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Abstract

Jointed rock masses contain complexly distributed fractures that have significant impacts on the mechanical behavior of the
surrounding rock, especially during the tunneling process. In this paper, a field test was carried out to record the vertical
displacement and deformation of the constructing tunnel passing through jointed rock masses. To further investigate the
deformation characteristics of tunnels excavated in jointed rock masses, numerical simulations utilizing discrete element
methods (DEM) were conducted. Numerical models simulated different sizes and shapes of blocks in jointed rock masses.
The results show that during the process of tunnel excavation, the vertical displacement of surrounding rock undergoes
the rapid growth phase and the gradual stabilization phase, and the time interval of these two stages is different due to the
different depths of the tunnel. In the same monitoring section, the closer to the vault of the tunnel, the larger the vertical
displacement of the monitoring point. The displacement value of the section closer to the tunnel face is larger than that far
away from the tunnel face, while the tunnel section in shallower buried depth performs relatively larger liner deformation.
For the same size of blocks, jointed rock masses formed by tetrahedral blocks perform relatively larger vertical displacement
of surrounding rock, deformation of the tunnel, and positive and negative moments of liner structures than those formed by
cubic or polyhedral blocks.
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Introduction

Jointed rock masses are widespread in the natural world,
and they influence the long-term deformation and stabil-
ity of engineering structures. In recent decades, with the
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continuous progress of engineering technology, the con-
struction of large mountain highway tunnels, hydraulic tun-
nels, and mine tunnels has made massive breakthroughs.
However, the existence of complex structural planes in rock
masses might easily cause safety accidents, such as structural
instability and collapse owing to the lack of integrity, over-
all strength, and self-stabilization capability of surrounding
rock when tunnels pass through the well-developed jointed
and fractured rock masses (Yang et al. 2019b).

Joints have significant impacts on rock masses under
static and dynamic conditions (Li et al. 2019b; Wang et al.,
2022). Different distributions and features of joints such as
the joint thickness ( Yang et al., 2019a), joint plane angle
(Zhou et al., 2019), and lamination properties (Shi & Mishra,
2021) have various effects on the properties of rock masses
since rock joints have a nonlinear mechanical pattern dur-
ing loading while a nearly linear pattern during unloading
process in the tensile stress—strain curves (Han et al., 2020).
Joint factor, a weakness coefficient, can be used to describe
the effect of joints in rock masses (Singh et al. 2002). Pan
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et al., (2021) presented that the inter-granular tensile cracks
dominate the rock fracturing under blast loadings through a
hybrid LS-DYNA and UDEC grain-based discrete element
method (UDEC-GBM). Besides, under the blasting condi-
tion, there is a remarkable stress concentration at the joints,
which might promote the crack initiation and propagation
(Yang et al., 2018).

Joints distributed in surrounding rock bring great diffi-
culties and risks to the tunnel excavation. There are many
influencing factors of jointed rock mass on failure mode and
displacement characteristics of the tunnel, such as the joint
size (Panthee et al., 2016), joint spacing (Jiang et al., 2018);
W. Zhang et al., 2020); Qu et al., 2021), joint angle (Do &
Wu, 2020; R. Zhang et al., 2019; Gao et al., 2017), lateral
pressure coefficient (Jia & Tang, 2008), pre-existing frac-
tures (Lei et al., 2017; Z. Wang et al., 2021), and joint thick-
ness (Li et al., 2019a). Different types of joints in surround-
ing rock will form different fractures. Large fractures enable
to keep stable after excavation; however, with the increase
of small fractures, the EDZ (Excavation Damaged Zone)
is mainly generated by the coalescence of small fractures
near the tunnel boundary. The surrounding rock deformation
modes can be divided into three types, i.e., shear deforma-
tion pattern, mixed deformation pattern, and normal defor-
mation pattern (Li et al., 2019a). Related scholars have sum-
marized the failure modes of tunnels in jointed rock masses.
The process of intact or jointed rock fragmentation can be
divided into three stages, i.e., the loading stage, unloading
stage, and residual leaping broken stage, and the presence of
the joints will make the unloading stage in advance. Besides,
the failure patterns for jointed rock damage can be classified
into four types: joint-prevent failure mode, joint-propagation
failure mode, joint-tendency failure mode, and joint-initia-
tion failure mode (Jiang et al., 2018).

At present, the methods to study the failure mechanism
of tunnel excavation in jointed rock mass mainly include
field tests, model tests, theoretical analysis, and numerical
simulation (Li et al., 2019a; Wang et al., 2020). DFEN-DEM,
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UDEC-DFEN, PFC (Shi et al., 2022), and finite element
analysis (Khan et al., 2021) were widely used in analyzing
the tunnel excavation response in jointed rock masses, and
discrete fracture networks (DFNs) can be generated using
MoFrac (Wang & Cai, 2020), rock failure process analysis
(RFPA) (Jia & Tang, 2008), or Fish code (He et al., 2018).
Besides, multiple methods have also been developed. For
example, tunnel seismic prediction (TSP) and discrete ele-
ment method (DEM) were combined to analyze the jointed
rock mass stability (Fan et al., 2021). Terrestrial laser
scanner (TLS) geological mapping was proposed to auto-
matically generate DFNs (Cacciari & Futai, 2017); using
the hybrid finite-discrete element method (FEMDEM) to
capture the deformation of intact rocks, the interaction of
matrix blocks, the displacement of natural fractures, and
the propagation of new cracks (Lei et al., 2017). Moreover,
to overcome the difficulties of insufficient joint specimens
with identical natural morphologies for experiments, three-
dimensional (3D) optical scanning and 3D rigid engraving
have been proposed (Jiang et al., 2020).

In this paper, we combined field testing and numerical
simulation methods to analyze the deformation characteris-
tics of tunnels excavated in jointed rock systems with differ-
ent sizes and shapes of blocks in jointed rock masses. The
research results of this paper are aimed to help analyze the
characteristics of tunnel construction in the fractured sur-
rounding rock so as to better control the deformation and
failure of the tunnel.

Engineering background

A shallow buried freeway tunnel located in China is con-
structed in weathered rock with weak mechanical strength
due to the well-developed joints and cracks. Figure 1 illus-
trates the topographic and geological section map. The
entrance and exit sections of the tunnel are curved. Besides,
the tunnel passes through a small ridge with steep slopes.
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Fig. 1 Topographic map and geological section of the constructing tunnel
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The geological section of the construction spot demon-
strates that the maximum buried depth of the tunnel is about
20 m, and the length of the tunnel is 102 m. The tunnel is
constructed in fractured rock whose joints and fissures are
densely developed. The surface lithology of the tunnel exit
section is similar to that of the tunnel entrance section, with
different thicknesses ranging from O to 3.1 m.

The failures of the constructing tunnel include cavity
collapse, arch collapse, and collapse of the tunnel face.
The presence of joint structures makes it difficult to form
the self-stability of the surrounding rock during excava-
tion owing to the loose status of the fractured rock. Hence,
under the disturbance of the construction loading, it is easy
to occur tunnel deformation or even collapse. After the arch
collapse, block masses will fall on the steel mesh frame of
the liner and cause deformation of the steel mesh frame, thus
will seriously affect the quality of the liner. When the tunnel
is excavated to a certain distance, the loose surrounding rock
ahead of the tunnel face gradually becomes unstable and
begins to collapse into the tunnel.

Therefore, it is of great significance to explore the behav-
iors of the tunnels excavated in the jointed surrounding rock
under different conditions. Analyzing the deformation char-
acteristics of the tunnel structure is beneficial to predict the
unstable and hazardous areas in advance and to take control
measures timely.

Study on ground displacement and tunnel
deformation

Field monitoring of ground displacement

In this study, the overall process of monitoring the
ground displacement was carried out before the tunnel
excavation by embedding multi-point displacement sen-
sors (BGK-4450) from the ground surface. Once dis-
placement or deformation occurs, the monitoring rod will
be dragged by the anchor head of the sensor, and the
monitoring rod will then pull the tie rod installed in the

Fig.2 Layout of monitoring
sections and points in the field
testing
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transition tube, to produce displacement. The displace-
ment of the tie rod is transmitted to the internal vibrating
wire, which is transformed into the change of the vibrat-
ing wire stress, thereby changing the vibration frequency
of the vibrating wire. The frequency signal is transmit-
ted to the recording device through the cable, and the
displacement or deformation of the measured structure
can be monitored through transformation. Meanwhile,
by controlling the length of the monitoring rod, the dis-
placement or deformation of the structure at different
positions can be recorded.

Figure 2 is the layout of monitoring sections and
points in the field testing. There are three monitoring
sections laid out in the field test, and each monitoring
section was buried with three measuring points, all of
which were located directly above the central axis of the
tunnel. The mark of roadway stake of section No. 1, No.
2, and No. 3 is J3K0 + 049, J3K0 + 054, and J3K0 + 061,
respectively. The distance between the three monitor-
ing points of each monitoring section and the tunnel
vault is 1 m, 2 m, and 3 m. Vertical deformation of three
monitoring sections (No. 1, No. 2, and No. 3) mentioned
above was recorded in the field testing. Reflectors were
installed on the surface of the tunnel liner, and the total
station was employed to measure the displacement of
reflectors through the non-contact test. When the tun-
nel was excavated to distances between three sections
(from 0.2D to 4D, interval 0.2D), the deformation data
would be monitored. The detailed information regard-
ing the buried depth of the three test sections is shown
in Table 1. The installation procedure of multi-point
displacement sensors can be divided into the following
steps:

(1) Drilling testing holes: using the rig to drill holes with
a diameter of 12 cm at the correct depth.

(2) Preparing and setting rod: the corresponding length of
the rod and the anchor head were assembled according
to the pre-set buried depth. The safety rope was bound

Tunneling Direction
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Table 1 Embedment depth

. . A Sections  Stake Tunnel depth  Monitoring Monitoring point  Distance from the monitor-
1rff0rmat10n of multi-point (unit: m) points depth (unit: m) ing point to the vault (unit:
displacement sensors m)
No. 1 J3K0+049 7 Ml-1 6 1
M1-2 5 2
M1-3 4 3
No. 2 J3K0+054 9 M2-1 8 1
M2-2 7 2
M2-3 6 3
No. 3 J3K0+061 14 M3-1 13 1
M3-2 12 2
M3-3 11 3

at the position of the anchor head to accurately control
the buried depth.

(3) Placing and connecting sensors: appropriate amount of
concrete was poured so that the anchor head would be
tightly anchored to the surrounding rock. A certain amount
of concrete should be filled into the testing hole to the bur-
ied depth of the next measuring point after the installation
of the former testing rod was completed. To facilitate the
subsequent installation of displacement sensors, the tips of
three measuring rods should be located in the same hori-
zontal plane. The displacement sensor was connected to
the top of the rod and fixed on the dedicated installation
base, and then, the protection tube and the sensor protec-
tive cover were installed in turn.

(4) Collecting and processing data.

Analysis of the field testing data

All field testing data are statistically analyzed, and vertical
ground displacement curves are shown in Fig. 3. According
to the time-displacement curves, for the same monitoring
section, the displacement value increases with the increase
of the depth of the measuring point as the stress of surround-
ing rock is mainly caused by the dead weight of rock mass.

With the increase of time, the displacement of surround-
ing rock at different depths increases gradually. The dis-
placement of the surrounding rock undergoes two phases,
i.e., rapid growth phase and gradual stabilization phase. The
time interval of these two stages is different due to the dif-
ferent depths of the tunnel and the monitoring point. In the
same monitoring section, the closer to the top of the tunnel,
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the larger the displacement of surrounding rock mass. The
main reason might be that the vertical displacement of sur-
rounding rock near the tunnel face is also affected by the
backside excavated zone. For example, when the excava-
tion distance is small, the excavation disturbance range is
limited, and thus, the vertical displacement is relatively
smaller. However, after tunneling for a long distance, the
region backside the excavated zone will influence the verti-
cal displacement near the tunnel face. On the contrary, the
displacement of the surrounding rock far away from the top
of the tunnel is relatively small. For different monitoring
sections, at the same length of the tunnel vault, the displace-
ment of the measuring points decreases gradually with the
increase of the buried depth of the overlying rock masses.

Figure 4 is the vertical deformation of the tunnel when
the excavation comes to certain distances. With the advance
in tunnel excavation, the vertical deformation of the tun-
nel increases gradually, but the deformation rate decreases
gradually, and finally reaches a stable state. The final stable
deformation value of section No. 1 is relatively greater than
sections No. 2 and No. 3 which are close to the tunnel face.
The reason may be that the buried depth of section No. 1 is
shallower, and the self-stability ability of the surrounding
rock after excavation is weaker than that of the tunnel sec-
tion with a large buried depth.

The deformation process of the surrounding rock is com-
plicated and incorporates not only rheological deforma-
tion but also elastic—plastic deformation and discontinuous
deformation of rock. Theoretically, if the tunnel excavation
is completed in an instant and the strength of the surround-
ing rock does not change in the process of elastic—plastic
deformation, then the plastic zone and elastic zone will
gradually form from the outside to the inside after the tun-
nel excavation. When the above conditions are met, the time
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Fig.4 Vertical deformation of the tunnel when the excavation comes
to certain distances

required for the formation of the plastic zone and the elastic
zone is relatively short, and it can be approximated that the
elastoplastic deformation of the surrounding rock is com-
pleted instantly. However, in fact, the tunnel excavation is
not completed in an instant, and the surrounding rock stress
is constantly changing. Therefore, the elastoplastic deforma-
tion of the surrounding rock cannot be completed instantly
but develops gradually with the change in distance, and the
length of the influence time is determined by the tunneling
speed.

Through the analysis of the field test data, we qualita-
tively understand the deformation characteristics of tunnels
excavated in jointed rock masses. However, we can hardly
judge the influence of jointed rock masses on the tunnel
deformation characteristics during the excavation. Hence,
in the following section, we will use the discrete element
method to study the influence of different jointed rock
masses with various sizes and shapes of blocks in fractured
rock masses on tunnel deformation characteristics during
the excavation process.

Numerical models establishment
and parameters selection

Numerical models

In this section, discrete element software (3DEC) is employed
to simulate the deformation features of the tunnel excavated in
jointed rock masses. Figure 5 illustrates the numerical simu-
lation model built up in this paper, and its length and width
are 30 m and 20 m; the height goes from 10 to 20 m, which
enables it to simulate different buried depths of the tunnel. To
save computational resources, the numerical model is divided
into three groups, i.e., fractured rock, normal surrounding rock,
and tunnel. The tunnel is built in the fractured rock region, and
liners are set after every 3-m-tunneling along the direction of
increasing buried depth. The monitoring sections and related
measuring points in the surrounding rock can be conducted to
record the ground movement of the upper surrounding rock and
tunnel deformation characteristics. Along the tunneling direc-
tion, several monitoring points are set on M1, M2, and M3 at
1 m intervals above the tunnel vault to monitor the vertical dis-
placement of surrounding rock. Figure 5 are selected numerical
models with different sizes and shapes of blocks in fractured
rock (7=0.3). Three shapes of blocks are discussed in this paper,
i.e., tetrahedral, cubic, and polyhedral blocks. # is the number
of blocks per unit volume of fractured rock, larger # represents
more blocks in fractured rock, and the value of 7 0.3, 1,2, 4, 9,
and 14 are discussed in this paper, respectively.

The Mohr—Coulomb joint model is adopted for numeri-
cal simulation, which provides the linear expression of joint
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Fig. 5 Numerical models and
monitoring points set in simula-
tions

20m

stiffness and yield limit based on rock joint parameters such as
elastic stiffness, friction, cohesion, tensile strength, and dila-
tion characteristics. The displacement-weakening of joints is
simulated through the loss of cohesion and tensile strength at
the beginning of shear or tensile failure (Itasca, 2020).

The peak shear stress is given by Sffak = ¢ + o,tang,
where c is the cohesion, o, is the normal stress, and @ is
the friction angle. The residual strength can be expressed
by §i° = ¢ + 0, tang, ., Where ¢, is the residual cohe-
sion, and @, is the residual friction angle.

Table 2 is the mechanical parameters of the surrounding
rock and supporting structure, the normal rock and liner adopt
the elastic model; the joints employ the Mohr—Coulomb joint
model.

Analysis of numerical results

Verification between the field test and numerical
simulation

Figure 6 is the vertical displacement of the surrounding rock (cubic
blocks) at different sections of the tunnel. The excavation progress

Tetrahedral Blocks
7=0.3

Cubic Blocks
7=0.3

Polyhedral Blocks
7=0.3

has been normalized in the range of O to 1. Similarly, with the pro-
gress of tunnel excavation, the vertical displacement values of mon-
itoring points at three monitoring sections gradually increase and
eventually reach a stable value. The final vertical displacement val-
ues of the tunnel section far from the tunnel face are relatively large
(section No. 1). These rules are consistent with the field test results,
indicating that the numerical simulation in this paper has provided
a relatively reliable reference for subsequent research. Meanwhile,
with the increase of the value of 7, the vertical displacement of sur-
rounding rock increases.

Maximum displacement of surrounding rock

Figure 7 is the maximum displacement of surrounding rock
with different sizes and shapes of blocks. In the fractured
rock with tetrahedral blocks, the maximum displacement
of the strata varies greater at each monitoring point along
the excavation direction of the tunnel than in other two
shapes of blocks, especially in the cases of a large value of
n. Besides, the change of maximum displacement along the
M1, M2, and M3 are similar; i.e., the variation of maximum
displacement is far more fluctuant induced by the increase

Table 2 Mechanical parameters

Young’s modulus: £=3 GPa

Joint normal stiffness: k,=0.8 GPa;

Joint shear stiffness: k;=0.1 GPa

. Items Material properties
of the surrounding rock and
supporting structure Rock Density: p=2200 kg/m?;
Poisson’s ratio: u=0.3
Joints
Joint friction angle: ¢ =22°
Liner Liner properties:

Young’s modulus: 20 GPa
Poisson’s ratio: 0.15
Thickness: 0.2 m

Liner-rock contact:
Cohesion: 15 GPa

Friction angle: 50°
Normal stiffness: 60 GN/m
Shear stiffness: 40 GN/m
Tensile strength: 8 GPa
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Fig.6 Vertical displacement of
the surrounding rock at different
sections of the tunnel (cubic
blocks)

of 5. It demonstrates that a higher degree of the fractured
rock will form a wider disturbance region in the process of
tunnel excavation and it is more likely to cause the uneven
settlement of the deep surrounding rock. In fractured rock

Fig. 7 Maximum displacement
of surrounding rock with differ-
ent sizes and shapes of blocks
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identical. In the fractured rock with polyhedral blocks, the
change interval of maximum displacement is mostly located
at 0.22 to 0.75 mm when the value # varies from 0.3 to 4.
Therefore, these results strongly prove that characteristics of
fractures have a great influence on tunnel excavation.

Deformation characteristics of the tunnel

Figure 8 illustrates the deformation characteristics of the
tunnel built in the fractured rock with different sizes and
shapes of blocks. It illustrates that the fractured rock
composed of three types of blocks with different shapes

Fig.8 Deformation character-
istics of the tunnel built in the
fractured rock with different

2057 ee

has similar effects on the deformation characteristics of
the tunnel structure; i.e., the deformation value of the
tunnel section far from the tunnel face (Section No. 1)
is greater than that far from the tunnel face (Section No.
2 and Section No. 3), which is in agreement with the
results of field testing. Meanwhile, with the increase of
n, the deformation value relatively increases especially at
the positions of III, IV, and V. The deformation of Sec-
tion No. 1 is sensible to the change of # compared with
the other two sections. Tunneling in the fractured rock
with tetrahedral blocks has relatively larger deformation
than other two shapes of blocks in the fractured rock.

20 « 20 «
20 2047

105 10 Unit:

0 Y iy nit: mm

s -10 g -10%-2
sizes and shapes of blocks 205 200
5 30+ _ 30%. L
= & A
2 3 7 \
= Section No.2: III Section No.3' III
5 ey m i)
% 230 e P 230 e ; HE
« BT | SO Dl 20 b d
R F IR I T
0 Pi 0 P
10%:.--:- = 10 = ST
74, T |
“. 0. T 0. \Umt: mm
T -10;, 1073
Y 205 20 }
g \Ch 305 ‘ Blsssion,
A IV / IV
3 - %k , Y Lo PR
7 Section No.1: : } Y ‘xIII Section No.2: III Section No.3: @ : IH
_30 P B0 ssssrassmussemsassasi ;i _30 B3
20 Feeeee e Y ] 20 foeieneene e ;
-10: X H LJO bussssinsisvmiansesaiinns
0 ¢ : g 0 =
j [) JEmm— et y (| [P E——
V. o .
0 teeram 0. _ Unit: mm
-103 -10°
207 : 20 .
S -30i-... %, -30%- o
= IV v
" = h ] k]
= Section No.1: : Y} Section No.2: : '§ Section No.3' L
2 P I P I b I
B 30l | T, PSS B T .1, e I P
D0 b 20l R
S -10:- e [ e
0 i 0 i 0 P
2ol zoIH 20]II
— 1 Fld - =) - - 2 - ---71=1 n=0.3

@ Springer



Arab J Geosci (2022) 15: 847

Page9of 11 847

The change of the # and the progress of excavation have
little difference in the deformation at positions I and II, as
their deformation value is small. In the fractured rock with
tetrahedral blocks, for Section No. 1 and No. 2, positions
III, IV, and V show relatively high values of deformation,
and position V mainly perform the vertical settlement, and
positions IIT and IV have both directions of deformation
(expanding and closing) with the increase of 7 (larger # rela-
tively shows larger deformation). But for Section No. 3, only
the position of V has obvious deformation. The deformation
characteristics of the tunnel in the fractured rock with cubic
and polyhedral blocks are similar under the influence of the
value of # and the tunnel depth, but with a smaller value.

Meanwhile, the vault settlement mainly dominates the
tunnel deformation especially the fractured rock with tetra-
hedral blocks as it might generate greater uneven stress dis-
tribution, and their fractures easily propagate in the fractured
rock than the other two shapes of blocks after excavation.
Therefore, the process of tunnel excavation should focus on
monitoring the tunnel vault deformation value. Timely tak-
ing effective measures in case of a large deformation value
or deformation rate.

Maximum and minimum moment of tunnel liner

Figure 9 is the maximum and minimum moment of the tun-
nel liner built in the fractured rock with different shapes
and sizes of blocks. It illustrates that the fractured rock
composed of three types of blocks with different shapes has
similar effects on the positive and negative moments of the
liner. In the fractured rock mass formed by the same shape
of blocks, the positive and negative moment values of the
linear increase gradually with the increase of . However,
for different shapes of blocks, there are some differences
concerning the increasing trend of the moment of the liner.
For example, in the fractured rock with tetrahedral blocks,
with the increase of #, the positive and negative moment
values of liner showobvious non-linear characteristics, espe-
cially within the lower value of #. But in the fractured rock
with cubic and polyhedral blocks, the increasing trend of the
moment of the liner shows approximately linear. Meanwhile,
for the same value of 7, both the values of the positive and
negative moment of the liner in the fractured rock with tetra-
hedral blocks are relatively larger than those in the fractured
rock with cubic and polyhedral blocks.

To explain the relationship between the value of the
moment and 7, the major reason is that the geo-stress of
the surrounding rock will redistribute after tunneling. The
tetrahedral blocks might generate greater uneven stress dis-
tribution, and their fractures easily develop in the fractured
rock than other two shapes of blocks after excavation. The
propagation of small cracks in the fractured rock leads to the
loss of the self-sustaining ability of the surrounding rock and

1200

B —+—Maximum Moment
—A—Minimum Moment
Polyhedral

N
1000 -5 . WSS

Tetrahedral Cubic

800
600
400
200

Moment (kKN-m)
(=)

-200
-400

-600

10 11 12 13 14

Fig.9 Maximum and minimum moment of the tunnel liner built in
the fractured rock with different sizes and shapes of blocks

transfers loadings to the lining structure; the liner then has
larger stress and moment. Hence, among three shapes of
blocks, the tetrahedral blocks might generate larger positive
and negative moment values in the tunnel liner. Therefore,
considering the engineering practice, attention should be
paid to the flexural and shear design of the tunnel lining
structure to improve the safety of the tunnel excavation in
fractured rock.

Conclusion

Based on a certain construction project, the surrounding
rock displacement of the constructing tunnel was recorded
by the field testing method, and the field testing results were
verified by the numerical simulation. Besides, the impacts
of different sizes and shapes of blocks in fractured rock have
been further investigated through the numerical method.
The following major conclusions can be drawn based on
the results:

(1) During the progress of tunnel excavation, the displace-
ment of surrounding rock undergoes two major phases,
i.e., the rapid growth phase and the gradual stabiliza-
tion phase. The time interval of these two stages is dif-
ferent due to the different depths of the tunnel and the
monitoring point.

(2) In the same monitoring section, the closer to the vault
of the tunnel, the larger the vertical displacement of
the monitoring point. The displacement value of the
section closer to the tunnel face is relatively larger
than that far away from the tunnel face, as the vertical
displacement of surrounding rock near the tunnel face
is also affected by the backside excavated zone. The
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larger length of the excavated zone is, the greater the
influence on the vertical displacement of surrounding
rock near the tunnel face will be. The tunnel section in
shallower buried depth performs relatively larger liner
deformation, and the vault of the tunnel has a larger
deformation value compared with other positions on
the tunnel section.

(3) For the identical value of #, jointed rock masses formed
by tetrahedral blocks perform relatively larger verti-
cal displacement of surrounding rock, deformation of
the tunnel, and positive and negative moments of liner
structures than those formed by cubic or polyhedral
blocks.
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