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Abstract

A two-stage tunnel boring machine (TBM) cutterhead with a pilot-enlargement boring method was presented to reduce the risk of rock
bursts resulting from boring with a TBM with a large flat-face cutterhead. A reduced scale similarity experiment was designed on rock
tunnel boring to determine the boring diameters of the two stages, and numerical simulation models were built. A micron X-ray comput-
erized tomography system was adopted to examine the failure area of the excavated testing piece and validate the numerical models.
Stress distribution and energy release rate (ERR) were used in the numerical simulations to evaluate the rock burst risk of the boring
process. Experimental and numerical results show that rock burst is prone to occur in the upper, lower, and side areas of the surrounding
rock around the tunnel, and risk increases with the lateral pressure coefficient and boring diameter. The optimal boring diameter ratio of
stages 1 to 2 was determined between 0.55 and 0.59. Meanwhile, the ERR of the designed two-stage cutterhead is approximately 60%

smaller than that of the flat-face cutterhead.
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1. Introduction

Tunnel boring machines (TBMs) are heavy-duty engineer-
ing machines for boring tunnels. TBMs exhibit high advance
rates, excellent working safety, and slight disturbance on ex-
cavation zones; they have been widely applied in subway,
railway, and water-electricity tunnel projects [1-3]. However,
rock bursts are commonly observed in TBM tunnels because
the process slightly disturbs surrounding rocks, which leads to
low initial release of strain energy [4]. Residual energy con-
tributes to rock bursts. Rock bursts frequently cause serious
casualties and equipment failures, which result in increased
construction costs or even abandonment of tunnel projects.

Rock burst prevention methods are classified into three
types: (1) optimization of excavation and pillar layout
schemes, (2) surrounding rock mass support, and (3) pretreat-
ment method [5-7]. Destress blasting, fluid injection into
faults, and pilot tunnel boring methods are typically adopted
for tunnels with large cross sections [5, 7-10]. These pretreat-
ment techniques depend on excavation methods such as drill-
ing and blasting (D&B) or TBM. A tunnel face with a cross
section of over 200 m” was bored using TBM pilot and D&B
enlargement methods for the new Tomei-Meishin Expressway
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Tunnel from Tokyo to Kobe [11, 12]. D&B pilot and TBM
enlargement methods were successfully applied to the deep
tunnel sections of the headrace tunnel of the Jinping II Hydro-
power Station (Sichuan, China), which is prone to extremely
intense rock bursts [7, 8]. Several rock burst risk evaluation
indices have been presented, including the failure approaching
index [13, 14], energy release rate (ERR) [15], and excess
shear stress [16]. ERR has become the most widely used index
for evaluating the risk of strain bursts to intact rock masses [5].

Based on our previous research [17-20], we combined the
advantages of the fast advancing rate of a TBM and the capa-
bility of a TBM pilot to release strain energy in advance; the
two-stage TBM cutterhead was invented based on the flat-face
cutterhead and the pilot-enlargement boring method [17]. An
experimental and numerical method for determining the bor-
ing diameters of the two-stage TBM cutterhead was proposed.
Numerical models were built to calculate ERR when a TBM
bores with stage-1 and stage-2 cutterheads. A reduced scale
similarity experiment was designed on tunnel boring to study
the rock burst process. The experiment also validated the fea-
sibility of the numerical models. The numerical results show
that the optimal boring diameter ratio of stages 1 to 2 varied
between 0.55 and 0.59. Meanwhile, the ERR of the two-stage
cutterhead is approximately 60% smaller than that of a flat-
face cutterhead.
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1-Cutterhead panel of stage-2;
2-Main bearing of stage-2;

3-Slide and chute;

4-The promote and drive system
of stage-2;

5-The belt conveyer;

6-The promote and drive system
of stage-1;

7-Main bearing of stage-1;

8-Cutterhead panel of stage-1;

D,-Boring diameter of stage-1;

D;-Boring diameter of stage-2

Fig. 1. Basic structure of the two-stage cutterhead.
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Fig. 2. Geometries and boundary conditions used in the numerical
models: (a) bored by the flat-face cutterhead; (b) bored by the two-
stage cutterhead, where /. and /, are the rock model dimensions; and D,
D, and D, are the boring diameters (m).

2. Numerical models

2.1 Basic structure of the two-stage cutterhead

As shown in Fig. 1, the two-stage cutterhead comprises a
flat-face cutterhead (stage 1) installed concentrically with a
cylinder (stage 2). Both stages are equipped with their respec-
tive driving and promoting systems. The stage-1 cutterhead
system can slide inside the stage-2 cutterhead system through
the relative motion of the slides installed on the shield of the
stage-1 system and the chutes installed on the inner shield of
the stage-2 system. The belt conveyer is installed within the
stage-1 cutterhead. Rock mucks can be conveyed through the
muck holes on the cutterhead support ring.
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Loading plate

Rock sample

Fig. 3. Multifunctional material testing machine at the geotechnical
and rock mechanics laboratory of Xi’an Jiaotong University of Tech-
nology, Xi’an, China.

2.2 Setup of the numerical models for the boring process

The 2D axisymmetric models (y axis) of rock tunnel boring
were built within the virtual space of ABAQUS. The geome-
tries and boundary conditions of different analysis steps are
shown in Fig. 2. The boring process of the flat-face cutterhead
consists of two steps. In step 1, the axially symmetric bound-
ary condition (XSYMM) was applied to the left edge of the
model. Pressures P, (Mpa) and P, (Mpa), which represent
horizontal and vertical ground stresses, were applied on the
top and right edges of the model, respectively. In step 2, the
pressures were removed and the fixed boundary condition was
applied to the top and right edges. Meanwhile, the semicircu-
lar area was deleted using an ABAQUS element removal
technique to simulate the rock excavation process. Prior to
removal, the forces exerted on the remaining part of the model
were stored in the nodes of the boundary between them. These
forces were ramped down to zero during removal, and the
remaining model was calculated to reach a new balance ac-
cording to the mechanical balance, deformation coordination,
and material constitutive laws [21-23]. The boring process of
the two-stage cutterhead consists of three steps. In these steps,
the applied pressures and boundary conditions were similar to
those of the model of the flat-face cutterhead. The rock exca-
vation process consists of two steps, which represent the bor-
ing of stage-1 and stage-2 cutterheads.

The numerical models used hard sandrock, which is the
same as that in the experiment in Chapter 3. The main rock
mechanical properties were tested on a multifunctional mate-
rial testing machine (Fig. 3) and listed in Table 1. The
Drucker-Prager yield function was adopted to describe the
elasto-plastic behavior of the rock model.

2.3 Data acquisition during simulations

ERR was used to evaluate the rock burst risk of the sur-
rounding rock, and is calculated as follows:
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Table 1. Main mechanical properties of the rock samples.

Density, p (kg/m®) 2500
Uniaxial compressive strength, Sc (Mpa) 78
Brazilian tensile strength, Sr (Mpa) 6
Internal friction angle, ¢ (°) 38
Young's modulus, £ (GPa) 50
Poisson’s ratio, v 0.25
SAE
ERR = —52 , (1a)
811, —7xD
8AE
ERR =——SL_, (1b)
8.1 L, — 7D
SAE
RR, = —522 , (1c)
81/ ,—7D;

where AEg, AEg, and AE, are the released strain ener-
gies from the surrounding rock; /. and /, are the width and
height of the model, respectively; and D, D;, and D, are the
boring diameters of the flat-face, stage-1, and stage-2 cutter-
heads, respectively.

The ERRs of the boring processes by the flat-face, stage-1,
and stage-2 cutterheads were calculated using Egs. (1a), (1b),
and (1c), respectively.

The value of AE; must first be obtained from the numeri-
cal simulations to calculate ERR .

The history output option of the total strain energy was
adopted in the analysis to obtain the value of AEj .

3. Experiments

3.1 Equipment of reduced scale similarity tunnel boring test

Similarity tunnel boring test was conducted on the planar bi-
axial testing machine (Fig. 4) in the mechanical testing and
simulation (MTS) demonstrative center of Xi’an Jiaotong Uni-
versity, Xi’an, China. The loading capacity of the equipment is
100 KN. The data acquired from the test included forces and
deformation. The biaxial testing machine exerted a load on the
four side faces of the testing sample, and the pressure shaft was
controlled with loading and displacement methods.

3.2 Sample preparation

As shown in Fig. 5, the testing sample was designed to con-
sist of the surrounding rock and rock core assembled via cyl-
inder assembly. The surrounding rock is the residual part of a
complete cuboid rock piece after it was trepanned. The dimen-
sions of the cuboid rock piece are 100 mm x 100 mm X 25
mm, and the diameters of the cylinder hole and core are 82
mm and 74 mm, respectively. The cylinder assembly con-
sisted of internal and external cones that were introduced to
achieve the rock excavation process under ground stress. The
structure of the cylinder assembly is shown in Fig. 6. The

Fig. 4. Planar biaxial testing machine in the MTS demonstrative center
of Xi’an Jiaotong University.
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Fig. 5. Testing sample and the assembled and clamped method.
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Fig. 6. Cylinder assembly and rock core.

internal surface of the internal cone is a cylindroid with a di-
ameter of 74 mm, and the external surface is conical with a
conical degree of 3.3°. The external surface of the external
cone is a cylindroid with a diameter of 82 mm, and the inter-
nal surface is conical with a conical degree of 3.3°. The two
conic surfaces can fit completely and separate easily. The
testing sample was clamped by the pressure blocks (X1, X2,
Y1, and Y2). A piece of 2 mm-thick rubber mat was attached
to the pressure surface of each pressure block to ensure uni-
form pressure on the testing sample.

Two numerical models of sample tunnel boring were built
to determine the material of the cylinder assembly. The cylin-
der material was set as steel or aluminum (Al) alloy. No plas-
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Table 2. Mechanical properties of rock and cone materials.
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Properties Sandstone Al alloy Steel
Density, p (kg/m’) 2500 2700 7800
Young’s modulus, £ (GPa) 50 70 210
Poisson’s ratio, v 0.25 0.33 0.3
ERR (J/m®) 259.8 270.7 304.4
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Fig. 7. Contours of the maximum principal stress with different cylin-
der materials: (a) no cylinder; (b) Al-alloy cylinder; (c) steel cylinder
(compression, Pa).

Fig. 8. Examination of the surrounding rock on the micron X-ray com-
puterized tomography system.

tic deformation occurred in the cylinder assembly before rock
failure, and thus, only the elastic properties were considered.
The mechanical properties and ERR results are listed in Table
2, and the contours of the maximum principal stress are shown
in Fig. 7. ERR error between the Al-alloy cylinder model and
the no-cylinder model is 4.2%, which is smaller than the
17.2% error of the steel cylinder model. Moreover, the stress
contour of the Al-alloy cylinder model is closer to the no-
cylinder model than the steel cylinder model. Consequently,
the cone material was chosen as the Al-alloy.

3.3 Testing procedure and observation

The testing procedure included two steps: loading and ex-
cavation. During loading, the displacement of the Y2 pressure
block was maintained at zero and the other pressure blocks
were loaded with a loading rate of 500 N/s. After the load was
applied to a given value and kept constant for 2 min, the dis-
placements of the four pressure blocks were maintained at
zero. During excavation, the cylinder assembly and rock core
were removed by separating the fitted conical surfaces. The
displacements of the four pressure blocks were maintained at
zero for another 5 min after excavation. The surrounding rock
was then examined on the micron X-ray computerized tomo-
graphy system (Fig. 8) to identify which zone of the surround-
ing rock is prone to failure.

Fig. 9. Photo of the failure in the surrounding rock.

Fig. 10. Micron X-ray photo of the surrounding rock after the test.

4. Results and discussion

4.1 Testing results

According to the similarity criterion for the model test of
hydraulic structures, the deformation rule of a testing model
should be similar to that of a real model. The deformation
similar constant should be equal to the geometry similar con-
stant, which requires the elasticity modulus (£) and strain (¢ )
of the testing model to be equal to those of the real model.
Thus, the pressures applied on the testing model should be
equal to those on the real model. In the test, ground stresses P,
and P, were set to 10 Mpa. The loads of the pressure blocks
(X1, X2, and Y1) were 25 KN.

During the load maintenance process, the surrounding rock
bursts into two pieces from the center part in the axial direc-
tion (Fig. 9). This phenomenon illustrates that the failure of
the surrounding rock in the tunnel axial direction is in tensile
mode. After the cylinder assembly and cylinder rock core
were removed, microcracks initialized in the upper, lower, and
side areas of the surrounding rock (Fig. 10). These cracks
were caused by the accumulated strain energy released toward
the tunnel center.

4.2 Effect of the lateral pressure coefficient on stress distri-
bution

The lateral pressure coefficient (K), which is defined as the
ratio of the horizontal ground stress to the vertical ground
stress, is formulated as follows:

k=1 @

it
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Fig. 11. Contours of the maximum principal stress with different K val-
ues (compression, Pa): (a) K= 0.25; (b) K=0.5; (c) K=0.75; (d) K= 1.

Simulations were conducted by adopting the numerical
models in Fig. 2(a) and assuming that D is equal to 10 m, and
P, is equals to 10 Mpa.

As shown in the stress contours in Fig. 11, the stress around
the tunnel wall increases with K; rock burst is prone to occur
when K is high. As shown in Fig. 11(d), the highest compres-
sion stress appears in the upper, lower, and side areas of the
surrounding rock when K is equal to 1, and rock burst is prone
to occur in these areas. The simulation is consistent with the
experimental results in Fig. 9 and validates the feasibility of
the numerical models.

4.3 Effect of the boring diameter of the flat-face cutterhead
on ERR

Simulations were conducted when K varied between 0.25
and 1.0 by adopting the numerical models in Fig. 2(a) and
assuming that D is equal to 2 m to 10 m, and P, is equal to 10
Mpa.

As shown in Fig. 12, compressive stress increases with the
boring diameter for the corresponding points of the surround-
ing rock with different boring diameters; a large boring diame-
ter results in great disturbance. As shown in Fig. 13, ERR
increases with boring diameter and K value. Rock burst risk
increases with boring diameter and K value, which is in accor-
dance with the contour analysis results in Secs. 4.2 and 4.3.
Consequently, the two-stage TBM cutterhead with the pilot-
enlargement boring method was introduced to reduce the rock
burst risk of the large flat-face TBM cutterhead.

4.4 Effect of boring diameters of the two-stage cutterhead on
ERR

Pilot-boring by the stage-1 cutterhead releases ground stress
in advance. Rock burst risk can be reduced effectively when
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Fig. 12. Contours of the maximum principal stress with different bor-
ing diameters and K= 1: (a) D=3 m; (b) D=6 m; (c) D =9 m (com-
pression, Pa).
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Fig. 13. Effect of the boring diameter of the flat-face cutterhead on
ERR with different K values.

the stage-2 cutterhead conducts enlargement-boring. Accord-
ing to the results in Sec. 4.3, rock burst risk from the pilot-
boring of the stage-1 cutterhead increases with boring diame-
ter D;. Consequently, simulations were conducted, which
adopted the numerical model in Fig. 2(b), with D, varying
from 2 m to 8 m and D, varying from 7 m to 10 m. Hence, the
best boring diameter ratio (D;/D,) of the two-stage cutterhead
was determined.

As shown in Fig. 14, ERR, increases for different D, values,
whereas ERR, decreases with D;. D; was defined as the optimal
boring diameter of the stage-1 cutterhead when ERR; = ERR,.
Rock burst risk for the two stages reached the best balance with
this diameter, and the sum of ERR; and ERR, simultaneously
reached a low value. As shown in the simulation results in Fig.
14 and Tables 3-6, the optimal ratio of D;/D,was determined
between 0.55 and 0.59. This ratio was unaffected by the lateral
pressure coefficient. The ERR of the two-stage cutterhead is
approximately 60% smaller than that of the flat-face cutterhead,
which illustrates that rock burst risk for the two-stage cutterhead
is smaller than that for the flat-face cutterhead.

5. Conclusion

A two-stage TBM cutterhead with pilot-enlargement boring
method was presented to prevent rock burst during TBM bor-
ing in high ground stress conditions. Numerical simulations on
similarity experiment was designed to study the rock burst
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ERR with K = 0.25; the D, values are equal to 10, 9, 8, and 7 m for (a),
(b), (¢), (d), respectively.

Table 3. Simulation results (ERR and optimal D,/D,) when K = 0.25.

Boring diameter D, (m) 10 9 8 7
Optimal boring diameter D, (m) 55 5.1 4.6 4.1
Optimal ERR,, ERR, (J/m’) 89 77 65 53
ERR of direct boring with D, (J/m®) | 216.4 | 1883 | 159.4 | 130.5
D,/D, 0.55 0.57 0.58 0.59
ERR decrease (%) 58.9 59.1 59.2 | 594

Table 4. Simulation results (ERR and optimal D,/D,) when K = 0.5.

Boring diameter D, (m) 10 9 8 7
Optimal boring diameter D, (m) 55 5.1 4.6 4.1
Optimal ERR,, ERR, (J/m’) 95.2 82 69.1 | 54.8
ERR of direct boring with D, (J/m®) | 237.6 | 204.9 | 171.9 | 139.2
D,/D; 0.55 0.57 0.58 0.59
ERR decrease (%) 599 | 60.0 | 59.8 | 60.6

Table 5. Simulation results (ERR and optimal D,/D,) when K = 0.75.

Boring diameter D, (m) 10 9 8 7
Optimal boring diameter D; (m) 5.5 5.1 4.6 4.1
Optimal ERR;, ERR, (J/m®) 1085 | 958 | 81.1 | 644
ERR of direct boring with D, (J/m®) | 286.7 | 246.1 | 205.3 | 165.5
D\/D, 0.55 | 057 | 058 | 0.59
ERR decrease (%) 622 | 61.1 | 605 | 61.1

Table 6. Simulation results (ERR and optimal D,/D,) when K = 1.

Boring diameter D, (m) 10 9 8 7
Optimal boring diameter D, (m) 5.5 5.1 4.6 4.1
Optimal ERR,, ERR, (J/m®) 1403 | 121 | 99.1 | 80.2
ERR of direct boring with D, (J/m®) | 363.6 | 311.7 | 259.8 | 209.0
D\/D, 055 | 057 | 058 | 0.59
ERR decrease (%) 614 | 612 | 619 | 616

the tunnel boring process were conducted. A reduced scale
process during tunnel boring and validate the feasibility of the
numerical models.

Failure is prone to occur in the upper, lower, and side areas
of the surrounding rock around the tunnel wall when the ac-
cumulated strain energy is released toward the tunnel center
after excavation.

Rock burst risk was evaluated by the stress distribution and
ERR of the surrounding rock. Rock burst risk is closely re-
lated to the ground stress condition and increases with the
lateral pressure coefficient, which is defined as the ratio of
horizontal ground stress to vertical ground stress.

Rock burst risk during TBM boring increases with boring
diameter.

The two-stage cutterhead effectively reduced rock burst risk
during TBM boring. The optimal boring diameter ratio of
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stage 1 to stage 2 was determined between 0.55 and 0.59. This
ratio was unaffected by the lateral pressure coefficient. The
ERR of the two-stage cutterhead is approximately 60%
smaller than that of the flat-face cutterhead.
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