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The rock chip information (shape, size, and particle size distribution) could comprehensively reflect the characteristics of rock
mass and rock-breaking efficiency of TBM. This study is aimed at defining a novel index (effective rock-breaking ratio, P,) to
identify the rock-breaking efficiency of TBM based on the rock chip information. To evaluate this approach, a series of field
sieving and measuring tests of rock chips was conducted at the water conveyance tunnel construction projects of China. The
rock-breaking efficiency evaluation and tunneling parameter improvement of TBM were researched based on P, index. The
results showed as follows: (1) from the perspective of energy conversion, the rock chip surface area was calculated through the
rock chip cumulative volume distribution model. P, is used to evaluate the rock-breaking efficiency of TBM based on the
proportion of surface area of rock chips with particle size larger than 5mm; (2) P, has a good linear correlation with
coarseness index (CI) and specific energy (SE), the higher the TBM tunneling efficiency, the larger P, and CI values, the less
SE values; (3) P, increases at first and then decreases with the rise of thrust force of TBM. The optimal thrust force intervals
for grade II and IIT surrounding rocks can be determined to improve the rock-breaking efficiency of TBM. Findings from this
study are insightful in terms of accurately evaluating the excavation efficiency and improving the tunneling parameters of TBM.

1. Introduction

Tunnel boring machine (TBM) is the most effective con-
struction method of tunnel excavation; its core competitive-
ness lies in the high achieved construction speed [1-7].
Therefore, with the premise of ensuring safety while reduc-
ing tool wear, it is crucial to enhance the rock-breaking effi-
ciency of TBM [8].

The potential factors influencing the rock-breaking effi-
ciency of TBM include rock compressive strength, tensile
strength, confining pressure, joint development, TBM equip-
ment performance, cutter spacing, and tunneling parameters
[9-20]. Rock chips in TBM are formed by the disc cutters
cutting the rock palm surface. According to the rock
fragmentation theory [21], the rock-breaking effect of TBM
disc cutters is achieved by a mixed action of the tensile

failure, crushing failure, and shearing failure of rock mass
[22, 23]. The rock chip information can directly reflect the
“rock-machine” interaction mechanism, identify the quality
of surrounding rock and the geology in TBM construction,
and indirectly reflect the mechanical properties and tunnel-
ing parameters of TBM [24]. Therefore, the rock chip
information is closely related to the characteristics of the
surrounding rock, the mechanical energy utilization rate,
and the rock-breaking efficiency of TBM [14, 20, 25-27].
Tuncdemir et al. [27] and Gong et al. [28] experimen-
tally put forward that the coarseness index [29] of rock chips
is an effective indicator of the rock-breaking efficiency of
TBM. However, the rock chips with larger particle size are
repeatedly calculated in the calculation of coarseness index.
Specific energy is considered as a valid parameter evaluating
the efficiency of TBM [7, 30, 31]. Nevertheless, the specific
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energy value calculated in the construction process of TBM
varies greatly, which lead to the deviation between calculated
specific energy value and actual specific energy value.
Heydari et al. [14], Mohammadi et al. [32], and Kumar
et al. [33] provided the correlation between the particle size
distribution of rock chips and the rock-breaking method,
namely, the tunneling parameters.

TBM transforms mechanical energy into surface energy
and increases the free surface in the process of rock breaking
[21]. The higher the degree of rock fragmentation, the larger
the total surface area of rock chips, and the more work the
machine performs. The rock chip volume of a certain parti-
cle size is proportional to the total surface area when the
tunnel section is certain [29]. The total surface area of rock
chips can reflect the energy absorbed when the rock mass
is broken into rock chips. The overall quality of rock chips
collected in each sieving test is different. Thus, the surface
area of each group of rock chips cannot be directly used to
assess the rock-breaking efficiency of TBM. Likewise, the
specific surface area of rock chips is not suitable for evaluat-
ing the efficiency of TBM, because the index cannot empha-
size the content of rock chips with large size. However, no
specific parameter has been proposed for quantitatively
assessing the rock-breaking efficiency of TBM. Little is
known about the correlation between the size and slice shape
of rock chips formed by the cutters and the specific energy or
the rock-breaking efficiency during TBM tunneling [28, 32,
34]. Therefore, despite previous reports on the correlation
between rock chip parameters and the rock-breaking effi-
ciency of TBM [14, 28], a systematic investigation of the
new index to assess the rock-breaking efficiency of TBM
based on the rock chip information is of great value.

This work is aimed at experimentally identifying P, to
assess the rock-breaking efficiency of TBM based on the
shape, size, and particle size distribution of rock chips. The
rock chips were collected from Lanzhou water conveyance
tunnel construction project and Wananxi water diversion
project, China, and a series of field sieving and measuring
tests was conducted. The calculation method of P, index
was formulated based on the total surface area. The internal
correlations among P,, CI, SE, and the tunneling parameters
were investigated.

2. Project Background and Field Sieving Tests

2.1. Lanzhou Water Conveyance Tunnel Construction
Project. The water conveyance project consists of water tun-
nels, branch lines, plants, and municipal pipelines. The main
water conveyance tunnel connects the Lijiaxia Reservoir and
the Lujiaping water treatment plant and is 31.57 km long (as
shown in Figure 1). The tunnel was constructed using two
double-shield TBMs started drilling from the two ends of
the water conveyance tunnel. TBM 1 started from the
Lijiaxia Reservoir side, and TBM 2 started from the Lujiap-
ing water treatment plant side. The two sections of the main
tunnel were named TBM 1 and 2, and their lengths were
12.227 km and 13.259 km, respectively. The longitudinal gra-
dient of the main tunnel is about 0.1%. The excavation
diameter of the main tunnel was initially designed as
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5.46 m and measured as 4.60 m after construction. The max-
imum buried depth of the main tunnel is 918 m.

The geological profile along the water conveyance tunnel
is shown in Figure 2. The water conveyance tunnel passes
through five different lithologies of different geological for-
mations, including quartz diorite of middle Caledonian
(805%), hornblende quartz schist of pre-Sinian Maxianshan
Group (AnZmx*), granite of mid-Caledonian (y32), inter-
bedded mudstone and siltstone of Lower Cretaceous Hekou
Group (K;hk'), and metamorphic andesite of Ordovician
Upper Middle Wusu Mountain Group (O, jwx?). Detailed
field surveys were conducted to investigate the rock mass
quality of the five lithologies in the study area, and some
rock characteristics are summarized in Table 1. The main
design parameters of the double-shield TBM are also col-
lected and summarized in Table 2.

2.2. Wananxi Water Diversion Project. Wananxi water diver-
sion project consists of water intake buildings, diversion
tunnels, and pipelines. The main water conveyance tunnel
connects the Manzhu River and Beiyi water treatment plant
and is 34.31 km long (as shown in Figure 3). The tunnel was
constructed with the combination of drilling and blasting
method, TBM method, and buried pipe method, and their
lengths were 13.346km, 14.001km, and 6.077 km, respec-
tively. The pressurized tunnel is used in the whole process of
water delivery line to convey water. The downstream pressure
tunnel is to be constructed by the open TBM with a circle
excavation section of 3.83 m in diameter.

The geological profile along the water conveyance tunnel
is shown in Figure 4. The water conveyance tunnel passes
through three different lithologies of different geological for-
mations, including granite of early Yanshanian (y,>*)
diorite of early Yanshanian (y8,>*"), and quartz sandy con-
glomerate of sedimentary basin (D;t%). Detailed field surveys
were conducted to investigate the rock mass quality of the
three lithologies in the study area, and some rock character-
istics are summarized in Table 3. The main design parame-
ters of open-type TBM are summarized in Table 2.

>

2.3. Field Sieving Test of Rock Chips. The rock chip informa-
tion during TBM tunneling is an indirect factor for the
evaluation of surrounding rock quality and rock-breaking
efficiency of TBM [27]. Due to the complex interplay of engi-
neering geological conditions, rock-breaking behavior of TBM
cutters, cutter arrangement, and tunneling parameters, the
rock chips generated by TBM tunneling exhibit some random-
ness. Therefore, it is significant to evaluate the rock-breaking
efficiency and optimize the tunneling parameters of TBM
based on rock chip information. Field sieving and measuring
tests are widely used measure of rock chip information
because of its simple operation and robust accuracy.

To obtain the shape, size, and particle size distribution
regularity information of rock chips, 12 groups of field siev-
ing tests of rock chips for different lithologies were con-
ducted in Lanzhou water conveyance tunnel construction
project and Wananxi water diversion project (as shown in
Figure 5). All rock specimens were divided into hard rock
and soft rock according to the Code for Engineering



Geofluids

Lanzhou

sLujiaping water
treatment plant

Figure 1: Construction layout of Lanzhou water conveyance tunnel construction project.
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F1GURE 2: Geological profile of Lanzhou water conveyance tunnel construction project.

Geological Investigation of Water Resources and Hydropower
[35]; the integrity grade of surrounding rock was divided into
IT and III following the Standard for Engineering Classification
of Rock Masses [36], as shown in Table 4. The rock chip spec-
imens were stochastically collected with different tunneling
distances from the outlet of the TBM conveyor belt. The rock
chips were weighed, and the density of different rocks was
measured (as shown in Table 4). The diameters of the
standard square-hole sieve were 40 mm, 31.5mm, 25mm,
16 mm, 10 mm, 5mm, and 2.5mm (7 levels in total).

3. Effective Rock-Breaking Ratio Index

3.1. Rock Chip Cumulative Volume Distribution Model. The
cumulative probability analysis and sieving data fitting
analysis are two commonly used theoretical methods to

investigate the particle size distribution of rock chips. The
gradation curves can be obtained by the former, which
identifies the overall distribution regularity of particle size.
The latter one can evaluate whether the particle size distribu-
tion satisfies the theoretical distribution model. Among the
distribution functions of the rock chip particle size, the
Rosin-Rammler model, the Gandin-Schuhmann model,
and the lognormal distribution model are the most widely
used ones. The Rosin-Rammler distribution function can
assess the particle size distribution of rock chips better in
blasting excavation and TBM tunneling [37]. But the quan-
titative distribution characteristics of rock chips are hard to
be obtained by the previously proposed models.

To obtain the distribution regularity of rock chips, the
field sieving and measuring tests were conducted. In order
to acquire the quantitative distribution characteristic of rock
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TaBLE 1: Surrounding rock information of Lanzhou water conveyance tunnel construction project.

. . Weathering . .
Formation Lithology Color Hardness resistance Integrity Figure
Middle Caledonian (80,%) Quartz diorite Gray-black Hard Strong Good
Pre-Sinian Maxianshan Group . Gray-black and
(AnZmx") Quartz schist greyish-green Hard Strong Good
Mid-Caledonian (y,?) Granite Off-white Hard Strong Good

Mudstone and
Iéower ((:I?rlfle)o us Hekou siltstone Brown red Soft Weak Poor
roup interbedded
Ordovician Upper Middle Wusu Metamorphic
Mountain Group (OZ_3WX2) andesite Gray-green Hard Weak Poor

chips, the rock chip cumulative volume distribution model
was developed to indirectly obtain the quantitative charac-
teristic of rock chips by referring to the Rosin-Rammler
model and Weibull model. The volume of rock chips with
particle size larger than each square-hole sieve diameter
was calculated, and the cumulative volume of rock chips
with larger than the square-hole sieve diameter was also cal-

culated. The correlation between the cumulative volume and
cube of particle size of rock chips for different lithologies was
investigated (as shown in the following equation and
Figure 6).

L(D) :a+b<1 —exp_(D3+c)/d), (1)
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TaBLE 2: TBM design parameters for water conveyance tunnel construction projects.

Lanzhou water source

Design parameters

construction tunnel project

Woananxi water diversion project

TBM 1 TBM 2 TBM
Excavation diameter (mm) 5480 5480 3830
TBM type Double shield Open
Number of disc cutters 37 30 23
Center disc cutter/diameter (mm) 6/432 4/432 4/432
Inner cutter/diameter (mm) 21/483 17/483 11/432
Gauge cuter/diameter (mm) 19/483 9/483 8/432
Maximum cutterhead spacing (mm) 86 83 89
Cutterhead speed (r-min’") 0~10.3 0~8.7 0~15.8
Cutterhead power (kW) 1800 2100 1200
Maximum cutterhead thrust (kN) 22160 11900 8972
Rating torque (kN-m) 3458 4210 1386
Breakaway torque (kN-m) 5878 6940 2287
Maximum tunneling speed (mm-min™") 120 120 120

[}

Il

g I
D“Hl ng-

bIasting
H]ethod <

Water intake
Manzhu river

TBM
‘method

F1cure 3: Construction layout of the Wananxi water diversion project.

where L(D?) represents the cumulative volume of rock
chips larger than the particle size (cm®; a, b, ¢, and d
are the model parameters; and D is the particle size of
rock chip (cm).

Figure 6 shows that the rock chip cumulative volume
decreases exponentially with the rise cubic of rock chip par-
ticle size. The values of R* for all exponential regression
results are larger than 0.69, which indicates that the correla-
tion between rock chip cumulative volume and cube of rock
chip particle size is good. The absolute value of model func-
tion derivative could effectively reflect the quantitative distri-
bution of rock chips.

3.2. Surface Area Based on the Rock Chip Distribution
Regularity Model. The geometry of rock chips is still a valid
index for assessing the rock-breaking mechanical energy of
TBM [14, 38]. According to the results of the field sieving
and measuring tests, the shape of rock chips with smaller than
0.5 cm particle size is close to a cube, while that of particle sizes
equal to and greater than 0.5 cm is close to an ellipsoid.

Therefore, when the particle size of rock chips is less than
0.5 cm, the surface area S; of a single particle is approximated
as follows:

S, = 6D%. (2)
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TaBLE 3: Surrounding rock information of Wananxi water diversion project.

. . heri . .
Formation Lithology Color Hardness V::zz t:r?crel:g Integrity Figure
Early Yanshanian .

203)c Granite Gray-black Hard Strong Good
(Ys ) )
Early Yanshani L .
ar Z 3 f,l nshanian Diorite Gray-white Hard Strong Good
(r85")
Sediglentary basin Quartz sandy Gray-white e.md yellow- Hard Strong Good
(D5t%) conglomerate white

When the particle size of rock chips is >0.5 cm, the surface  suring test results of rock chips, the ratios of major axis to
area S; of a single particle is approximated as follows: medium axis and minor axis are shown in Table 5.
The total surface area S; of rock chips for a tunneling

1 ] section of TBM is calculated as follows:
$i=3m(q+qt+jt), (3)
=Dy 0.5
where j represents the major axis of the ellipsoid (cm), g repre- _ S (1" (D\\dD
sents the medium axis of the ellipsoid (cm, g = D), and ¢ repre- St ;) Si Si ( ( ))

0

sents the minor axis of the ellipsoid (cm). Dy )
Existing literature investigated the grain size distribution + J S; (—L' (D3 ) ) dD,

regularity of rock chips [38, 39]. According to the field mea-
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(c) Sandy mudstone and siltstone interbedded (d) Quartz sandy conglomerate
FIGURE 5: Sieving tests of rock chips for different lithologies.
TABLE 4: Sieving test results of rock chips for different lithologies.
. . Tunneling distance Sieving weight Density Surrounding rock

Group Project Lithology (m) (kg) (g/cm’) Hardness integrity grade
1 16.700 263.165

2 Hornblende quartz schist 21.100 212.736 2.82

3 Lanzhou 31.500 175.072 Hard 1

TBM 1 ’ ’
4 . 19.600 239.250
Granite 2.80

5 13.500 214.140

6 17.600 215.173

7 Lanzh Sand d dsil 5.700 164.302

anzhou andy mudstone and siltstone

8 TBM 2 interbedded 25.533 119.761 2.54 Soft III

9 24.013 74.604

10 22.075 194.366

11 Wananxi 4.850 180.500

uartz sandy conglomerate 2.68 Hard I
12 TBM Q yeons 13.610 174300

where D, represents the maximum medium axis of rock
chips (cm).

3.3. Effective Rock-Breaking Ratio. Based on the energy dissi-
pation theory, the optimal energy conversion ratio occurs
when the TBM cutters break the rock mass into rock chips
with larger size [21]. Meanwhile, invalid energy consump-
tion occurs in the production of rock chips with smaller par-
ticle size (including the rock powder). The size of rock chips

increases with the rise of rock-breaking efficiency of TBM;
therefore, the proportion of larger size rock chips is a key
indicator of TBM rock-breaking efficiency.

The shape and particle size distribution of rock chips are
impacted by geological conditions, tunneling parameters,
equipment parameters, and especially cutter spacing [13].
The rock chip information can comprehensively reflect the
rock mass characteristics and the rock-breaking efficiency
of TBM. In the Lanzhou water source construction project
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TaBLE 5: Ratios of major axis to medium axis and minor axis for
different lithologies.

Lithology jlq jit
Hornblende quartz schist 1.63 4.28
Granite 1.42 3.66
Sandy mudstone and siltstone interbedded 1.94 3.21
Quartz sandy conglomerate 1.77 6.43

and Wananxi water diversion project, the cutter spacing is
generally between 30 and 100 mm, and the particle size of
larger rock chips formed during TBM tunneling is generally
between 5 and 70 mm.

A new evaluation index is in need that can accurately
characterize the content of rock chips with larger size, com-
prehensively consider the rock chip information, and rea-
sonably assess the rock-breaking efficiency of TBM. The
effective rock-breaking ratio (P,) is defined as follows:

i=Diyay
Yio3"S;

P, = f % 100%, (5)

r
T

where D

max
(cm) and Zzg’g‘“si represents the total surface area of rock
chips with particle size > 0.5cm (cm?).

P, is proposed based on the total surface area of rock
chips; the shape, size, and particle size distribution of rock
chips were comprehensively considered. Its calculated values
are shown in Table 6. The P, values of grade II surrounding
rock range from 98.50 to 99.90, and that of grade IIT sur-
rounding rock range from 98.57 to 99.40.

represents the largest particle size of rock chips

4. Rock-Breaking Efficiency Evaluation
Indices of TBM

The previous rock-breaking efficiency evaluation indices (CI
and SE) proposed were introduced in this section; the indi-
ces were mainly calculated based on indoor linear cutting
machine test and field sieving test. The CI, SE, and P, values
of this study were calculated based on the field tunnel con-
struction projects. The correlations among CI, SE, and P,
were analyzed.

4.1. Coarseness Index. The coarseness index [29] of rock
chips is a common index to evaluate the rock-breaking effi-
ciency of TBM and can be obtained by indoor linear cutting
tests and TBM construction site [28, 38]. CI is calculated as
follows:

w, ,
X, = W 100%, (6)
Cl= )X, (7)

where X; represents the accumulated retained percentage of
rock chips greater than a certain particle size, W, represents
the mass of rock chips larger than a certain particle size (kg),

Geofluids

W, represents the total mass of rock chips (kg), and CI is the
coarseness index of rock chips.

The higher the rock-breaking efficiency of TBM, the
more rock flakes and the less rock powder is produced by
disc cutters breaking the rock, and the larger the CI, and vice
versa [28, 38]. CI values (as shown in Table 6) were calcu-
lated based on the field sieving test results.

However, according to Eq. (6) and Eq. (7), CI value is
obtained by adding the accumulated retained percentage of
each aperture. The rock chips with larger particle size are
repeatedly calculated; the larger the particle size, the more
times the rock chip content is calculated.

4.2. Specific Energy. Specific energy is the mechanical work
required to cut a unit volume of rock [7], which can directly
measure the rock-breaking efficiency of TBM. The lower the
SE value, the smaller the mechanical work is required to
break a unit volume of rock, and the higher the rock-
breaking efficiency of TBM. The calculation of SE [31] is
expressed as follows:

F,l+ M6
SE=—Tm (8)

where SE is the specific energy (MJ/m®), F, is the average
thrust force of TBM (kN), [ is the tunneling distance of
TBM for a certain period (m), M is the average torque of
TBM tunneling (kN-m), K is the rotation angle of the cutter
(radian), and R is the radius of the excavated tunnel (m).
The specific energy can be calculated by Eq. (8) as shown
in Table 6.

SE is often calculated based on the average values of
tunneling parameters. However, the thrust force, torque,
and penetration of TBM vary greatly due to the influence
of surrounding rock strength, integrity, and water content.
Therefore, SE cannot be used to accurately evaluate excava-
tion efliciency of TBM.

4.3. Correlation between CI and P,. Both CI and P, could
reflect the fragmentation degree of rock chips; the more frag-
mentary the rock chips, the less the CI and P, values. The
linear regression analysis was used to investigate the correla-
tion between the CI and P, (as shown in Figure 7). Figure 7
shows that CI values increase with the rise of P, values under
both grade II and III surrounding rock conditions. The lin-
ear regression results suggest that the correlation between
CI values and P, values of grade II surrounding rock is sta-
tistically stronger than that of grade III surrounding rock,
which is mainly ascribed to the poor integrity of grade III
surrounding rock.

4.4. Correlation between SE and P,. Both SE and P, can
reflect the rock-breaking efficiency of TBM; the higher the
excavation efficiency of TBM, the less the SE value, the larger
the P, value. This study investigated the correlation between
SE and P, for grade II and III surrounding rocks (as shown
in Figure 8). Figure 8 shows that SE values decrease with the
rise of P, values under both grade II and III surrounding
rock conditions. The correlation between SE and P, under
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TaBLE 6: Rock-breaking efficiency evaluation indices of TBM.

. . Integrity Effective rock- Coarseness  Specific energy Thrust force
Group  Project Lithology Hardness grade  breaking ratio (P,, %) index (CI) (SE, MJ/m®) (TF, kN)
1 99.60 430.81 51.58 9000
2 Hornblende quartz schist 99.71 448.88 3222 8000
3 Lanzhou Hard 1 99.78 454.06 29.26 6500
TBM 1 a . . .
4 . 99.81 429.67 46.15 8500
Granite
5 99.90 457.58 38.06 8000
6 98.57 326.74 29.87 4500
7 Lanzh Sand 4 d 99.26 347.60 19.94 4000
anzhou andy mudstone an
8 TBM 2 siltstone interbedded Soft III 99.18 328.00 27.40 4500
9 99.35 350.66 19.62 2500
10 99.40 366.00 17.36 1500
11 Wananxi Quartz sandy 98.96 350.74 68.82 5000
Hard I
12 TBM conglomerate 98.50 377.28 78.51 5500
465 370
° 4 *
440 + 360
= =
Q o}
B 415 5 350
E E y =37.09x — 3333.87
2 2 R*=0.568
g 390 ¥ =68.87x — 6428.52 § 340 -
g R*=0.775 -
(] - ]
O @)
365 330
. *
-
340 T T T T T 320 T T T T
98.4 98.7 99.0 99.3 99.6 99.9 100.2 98.5 98.7 98.9 99.1 99.3 99.5

Effective rock-breaking ratio, P (%)

» Quartz sandy conglomerate
e Hornblende quartz schist

A Granite

(a) Grade II surrounding rock

Effective rock-breaking ratio, P (%)

¢ Sandy mudstone and siltstone interbedded

(b) Grade III surrounding rock

FIGURE 7: Correlation between CI and P,.

grade II surrounding rock is more substantial than that
under grade III surrounding rock, as suggested by the coef-
ficient of determination (as shown in Figure 8), which is
mainly due to the great varying range of tunneling parame-
ters (such as thrust force, penetration, and torque) under
grade IIT surrounding rock construction condition.

5. The Optimal Thrust Force Based on the P,
Index

The rock strength and hardness have certain influences on
thrust force [38]. Thrust force has a significant impact on
the rock-breaking efficiency of TBM and fragmentation
degree of rock chips. Therefore, the determination of the

optimal thrust force of TBM for different surrounding rocks
is crucial for tunnel construction. Existing literature investi-
gated how to determine the optimal thrust force based on
laboratory or field rock-breaking experiments. Gong et al.
[25] analyzed the TBM chipping efficiency under different
cutter thrusts and obtained the critical value of cutter thrust.
Yan et al. [38] suggested the optimal thrust force of different
surrounding rocks based on the coarseness index. The thrust
force data (as shown in Table 6) was collected from the Lan-
zhou water conveyance project and Wananxi water convey-
ance project. The regression models were developed to
predict the optimal thrust force for grade II and III sur-
rounding rocks (as shown in Egs. (9) and (10)). Figure 9
shows that P, increases at first and then decreases with the
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FIGURE 8: Correlation between SE and P,.
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FIGURE 9: Correlation between P, and thrust force.

rise of thrust force under different surrounding rock condi-
tions. The correlation between P, and thrust force of grade
IT surrounding rock is more substantial than that of grade
II surrounding rock, which is mainly due to the poor integ-
rity of grade III surrounding rock and large variable range of
TBM tunneling parameters. The optimal thrust force inter-
vals (i.e., the maximum P, value) of the grade II and III sur-
rounding rocks are about 7700-8000 kN and 2200-2400 kN,
respectively, which could provide reasonable suggestions
for engineers.

P, =—0.14TF* +2.18TF +91.21 (R*=0.736),

(9)
P,=—0.11TF* + 0.50TF + 98.86 (R*=0.524), (10)
where TF represents the thrust force of TBM (10°kN).

6. Conclusions

This study proposed a novel index of effective rock-breaking
ratio (P,) for a more reasonable evaluation of the rock-



Geofluids

breaking efficiency of TBM, which can comprehensively
consider the rock chip information. The correlation among
CI, SE, and P, was analyzed, and the optimal thrust force
was obtained using TBM excavation parameters from the
in situ construction data. The main conclusions are shown
as follows:

(1) Rock chip cumulative volume distribution model
was developed to indirectly obtain the quantitative
characteristic of rock chips. The surface area of rock
chips could be calculated by the model. The novel
TBM rock-breaking efficiency evaluation index (P,)
is obtained based on the surface area of rock chips,
which generally considers the rock chip information

(2) P, has a good linear correlation with CI and SE; the
higher the TBM tunneling efficiency, the larger the
P, and CI values, the less the SE value

(3) P, increases at first and then decreases with the rise
of thrust force of TBM. The optimal thrust force
intervals for grade II and III surrounding rocks can
be determined to improve the rock-breaking effi-
ciency of TBM

Abbreviations

TBM: Tunnel boring machine

p.: Effective rock-breaking ratio (%)

CL Coarseness index

SE: Specific energy (MJ/m?)

L(D?) The cumulative volume of rock chips larger than
a certain particle size (cm®)

D: Particle size of rock chips (cm)

D* Cube of rock chip particle size (cm’)

Si: Surface area of a single particle (cm?)

J: Major axis of the ellipsoid (cm)

q: Medium axis of the ellipsoid (cm)

t Minor axis of the ellipsoid (cm)

St Total surface area of rock chips (cm?)

D The maximum medium axis of rock chips (cm)
ZZ?S S:: The total surface area of rock chips with particle
’ size > 0.5cm (cm?)

X Accumulated retained percentage of rock chips
greater than a certain particle size (%)

W Mass of rock chips larger than a certain particle
size (kg)

Wy Total mass of rock chips (kg)

F: Average thrust force of TBM (kN)

I Tunneling distance of TBM for a certain period of
time (m)

M: Average torque of TBM tunneling (kN-m)
0: Angle of cutter rotation (radian)

R: Radius of the excavated tunnel (m)

TF: Thrust force of TBM (10°kN).
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