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On the basis of the Zhonghe Tunnel project of the An-Lan Expressway, the
objective of this study was to determine the appropriate method of calculating
the steel arch load and stress release rate during numerical simulation. First of all,
based on the monitoring results of six similar tunnel sections where the
surrounding rock exerts pressure on the steel arch, using time functions, the
rock pressure time history curve could be fitted, two formulas for calculating
stable rock pressure in deep tunnels were compared, and the calculation model
suitable for the Zhonghe Tunnel project was constructed. Then, a simulation of
the Zhonghe Tunnel was performed using Flac3D, and stress release was
simulated using the Mana method. By comparing the surrounding rock
characteristic curves and the initial support characteristic curves under
different stress release rates, the impact pattern of the stress release rate on
the support load was summarized, and an appropriate excavation stress release
rate was determined based on the stable rock pressure value calculation. It was
found that the Zhonghe Tunnel rock pressure calculation model could better
depict the change in rock pressure over time based on the empirical formula and
Weibull time function. A prediction of the steel arch load of the Zhonghe Tunnel
could be made using this method, and the stress release rate of the numerically
simulated rock excavation was determined to be 0.5. This study thus provides a
basis for the future internal force analysis and support parameter design of support
systems.
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1 Introduction

The tunnel engineering industry plays a vital role in transportation. Recent years have
seen tunnel engineering develop vigorously in China’s vast engineering construction
projects, which are leading to deeper, longer, and larger tunnels. In the case of deep soft
rocks, analyzing the stress characteristics of supporting structures and the pressure
distribution in surrounding rock plays a critical role in the safe construction and
operation of tunnels.
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TABLE 1 Results of surrounding rock pressure calculation compared.

Tunnel name Depth Strata lithology =~ Measured stability Calculated value by Calculated value by
(m) and grade value (kPa) platts formula (kPa) empirical formula (kPa)
Daliangmao Tunnel 56 v 75 84.69 146.56
ZK81+044
Daliangmao Tunnel 84 v 56 84.69 146.56
YK81+695
Daliangmao Tunnel 85 v 59 84.69 146.56
ZK81+412
Shiaoding Tunnel (Tu, 2019) 144 v 97 73.15 126.72
Anding Tunnel (Wang, 2016) 170 v 108 104.91 123.84
Heizhuangping Tunnel (Zhou, 175 v 90.3 77.28 142.39
2022)
Taoshuya Tunnel (Zhu, 2008) 187 v 150 98.20 156.47
Qinfeng Tunnel (Li, 2021) 200 v 77.47 113.69 173.92
Zaosheng No. 3 Tunnel (Ye 220 v 110 153.75 161.5
et al., 2019)
Minxian tunnel (Wang et al., 235 \4 248 131.79 250.27
2021)
Liancheng Mountain Tunnel 253 \% 311 187.95 344.12
(Chen et al., 2020)
Yangjiaping Tunnel (Li et al, 350 v 120 93.89 192.96
2017)
Liancheng Mountain Tunnel 450 v 105 99.78 203.69
(Han et al., 2021)
Baoligang Tunnel (Chen, 696 v 128 94.62 149.04
2022)

During the early construction of a deep soft rock tunnel, the steel
arch is the main structure supporting its weight. In support design, the
load acting on the support is an essential parameter. To reasonably
design and construct a tunnel support system, the surrounding rock
pressure must be determined first (Sakurai, 1978). A rapid development
of rock mechanics theory and practice has been achieved through the
continuous efforts of researchers (Liu et al., 2020; Liu et al., 2022; Xue
etal, 2023a; Xue et al,, 2023b; Liu et al,, 2023). At present, the field test,
indoor model test, numerical simulation, and limit theory are among
the main research methods for determining surrounding rock pressure
(Lei et al,, 2014). The Platts theory, Caquot formula, Terzaghi theory
and formulas recommended in China’s codes for railway and highway
tunnels design are commonly used for calculating tunnel rock pressure
(JTG 3370. 1-2018, 2018; Shen and Chen, 2015; TB 10003-2016, 2016).
Noteworthily, in the complex and diverse environment of rock pressure,
many theories have different conditions and scopes for application
(Tong, 2020).

Many scholars have studied rock pressure evolution characteristics
by means of field measurement and numerical simulation. Sakurai
(1978) pointed out that rock pressure generally increases over time, and
the change in the pressure is caused by the time-dependent changes in
materials’ mechanical properties and also by the advance of the tunnel
working face. Three typical stages of surrounding rock pressure
evolution were identified by Zhou et al. (2021): rapidly growing,
decelerating, and basically stable. The measured data of Tian et al.
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(2022) showed that surrounding rock pressure evolved with time, and
the construction stage would cause the fluctuation of its time history
curve, which finally tended to a stable value. Liang et al. (2020) explored
the overall distribution characteristics of pressure on rock tunnels by
statistically analyzing 71 monitoring sections of 39 tunnels in the past
20 years. The authors believed that the tunnel surrounding rock
pressure had an obvious time effect, and its time history curve
mainly presented a three-stage feature of “rapid growth—slow
growth—gradual stabilizing,” which generally stabilized about
40 days following tunnel excavation.

In order to determine the tunnel rock pressure, a number of factors
need to be considered: the depth of burial, the span, the length of the
tunnel, and the formation mechanics (Tong, 2021). For this reason, a
project similar to the Zhonghe Tunnel was selected by this paper for
research. The three-step construction method was employed to build
the six tunnels surrounded by grade IV (V) rock. It was buried about
200 m deep with a span of 12-15 m and a height-to-span ratio of about
0.80 (Zhu, 2008; Wang, 2016; Ye et al,, 2019; Chen et al,, 2020; Han
et al, 2021; Wang et al, 2021). This study analyzed the rock pressure
distribution of the selected tunnels, calculated the stable pressure value
using the normative empirical formula and Platts formula, introduced
the logistic and Weibull time functions to fit the time history curve of
the measured wall rock pressure, and compared and determined a more
suitable fitting formula. Then, the load distribution pattern of the initial
support under different excavation stress release rates was simulated by
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TABLE 2 Surrounding rock pressure and time fitting parameters.

Tunnel Excavation Excavation  High-  Depth Strata Excavation Measured Calculated Calculated Regression function Correlation
location span (m) height (m) to- (m) lithology method stability value by value by
and name span and grade value (kPa) empirical platts
ratio formula (kPa) formula (kPa)
Yuxi City, 12.20 8.67 0.71 170 Mudstone (IV) Three-step 108 123.84 104.91 P=12384x [1- W] 0.8723
Anding Tunnel method
(Wang, 2016) P = 123.84 x (1 — e 088587 0.8522
Hanzhong City, 15.78 12.00 0.76 253 Schist (V) Three-step 311 344.12 187.95 P=344.12 x [1 - m] 0.9111
Liancheng method
Mountain P=344.12 x (1 - e—l.l998t°“555) 0.9094
Tunnel (Chen
et al., 2020)
Dingxi City, 12.38 10.15 0.82 235 Slate (V) Three-step 247.5 250.27 131.79 P =25027 x [1- m] 0.9944
Minxian tunnel method
(Wang et al., P =250.27 x (1 — e 008" 0.9861
2021)
Qingyang City, 15.00 13.00 0.87 220 Loess (IV) Three-bench 110 161.5 153.75 P=1615x[1- lelzmm_)] 0.9962
Zaosheng seven-step :
No.3 Tunnel (Ye excavation P=161.5x (1 870.0522t"“5“) 0.9962
et al., 2019) method
Chonggqing City, 12.18 9.59 0.79 187 Silty Three-step 150 156.47 98.20 — 0.9218
Taoshuya mudstone (IV) method
Tunnel (Zhu, P =156.47 x (1 — 609637 0.9722
2008)
Hanzhong City, 19.60 12.00 0.61 450 Schist (IV) Three-step 175 203.69 99.78 — 0.5559
Liancheng reserved core
Mountain earth method P =203.69 x (1 — 969" 0.9670
Tunnel (Han
et al,, 2021)

‘e 3@ buig

6152212202 Med34/68¢5 0T


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1223419

Ding et al.

A

inverted arch

l40 ~  €Xcavation
lower steps
120 _exc‘avd‘tion
Q‘f i - e o e -
= . » =S “_I = a" " "
© 100 [ wm o e
2 Ll
[} I 1
a8 80 -,. o
s F o
B} -
2 50 P
o0 .
E | 1
-E } 1
S 40 ro
g " o
El Lo ®  measured data
20 : : — — Logistic fitting curve
b — - — Weibull fitting curve
| 1
0 111 1 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 920 100 110
time /d
Anding Tunnel
inverted arch
300 - excayation
lower steps i
iddle st excavation |
mi | -
£ 250 - o:steps : : . gueEEn
< excavation " 0 T
"‘(iI
] : : nma®
2 200 - AT
8 | s |
a I £, 1
~ | g d [
Q | I
e I 1
e I I
.8 : .
=) |
g |
5] |
g , ™ measured data
@ I — — Logistic fitting curve
| — - —Weibull fitting curve
|
1 11 1 1 1
0 5 10 15 20 25 30 35 40
time /d
Minxian Tunnel YK235+515
180
© 150 .
[-¥ Vit
& —n [
© b - -—--—- o - — — — —
z 120 ] Tw i w
2
&,
_e
g o
o0
g
T 60 F
2
E ®  measured data
@ 30 | — — Logistic fitting curve
— - — Weibull fitting curve
0 1 L L L ! L )
0 2 4 6 8 10 12 14
time /d
Taoshuya Tunnel YK38+410
FIGURE 1
Time functions fitting curve of surrounding rock pressure.
Frontiers in Earth Science 04

surrounding rock pressure /kPa

surrounding rock pressure /kPa

surrounding rock pressure /kPa

10.3389/feart.2023.1223419

inverted arch

400 - excavation
lower steps 1
excavation :
350 * i
; "y Bl e e e e g -
300 » L]
ﬁf :
I I
250 [, L&
’ I I I
200 | ‘ -
I I |
150 |middle S&eps:
gxcavation |
100 L o
1 o ®  measured data
25l : Lk — — Logistic fitting curve
1 [ — - — Weibull fitting curve
I I ]
0 1 1! 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160
time /d
Liancheng Mountain Tunnel (Chen)
140 - )
inverted arch
excavation
L |
120 lower steps !
. | u_u-"
excavation i . m .=
» ] td
100 | middle steps | | P
excavation | i ‘.'('
| | i P
80 | i i i <
i | 1 |
Lo L&
| | //-I’
60 : : /ﬁ :
|
P
I
40 ; ’,q{ i
| |
!jf i : ®  measured data
20 -//T ‘ ! = = Logistic fitting curve
‘.,// : ; E —-— Weibull fitting curve
N . : :
0 4 8 12 16 20
time /d
Zaosheng No.3 Tunnel
lower steps inverted arch
200 -, middle st.eps sxcavation e)fcavallon
\ excavation : '
| I I
. I I I
L N I I
160 { i ‘
e
P l
I r > S| I
120 | ! . !
e — e - — = - = —
I ! et e,
I I =~
I I I . -
80 | ; ’ :
1 ] I
I I I
I I |
40 1 I I ®m  measured data
| : “ — — Logistic fitting curve
I | — - —Weibull fitting curve
I I I
0 1 ! 1 ] 1 1 11 1 1 ]
0 5 10 15 20 25 30 35 40 45
time /d

Liancheng Mountain Tunnel (Han)

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1223419

Ding et al. 10.3389/feart.2023.1223419
tunnel face
. upper steps
|
core sol middle steps
10~15m \,J
FIGURE 2

Schematic layout of the tunnel excavation with 3 steps.

Flac3D, and the stress release rate of the Zhonghe Tunnel was
determined according to the theoretically calculated value, thus
providing a basis for the subsequent internal force analysis and
support parameter design of tunnel structures.

2 A time-based method of calculating
surrounding rock pressure

2.1 A model for calculating the pressure
around surrounding rocks

Time functions are a type of dimensionless function with time as
the independent variable and the [0, 1] interval as the value range,
controlling the curve shape and variation characteristics of the
functions through relevant parameters (Dun et al., 2022). Once
the research section has achieved stability, g can be used to represent
the stability pressure value on tunnel rock, and ¢(t) is used to
represent a time function; then, the rock pressure in tunnels at a
given time t can be expressed by Eq. 1. It can be seen that g
determines the convergence value of the pressure curve and has
no direct effect on the curve’s change trend.

qit)=q-¢(t) (1)

The time function is often used to predict surface settlement.
Common time functions include Knothe (Knothe, 1952),
Sroka-Schober (Kwinta et al, 1996), normal distribution
(Gonzalez-Nicieza et al., 2007), the Weibull model (Weibull,
1951), logistic model (Verhulst, 1838), and MMF model (Morgan
et al,, 1975). Among them, the logistic model can fully describe the
occurrence, development, maturity, and stable growth process;
Weibull models are widely used in many fields due to their
ability to adapt to a variety of sample data types (Almalki and
Nadarajah, 2014). Therefore, these two commonly used time
functions were substituted into Eq. 1 to fit the measured data:

1. Logistic model:

p(t) = [1 )
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where x, and p are influencing parameters related to geological
mining conditions.

2. Weibull model:
o) =(1-e") (3)

where a and h are model parameters related to the properties of
overlying rock and soil layers.

2.2 An analysis of surrounding rock
pressure’s stability value

The calculation formulas for the deep single-hole tunnel arch
rock pressure are provided in the Highway Tunnel Design Code
(JTG/, 2010; Gao et al., 2019) as follows:

1. Empirical formula:
q=yh )

where h = 0.45 x 25w is the equivalent height of the load; S, y, and
B represent the rock mass classifications, unit weight, and the
excavation width maximum for tunnels, respectively; w =1+
i(B—5) represents the factors affecting width. As B increases or
decreases by 1 m, i is the increase—decrease rate of rock pressure in
tunnel, and when B is less than 5 m, i = 0.2, while when B is greater
than 5m, i = 0.1.

2. Platts formula:

q=7yh )
1B,
_Lom 6
2 Fo (6)
B, =B, +2B, %)
B, = (H, - Hy) tan(45° - %) )

Specifically, fr, = ({5~ £)Rp for hard rock; fr, = (3 ~ )Ry
for softer rock; fx, = tan ¢ for loose soil or extremely broken rock;
Jrp = %; + tan g for cohesive soil or loess.
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TABLE 3 Parameters of the surrounding rock and the supporting structure.

10.3389/feart.2023.1223419

Parameters Surrounding rock Steel frame Feet-lock anchor pipe Sprayed concrete Cement mortar
Elastic modulus (GPa) 2.46 210 210 28 15
Poisson’s ratio 0.31 0.25 0.3 0.17 0.13
Unit weight (kN/m?) 21 78.5 76 24.5 19
Cohesion (MPa) 1.63 — — — _
Internal friction angle (*) 432 — — — —

FIGURE 3
Numerical model of the Zhonghe tunnel.

TABLE 4 The contact surface parameters of the liner element.

Material Normal stiffness Shear stiffness (Pa/m)

(GEY )

Feet-lock bolt

Tensile strength (MPa)

Primary support ‘fSecondary lining §

Cohesion (MPa) Internal friction angle ()

Contact surface 6.8 x 10" 6.8 x 10"

Among them, B,,, By, and B, represent the span of the balance
arch in the tunnel, spacing between tunnel excavation, and projected
horizontal width of the fracture surface on each side, respectively; H;
and H represent the tunnel excavation height and distance from the
fracture surface to the wall foundation, respectively; ¢, and fi,
represent the computed friction angle and Platts firmness coefficient
around the rock, respectively; R, represents the rock mass’ saturated
strength in compression.

According to the Platts formula, rock pressure surrounding the
tunnel is primarily determined by its span and height, its cohesion,
and its internal friction angle. In empirical calculations, only the
excavation span and rock grade are taken into account. There is no
consideration of tunnel depth in the formulas above. The depth of
tunnels and rock pressure are related in practical engineering.

Based on similar engineering profiles, measurements of
surrounding rock pressure at the vault position were collected under
conditions of grade IV (V) surrounding rock and step method
construction. The constant value after section excavation and
support was chosen as the stable rock pressure value. Using the

Frontiers in Earth Science

4 % 10° 4 x 10° 20

above two formulas, the pressure value of surrounding rock can be
determined and then compared to the measured stability value. As can
be seen in Table 1, the rock pressure was statistically analyzed.

In Table 1, the measured rock pressure is compared with the
theoretical calculation results. The result shows that the Platts’
formula calculates rock pressure values that are smaller than the
empirical formula calculations. In comparison with the surrounding
rock’s pressure stability value, the calculated value of the Platts
formula is closer to the measured stability value with a smaller
buried depth, and the calculated value of the empirical formula is
more consistent with the measured stable value with greater buried
depth.

2.3 Model assessment and selection
Six groups of surrounding rock pressure data from five tunnels

were selected, and a summary of the tunnels’ basic parameters can be
found in Table 2. Firstly, the rock pressure value in comparison to
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Erect support

FIGURE 4
Simulation of the stress release process with the Mana method.

the measured value following stabilization was calculated, and an
appropriate calculation formula for the convergence value of the
pressure curve was selected. Then, time-dependent changes in rock
pressure were fitted using two time functions. The fitting curves are
shown in Figure 1.

Based on Table 1, the normative empirical formula produces a
greater agreement between the measured and calculated rock pressure,
so Eq. 4 was selected to calculate g in the model. As can be seen from
Figure 1, pressure-time curves around surrounding rocks can be
categorized into three types: the “steep increase—gentle” type (see
Figures 1A, B), the “slow increase” type (see Figures 1C, D), and the
“slow decrease” type (see Figures 1E, F). Both the logistic and Weibull
models could well fit the first two types of surrounding rock pressure
curves, while the third type (see Figures 1E, F) could only be fitted by the
Weibull model; thus, the Weibull model has a wider scope of
application. Consequently, Eq. 3 was selected for calculating ¢ (¢) in
the model, namely, the model expression is Eq. 9. This model could
predict the surrounding rock pressure of similar projects. For the
Zhonghe Tunnel, displacement monitoring curves can indicate the
type of rock pressure curve around a feature, and then the fitting
parameters can be determined by selecting the tunnels with similar
burial depth, span, and height-span ratio.

q(t)=yh-(1-e ") ©
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Deformation stability

3 Determination of stress release rate
3.1 Project overview

The Zhonghe Tunnel is located near Yanba Town, Hanbin
District, Ankang City, Shaanxi Province. It belongs to the fourth
section of the An-Lan Expressway, passing through several
mountains. The surrounding rocks are classified as grade IV and
V. The tunnel burial depths are approximately 300 m, and end-wall
entrances and exits are both present. The width of the excavation is
13.6 m, and the height of the excavation is 10.66 m. Excavations
were conducted in three steps, with the upper step excavating at
about 3.8 m high, the middle step at about 3 m, and the lower step at
about 3.86 m. Specifically, the support for the lower step and the
inverted arch were excavated at the same step, and the excavation
schematic diagram is shown in Figure 2.

The mileage section between ZK20+620 and ZK20+820 of the
grade IV rock surrounding the Zhonghe Tunnel on the left, with a
burial depth of 170 m, was chosen as the object of research. Several
mechanical properties were determined by uniaxial testing of the
nearby rock (see Table 3). In this section, an I120a steel I-shape +
concrete mortar spray layer with a thickness of 26 cm and 42 m feet-
lock anchor pipe setting angle of 40° provide the initial lining of the
surrounding rock.
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3.2 Model establishment 2.45 x 10° Pa was applied to the model’s surface to simulate the
self-weight of overlying rock and soil. Mohr-Coulomb was

The model was 120 m x 100 m x 60 m in size, as shown in  selected for the rock mass calculation model, the steel arch
Figure 3. It was constrained horizontally at the left and right  was simulated by using the beam element, the reinforcing mesh
edges and vertically at the bottom, and the vertical stress of + shotcrete was simulated by the liner element, and the
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FIGURE 7
Axial stress distribution of steel arch under different stress release rates.

0.3 stress release rate

0.5 stress release rate

secondary lining was simulated by the solid element of the
elastic constitutive model. Liner and rock contact surfaces
would be generated automatically, which could simulate the
shear slip, closed tension, and other interactions between the
liner and rock. The normal spring was set between the liner
element and the wall rock to simulate the separation and closure
of the support. The pressure borne by the normal spring could
be regarded as the force acting on the initial support by the wall
rock. The numerical simulation parameters of the rock and the
supporting structures can be found in Table 3, and the contact
surface parameters of the liner element can be found in Table 4.

3.3 Data analysis and stress release rate
determination

Using a reversed stress release method, the Mana method, this
study simulated the stress release process (Abi et al., 2016), as shown
in Figure 4, where Py, P*, and P, represent the self-weight stress,
virtual support effect, and stable support load of the primary
reinforcement, respectively. Initially, the model’s self-weight stress
field was computed (see Figure 4A). Then, the tunnel was excavated,
and the unbalanced force of the nodes around the tunnel was
extracted to perform the stress release of the virtual support (see
Figure 4B). Finally, the initial support was applied (see Figure 4C),
the virtual support force was removed (see Figure 4D), and the
preliminary support and wall rock interaction were calculated. With
a stress release rate of 0.3, the virtual support force was set as
0.7 times the unbalanced force. All monitoring data were collected
under one cycle footage. Figure 5 exhibits the characteristic curves of
the wall rock and the primary reinforcement without considering
the stress release and under different stress release rates. Figure 6
shows the comparison of the simulated and measured values of the
vertical displacement of the steel arch roof without considering the
stress release and under different stress release rates. Figure 7 shows
the comparison of the axial stress of a steel arch under different
stress release rates.

Figure 5 reveals that a steeper characteristic curve for
surrounding rock occurs at greater stress release rates,
indicating that the faster the rock stress release, the lower the

final stress point. The support curves intersected with the wall rock
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characteristic curves at the same point, and the shapes of the initial
support characteristic curves were the same under different stress
release rates. The release rates increased as pressure on the initial
support decreased. A load of 195 kPa was applied to the initial
support without setting a stress release rate; a 0.3 stress release rate
resulted in a 180 kPa support load, and a 0.5 stress release rate
resulted in a 156 kPa support load, which is close to the rock
pressure value of 152.24 kPa calculated by the empirical formula
for highway tunnels, and this is the closest match between the
vertical displacement of steel arch roofs and the measured value
(see Figure 6). Therefore, the stress release rate of 0.5 should be
selected for numerical simulation of the Zhonghe Tunnel.

Figure 7 illustrates the point: 1) By using the three-step method
to excavate, the axial stress of the arch roof is larger, the lateral walls
are smaller, and the invert is the smallest under different stress
release rates. 2) There is a stress concentration at the joint point of
the step arch feet caused by the step construction and anchor pipe
application. 3) A comparison is made between the axial stress of the
steel arch under the three stress release conditions. The arch axial
stress of the arch roof is 178.44 MPa without stress release. At a
0.5 stress release rate, it decreases to 103.12 MPa, which is more
economical and reasonable.

4 Conclusion

1. For deep soft rock tunnels, the monitoring data concerning
surrounding rock pressure can be well fitted with time
functions, of which the Weibull model is more applicable and
can better simulate the time history curve of rock pressure with
different trends around the rock.

2. A similar project’s rock pressure was measured and statistically
analyzed, and the proximity of rock pressure has been calculated
using an empirical formula and Platt’s formula as listed in the
Highway Tunnel Design Code. The results show that the stable
value calculated by the empirical formula matches the measured
pressure more closely most of the time, thus verifying the
suitability of using the normative empirical formula to
estimate the rock pressure surrounding the Zhonghe Tunnel.

3. Simulating the stress release process of the surrounding rock
excavation has been achieved using the Mana method. The
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surrounding rock characteristic curves and support characteristic
curves were drawn when the stress was released at different rates,
and the effects of the stress release rate on the initial support load
have been discussed. Finally, the stress release rate of the
Zhonghe Tunnel has been determined according to the
calculated pressure and verified by the vertical displacement of
a steel arch roof, thereby shedding light on the reasonable load
conditions for subsequent numerical simulations of supporting
structures.
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