Environmental Earth Sciences (2020) 79:192
https://doi.org/10.1007/512665-020-8885-9

ORIGINAL ARTICLE q

Check for
updates

The change of rock mass pressure of Lianchengshan tunnel

Jianxun Chen' - Yanbin Luo' - Yao Li' - Pengyu Zhao'® - Dao Xu? - Qingsong Wang'

Received: 26 March 2019 / Accepted: 25 February 2020 / Published online: 20 April 2020
© Springer-Verlag GmbH Germany, part of Springer Nature 2020

Abstract

Based on Lianchengshan tunnel, the changing of rock mass pressure with deformation, time and distance from the excava-
tion face is analyzed by means of field monitoring and numerical simulation, and the main conclusions are as follows: (1)
When the deformation increases rapidly, the rock mass pressure decreases first and then increases. After the settlement and
clearance convergence are stable, the pressure of rock mass in each part is still increasing slowly. (2) The rock mass pres-
sure is mostly between 0.1 and 0.3 MPa, and the variation lasts about 65 to 70 days. (3) During the period from mid-bench
construction to inverted arch construction, the variation ratio of rock mass pressure is very high, which indicates that the
stabilization time of this stage is too long. Therefore, it is suggested to shorten the length of mid-bench and lower-bench
appropriately. (4) The space influence range of the excavation face propulsion is about 2.5 times the tunnel diameter of the
hole (42 m). To decrease the rock mass pressure, ring closure should be reached as soon as possible. It is recommended to
speed up the construction of middle bench and lower bench.
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Introduction

There are many serious disasters during the construction of
tunnels in soft and weak rock, such as large deformation of
initial support, shotcrete cracking and spalling, steel frame
twisting and damage, cracking and spalling of the second-
ary linings (Miwa and Ogasawara 2005; Hou et al. 2015;
John 1976; Borca 2002; Kimura et al. 1987; Dai et al. 2015;
Zou et al. 2010; Liu et al. 2011; Chen et al. 2020). These
disasters are closely related to changing rock mass pressure
around a tunnel. Compared with the rock mass with good
integrity, less joints and fissures, high strength and hard-
ness. The rock mass pressure adjustment time of the soft
and weak rock mass is longer and more complex (Guan and
Zhao 2011). Therefore, it is important to analyze the evo-
lution of the rock mass pressure in the soft and weak rock
tunnel, which is important to ensure the safety and stability
of tunnel structure.

In recent years, many researchers have studied the
mechanical evolution of tunnel in soft and weak rock mass
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by analytical calculation (Lai et al. 2016; Kontogianni et al.
2006; Wang 2014; Litwiniszyn 1956; Zuo et al. 2016; Hu
and Huang 2001), numerical simulation (Shan 2016; Xu
et al. 2017; Galli et al. 2004; Hwang et al. 2006; Shalabi
2005; Ng et al. 2004; Tang et al. 2000), laboratory model
test (Lei et al. 2015; Yang et al. 2016; Meda et al. 2016; Lai
et al. 2018), and in situ monitoring (Li 2012; Yu 2004; Qiu
et al. 2018). Based on the analysis of the time—space effect
of Wushaoling tunnel construction, it is reported that the
rock mass pressure and deformation are restrained longitu-
dinally by the excavation face. The influence range is about
1D in front of the tunnel excavation face and 2D behind
the face. Within this space range, the rock mass pressure
gradually releases with the increase of the distance from
the working face, and the deformation gradually increases
with the increase of the distance from the working face. Li
et al. (2007) simulated the construction of a subway tun-
nel in Shenzhen using three-dimensional numerical simula-
tion. It was found that the excavation of the tunnel had an
influence on the surface settlement within the area with 1.5
times of tunnel diameter from excavation face. The chang-
ing rate of rock mass pressure at the excavation face was
the fastest, and it reached stable after the supporting struc-
ture was completed when supporting structure was in the
form of a full circle or oval. Liu (2007) summarized the
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variation characteristics of the rock mass pressure based on
the monitoring data of Gonghe tunnel. It was found that the
vertical stress of the rock mass increases with the increase
of buried depth of deep-buried large-section tunnel. Yang
et al. (2010) monitored the rock mass pressure during the
underground excavation under high in-situ stress. The results
showed that the rock mass pressure changing process could
be divided into three stages: stress release, stress adjust-
ment and stress stabilization. Zhao and Li (2012) carried
out lab model test based on the Liangshui tunnel of Lan-
zhou—Chongqing railway. The changing process of the rock
mass pressure was analyzed and summarized under three
conditions of tunnel excavation, which included full section
excavation with or without support, and bench excavation
method with support. It was concluded that the applica-
tion of support effectively optimizes the tunnel rock mass
load release process during construction. Yang et al. (2016)
carried out a physical model test of dynamic construction
mechanics, and obtains the stress-time response curve of
rock mass under the condition of tunnel excavation and lin-
ing support. According to the response curve, the mechani-
cal response and behavior of rock mass in the construction
process are analyzed, and the development trend of response
curve is divided into five stages according to excavation and
support. The excavation process is divided into five stages:
zero growth stage, micro-growth stage, sharp decline stage,
slow decrease stage and relatively stable stage; and the sup-
port process is divided into rapid growth stage and slow
growth stage. In addition, through the analysis of different
distance measurement points between the vertical line and
the horizontal waist line of the tunnel and the edge of the
tunnel, it shows that with the increase of the distance, the
stress release amount of rock mass caused by tunnel excava-
tion decreases, the release rate slows down, the sensitivity
of mechanical response decreases, and the influence of lin-
ing support on the mechanical characteristics of rock mass

gradually weakens. Sun and Shang (2008) reported the rela-
tionship between space—time effect of rock mass deforma-
tion and collapse accident through investigation and statis-
tics of 76 tunnel cases. The results show that more than 80%
of the landslides occur in the sharp deformation section,
13% in the stable deformation section, and only about 7%
in the rheological section. Yan et al. (2017) found that the
rock mass pressure had a tendency to increase, fluctuate,
and stabilize, the maximum value is located at the upper
and middle bench by monitored the rock mass pressure of
the Queershan tunnel.

It can be seen that most researches focus on the variation
law of rock mass pressure with respect to construction time
and distance to tunnel face. However, few researchers stud-
ied the rock mass pressure with the deformation. Moreover,
many researches only used the single method of numeri-
cal simulation (Shan 2016; Xu et al. 2017;Galli et al. 2004,
Hwang et al. 2006; Shalabi 2005) or theoretical calculation
(Zuo et al. 2016; Hu and Huang 2001) in their studies, and
neglected the importance of in-situ monitoring. In this study,
in-situ monitoring and numerical simulation methods are
used to study the evolution process of rock mass pressure at
Lianchengshan expressway tunnel. The evolution law of rock
mass pressure with respect to deformation, time and distance
from the tunnel face are studied, which could provide refer-
ence for similar projects.

Project overview

Lianchengshan highway tunnel is located in Hanzhong
City, Shaanxi Province. The location of Lianchengshan
Highway Tunnel is shown in Fig. 1. It is a two-traffic three-
lane two-tunnel project with the design speed of 80 km/h,
a total length of 5794 m for the left line and 5812 m for the
right line of the tunnel project. Except for the construction

Lianchengshan

Highway Tunnel

Fig. 1 Location of Lianchengshan Highway Tunnel
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Fig.2 Construction steps of Lianchengshan Tunnel

of Cross Center Diaphragms (CRD) method in gallery tun-
nel section and several sections with large deformation,
Lianchengshan tunnel was constructed by three-bench and
seven-step excavation method. The construction steps are
shown in Fig. 2.

There were 12 stress-monitoring sections in the in situ
monitoring (Fig. 6). In this paper, the ZK197 4 129 section
was analyzed as a typical section for its best continuity of
monitoring data and longer monitoring time. The project is
located in the south of Qinling Mountains, with large topo-
graphic relief, steep valley slope and ridge. The geomor-
phic feature is mainly Zhongshan landform. According to
the geomorphic genetic type, it can be divided into struc-
tural erosion accumulation landform and erosion structure
landform. The results of hydraulic fracturing in-situ stress
measurement show that the maximum horizontal princi-
pal stress (SH) is 20-21 MPa, the minimum horizontal
principal stress (Sh) is 12—13 MPa. In addition, based on
estimation of overlying rock mass volume-weight, the ver-
tical principal stress (Sv) is 12—13 MPa. The minimum
horizontal principal stress is slightly greater than the verti-
cal principal stress, so the maximum horizontal principal
stress is the maximum principal stress (SH> Sh > Sv). The
buried depth of the tunnel is more than 250 m. The rock
mass of excavation face is mainly chlorite mica schist,
it is affected by the geological structure, and the integ-
rity of the rock mass is very poor, mainly in the form of
fragmentation, medium thick layer or thin layer. The dip
direction of the rock layer is 320-350° and the dip angle
is 40°-45°. The main minerals are chlorite, plagioclase,
calcite, biotite and talc. The joints and folds of the rock
mass are very developed, and there are many quartz veins
or groundwater in some parts. The rock mass in some sec-
tions is broken into small pieces and schistose. The rock
mass is loose, low strength in wet state, and disintegrated
when encountering water. The ability of weathering resist-
ance and self-stability of rock is very poor, and rock mass
is easy to collapse along foliation tendency.

In situ test results show that the Poisson ratio of rock
mass is 0.35, elastic modulus is 29.9 MPa, cohesion is
146.8 kPa, and friction angle is 32.5°. Based on the com-
prehensive analysis of in-situ stress conditions, mechanical
parameters of rock mass and in-situ large deformation dis-
aster, the expert group considers that the rock mass belongs
to typical high ground stress soft rock.

The rock mass of excavation face is shown in Fig. 3. The
supporting parameters are shown in Fig. 4.

Monitoring measurement scheme

The monitoring contents and methods of the Lianchengshan
tunnel selected according to the requirement of “Technical
Guidelines for Construction of Highway Tunnel” (Minis-
try of Communications of the People’s Republic of China,
2009) with emphase on stress monitoring for research. The
instruments and sensors used in each monitoring section are
shown in Table 1. Measured points for deformation moni-
toring are shown in Fig. 5. The layout and number of the
monitoring points for initial supporting are shown in Fig. 6.
In the monitoring of tunnel deformation, the non-contact
method was used to avoid data missing and improve the
measurement accuracy (Luo et al. 2016, 2017). Clearance
convergence is used to describe the horizontal movement at

Fig.3 Rock mass at excavation face
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Fig.4 Supporting parameters of

; 122b steel frame, longitudinal spacing is 65cm and reserved deformation is 40cm
Lianchengshan tunnel

@50 advanced small pipe support, L=3.5m, circumferential spacing is 40cm, o=12°
@8 double-layer steel mesh, 20x20cm; ®50 feet-lock bolt, L=3.5m
@22 longitudinal connection reinforcement, C25 shotcrete is 28cm

Secondary lining C30 reinforced concrete is 60cm, @22 rebar, spacing is 20cm

@50 feet-lock bolt
L=3.5m

Pavement structure
Invert backfill of C15 stone concrete
Cast-in-place C30 reinforced concrete invert is 60cm, @22 rebar

122b steel frame, longitudinal spacing is 65cm, C25 shotcrete is 28cm
Invert depth is 1.95m

Table 1 Project and method of on-site monitoring measurement in Lianchengshan tunnel

Number Monitor content Instrument Frequency
1 Clearance convergence TOPCON(0OS-600G) Total station 1-15 days 1-2 times/day
16 days-1 month 1 time/day
After 1 month 1-2 times/week
2 Arch settlement TOPCON(0S-600G) Total station 1-15 days 1-2 times/day
16 days-1 month 1 time/day
After 1 month 1-2 times/week
3 Rock mass pressure Vibration string soil pressure box (0.5 MPa) 1 time/day
Arch the maximum excavation line which located in the horizontal
direction with a maximum width. Arch settlement is used to
o sht hiati describe the vertical movement at the crown.
Left hance Upper bench convergence Right hance
 Left Convergence at the Right Analysis of monitoring result
side wall side wall

maximum excavation line

Fig.5 Arrangement of deformation monitoring points and lines in

monitoring section
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Change of rock mass pressure and deformation

The change of rock mass pressure and settlement with time

are shown in Figs. 7 and 8 in which values measure from

point 5 and 6 are presented as an example. In following

figures, the number after Y corresponds to the number in
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(5]

pressure cell

Fig.6 Arrangement of soil pressure cells in monitoring section
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Fig.7 Curve of rock mass pressure and settlement at point 5

0.15

Rock mass pressure (MPa)
bt
=

hd
o
by

0.00
5/

Inverted arch excavation

[-=-Y 6
—m—Right side wall settlement
H -
Lower bench /| e——a-m
. excavation P
[ Middle bench ‘_‘/-
excavation . ]
L a_p-8-m- /._,_._'—IFI’/
/-/-
,-—l/
g ot
L /-/
-
vl
A
/n 1 1 1 L 1 L 1
28 6/1 6/5 6/9 6/13 6/17 6/21

Monitoring time (month/day)

Fig.8 Curve of rock mass pressure and settlement at point 6
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Fig.9 Arch load and upper bench clearance convergence curve

Fig. 6, which is used to indicate the location of the measured
point.

According to Figs. 7 and 8§, it can be seen that the chang-
ing rock mass pressure with time has a similar trend with
the changing settlement with time in general, but there is no
significant correlation between them. At point 5, due to the
loose contact of rock mass and supporting structure caused
by excavation, there is some drop of rock mass pressure
which leads to a complex relation between rock mass pres-
sure and time. After further compaction of the loose rock
mass, rock mass pressure increases. At point 6, rock mass
pressure and settlement increased dramatically after the
excavation of middle bench, and then maintained a relative
stable state. It is interesting to note that settlement increases
faster and reached a relative stable state within 3 days, while
rock mass pressure increases slower compared with settle-
ment and reached a relative stable state after 10 days. It indi-
cated that the supporting structure can effectively control the
settlement, and maintained a relative stable state when rock
mass pressure increases.

The change of rock mass pressure and convergence with
time are shown in Figs. 9 and 10 in which values measure
from point 1, 5 and 6 are presented as an example. In Fig. 9,
settlement increases gradually in the first 15 days, and then
decreases until a relative stable state is reached. In Fig. 10,
the variation of rock mass pressure generally has a similar
trend with the convergence of the middle bench (distance
changes between Y5 and Y6). Rock mass pressure and con-
vergence increase sharply after middle bench is excavated,
and increases slower after lower bench is excavated. After
invert arch is excavated, convergence has reached a relative
stable state, and rock mass pressure at Y5 and Y6 are still
increasing which means that a stable convergence cannot
indicate a stable rock mass pressure is reached. This is due
to the fact that rheology of rock mass leads to further com-
paction of rock mass, and it takes longer time compared
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Fig. 11 Rock mass pressure distribution

with that when convergence of the tunnel structure is stable.
After the inverted arch was constructed, the rock mass pres-
sure gradually became stable. That was because the tunnel
structure reached ring closure, in which the structure forms
an oval-liked shape.

Time evolution law of rock mass pressure

The rock mass pressure distribution of ZK197 + 129 section
is shown in Fig. 11.

It can be seen from Fig. 10 that: the rock mass pressure
is relatively large, and the maximum value is measured at
the point 2. It should be noted that the sensor was damaged
during measuring, and 0.556 MPa is the maximum effec-
tive measured value of the sensor. Generally, the loading
is unsymmetrically, and the right side has higher measured
rock mass pressure.

The relation between rock mass pressure and construction
time is shown in Fig. 12.

To better present the average changing ratio of rock mass
pressure, it is calculated at each construction stage at arch (0
to 4 measuring points), sidewall (5 and 6 measuring points),
and inverted arch (7 to 11 measuring points). The results
are presented in Table 2 and the rock mass pressure ratio is
drawn in Fig. 13.

It can be seen from Fig. 12 that the rock mass pressure of
arch (Y1 and Y2), increases slowly after the excavation of
upper bench, and then increases dramatically after middle
bench is excavated. Figure 13a shows that, at point Y1, the
rock mass pressure after the excavation of upper bench is
26.83% of final rock mass pressure, the rock mass pressure
after the excavation of middle bench is 31.31% of final rock
mass pressure, and the rock mass pressure after the excava-
tion of lower bench is 24.22% of final rock mass pressure. It
is interesting to note that rock mass pressure increases the
most after the excavation of middle bench.

The rock mass pressure of side wall (Y5 and Y6)
increases during construction, and Fig. 13b indicated that,
point Y6, the rock mass pressure after the excavation of mid-
dle bench is 39.81% of final rock mass pressure, and the
rock mass pressure after the excavation of lower bench is
32.62% of final rock mass pressure. Together with data from
arch section, it is showed that rock mass pressure increases
the most after the excavation of middle bench at arch and
sidewall. This is due to the fact that middle bench is located

Fig. 12 Temporal curve of
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Table 2 Ratio calculation table
of rock mass pressure of arch,

Monitoring part

Construction stage

sidewall and inverted arch Upper bench ~ Middle bench  Lower bench  Inverted arch Secondary lining
excavation excavation excavation construction (%)  construction (%)

Arch 26.83% 31.31% 24.22% 11.52 6.12

Side wall - 39.81% 32.62% 17.84 9.73

Inverted arch - - - 68.56 31.44

Invert arch construction
11.52%

Inverted arch construction

Secondary lining 17. 84%

construction

lower benehyexavation

Secondary lining construction
9.73%

(a) Pressure chang ratio of
the rock mass of arch

(b) Pressure change ratio
of the rock mass of side wall

(c) Pressure chang ratio of the
rock mass of inverted arch

Fig. 13 Pressure change ratio of the rock mass of arch and side wall at each construction stage. a Pressure change ratio of the rock mass of arch.
b Pressure change ratio of the rock mass of side wall. ¢ Pressure chang ratio of the rock mass of inverted arch

at the maximum excavation line (the maximum width in tun-
nel section) which is very sensitative to excavation distur-
bances, and the construction time of middle bench usually
takes longer than other parts. It is important to shorten the
construction period of middle bench excavation, and provide
regular monitoring of stress for safety.

The rock mass pressure of invert (Y7, Y8, Y9, Y10, and
Y11) increases dramatically after the construction of invert,
and values are stabilized about 35 days after the installation
of secondary lining. It lastes about 65-70 days from excava-
tion to final stability. From Fig. 13c, it can be seen that the
rock mass pressure after the excavation of invert is 68.56%
of final rock mass pressure, and the rock mass pressure after
the installation of secondary lining is 31.44% of final rock
mass pressure. According to the proportion of rock mass
pressure change in each stage, the proportion of rock mass
pressure change in the middle bench construction stage is
higher than that in the invert construction stage. To decrease
the rock mass pressure, ring closure should be reached as
soon as possible. It is recommended to speed up the con-
struction of middle bench and lower bench.

The evolution of rock mass pressure with distance
to excavation section

The change of rock mass pressure with the distance from
the excavation face is shown in Fig. 14. In the figure, D

represents the maximum excavation tunnel diameter which
is about 17.0 m. During construction, the excavation speed
is about 1.6 m/day.

It can be seen from Fig. 14 that when the monitoring
section is within 2D, rock mass pressure is changed rapidly,
which is mainly caused by the disturbance of excavation.
The rock mass pressure at each part is basically stable when
distance is greater than 2.5D (42 m), so the affected distance
of tunnel excavation is about 2.5D to the excavation section.

Numerical simulation verification
of evolution process of rock mass pressure

The monitored section is modelled using a three-dimen-
sional finite element model. The evolution of rock mass
pressure along with the deformation, construction proce-
dure and distance from the excavation face are analyzed. The

simulated law is then compared with the measured results,
and the measured results and relations are validated.

The establishment of the model
Assumptions

This simulation makes the following basic assumptions:

@ Springer
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Fig. 14 Space curve of the
ZK197 +129 rock mass pres-
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(1) It is assumed that the rock mass is an elastic-perfectly
plastic material which followed the Mohr—Coulomb
criterion.

(2) Initial stress of rock mass only considers gravity stress
field and neglects tectonic stress field.

(3) Reinforcement mesh and longitudinal connection rein-
forcement rebars in initial supporting are used as safety
reserves and are not considered for calculation.

(4) All materials are isotropic, homogeneous and continu-
ous.

(5) Supporting structure directly contacts rock mass after
installation.

Calculation parameter selection

The mechanical parameters of rock mass used in the
numerical calculation are measured by field in-situ tests
following the “Guidelines for Design Highway Tunnel”
(Ministry of Communications of the People’s Republic of
China 2010) and the “Code for Design of Road Tunnel”
(Ministry of Communications of the People’s Republic of
China 2004). To simplify the model, the steel frame and
the shotcrete are simplified as one structure using equiv-
alent conversion method. The conversion calculation is
shown in Formulae 1 and 2 (Zhong 2006):

Angg

E=E, + ,
h Ah

ey

where E Shotcrete elastic modulus after conversion (MPa).

Elastic modulus of shotcrete (MPa). Ag Sectional area of
steel frame per linear meter (m?). E, Elastic modulus of steel
frame (MPa). A, Sectional area of shotcrete per linear meter
(m?).

@ Springer

— yconcreleb + ysleelAn
b+ An

(@)

where y shotcrete bulk density after conversion (kN/m?).
Yeonerete Shotcrete bulk density (kN/m?). n number of steel
frame in the range of 1 m. A sectional area of steel frame
(m?). b shotcrete thickness (m). 7. steel frame bulk density
(kN/m?3).

Based on “Standard for engineering classification of rock
mass” (Ministry of Housing and Urban Rural Development
of the People’s Republic of China, General Administration
of Quality Supervision, Inspection and Quarantine of the
People’s Republic of China, 2014) and “Specifications for
Design of Highway Tunnels Section 1 Civil Engineering”
(Ministry of Communications of the People’s Republic of
China 2018), the parameters and the element types used in
this paper are shown in Table 3.

Boundary condition

The distance from tunnel to boundaries is greater than 3.5
time of the tunnel width. The displacement boundary con-
dition of the model is adopted on the both sides, the bot-
tom, the front and back boundaries. In addition, the uniform
load is adopted on the top to simulate the buried depth. The
model is shown in Fig. 15 and the tunnel detail meshing is
shown in Fig. 16.

Analysis of calculation result
Verification of the model

To eliminate the boundary effect in model, the section at
y=15 m is selected as the monitoring section in numerical
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Table 3 Numerical simulation calculation parameters

Elastic modulus (MPa) Poisson’s ratio Density (kKN/m>) Cohesion C (kPa) Internal fric- Element types

tion angle(®)

Rock mass 2200 0.33 26.75 213.4 32.7 Solid element
Initial supporting 28,368.615 0.2 23.31 - - Solid element
Feet-lock bolt 210,000 0.3 77 - - Beam element
Secondary lining 31,000 0.2 25 - - Solid element
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Fig. 15 Schematic of the model

Fig. 16 Meshes considering construction steps

simulation (Wang 2009). The settlement and the clearance
convergence nephogram of the tunnel are shown in Figs. 17
and 18.

From Figs. 17 and 18, it can be seen that the crown set-
tlement is about 94.2 mm at the monitoring section and the
convergence is about 56.9 mm at the maximum excava-
tion line at the monitoring section. The crown settlement is
slightly larger than the measured values which are 85.6 mm.

DISPLACEMENT
T3, m
. 94Te-002
L
.159e-002

. 3T0e-002

.5 0

. T9de-002

. 006e~-002
. 818e-003
. 5T0e-002
. 358e-002
. 146e-002
. 93de-002
. T22e-002

.151e-001

Fig. 17 Nephogram of settlement simulation result
DISPLACEMENT
T, m

+4.185e-002
0.6%

+3.475e-002
5. 3%

+2. Tede-002

+2. 054e-002

+1. 343e-002

+E6. 325e-003
20. 5%

~7.808e-004
20. 5%

—T7.886e-003

—2.210e-002

—2.920e-002
4. 9%
——=3.631e-002
0. 5%
-4, 3d1e-002

Fig. 18 Nephogram of clearance convergence simulation result

This is due to the face that in practice it is difficult to moni-
tor initial displacement after construction, so the measured
value is slightly smaller than its real value (Luo et al. 2018).
In general, the simulation result is basically consistent with
the measured values which indicated that parameters are
reasonable and the model is valid.

Time evolution law of rock mass pressure
The rock mass pressure at vault, sidewall and arch bottom
are extracted. The variation curve of simulation calculation

results with the construction steps of rock mass pressure are
shown in Fig. 19. The ratio of variation value of rock mass
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Fig. 19 Time curve of simula-
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pressure to the final stable value at each construction stage
is shown in Table 4.

It can be seen from Table 4 and Fig. 19 that: (1) There is
little difference between simulated and measured results in
the proportion of rock mass pressure variation and the law
of rock mass pressure variation with construction procedure,
the variation ratio of rock mass pressure in each construc-
tion phase and the variation law with the construction pro-
cess are smaller difference than the measured in Table 3,
but the overall law is the same. (2) After the upper bench is
excavated, the rock mass pressure growth rate is the fastest,
which is due to the larger excavation area and larger distur-
bance to rock mass. (3) After middle bench is excavated,
rock mass pressure at sidewall is increased rapidly, which is
due to the excavation of the middle bench generate distur-
bance and the plastic zone of rock mass is increased rapidly.
However, the rock mass pressure of arch increases slightly
and then reaches stability. (4) After the inverted arch is con-
structed, rock mass pressure at arch bottom is increased rap-
idly and the increasing speed is slowed down at arch part.
Due to the inverted arch provides sufficient supporting force
for the upper supporting structure, rock mass pressure at
sidewall is restored to increase.(5) After the secondary lining
is constructed, rock mass pressure quickly reached a stable
state. In the measurement, rock mass pressure is not stable

10 12 14 16 18 20 22 24 26 28 30 32

Excavation step

after secondary lining. This is mainly due to the fact that the
rheological properties of rock mass are not considered in the
numerical calculation.

The spatial evolution law of rock mass pressure

The rock mass pressure is extracted at arch, sidewall and
arch bottom. In addition, the curve of distance from the exca-
vation face is shown in Fig. 20.

It can be seen from Fig. 20 that: (1) With the advance-
ment of the excavation face, rock mass pressure of each part
is gradually increased. When the distance from the excava-
tion face is 0 to 5 m, the rock mass pressure changes dra-
matically. (2) Rock mass pressure varies greatly at side wall
when the test section is from 5 to 20 m, it is caused by the
combined effect of the advancement of the excavation face
and transverse effect caused by the excavation of the middle
and lower bench of the monitoring section. (3) When the
monitored section is more than 30 m away from the excava-
tion section, the rock mass pressure is basically stable and is
no longer affected by the excavation of the excavation face. It
can be concluded that the space influence of the excavation
face is about 2 times to the tunnel diameter (34 m), which is
smaller than the measured. This is because the rheology of
rock mass is not considered, the rock mass is stable earlier.

Table 4 Simulation results of rock mass pressure at y=15 m section (MPa)

Monitoring positions ~ Before middle Bench  Before lower Bench

Before Inverted arch ~ Before secondary lining Final stable value

excavation excavation apply apply

Rock mass  Ratio Rock mass  Ratio Rock mass  Ratio Rock mass  Ratio (%)

pressure pressure pressure pressure
Vault 0.081 57% 0.110 78% 0.127 90% 0.140 99 0.141
The left side wall - - 0.091 276% 0.029 88% 0.027 82 0.033
The right side wall - - 0.094 177% 0.047 89% 0.054 102 0.053
Arch bottom - - - - - - 0.008 73 0.011
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Conclusion

Based on the Lianchengshan tunnel in this paper, the evo-
lution of rock mass pressure of soft-weak rock mass tunnel
with deformation, time, space are summarized. The main
conclusions are as follows:

(1) The rock mass pressure experiences about 65 to 70 days
to stabilization. After the supporting structure is com-
pleted, the variation ratio of rock mass pressure to the
final monitored value reaches 70%.

Before the construction of the middle bench to inverted
arch, the changing ratio of rock mass pressure at arch
and side wall is extremely high. To decrease the rock
mass pressure, ring closure should be reached as soon
as possible. It is recommended to speed up the con-
struction of middle bench and lower bench.

When it is within 1-2 times of the tunnel diameter to
the excavation face, the advancement of the excava-
tion face has the greatest influence on rock mass pres-
sure of the excavated part. The space influence range
of the excavation face advancement is about 2.5 times
of the tunnel diameter (42 m). Beyond this range, the
increasing of rock mass pressure is mainly determined
by its own rheology, which has little relationship with
the propulsion of excavation face.

By establishing a three-dimensional numerical model,
it is found that simulated results are generally consist-
ent with the measured results in terms of rock mass
pressure changes. Compared with measured value, the
smaller value of rock mass pressure in numerical model
is caused by the difficulties of considering all physical
properties (rheological property) of rock mass and dis-
turbance during construction and supporting.

2)

3)

“4)
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