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In order to study the effect of fracture zone on tunnel stability under high ground stress and to reveal the disaster mechanism of
fracture zone surrounding rock compressor, the TBM tunnel of Fragrant Furnace Mountain Tunnel in the F12 fracture zone in
Dali T section of central Yunnan was experimentally studied. The results show that the TBM cutter head has a significant effect
on the surrounding rock pressure in the range of 0.43 D~0.5D (hole diameter), with a maximum increase of 1.19-fold. As the
measurement point approaches the tunnel contour, the displacement of surrounding rock increases. As TBM traverses the
fracture zone interface, the displacement of surrounding rock increases at the maximum rate. The effect of TBM shear rock
formation failure on the internal displacement of rock formation is 1.21 D in the front and not more than 1.5D in the top.
Sliding and loosening of the fault zone looser above the interface can easily lead to blockage of the fault zone, and the pressure
of the surrounding rocks at front edge does not affect more than 1.73 H (the length of horizontal projection of the fault zone
interface). Therefore, in the course of construction, the interface of fracture zone should be promoted to reduce the
construction risks.

1. Introduction

With the development of the world economy, TBM tunnels
in transportation and water conservancy construction are
developing in the direction of “long, large, deep, and swarm”
[1-4]. In the construction of deep-buried long tunnels, there
are often extremely complicated geological conditions such
as high ground stress, large deformation of soft rock, and
fault zone. Therefore, in the course of TBM construction,
the adhesive machine has great risks and brings great chal-
lenges to construction [5-8]. Stress redistribution rock
deformation and tunnel instability are closely related to time
and construction technology during TBM stress redistribu-
tion tunneling. It is important to master the rules of

mechanical effect in tunnel construction to guide the design
and tunnel construction of tunnel [9-13].

Numerical simulation, model test, and field test are
often used to study the mechanical effects of TBM across
fault zones. In terms of numerical simulation, Liu et al.
[14] established a three-dimensional numerical model for
the construction condition of open TBM crossing the fault
fracture zone and studied the variation rule of TBM cutter
head, shield structure, and initial support force. Maleki
and Dehnavi [15] analyzed the deformation law of surround-
ing rock when TBM traverses the compressive fracture zone
through FLAC and UDEC numerical simulation methods
for engineering cases and analyzed the disaster mechanism
of TBM stuck machine. Jian-long et al. [16] used FLAC3D
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to establish the simulation of TBM tunneling working condi-
tions with double shields, studied the influence of tunnel
longitudinal displacement release rate and other factors
on tunnel surrounding rock deformation, and revealed
the interaction mechanism between TBM and surrounding
rock. Chakeri et al. [17], Hasanpour et al. [18], and
Lambrughi et al. [19] presented a 3D numerical model
using the finite difference code FLAC3D for mechanized
excavations, which was capable of simulating a tunnel
excavation when an earth pressure balance- (EPB-) TBM
was used. In the aspect of the model test, Ketan et al
[20] developed a new experimental device to simulate the
support installation process of tunnel boring machine
(TBM) excavation and extrusion of clay-rich rock to study
the interaction between surrounding rock and extrusion
ground. Jeon et al. [21] used reduced-scale tests to investi-
gate the influences of faults, weak planes, and grouting on
tunnel stability. Zhang et al. [22] developed a model test
system to simulate the construction of a tunnel by the
method of up and down steps. The variation rules of seepage
pressure, displacement, stress, and outflow of surrounding
rock after excavation of fault were studied. According to the
Shuangjiangkou Hydropower Station project, Zhu et al.
[23] set up a geomechanical model of a tunnel group under
high ground stress and studied the displacement characteris-
tics of surrounding rock during tunneling. Li et al. [24] built a
large-scale three-dimensional model of horseshoe-shaped
tunnel and analyzed the deformation and failure law of
tunnel-fracture rock mass under high stress. Field tests are
conducted mainly behind the surface of the tunnel. Ghabraie
et al. [25] used several mortar physical models to study the
characteristics of multiseam subsidence. The results showed
that the panel configurations of the two types of seams have
an important influence on the development of multiseam
subsidence. Huang et al. [26] carried out field tests on the
pressure of surrounding rock, deformation of tunnel, and
stress of supporting structure based on tunnel engineering.
Zhao et al. [27] carried out field tests on the surrounding rock
and initial support structure of TBM tunnel based on KS
tunnel of Xinjiang water transmission and studied the
mechanical properties of the tunnel support structure.

The numerical simulation method has its limitations due
to the small size, composition, and complex geological
genesis of TBM equipment and the complicated fault zone
conditions. For example, the field test data acquisition lags
behind and construction risk are high. The existing model
test study on the whole section, mostly artificial excavation
tunnel construction simulation, is difficult to fully study
TBM tunnel surrounding rock mechanical properties. To
greater restore the change law of tunnel surrounding rock
when TBM passes through the fault zone in a more limited
way, the micro-TBM tunneling comprehensive test platform
developed by the State Key Laboratory of Shield and Tunnel-
ing Technology was used in this paper to accurately simulate
the construction process of TBM tunnel passing through the
large dip angle fault zone under high ground and to explore
the pressure and deformation failure law of tunnel sur-
rounding rock. It provides a theoretical basis for reducing
disaster risk caused by TBM stuck machines.
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2. Model Test Principle and Scheme

2.1. Test Principle. This experiment is based on the Xian-
glushan tunnel project in Dali I of the Central Yunnan
Water Diversion Project. The total length of TBM excava-
tion is 20.802 km, and blade diameter is 9.83 m. The average
buried depth of the tunnel is about 1200 m, and the in situ
stress is high. The tunnel engineering geology condition is
complex, and the structure is strongly developed. The whole
line crosses 13 faults and active fault zones, among which
F12 fault belongs to a regional active large fault, the sur-
rounding rock is V, the width of the fault zone is 165m,
strike NE45, dip NW, dip angle is 60°, and the included
angle with the tunnel axis is 68°. The rocks before and after
TBM traverse the fault are Mesotriassic North Cliff Group
(szz) limestone, dolomitic limestone, and Permian Emei
Shan Formation (Pf) basalt, and the surrounding rock are
classified as III2 and III1, respectively. The scale of fault
extension is large, and the geomorphic image are clear; the
specific structure is shown in Figure 1. Along the fault zone,
fault scarps, fault scarps, collapse, landslide, and other unde-
sirable geological phenomena develop. TBM excavation is in
high-stress level fault fracture zone, because of the broken
surrounding rock and fracture combination cutting; tunnel
after excavation is the unstable block, produces the top the
arch, slump constant, and falling of deformation such as
bending inner drum big; TBM easily trapped card machine,
constraints collapse instability, the direction is hard to con-
trol, and the TBM support boots failed to move forward
the normal construction.

According to similar theory, the experimental platform
developed by the State Key Laboratory of Shield Machine
and Boring Technology and Excavation Technology is used
to simulate the physical and mechanical parameters of the
surrounding rock and F12 fault zone. The model test of
TBM tunneling through large inclination fault under high
ground stress is carried out.

According to the geological survey report of Xianglushan
tunnel, the normal surrounding rock mode of the tunnel is
configured with similar materials according to type III 2 sur-
rounding rock, the F12 fault zone is configured with similar
materials according to type V surrounding rock, and the
main physico-mechanical parameters of the surrounding
rock of the tunnel are shown in Table 1.

2.2. Similarity Criterion and Similarity Material. The diam-
eter of the TBM cutter head in the xianglushan tunnel is
9.83m, and the diameter of the miniature TBM cutter
head in the test stand is 35cm. The geometrical similarity
ratio of the test is 1:28, and the material similarity ratio
is 1:1. According to the similarity theory, Poisson ratio,
friction coefficient ratio is C,=C;=1, and stress, cohe-
sion, cohesion, and elastic modulus similarity ratio is C, =
C,=Cp=28.

River sand was used as aggregate cement and gypsum
mixture as binder in the surrounding rock of tunnel. Frac-
ture zone chose iron powder, barite powder, and quartz sand
as aggregate to be configured into bulk materials, so in this
test, we only considered that the fracture zone material has
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FIGURE 1: Regional geological profile of the fault zone.
TaBLE 1: Mechanical parameters of prototype and model materials.
Shear strength of rock
. 3 car strenigth ot roc . . The compressive Modulus of
Medium Severe (kN.m™) mass Poisson’s ratio strength (MPa) elasticity (GPa)
F o CiMPa) 8 v

The prototype of the surrounding rock 21.4-27.0 0.8-0.9 0.8-0.9 0.22-0.26 45-55 28.05
Model of the surrounding rock 232 0.87 0.03 0.24 1.80 1.00
Fault zone prototype 19.8-22.4 0.45-0.55  0.05-0.1 0.27-0.33 6-8 2.13-23.24
Fault zone model 20.6 / / / / /
Similar than 1 1 28 1 28 28
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FIGURE 2: Tests on mechanical parameters of similar materials.

a similar mass and internal friction angle, that is, a mass of
20.6kN/m”’, and the internal friction angle is 28°. Physical
and mechanical parameters of other similar materials were
measured by indoor tests, as shown in Figure 2.

The mass ratio of similar materials in surrounding rock
was determined by repeated experiments to be RS: C: P =
1:0.06:015and B:1:S=1:2:1.333 in fracture zones,
of which RS is river sand, C is cement, P is gypsum, B is bar-
ite powder, I iron powder, and S quartz sand. The physical
and mechanical parameters of prototype materials and sim-
ilar materials are shown in Table 1.

2.3. Monitoring Program and Monitoring System. The stress
and displacement of surrounding rock in fault zone during
excavation of TBM tunneling are studied in this paper. Sen-
sors buried in soil mainly include soil pressure boxes and
multipoint displacement meter. Two sections were arranged
for the surrounding rock pressure test. The first section of
the TBM tunneling direction was 35mm (0.1 D) above the
tunnel vault, with nine earth pressure boxes placed in
succession. The second section is perpendicular to the
middle of the model, with soil pressure boxes of 0.3D,
0.5D, 1D, and 1.5D above the vault. The displacement test
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FIGURE 4: Physical drawing of the multifunctional monitoring system.

of surrounding rock is divided into two sections. In the
second section of the pressure test, the vertical displacement
is arranged by the earth pressure box, and the horizontal
displacement and vertical displacement are vertical. The
detailed layout scheme is shown in Figure 3. The DRA-
30A multichannel dynamic data acquisition instrument is
used for sensor data acquisition at a frequency of once per
second and real-time storage. Sensor emplacement and data
acquisition are shown in Figure 4.

2.4. Test System and Procedure. The micro-TBM tunneling
integrated test bed developed by the State Key Laboratory
of Shield Machine and Boring Technology using shield
tunneling techniques is shown in Figure 5. The testing plat-
form has the following functions: © the diameter of micro
TBM excavation is 350 mm, and a single excavation forms
a tunnel; @ tunneling control system can control the key
parameters of TBM tunneling in real-time, and cutter speed
can be adjusted in the range of 0-10 r/min, excavating speed
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FIGURE 5: Miniature TBM driving comprehensive test platform.

can be adjusted at 0-50 mm/min, maximum torque is
1300 N.m, maximum thrust is 800 kN, and maximum stroke
is 1300 mm; ® using screw slag system, the speed of slag
discharge is adjustable 0-50 r/min, the slag discharge is auto-
matic, and it is convenient to test slag weight; (® vertical
loading system is a quadruple hydraulic system that can be
loaded at one point or multiple points. The maximum
ground stress of 1.1 MPa can be simulated. ® The box body
is welded with Q345 structural steel, and the structural sur-
face is assembled with high strength bolts for easy disassem-
bly. The internal measures 1200 mm x 1500 mm x 1500 mm
and has both full and half section excavation functions. The
right side can be replaced with a transparent, high-strength
glass surface to achieve a micro-TBM semivisible tunnel.
Combined with a high-speed camera or digital speckle, it is
suitable for the study of the change law and damage form
of surrounding rock in tunnel. ® Mini-TBM shield body
and L1 area set 1.5 MPa earth pressure box range can mon-
itor shield body and L1 area surrounding rock pressure in
real time.

Dimensions of the model are width x length x height =
1200 mm x 1500 mm x 1500 mm with a fault zone inclina-
tion angle of 60°. The configured materials are filled by
layering compaction, and the specific process is as follows:
compounding material according to mass weighting ratio
of surrounding rock similar material-mixer mixing evenly-
manual layered ramming-sloping to 60° slope-sloping to
lay a thin layer of mica powder-mixing material according
to mass weighting ratio of fracture zone similar material-
mixer mixing evenly-manual layered ramming-sensor wire
embedded in design position-sensor wire punched out-
filling the remaining material until rock box roof design
height.

The TBM excavation was performed under vertical load-
ing during the test. Vertical loading is determined according
to design requirements of 1211 m buried depth, and vertical
stress reached 1 MPa according to the similarity ratio. The
loading steps of the vertical cylinder were 200-400-800-
1200-1600-1800 kN, and each stage was static for 2 h. After

the load reaches the design value, the excavation test will
be started after the stability for 48 h. The entire testing pro-
cess is shown in Figure 6.

3. Analysis of Test Results

3.1. Tunnel Failure Process. In order to observe the changes
of surrounding rock during the tunneling of TBM tunnel,
combing the real time change of the pressure and displace-
ment of the surrounding rock, the tunnel morphology of dif-
ferent length of TBM tunneling was photographed and
analyzed, as shown in Figure 7.

When TBM enters 22.5 cm, that is, the excavation faces
do not reach the interface between the surrounding rock
and the fault zone, the excavation faces have obvious tool
scratches, the tunnel forming quality is good, and no sur-
rounding rock falls off. When TBM enters 42.5cm, that
is, the excavation face of the hand has a small section of
the fracture zone exposed, the arch of tunnel has signifi-
cant deformation, the right arch of the shoulder of the
fracture caused partial peeling, and the tunnel is relatively
stable. When TBM enters 52.5cm, half of the fracture
zone material on the excavation faces are exposed, and a
little arch roof falls off, and the fracture in the shoulder
of the right arch develops rapidly, and the surrounding
rock falls off, forming a small landslide near the interface
of two different materials. When TBM enters 72.5 cm, that
is, the excavation faces are all fracture zone material, the
TBM cutter head enters the fracture zone as a whole, large
deformation occurs in the surrounding rock tunnel above
the excavation faces, the cave-in does not connect to the
surface, the internal form is similar to that of a silo, the
earth pressure box sensor falls, the cave-in ceiling is
51cm, 146D (D is tunnel diameter), and the tunnel is
unstable. At the same time, the cave-in soil above the tun-
nel was immediately piled up in front of the cutter head,
and the slag could not be removed in time, causing the
TBM to jam.
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3.2. Surrounding Rock Pressure Change. Figures 8-10 show
the variation curves of the pressure of surrounding rock
above the tunnel with the distance driven by TBM.

This can be seen in Figure 8 that the surrounding rock
pressure at E1 and E2 increases and then decreases as a
whole. The E1 has a maximum of 66.91kPa and a loaded
ambient rock pressure of 56.22kPa. The pressure of sur-
rounding rock caused by TBM excavation disturbance
increases is 1.19 times higher than before excavation. Simi-
larly, the pressure of surrounding rock at E2 is 1.16 times
higher than it was before the excavation. During the con-
struction of TBM tunneling, there are three surrounding
rock pressure drop zones. When TBM excavates 22.5cm
(zone I), there is slight congestion in the micro-TBM spiral
slag hole, and when TBM retreats, the excavation faces lack

thrust support, the surrounding rock pressure decreases,
and the surrounding rock pressure increases after reexcavat-
ing. When TBM excavated into the second section, the
pressure of the surrounding rock increased faster when exca-
vating into the El pressure box. After removing slag, the
pressure of the surrounding rock leveled off and reached
the maximum. When TBM tunneling was excavated to
37.5 cm (fault interface), on-site rock pressure (E2) dropped
sharply due to the slippage of loose material on the fault.
When TBM tunneling is dug up to 42.5cm, the rock pres-
sure increased due to a combination of muck accumulation
and thrust from the cutter head. The pressure on the sur-
rounding rock of El began to fluctuate as TBM dug in at
10cm (17.5cm, that is, 0.5D from El). The pressure on
the surrounding rock at E2 increased after excavating to
22.5cm (15 cm, that is, 0.43 D from E2).

This can be seen in Figure 9. Surrounding rock pressure
in E3, E4, and E5 presents an overall downward trend. When
TBM tunneling reaches 42.5-62.5cm, the stress fluctuation
drops sharply and then tends to be stable. With the fracture
zone inclination of 60°, the material of the fracture zone
above the surface of the tunnel face increased from 1/3 to
2/3 when TBM tunnel was dug between 42.5cm and
62.5cm. At the same time, the surrounding rock below the
E3 pressure box first appears loose; the surrounding rock
above the tunnel is easy to creep into the tunnel, resulting
in the release of surrounding rock pressure and resulting
in a large loose under the E3 pressure box and a smaller
loose area under the E5, where the pressure of the sur-
rounding rock fell the most, from 42.46kPa to 25.88 kPa,
a decrease of about 39.05%. Surrounding rock pressure fell
the least in E5 and decreased the least, by about 5.38 per
cent. As a result, as TBM pushes into the fault zone, it
is easy to cause the surrounding rocks on the fault to col-
lapse and pile up and, in severe cases, to get stuck on the
cutter head.
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Figure 10 shows that the pressure of surrounding rocks
in E6 to E9 varies little, with a maximum decrease of
5.23%. The overall trend is downward and can be divided
into three stages: the first stage is a slow drop zone, mainly
because the surrounding rock of the tunnel in front of the
fracture zone interface is high and dense. The support to
the surrounding rock in front of the tunnel decreases gradu-
ally after TBM excavation, and the pressure of surrounding
rock decreases gradually at E6~E9. In the second stage,
TBM gradually excavates to the fault zone, and the sur-

rounding rock pressure is stable at E6~E9. After the tunnel
collapse of the tunnel in the third stage, the support to the
surrounding rock in front of the tunnel decreases, the
pressure of surrounding rock decreases, and the pressure of
surrounding rock stabilizes after the accumulation of the
surrounding rock in front of the tunnel stabilizes. The dis-
tance from the E6 measurement point to the start of the fault
zone is 1.73 times the length of horizontal projection (H) of
the fault zone interface, that is, meaning that TBM has an
impact the fault zone is 1.73 H in front of it.
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3.3. Variation of Surrounding Rock Displacement. Figure 11
Internal displacement curve of surrounding rock above tun-
nel vault driven by TBM. As can be seen from the diagram,
the internal displacement of the surrounding rock as a whole
appears to have become a tunnel. The closer the tunnel
contour, the greater the displacement, with a maximum
displacement of 26.14mm in the deformation phase and
35.73mm in the vertical direction after the tunnel collapse.
The vertical displacement curve of the surrounding rock

has four stages: phase I is stable, with little change in dis-
placement. The second stage is the displacement decline
stage, W12, and W13 displacement decreases faster com-
pared to W14. Surrounding rock displacement decreased
to 32.5cm after TBM tunnel excavation, that is, 1.21D in
front of the monitoring section, the reason for the surround-
ing rock displacement decline may have been caused by the
internal surrounding rock loosening as the upper surround-
ing rock slides along the interface during the excavation of
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the TBM tunnel to the fracture interface. In the third stage,
the displacement of the surrounding rock increased slightly,
mainly due to a decrease in the proportion of metacarpals to
52.5cm of primary rock after excavation until all the TBM
enters the fault zone, fault zone, a decrease in the range of
fracture zone material sliding along the interface, and a reac-
tion of loose material in front of the blade plate on the inter-
nal surrounding rock, causing the rise of the internal
surrounding rock. In the fourth stage, the displacement of
surrounding rock shows a downward trend. When tunnel
collapse, the displacement of the surrounding rock drops
precipitously. In addition, by comparing the displacement
of the three points, it can be seen that the overall displace-
ment of surrounding rock of W14 varies little, that is, the
impact of the TBM excavation fault zone on the surrounding
rock above the tunnel does not exceed 1.5 days.

3.4. Conclusions and Recommendations. In this paper, a 3D
model similarity experiment is performed on a micro-TBM
tunneling platform. The tunnel deformation and failure rule
of TBM crossing large inclination fracture zone under high
ground stress are studied. The main conclusions are as
follows:

(1) Simulated experiments of TBM excavation in large
inclination fracture zone under high ground stress
are carried out by using TBM excavation test plat-
form. Tunnels have good forming quality. TBM right
arched shoulder cracks as it passes through the frac-
ture interface. The vault collapsed silo style after all
TBM cutters enter the fracture zone

(2) The maximum pressure of surrounding rock before
TBM tunneling is 66.91kPa, and the influence of
TBM tunneling increases 1.19-fold. Surrounding
rock pressure rises and then falls in the primary rock
(below the interface), and precipitous decline occurs
under the influence of sliding of surrounding rock
above the interface of the fault zone. Impact range
of TBM excavation is 0.43 D to 0.5D before the head
is cut. The pressure of surrounding rocks in the fault
zone is generally decreasing. When the material con-
tent of the fault zone increases from 1/3 to 2/3, the
pressure fluctuation due to the loose zone is caused
by the sliding of the surrounding rock. When TBM
passes through the fault zone interface, the pressure
of surrounding rock at front edge does not affect
the range greater than 1.73 H

(3) The displacement of surrounding rock above the
tunnel vault has four distinct phases with TBM
tunneling. The closer you get to the outline of the
tunnel, the more displaced people. Surrounding rock
displacement decreases the most when TBM crosses
the fault zone interface. The TBM disturbance affects
1.21d in front of the cutter head and no more than
1.5d above the vault

(4) Through the analysis of the deformation law of
surrounding rock pressure and displacement with

the tunneling distance, it is found that tunneling
has obvious influence on the stress and displacement
of surrounding rock through the fault zone interface.
Therefore, the interface of the fault zone should be
strengthened in advance to reduce the construction
risk before the construction of the span fault zone
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