlated to
each other?®2°l (Fig. 1). The Code for Investigation of
Geotechnical Engineering (GB50021-2001)E% divides
rock mass integrity into five levels based on K, , and
divides rock quality into five levels based on RQD.
For the convenience of this study, based on the classi-
fication results, the author unifies RQD and K, in
the database by referring to Table 3. As is illustrated in
Fig. 2, the index representing the integrity of rock
mass before and after the conversion is basically
consistent with the index of rock mass boreability,
showing that this conversion between RQD and K,
is validated in this study. It should be noted that this
study only verifies the applicability of the conversion
method in Table 3 from the perspective that RQD and
K, are correlated closely to FPI before and after the
conversion. Therefore, this conversion method is only
applicable in the research on the boreability of TBM
rock mass, The more universally applicable con-
version method between RQD and K, should take
into account more measured data. Based on the above
discussion, the rock mass parameters in this study can
be unified. After the unification, the database used in
this study contains about 300 groups of valid data from

Table 4 Descriptive statistics of the variables in database

5 TBM construction tunnels. Due to the incomeplete
data collected in each tunnel, some missing data are
excluded from the research scope of this study. The
descriptive statistics of each parameter in the database
are shown in Table 4.

10 4 Literature [28] o Literature [29]
08 o Abnormal value in literature [29] —Fitting curve
' y=0.0068x+0.0348 , T,
2 —

06 ko R?=0.5239, an ]
N2 o

04

02

0.0 L L L L )

0 20 40 60 80 100

RQD/ %
Fig.1 Relationship between RQD and K,

Table 3 Corresponding table between RQD and K,

Evaluation index RQD K
Intact (excellent) >90 >0.75
Fair intact (good) 75-90 0.55-0.75
Fair broken (not good) 50-75 0.35-0.55
Broken (poor) 25-50 0.15-0.35
Highly broken (very poor) <25 <0.15
08 mRQD @K, 07432
07 0.6390 0.6009
06 F 05853F71 0.6034 05818
05 0.3804
4 10.375 7
x 04 7
03 f /
0z | ?
01 f ;
0.0
Zagros Zagros Yinsong water

Karaj  (Engineering (Engineering supply project
section 1)  section2) engineering

Fig.2 Correlation coefficient between RQD
(or K,)andFPI

Variable ucs P PR PR, FPI Q H F, RPM

/ MPa v /) ImehdH/(mmery) /(KNeremm?) /20 mintem? /m / kN /(r = min)
Sample size 276.00 276.00 225.00 235.00 254.00 313.00 98.00 49.00 254.00 176.00
Range 135.26 0.94  82.00 4.53 14.93 80.87 22.00 291.00 264.24 3.94
Minimum 15.24 0.06 0.00 0.74 177 5.80 3.00 110.00 76.26 3.56
Maximum 150.50 1.00 82.00 5.27 16.70 86.68 25.00 401.00 340.50 7.50
Average 61.78 0.54  50.89 261 7.85 30.33 10.92 205.23 211.61 5.57
Standard deviation  26.94 0.19 18.68 0.97 2.70 17.37 5.50 84.90 75.43 0.56

3 Analysis of influence factors of TBM rock
mass boreability

The boreability of TBM rock mass is related to
many factors, such as rock strength, intactness degree
of rock mass, rock joint plane occurrence, ground-
water, ground stress and tunnel diameter™. In general,
many scholars assume that among these factors, the
uniaxial compressive strength, intactness degree of rock
mass, and the angle between the main structural plane

Published by Rock and Soil Mechanics, 2020

and the tunnel axis have the most significant influence
on rock mass boreability. In the following section,
these influence factors of boreability of TBM rock
mass are discussed in detail based on the database.
3.1 Uniaxial compressive strength of rock

TBM disc cutter breaking rock consists of two
separate stages: cutter penetrating rock mass and rock
fragments formation. A crushed zone occurs when the
invasive load reaches the compressive strength of the
rock, creating radial, central, and lateral cracks. These
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cracks propagate continuously along with the penetra-
tion of disc cutter. Eventually, rock fragments are
formed when the cracks propagate to the surface or
connect to other cracks resulted from adjacent cutterst®Y.
Therefore, the compressive strength of rock is remar-
kably correlated with the boreability of TBM rock mass.
With the increase of rock compressive strength, the load
required for cutter penetration increases, the rock mass
boreability deteriorates, and the FPI gradually increases.
As the compressive strength of rock decreases, it is
more conducive to break rock by cutters. Consequently,
the rock mass boreability is enhanced and FPI value
goes down (Fig. 3). It is worth noting that, in Fig. 3, the
rock mass boreability documented from different
projects varies significantly with the varia- tion of
uniaxial compressive strength of the rock. With the
increase of tunnel diameter, FPI increases evidently
with the increase of UCS. So it can be inferred that
tunnel diameter D may also have certain impact on the
boreability of TBM rock mass.

o Project 1(D=4.66 m)
- x Project 3(D=10.2 m)
o Project 5(D=7.93 m)

a Project 2(D=6.73 m)
© Project 4(D=8.50 m)
/

FPI/(KN « r » mm™™1)
-
& 8 8 8

N
o
T

0 . h . . . . . )
0 20 40 60 80 100 120 140 160

UCS/ MPa
Fig.3 Relationship between UCS and FPI

3.2 Intactness degree of rock mass

In general, the poorer the intactness of the rock
mass, the more developed its joints. Based on the
above mechanism of TBM disc cutter rock breaking,
the existence of joints facilitates cracks propagation in
the process of rock breaking, which is favorable for
the formation of rock fragments and improves the
TBM tunneling efficiency™. Therefore, with the
increase of the intactness degree of rock masses K, ,
the FPI increases, and the boreability of TBM rock
mass deteriorates gradually (Fig.4). However, an abnor-
mal trend in Project 3 (West Qinling Tunnel of
Lanzhou-Chongging Railway ) is encountered that for
broken rock masses, FPI decreases with the increase of
K, . This maybe because of the relatively high uniaxial
compressive strength for the broken rocks (Fig.5), since
the boreability of TBM rock mass is determined by both
uniaxial compressive strength and intactness degree of
rock masses. In addition, compared with small diameter
tunnels, the increase of FPI with K, is faster in large
diameter tunnels. Therefore, it can be inferred that
there may be coupling effects among the influencing

https://rocksoilmech.researchcommons.org/journal/vol41/iss5/9
DOI: 10.16285/j.rsm.2019.5963

factors of rock mass boreability, which should be paid
attention to during the establish- ment of the empirical
prediction model for TBM rock mass boreability.

O Project 1(D=4.66 m) A Project 2(D:
100 % Project 3(D=10.20 m) @ Project 4(D
4 Project 5(D=7.93 m)

L ProjectB/ .\.
7% N, ° ’%;
. . ° -

=6.
=8

FPI/(KN « 1+ mm™)
N o) ©
o o o

N
o
T

0
0.0 01 02 03 04 05 06 0.7 08 09 10
Ky
Fig.4 Relationship between K, and FPI

90 r

80 o
o g
& 0F g
=
3 60
O
2 50+
oo o
40
of, O
30 1 1 1 1 1 1 1 1 1 J
0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65

Ky

Fig.5 Relationship between K, and UCS of project 3

3.3 Angle between the main structural plane and
tunnel axis

The angle between the main structural plane and
tunnel axis,  , also has significant impact upon TBM
rock mass boreability. At a smaller & value, the cracks
propagate from the invading position to the original
structural plane during the TBM tunneling, whereas
the cracks propagate from the original structural plane
to the invading position at a larger o value®2. With
a decreases, the original structural plane will trigger
the cracks to propagate into the deep of the rock, which
is unfavourable for rock breaking. However, under a
larger « value, the original structural plane would
induce the cracks to propagate laterally, facilitateing the
formation of rock fragments, although the large pieces
of rock masses adversely affect the efficiency of rock
breaking®3l. As a consequence, the boreability of rock
mass is enhanced first and then deteriorates with the
successive increase of « . An optimized boreability of
rock mass occurs when o ranges from 40° to 70°
(Fig.6).
3.4 Tunnel diameter

The above analysis indicates that the TBM rock
mass boreability difffers greatly with the variation of
rock mass parameters (UCS, K, ,« ) for different
diameter tunnels. The reason is for large diameter TBM
tunneling, the resistance resulted from rock breaking
becomes higher. Under the same stress state, the
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penetration distance in each turn is less than that of the
small diameter TBM tunneling®™, leading to a
degraded boreability for large diameter TBM tunnel-
ing. Given this situation, the relation between FPI and
tunnel diameter D is obtained based on the data in the
database (Fig. 7). As depicted in Fig. 7, FPI increases
exponentially with increasing tunnel diameters. Thus,
tunnel diameter D is also an critical factor in the
establishment of empirical prediction model of TBM
rock mass boreability.

oProject 1(D=4.66 m) o Project 2(D=6.73 m)

100
x Project 3(D=10.20 m) o Project 4(D=8.50 m)
o

o 80 o o
£ \. o °X o ° 85?:“
= . odb o X
. 60 \ ey o s X%
< o B e °
Z 40 89 Wi o
= o %% R wm
= O o o
O 208 o 5O ¥ 0

Too %% M‘E‘?ﬁ

0 R T
0 10 20 30 40 50 60 70 80 90
al (%)

Fig.6 Relationships between azand FPI

100
a
T O y=srosemx | B
S R2=0.6577 o g
. 60 g
g 40 | a
- a
o | =]
w 20 E
0 , , , ,
4 6 8 10 12
D/m

Fig.7 Influence of tunnel diameter on
boreability of rock mass

4 Empirical prediction method of TBM rock
mass boreability

The above analysis suggests that rock uniaxial

compressive strength, intactness degree of rock masses,
angle between main structural plane and tunnel axis,
and tunnel diameter all have significant influences on
the boreability of TBM rock mass. In this study, UCS,
K,.a, and D are taken as independent variables and
the rock mass boreability evaluation index FPI is
treated as a dependent variable. SPSS software is used
for nonlinear regression analysis to establish the
empirical prediction method of TBM rock mass bor-
eability. Through a series of mathematical modeling
analysis, it is found that the prediction method yields
an optimized result when the influence of the angle
between the main structural plane and tunnel axis is
not considered. The mathematical model is expressed
as follows:

FPI =¢%"(a,UCS™e™"" +a,) (4)

Published by Rock and Soil Mechanics, 2020

where a, a,, a,, a, and a; are regression para-
meters.

As aforementioned, the boreability of TBM rock
mass deteriorates with the increase of UCS, K, and
D. In order to ensure that the fitting results are
consistent with practical judgment, the limitation of
a, to a.inthe regression process are listed in Table 5.

Table 5 Initial conditions of model parameters
Regression parameters a, a, a, a, a,
Limitation =0 =0 =0 =0 7

FP1=ge%*"®(0.004UCS"*?e*** +1.25) (5)

After regression fitting, the empirical prediction
formula of boreability is obtained:

FPI =¢%?®(0.004UCS ¥ +1.25)  (5)

In this formula, FPI increases with the increase of
tunnel diameter, rock uniaxial compressive strength
and intactness degree of rock masses. Meanwhile,
there is an obvious coupling effect between these three
factors, which is consistent with the above discussion.
The comparison results between the measured FPI and
the predicted FPI are shown in Fig. 8. The correlation
coefficient between the predicted results and the
measured results is about 0.768 with an acceptable
deviation, indicating that this empirical method can be
applied confidently to predict the boreability of TBM
rock mass.

80 ) Lo
wp Dy ;

60 | — Linear fitting x
50 *

40
30
20t
10

ok 1 1 1 1 1 1 1 )

0 10 20 30 40 50 60 70 80
Measured FPI/ (kN  r « mm™)
Fig.8 Comparison between measured FPI
and predicted FPI

x %
Wy =(07717x +5.764 7
R?=0.768 4

Predicted FPI/ (KN = r « mm™)

5 Classification of TBM rock mass boreability

During the practical construction process, with the
change of TBM rock mass boreability, the TBM
tunneling parameters should also be adjusted timely to
realize safe and efficient tunneling, among which the
thrust of disc cutter and its rotational speed are the
core controlling parameters. Given the differences in
the machinery installed size, the number of disc
cutters, and the installed powers for different TBM,
the average utilization rate of the thrust of single cutter
and disc cutters rotational speed are chosen as the
controlling parameters of TBM tunneling, so as to
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further explore the relationship between these par- 80 =
ameters and rock mass boreability. The cutter thrust - Zg i El
and rotational speed can be obtained in the practical = 5 | é
engineering cases by combing the conversion of Sl |$|
mechanical parameters, which are presented as Za} ==

F goor =
U, =—"—x100% (6) ol

nmax 0 . . . . . d

Bl Bl Bl B-IV B-V B-VI
RPM Boreability classification of rock mass
- 0,

UR - RPM »x100% 0 (a) FPI value for each group of rock mass

max

where U_ is the utilization ratio of the average thrust
of single cutter(%); F,,. is the maximum average
thrust of single cutter(kN); Uy is the utilization rate of
cutterhead rotational speed(%); RPM is real cutterhead
rotational speed(r/min); and RPM ., is the maximum
cutterhead rotational speed(r/min).

Based on the above analysis, FPI is selected as the
classification index for rock mass boreability. Taking
into account the differences of TBM tunneling par-
ameters selection under different rock mass boreability
conditions in the practical engineering projects, we
choose FPI, U.and U as cluster variables to carry
out the rock mass boreability classification. Based on
the valid data containing FPI, U.and U in the
database, K-center clustering method was imple-
mented using SPSS software. Referring to the existing
research results of boreability classification of TBM
rock mass® > 2 the number of classification is
specified as 6 to conduct iterative classification. The F
test of the results is shown in Table 6. P values of all
cluster variables are small, indicating the validity of
this classification method. Figure 9(a) describes the
FPI value corresponding to each group of rock mass.
There is no overlap between the FPI of each group,
indicating that it is appropriate to take FPI as the rock
mass classification index. The specific classification
results are shown in Table 7. The smaller the P value,
the more likely the rock is to be broken. For the
surrounding rocks, from B-I to B-VI, the boreability
of rock mass deteriorates successively with the resi-
stance of TBM tunneling increasing. The surrounding
rocks in the database are grouped in Fig.9 (b), in which
B-V,B-VI surrounding rocks occupy a small proportion,
indicating that most of the surrounding rock sections
involved in the database are inclined to be tunneled
easily.

Table 6 A F-test of the clustering results

Clustering Clustering results Error
variables Mean square df Mean square df F test P
error error
FPI 12 744.953 5 8.695 248 1465.863 0.00
Ur 5.909 5 0.019 248 314.768 0.00
Ur 0.458 5 0.005 170 94.245 0.00

Note: df is the degree of freedom and P is the significance level.

https://rocksoilmech.researchcommons.org/journal/vol41/iss5/9
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Fig.9 Rock mass boreability classification

Table 7 Rock mass boreability classification in TBM tunnel
Classification of

rock mass / (kN _FrP_I mm’l) Suggested Urvalue  Suggested Ur value
boreability
B-I <16 22.7% 59.8%
B-l1 16-24 0.037FPI — 0.406 T3 o ome
1
B-111 24-36 0.037FPI — 0.406 Ts oo
B-IV 36-48 98.1% 86.8%
B-V 48-64 98.1% 86.8%
B-VI >64 98.1% 86.8%

Note: FPI =¢e**"°(0.004UCS"**?e"“ +1.25)

Based on the data in the database, the relationships
between the utilization rate of average single cutter
thrust, the utilization ratio of cutterhead rotational speed
and rock mass boreability can be achieved, as plotted in
Fig. 10 and Fig. 11. In terms of the easy broken
surrounding rock, such as B-I, the rock strength is
relatively low, and the intactness and stability of rock
mass are inferior. In order to ensure the safety of
construction, low tunneling parameters are commonly
adopted. To be specific, the average single cutter thrust
efficiency is about 20%, and the utilization ratio of disc
cutter rotational speed is about 60%. However, due to
the distinction of the stability of surrounding rocks and
the experience of the TBM operators, the selection of
tunneling parameters tend to have larger discreteness.
With the increase of FPI, rock mass boreability
deteriorates evidently. In order to realize effective TBM
rock breaking, in B-Il and B-IIl surrounding rocks,
TBM operators used to increase the tunneling
parameters. Therefore the utilization ratio of average
single cutter thrust and cutterhead rotational speed
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increase with the increase of FPI. For B-IV, B-V and
B-VI groups of surrounding rocks, the rock mass is
relatively stable. To achieve an acceptable penetration
rate, TBM operators take the initiative to adjust
tunneling parameters value close to the upper limit.
Specifically, the average single cutter thrust efficiency
approaches 100%, and the utilization ratio of disc cutter
rotational speed is around 90%. Nevertheless, in Fig.10,
the lower U.in B-IV, B-V and B-VI surrounding
rocks is due to the excessive groundwater flux in the
corresponding tunneling sec- tions in Project 3 (West
Qinling tunnel of Lanzhou— Chongging Railway)
(Fig.12). In order to guarantee the safety of the TBM
construction, TBM operators reduced the thrust of
cutterhead to meet the safety requirements of TBM
construction.

B-1 B-ll. B-lll -IV. B-V. B-
120 B-1V. B-V. B-VI
100 } aa
sof | /|.._._] Project3_ _
=) 1
% 60 A apats A
D ............... -.
40 x B-l
o B-Il. B-llI
20 |
a B-l1V. B-V. B-VI
1% 1 1 1 1 1 1 1 )

0
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FP1/ (KN * r « mm™)
Fig.10 Relationship between the Ur and FPI
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Fig.11 Relationship between Urand FPI
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Fig.12 Influence of underground water on Ur in project 3

Based on the discussion above, a classification
table (Table 7) of the boreability of TBM tunnel rock

Published by Rock and Soil Mechanics, 2020

mass can be obtained, which has guiding significance
in the evaluation of TBM rock mass boreability and
the selection of tunneling parameters.

The relationship between TBM net penetration rate,
PR and field penetration index, FPI is given by

_ 60RPM-F,  60ULU,
~ 1000FPI 1 000FPI

Using the classification table, the TBM penetration
rate of Project 3 (West Qinling tunnel of Lanzhou-
Chongging railway) and Project 4 (A typical water
diversion tunnel) in the database can be predicted (Fig. 13).
It can be found that the measured PRs in Project 3 and
Project 4 agree well with the predicted PRs, while part
of the measured PRs in Project 3 are significantly
lower than the predicted PRs, which is caused by the
excessive groundwater flux in the tunnel sections and
the reduction of the thrust of cutterhead by TBM
operators. Therefore, the results highlight that the rock
mass boreability classification table proposed in this
study is of practicability. This classification table can
be used to preliminarily predict the net penetration rate
of TBM and guide the arrangement of construction
schedule.

(8)

max ~ nmax
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(a) West Qinling tunnel of Lanzhou—-Chongging Railway (Project 3)

5 a2 Measured PR

— Predicted PR

PR/ (m * hY)

Data number
(b) A typical water diversion tunnel (Project 4)
Fig.13 The comparison between measured PR
and predicted PR

In practical engineering projects, it is advisable to
combine the above empirical formula with the field
data to calculate the FPI value, so as to perform
classification of the boreability of TBM rock mass and
guide the selection of tunneling parameters (U, and
Uy ), and eventually guide the arrangement of con-
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struction schedule. It should be noted that the selection
of TBM tunneling parameters is affected by the rock
mass boreability, stability, operators’ experiences and
other factors. This paper provides a suggested value of
tunneling parameters in view of rock mass boreability.
The parameter selection and construction schedule
should be adjusted appropriately according to the
practical tunneling settings.

6 Discussion

(1) This study is based on the measured data from
different engineering projects. In order to characterize
the different parameters of an specified property of
rock mass, RQD is converted to K, . The correlations
between RQD or K, and FPI are identical to each
other. The results reveal that this conversion method is
suitable for the study of TBM rock mass boreability.
But because of the lack of the validation by measured
data, the applicability of the conversion method in
other fields need to be inspected carefully.

(2) In this study, field penetration index, FPI is
adopted to evaluate the boreability of TBM rock mass.
Although it can eliminate the influence of single cutter
thrust and penetrating distance per turn of disc cutter,
it is still affected by other mechanical parameters. In
subsequent studies, a more suitable evaluation index
for the boreability of TBM rock mass should be pro-
posed as far as possible.

(3) The boreability of TBM rock mass is affected
by many factors. Due to the limitation of data cover-
age, this paper only discusses the influences of tunnel
diameter, rock uniaxial compressive strength, intact-
ness degree of rock masses and main structural plane
of rock mass, as well as the coupling effects among
these factors. In fact, other factors, such as ground-
water condition, in-situ stress state, rock brittleness
also exert certain impacts on rock mass boreability,
which should be studied via combining with corres-
ponding field measured data.

(4) The database is the basis of the empirical predict-
tion method of TBM rock mass boreability proposed
in this study. It covers the measured data from TBM
constructions in igneous rock, sedimentary rock and
metamorphic rock. Though its applicability is
relatively extensive, we should also be aware of the
limitations of this empirical method since it seems to
be site-specific. In order to improve the applicability
of the empirical method, more measured data from
different lithology should be collected for the estab-
lishment of the prediction model.

(5) The classification of TBM rock mass borea-
bility and the suggested TBM tunneling parameters are
mainly based on the data in the database, hence it can
be used as reference in practical engineering opera-
tions. However, it is imperative to combine with the
practical construction conditions closely since the

https://rocksoilmech.researchcommons.org/journal/vol41/iss5/9
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tunneling parameters are determined by many factors
such as the boreability of rock mass, the stability of
surrounding rock and the experiences of TBM oper-
ators.

7 Conclusions

Based on the field measured tunneling data, rock
mass parameters and boreability evaluation index for
different types of rock and TBM, the influencing
factors for TBM rock mass boreability were analyzed
comprehensively. An empirical prediction method of
boreability and a systematic classification scheme were
proposed. The main conclusions can be drawn as
follows:

(1) The boreability of TBM rock mass is influen-
ced by many factors. Based on the collected data, it is
found that a strong rock uniaxial compressive strength,
a high intactness degree of the rock mass and an
enlarged tunnel diameter usually correspond to a poor
boreability. With the increase of the angle between the
main structural plane and tunnel axis, the boreability
experiences a upgrade first, followed by a downward
trend. The coupling impacts of various factors on the
rock mass boreability are also witnessed.

(2) In this paper, FPI is selected as the evaluation
index of rock mass boreability, and the established
prediction formula is FPI=e%%*"(0.004UCS"**? -
e +1.25), which is consistent with professional
judgment. The correlation coefficient between the
predicted results and the measured results is about
0.768 with an acceptable deviation, indicating a
satisfying prediction effect.

(3) Based on the proposed empirical prediction
method, the boreability of rock mass can be divided
into 6 categories. With the deterioration of the borea-
bility of rock mass, TBM operators often adopt higher
tunneling parameters to achieve the appropriate TBM
penetration rate. The proposed values of TBM tunne-
ling parameters under different rock mass boreability
conditions can be used as a reference for practical
engineering projects. Based on the relationship between
tunneling parameters and rock mass boreability, the
preliminary prediction of TBM penetration rate can be
conducted, which provides guidance for the arran-
gement of TBM construction schedule.
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