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Abstract: The surrounding rock and high water pressure in weak watery strata have adverse effects
on the mechanical properties of tunnel support structures. In order to optimize the anti-drainage
design of tunnels in weak watery strata and evaluate their structural safety, this paper relies on the
Taidacun Tunnel of the China-Laos Railway to carry out field monitoring research. A dual-field
fluid—solid coupling calculation model is established to optimize the tunnel’s waterproof and drain-
age design, combined with a bending moment curvature model to evaluate structural safety. The
main conclusions are as follows: Under the action of high water and soil pressure, the structural
safety margin of the water-rich fine sand section of the Taidacun Tunnel is small, and waterproof
and drainage design optimization is required. Combined with the proposed average pressure re-
duction coefficient, the influence of the water level and annular blind pipe spacing on the water
pressure of the lining is proved, and then the optimal annular blind pipe spacing in the water-rich
area of the tunnel is determined. A structural safety evaluation method based on the bending mo-
ment curvature model is proposed. Two models of elastic beam and moment—curvature beam are
used to analyze the mechanical characteristics and optimization effects of the structure under opti-
mal annular blind pipe spacing.

Keywords: weak watery stratum; field monitoring; fluid—solid coupling; average pressure reduc-

tion coefficient; bending moment—curvature model

1. Introduction

Deeply buried tunnels in water-rich areas have unlimited recharge from groundwa-
ter sources due to large burial depth and high water pressure. Problems such as lining
cracking and water seepage due to high pressure often occur during tunnel operation. In
order to ensure the safe and efficient operation of tunnels, it is necessary for tunnel sup-
port structures in water-rich areas to have certain waterproof, drainage, and safety per-
formance [1,2]. Water plugging and drainage restriction are common treatment measures
in the construction of tunnels in water-rich strata. Under the guidance of this design con-
cept, the tunnel waterproof and drainage system consists of a water-plugging grouting
ring, initial support, secondary lining, and a drainage system [3,4]. Scholars have carried
out a lot of research on the existing waterproof and drainage system and the structural
safety under the action of high water pressure and surrounding groundwater seepage.

In terms of waterproof tunnel and drainage design research, Bao et al. [5] proposed
a composite waterproof and drainage system and studied the changes in the seepage field
of traditional waterproofing and drainage systems and composite waterproof and drain-
age systems under different blockage conditions through model experiments to verify the
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effectiveness of the system. Duan et al. [6] studied the distribution law of seepage pressure
within different distances from the tunnel wall based on analytical derivation, verified the
accuracy of the theoretical solution, and optimized the parameters of various parts of the
composite lining. Fan et al. [7] studied the evolution of water pressure after lining, the
vertical displacement of the reverse arch, and the failure characteristics of the structure
under water pressure through setting up a seepage model test system. Zhang et al. [8]
analyzed the characteristics of traditional waterproof drainage systems and proposed a
new drainage structure through numerical simulation and indoor experiments. Zhao et
al. [9] studied three optimization schemes for waterproofing and drainage through nu-
merical simulation and model experiments. Zhang et al. [10] proposed a design method
for waterproofing and drainage systems in tunnel lining to reduce interference with
groundwater. Li et al. [11] proposed a new concept of a railway tunnel bottom drainage
and precipitation system. The performance of the proposed drainage system is verified
through a series of numerical analyses.

In the research on the safety of tunnel lining structures in water-rich areas, Wang et
al. [12] developed a pressure-adaptive concrete lining for hydraulic tunnels with high wa-
ter pressure and high ground water pressure based on the theory of thick-walled cylin-
ders. He et al. [13] developed equipment to simulate external water pressure on the lining
of a horseshoe tunnel and combined it with a finite-element numerical model to validate
the proposed method through comparing relevant bending moments, thrust, and shear
forces. Chen et al. [14] conducted experiments on tunnels under different static water head
heights using a self-developed seepage model testing device and studied the distribution
of seepage fields in small spacing tunnels in water-rich areas and its impact on structural
mechanical behavior. Wu et al. [15] studied the long-term stress and structural defor-
mation characteristics of water-rich loess tunnels through numerical simulation and field
monitoring. Liu et al. [16] studied the damage behavior of tunnel lining based on numer-
ical methods and proposed corresponding maintenance design methods for lining safety.
Song et al. [17] developed a 1:10 large-scale test platform and determined the load on the
lining model based on field-measured pressure data. The deformation evolution law,
cracking mechanism, and failure process of the secondary lining of existing highway tun-
nels in loess strata has also been studied. Guo et al. [18] conducted a series of model tests
to study the mechanical behavior of shield tunnel structures under the combined action
of external soil water load and internal water pressure. Ding et al. [19] analyzed the safety
of high-pressure tunnel lining with limited drainage based on the finite difference
method. Huang et al. [20] studied the pressure and failure evolution of linings based on
field monitoring and numerical methods.

To summarize, scholars have carried out abundant research on tunnel waterproof
and drainage systems and the safety of secondary lining structures in water-rich areas.
However, there are still deficiencies: (1) Existing studies mainly investigate the structural
safety of different waterproof and drainage designs through model tests and numerical
simulation methods. There are few experimental studies combined with the field moni-
toring of tunnels, and the reliability of the research results cannot be guaranteed. (2) The
existing analysis and calculation methods for structural safety are often based on struc-
tural strain or stress test results, which require sensors to be buried in the structure in
advance, and the cost of structural safety evaluation is high. Therefore, on the basis of
existing research, on-site tunnel monitoring should be combined with numerical simula-
tion, and the relationship between tunnel structural safety and waterproofing and drain-
age design parameters should be established to provide a basis for waterproofing and
drainage design. In addition, a new safety factor evaluation method needs to be proposed
to facilitate practical engineering applications and solve the problems of high cost and the
need to bury sensors in advance in traditional methods.

In this paper, field monitoring of tunnels in water-rich areas is carried out to analyze
the distribution characteristics of water and earth pressure on the tunnel structure and its
evolution over time. The mechanical response law of the lining structure in the water-rich
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fine sand section and the general surrounding rock section is compared and analyzed. A
numerical model of fluid—solid coupling in water-rich tunnels is established. The average
pressure reduction coefficient index is proposed to evaluate the pressure relief capacity of
the waterproof and drainage system under different head heights and design parameters.
Finally, the optimal drainage blind pipe spacing is determined. The mechanical character-
istics of the lining structure were analyzed via comparing the two models of elastic beam
and bending moment—curvature beam. A lining safety evaluation method based on the
bending moment—curvature method was proposed to evaluate the safety of the lining
structure under the optimized waterproof and drainage design. The conclusions of the
study provide guidance for the waterproof and drainage design and structural safety eval-
uation analysis of tunnels in water-rich areas.

2. Tunnel Field Monitoring
2.1. Project Overview

The Yumo Line of China-Laos Railway is a Class I national electrified railway con-
necting Yuxi City and Mohan, Mengla County, in Yunnan Province, China, and an im-
portant part of the middle passage of the Pan Asian Railway. Its geographical location is
shown in Figure 1. With a total length of 507 km and a design speed of 160 km/h, Yumo
Line is one of the landmark projects of China’s “the Belt and Road” construction. A total
of 93 tunnels with a total length of 398 km are designed for the Yumo Line, of which the
Taidacun Tunnel is a key control project, of the China-Laos Railway. It located in the
southern section of the Hengduan Mountains, between Ning'er Station and Pu’er Station,
with an inlet mileage of DK239 + 810 and an outlet mileage of DK245 + 625. The tunnel is
a single-hole double-track tunnel with a total length of 5815 m and is designed as a single
slope.

101°3'E 101°4'E 101°5'E

101°1'E 101°2'E

ASIA L{ (e » % - 23°0I'N
T{f\\w/ \j Entran(l;:e
4 Beijing, P | ;
- £ D DK239+810 |,
&& CHINA . ‘
» L - 23°00'N
it
S : Qujingo
Baoshane - Kunming o - :
Yuxiy 22N
) v Eshan
Lincange Yuanjiang
ojiang
Puer ¢ ~ X =<
#ghong
22°58'N
pMohan

Figure 1. Overview of geographical location of Taidacun Tunnel on Yumo Line of China-Laos Rail-
way.

2.2. Monitoring Program

The burial depth of the tunnel is relatively large, and the groundwater resources are
abundant. During tunnel construction, water inrush is highly likely to occur. During the
operation period of the tunnel, it is also highly prone to lining seepage and water leakage,
which has a significant impact on the safety and applicability of the tunnel during the
operation period. Groundwater mainly exists in weathered and structural fractures of the
bedrock. The water abundance of groundwater is related to its lithology. Through
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comprehensive geological exploration methods such as drilling and geophysical explora-
tion, it is found that the lithology of the strata in the Taidacun Tunnel site area is mainly
sandstone, mudstone, silty clay, and conglomerate. Among them, weathered fissures in
mudstone are developed, but structural fissures are not developed. Due to the weak
weathering resistance of the rock mass and obvious weathering, joint fissures are mostly
filled with weathered mud, with small water storage space and weak water abundance.
But, in sandstone and conglomerate, structural and weathered fractures are developed,
resulting in good water abundance. The diagenesis of fine sand soil is poor, and when
there is no groundwater, the surrounding rock has a certain degree of self stability. How-
ever, structural damage may occur under the infiltration of groundwater. In addition, un-
der the influence of construction disturbance, the silty fine sand soil is easily transformed
into loose sand, which sharply weakens the stability of the tunnel surrounding rock.

The distance between the circumferential blind pipes of the Taidacun Tunnel is 15 m,
with a diameter of 100 mm. The diameter of the tunnel’s longitudinal drainage blind pipe
is 100 mm. The grouting ring is used for reinforcement in the water-rich section, so that
the original groundwater seepage channels in the surrounding rocks within the grouting
ring are blocked. The change in the flow direction of groundwater improves the stress
state of the structure, which meets the drainage needs of normal surrounding rock sec-
tions in water-rich areas. However, further research is needed for fine sand formations
with good water abundance. Therefore, in order to study the soil and water pressure and
lining structural mechanical characteristics of the water-rich and fine sand formation sec-
tion and the general section under the existing drainage design, three monitoring sections
have been set up, with mileages of DK241 + 392, DK241 + 721, and DK242 + 976. The geo-
logical conditions of the Taidacun Tunnel and the specific mileages of the three monitoring
sections are shown in Figure 2.
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Figure 2. Geological profile and monitoring section settings.

The main contents of the field test include the following: (1) The pressure test of the
surrounding rock between the surrounding rock and the primary support. Obtain the
stress state and stress distribution characteristics of the support structure under different
working conditions. (2) Pore water pressure test. Obtain the water pressure value and dis-
tribution law of the pore water pressure in each stage of the construction process. (3) Strain
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Strainometer

A (crown)

H (inverted arch)
]

Pressure gage  Piczometer

test of the secondary lining molded concrete. Monitor the concrete strain, and then deter-
mine the value of the axial force and bending moment and its change law. Then, evaluate
the safety of the lining structure.

The stress state of the initial support is complex. And the regularity of the internal
force and safety factor of the initial support is weak. Moreover, after the secondary lining
is constructed, the deformation and curvature of the initial support are difficult to obtain,
and the cost of structural safety evaluation is high. In addition, under normal circum-
stances, the secondary lining of tunnels serves as a safety reserve for the tunnel. Its stress
state directly affects the operational safety of the tunnel, so it is more reasonable to evalu-
ate the secondary lining.

In order to grasp the overall distribution of water pressure, soil pressure, and struc-
tural internal force in each section, sensors are installed for monitoring at the arch crown,
arch shoulder, arch waist, arch foot, and inverted arch of the lining. The specific sensor
layout plan and field installation are shown in Figure 3. The numbers of each monitoring
point are A~H from the vault to the arch foot.

.E!._ '

Pressure gage

E (sidewall)

Strainometer Piezometer

Figure 3. Sensor layout and installation.

2.3. Monitoring Results and Analysis

Continuously monitor the water pressure and soil pressure of the three sections until
the monitoring data are basically stable. Then, draw the variation curve of water pressure
and soil pressure, as well as a simplified diagram of the distribution of water pressure and
soil pressure on the stabilized section, as shown in Figures 4-6.
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Figure 4. Section 1 monitoring data. (a) Earth pressure; (b) water pressure
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Figure 5. Section 2 monitoring data. (a) Earth pressure; (b) water pressure.
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Figure 6. Section 3 monitoring data. (a) Earth pressure; (b) water pressure.

According to the changes in water and soil pressure of the tunnel during different
periods measured on site, it can be seen that the changes in water and soil pressure on the
support structures of the three sections go through three stages; they are the tunnel exca-
vation stage, the secondary lining ring formation stage, and the later stable fluctuation
stage (environmental impacts such as rainfall).

In the first stage, initial support is applied after tunnel excavation, and the supporting
effect of the initial support gradually manifests with the increase in stiffness. The soil pres-
sure of each section shows a slow upward trend, and at this time, the soil pressure of the
arch crown and arch shoulder increases relatively faster. At this stage, the water pressure
also slowly increases. In the second stage, after the construction of the secondary lining,
due to the better load-bearing performance of the composite lining structure, the increase
in surrounding rock pressure is accelerated. In addition, due to the closure of the lining
structure, water pressure also increases rapidly.

During the later stable fluctuation period, the water and soil pressures at each section
tend to stabilize. The overall distribution of soil pressure shows a distribution pattern of
larger arch crown and inverted arch, with smaller side walls, and the maximum soil pres-
sure of Sections 1 and 2 appears at the inverted arch, with values of 644.1 kPa and 751.6
kPa, respectively. The maximum soil pressure of Section 3 is at the arch crown, with a
value of 446.4 Pa. The overall distribution pattern of water pressure is small from top to
bottom, and the maximum water pressure of Sections 1-3 all occurs in the inverted arch,
with values of 341.3, 339.2 kPa, and 159.9 kPa, respectively. The distribution patterns of
water pressure and soil pressure in the three sections are roughly the same. From a nu-
merical perspective, the water pressure and soil pressure of Monitoring Sections 1 and 2
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in the water-rich fine sand formation are significantly higher than those of Monitoring
Section 3 in the mudstone.

2.4. Safety Evaluation of Lining Structure

The secondary lining of the Taidacun Tunnel is made of C35 reinforced concrete, with
a circumferential reinforcement of HRB400, a diameter of 25 mm, a spacing of 200 mm,
and a lining thickness of 65 cm. The secondary lining concrete strain values of the three
sections of the Taitacun Tunnel were monitored, and then the secondary lining bending
moment M and axial force N were calculated using the formulae. The structural safety
coefficients were then calculated to evaluate the safety of the tunnel. The lining structure
is a compression bending component, and its mechanical behavior can be divided into
small eccentric compression and large eccentric compression, as shown in Figure 7.

KN

(b) (c)

Figure 7. Stress mode of reinforced concrete under compression and bending. (a) Reinforced con-
crete cross-section; (b) stress diagram of large eccentric compression components; (c) stress diagram
of small eccentric compression components.

The formula for calculating the safety factor of reinforced concrete structures is as
follows [21].

When the rectangular section of reinforced concrete is subjected to small eccentric
compression (x > 0.55 h):

KNe <0.5R bhy + R A (h, —a) 1)

When the rectangular section of reinforced concrete is subjected to large eccentric
compression (x < 0.55 h):

KN <R, bx+R (A, ~A) @)

In the above, A » A;g is the cross-sectional area of longitudinal tensile and compres-

sive steel bars; b is the calculative width, which is taken to be 1.0 m; x is the height of the
reinforced concrete compression zone; R, is the ultimate compressive strength of con-

crete; R is the ultimate flexural compressive strength of concrete; Rg is the calculated

tensile or compressive strength of steel bars; ho is the effective height of the section (m).

Through the processing of the monitoring data of the internal force of the structure
in the field, the structures are all in the state of small eccentric compression. This also
shows that the groundwater pressure causes the structure to have a large axial force,
which exhibits small eccentric compression. The distribution diagrams of the internal
forces and safety factors of the secondary lining at three monitoring sections are shown in
Figures 8-10.
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| === Safety factor- Section 1 |
| Safety factor limit (2.4) } i
-

Figure 8. Internal force and safety factor of lining structure of Section 1. (a) Axial force (kN); (b)
bending moment (kN-m); (c) safety factor.

| === Safety factor- Section 2 |

(b) (0)

Figure 9. Internal force and safety factor of lining structure of Section 2. (a) Axial force (kN); (b)
bending moment (kN-m); (c) safety factor

-37.1

Figure 10. internal force and safety factor of lining structure of Section 3. (a) Axial force (kN); (b)
bending moment (kN-m); (c) safety factor.

Based on the calculated internal force and safety factor of the lining, we can summa-
rize some conclusions as follows.

The internal force of the lining structure is directly related to the load it bears. Due to
the greater water and soil pressure on Sections 1 and 2 located in the water-rich and fine
sand layer, their internal forces are also significantly greater than those on Section 3. Tak-
ing axial force as an example, the maximum axial forces of Sections 1 and 2 are 5846.2 kN
and 6062.4 kN, respectively, located at the side wall position. But the maximum axial force
of Section 3 is at the left wall foot, measuring 3366.2 kN. The bending moment distribution
of the three sections is similar, with the maximum positive bending moments occurring
at the arch foot position, measuring 208.7 kN-m, 248.1 kN-m, and 137.5 kN'm, and the
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maximum negative bending moments are all located at the center of the inverted arch,
measuring —127.2 kN-m, -105.6 kN'm, and -72.2 kN-m.

The safety factor of the lining calculated from Equations (1) and (2) shows that, in
Section 3, the safety coefficient of the lining structure shows a situation where the arch
crown and inverted arch are large and the side walls are small. In Sections 1 and 2, there
is a pattern where the inverted arches are small and the side walls and arch crown are
large. The safety factor calculated for Section 3 is significantly greater than the safety factor
for the secondary lining of Sections 1 and 2, and according to field monitoring results, the
safety factor of the tunnel lining is greater than the critical safety factor of 2.4 in the spec-
ifications. However, the safety margin for Sections 1 and 2 is insufficient, with the mini-
mum values only being 3.17 and 3.04, so during tunnel operation, due to the degradation
of structural mechanical properties such as cracking and water leakage, it is difficult to
ensure structural safety.

According to the statistical results of cracks during the operation period of Taitacun
Tunnel, although the structure is still in a safe condition, cracks have appeared in parts of
the lining, as shown in Figure 11. No water leakage occurred after subsequent repairs. It
can be seen that the safety margin of the lining structure is insufficient under the original
waterproof and drainage design parameters.

(a) (b)
Figure 11. Secondary lining cracks. (a) Mileage DK241 + 397; (b) mileage DK241 + 750

Through the field monitoring and research of the tunnel structure mentioned above,
it can be found that the internal force of the secondary lining structure of the tunnel in rich
water and weak strata is greater than that of the general lining structure, significantly af-
fecting the safety of the secondary lining structure. In addition, evaluating the safety of
lining structures through the above methods is complex and not convenient for engineer-
ing applications, Therefore, it is necessary to optimize the design of waterproof and drain-
age of tunnels, and propose a more applicable safety evaluation method.

3. Distribution Pattern of Lining Water Pressure and Waterproof and Drainage Design
during Operation Period

Most railway and highway tunnels require no seepage or leakage and must meet the
first-level waterproof standard. However, the geological environment of long and deep
tunnels built in mountainous areas is extremely complex, with groundwater levels con-
sistently higher than those of tunnels, and if the drainage network system has a weak
ability to relieve pressure on groundwater, its hydraulic effect will deteriorate the tunnel
structure during operation, causing tunnel cracking and seepage of water during
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operation. Therefore, analysis of the longitudinal blind pipe network of the tunnel ring
and studying the influence of head height (external factors) and internal factors (circum-
ferential blind pipe spacing) on the pressure relief capacity of drainage network systems
to determine the optimal spacing of circular drainage blind pipes are necessary conditions
for improving the waterproof and drainage performance of tunnels.

3.1. Establishment of a Numerical Model for Drainage Blind Pipe Seepage

To study the influence of drainage blind pipes on the stress distribution of lining
structures during tunnel operation, a numerical model was established as shown in Figure
12. The Y-axis of the model is the longitudinal direction of the tunnel, the Z-axis is the
burial depth direction, and the X-axis is the horizontal direction perpendicular to the tun-
nel. Considering boundary effects and model computational complexity, the distance
from the tunnel to the upper, lower, and left and right boundaries of the model is set to
be 50 m. Except for the top surface, radial constraints are applied to the other five surfaces,
with a tunnel burial depth of 150 m. An overlying load is applied to the top surface of the
model. The blue arrow in the figure represents boundary constraints, while the red arrow
represents the load applied to the top surface of the model

Grouting reinforcement ring

Initial support
- Circumferential drainage pipe
4 Secondary lining
50m N
» -
>
A3
50m
Longitudinal
drainage pipe
Z
I<:Y
X
(a) (b)

Figure 12. Model schematic diagram. (a) Schematic diagram of calculation model. (b) Schematic
diagram of drainage network layout.

As shown in Figure 12, the surrounding rock of the numerical model adopts a con-
stitutive model that meets the Mohr Coulomb yield criterion, and both the initial support
and secondary lining structures adopt isotropic elastic constitutive models. Considering
that the overall structure of the tunnel is subjected to water pressure, the groundwater
level is selected as three types: 20 m, 40 m, and 60 m, and assuming that the groundwater
level of the stratum where the tunnel is located remains unchanged in the calculation, the
spacing between the circumferential drainage blind pipes is set to 8 m. Finally, the physi-
cal, mechanical, and hydraulic parameters of each part of the numerical model are shown
in Table 1. Assign the parameters in the table to the numerical model and record the stress
situation of the lining under different groundwater levels.

Table 1. Parameters of surrounding rock and support structure.

Elastic Poisson’s  Cohesion, ¢
Modulus, Ratio, p (MPa)

Density, p Permeability

Friction, ¢ (°) (kg/m?)  Coefficient, K (cm/s)

Category
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E (GPa)

Mudstone 0.19 0.3 25 18 2000 —
Silty fine sand 0.07 0.35 0.0037 31 1837 8.76x10-
Initial support 3.4 0.2 — — 2300 1x10-¢

Secondary lining 31.5 0.2 — — 2500 —
Grouting area 0.8 0.31 0.12 35 2200 5x104

3.2. Water Pressure Distribution of Lining with Drainage Blind Pipe

The drainage structure system can have a direct impact on the water pressure behind
the tunnel lining. At the same time, the water pressure on the tunnel lining is also an im-
portant basis for evaluating the safety of the lining structure in water-rich strata. There-
fore, the numerical model established for the layout of drainage blind pipes with a spacing
of 8 m is taken as an example to study the stress characteristics and pore water pressure
distribution characteristics of the secondary lining under water heads of 20 m, 40 m, and
60 m. The results obtained through numerical calculations are shown in Figures 13-15.

©2019 Itasca Consulting Group, Inc. ©2019 Itasca Consulting Group, Inc.
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Figure 13. Cloud chart of water pressure behind the secondary lining with a groundwater level of
20 m above the arch (Unit: Pa). (a) Water pressure behind the secondary lining. (b) Water pressure
behind the inverted arch.
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Figure 14. Cloud chart of water pressure behind the secondary lining with a groundwater level of
40 m above the arch (Unit: Pa). (a) Water pressure behind the secondary lining. (b) Water pressure
behind the inverted arch.
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Figure 15. Cloud chart of water pressure behind the secondary lining with a groundwater level of
60 m above the arch (Unit: Pa). (a) Water pressure behind the secondary lining. (b) Water pressure
behind the inverted arch.

Based on the analysis of the calculation results of the water pressure distribution be-
hind the secondary lining in Figures 13-15, the following conclusions can be drawn.

The distribution of lining water pressure calculated through numerical simulation is
similar to the distribution of water pressure obtained from field monitoring, which shows
the characteristics of being small at the arch crown, large at the inverted arch, and gradu-
ally increasing water from the arch crown to the inverted arch. It proved the effectiveness
and authenticity of the established numerical model.

The arrangement of circumferential and longitudinal blind pipes can significantly
reduce the pore water pressure acting on the upper part of the lining. Due to the drainage
effect of the drainage pipe, the pore water pressure acting on the area closer to the drain-
age blind pipe becomes smaller. From the figure, it can be seen that the minimum value
of pore water pressure appears on both sides of the circumferential and longitudinal
drainage blind pipes. Correspondingly, in the area far away from the drainage blind pipe,
the pore water pressure in the area rapidly increases due to the weak drainage pressure
relief effect of the drainage blind pipe.

The maximum value of pore water pressure occurs at the middle side wall near the
arch foot of each circumferential blind pipe interval. Under the arrangement of drainage
blind pipes with a spacing of 8 m, the maximum pore water pressure on the outer side of
the upper secondary lining at water levels of 20 m, 40 m, and 60 m is 164.85 kPa, 334.75
kPa, and 506.05 kPa, respectively. The increase in pore water pressure from 20 m to 60 m
is 207%, and the maximum values are all less than the calculated water pressure of the
groundwater level line above the arch crown, which may indicate the arrangement of
drainage blind pipes can reduce the impact of water pressure rise caused by groundwater
level rise.

Comparing the pore water pressure of the lower inverted arch and the upper second-
ary lining, it can be seen that due to the lack of a layout of circular drainage blind pipes,
the pore water pressure acting on the inverted arch is significantly greater than that of the
upper secondary lining. Looking longitudinally along the tunnel, the arrangement of the
secondary-lining circumferential and longitudinal blind pipes did not result in a signifi-
cant decrease in pore water pressure at the same longitudinal position of the inverted arch
compared to other parts; that is, there was basically no change in pore water pressure at
the longitudinal direction of the inverted arch. It can be seen that under the spacing ar-
rangement of 8 m drainage blind pipes, the maximum pore water pressures on the outer
side of the inverted arch under the water level conditions of 20 m, 40 m, and 60 m are
278.53 kPa, 454.90 kPa, and 619.28 kPa, respectively, and the increase in pore water pres-
sure from 20 m to 60 m is 122%, and the pore water pressure values at the inverted arch
are greater than those of the upper secondary lining.
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water pressure / kPa

3.3. Research on the Reasonable Spacing of Drainage Blind Pipes in Tunnel during Operation
Period

Based on the established numerical model, to study the reasonable spacing of drain-
age blind pipes in tunnels during operation, we set the longitudinal blind pipes in the
tunnel drainage network system to be A100 drainage pipes. At the same time, in accord-
ance with relevant industry requirements, design specifications related to waterproof and
drainage design, and the actual difficulty of engineering construction, in numerical calcu-
lations, a total of 15 different operating conditions are set up under different conditions of
circumferential blind pipe spacing and groundwater levels. The specific arrangement of
the spacing between circumferential blind pipes is shown in Table 2.

Table 2. Numerical simulation conditions.

Distance between Circular Overburden Water Level on

Working Condition Drainage Blind Pipes the Arch
1 3m
2 5m 20m
3 8m 40 m
4 12m 60 m
5 15m

3.3.1. Distribution of Lining Water Pressure under Different Spacing of Drainage Blind
Pipes

Based on the set operating conditions, the pressure relief effect of drainage blind
pipes with different spacing on the external water pressure of the lining structure is stud-
ied through analyzing the changes in water pressure behind the lining structure under
different operating conditions. According to relevant research, over 20% of tunnels are
mainly characterized by water leakage at the arch crown [22]. Therefore, this study mainly
focuses on the arch as the research object. In numerical calculations, the pore water pres-
sure on the outer side of the secondary lining at the arch crown was recorded under dif-
ferent circumferential blind pipe spacing, and we drew a curve of pore water pressure at
the arch crown with different blind pipe spacing along the longitudinal direction of the
tunnel, as shown in Figure 16.
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Figure 16. Distribution of water pressure at different water head heights and blind pipe spacing: (a)
3 m spacing; (b) 5 m spacing; (c) 8 m spacing; (d) 12 m spacing; (e) 15 m spacing.

Through the analysis of Figure 16, it can be seen that under different groundwater
levels (20 m, 40 m, 60 m), as the spacing of the circumferential blind pipes increases, the
pore water pressure at the arch crown within the interval gradually increases, and the
peak water pressure appears near the middle of the interval. Taking the overlying water
level of 60 m above the arch as an example, under the condition of blind pipe spacing of 3
m, the maximum pore water pressure at the arch top is 408.98 kPa, and taking the overly-
ing water level of 60 m above the arch as an example, under the condition of blind pipe
spacing of 3 m, the maximum pore water pressure at the arch top is 408.98 kPa. In addition,
it can be seen that when the spacing between drainage blind pipes is small, the greater the
decrease in water pressure at the unit axial distance from the blind pipe to the middle of
the interval. Taking the overlying water level of 60 m above the arch as an example, under
the condition of blind pipe spacing of 3 m, the average decrease in water pressure at the
arch top per unit distance is 272.6 kPa, and when the spacing between drainage blind
pipes increases to 15 m, the average decrease in water pressure at the arch crown per unit
distance is 72.8 kPa. Meanwhile, through calculations, we can obtain the curve of the av-
erage water pressure of the secondary lining and inverted arch under different working
conditions of the spacing between drainage blind tubes, as well as the variation curve of
the average water pressure with the spacing between drainage blind tubes and the
groundwater level, as shown in Figure 17.
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Figure 17. Curve of water pressure on lining surface as a function of drainage blind pipe spacing
under different groundwater levels. (a) Average water pressure on the surface of the arch crown. (b)
Average water pressure on the surface of the inverted arch.
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As shown in Figure 17, through arranging circular and longitudinal drainage blind
pipes, the water pressure acting on the surface of the secondary lining of the tunnel is less
than the calculated water pressure to the groundwater level. This is because some of the
groundwater on the surface of the secondary lining of the tunnel can be discharged
through the drainage system, thereby reducing the average water pressure acting on the
upper secondary lining and inverted arch. In addition, under the conditions of different
water levels above the arch crown, the water pressure on the tunnel lining structure varies.
The increase in groundwater level leads to an increase in the calculated water pressure
from the surface of the secondary lining to the water level line, resulting in an increase in
the pore water pressure of the surrounding rock around the tunnel, which causes the av-
erage water pressure acting on the surface of the lining structure will increase accordingly.

The analysis results indicate that if we want to achieve good pressure reduction
through drainage, we should moderately reduce the spacing of drainage blind pipes.
However, from the actual construction situation, designing overly dense spacing between
circumferential blind pipes not only increases construction difficulty, but also increases
engineering expenses, which does not meet the requirements of economy. Therefore, it is
necessary to explore the optimal layout spacing of circular drainage blind pipes accord-

ingly.

3.3.2. The Influence of the Spacing between Drainage Blind Pipes on the Water Pressure
of the Lining

Due to the uneven distribution of water pressure behind the lining along the tunnel’s
circumferential and longitudinal directions, it is difficult to evaluate the pressure relief
capacity of circular blind pipes with different spacing. So this article proposes the average

water pressure P, comparing the average water pressure in initial state P , with the
P p

average water pressure after blind pipe application l_jp1 to get the average pressure re-
duction coefficient ¢ .

The average pressure reduction coefficient ¢ can evaluate the weakening ability of
blind pipes with different spacing on the water pressure behind the secondary lining. The
smaller the coefficient ¢, the greater its pressure relief capacity, and the smaller the re-
sidual pore water pressure behind the secondary lining.

The specific formula is as follows:

Pzi x Szi
s "’
Szi
(5=E (4)
P,

In the formula, 1_9p is the average water pressure; @ is the average pressure reduc-
tion coefficient; I_DP , isthe average water pressure in initial state; I_JP1 is the average water
pressure after blind pipe application; P,

water facing area of unit i; Szi = unit volume/unit thickness.

is the pore water pressure of unit i; S is the

Based on the average value of the water pressure acting on the surface of the second-
ary lining when the drainage blind pipe is arranged, which is obtained through numerical
simulation, we can calculate the pore water pressure acting on the secondary lining sur-
face when the blind drain is not arranged, calculate the corresponding reduction factor of
the external water pressure of the lining under various working conditions @ , and obtain



Buildings 2023, 13, 2499

16 of 28

the water pressure reduction coefficient of the lining surface under different working con-
ditions. From this, the variation curve of the water pressure reduction coefficient with the
distance between the circumferential blind pipes under different groundwater level con-
ditions can be plotted, as shown in Figure 18.

[—o—20m —0—40m —0—60m|

Reduction coefficient
Reduction coefficient

3 5 8 12 15
Drainage blind pipe spacing / m

(a) (b)

Figure 18. Change curve of water pressure reduction coefficient. (a) Reduction coefficient of water
pressure on the surface of the arch crown. (b) Reduction coefficient of water pressure on the surface
of inverted arch.

Drainage blind pipe spacing / m

Through analyzing Figure 18, the following conclusions can be drawn.

Due to the arrangement of circular drainage blind pipes, the reduction coefficient of
external water pressure in the upper part of the tunnel is significantly smaller. Under the
condition of constant groundwater level, the reduction coefficient of external water pres-
sure on the surface of the secondary lining under the spacing condition of each circumfer-
ential blind pipe is relatively small. Taking the condition of 60 m water level above the
arch as an example, the maximum reduction coefficient of external water pressure on the
surface of the secondary lining is 0.365, and the minimum is 0.294. The arrangement of
circumferential blind pipes significantly reduces the average water pressure on the surface
of the secondary lining. It can be seen that the surface water pressure can be effectively
reduced using circumferential blind pipes, and the arrangement of blind pipes has good
unloading capacity for external water pressure. Correspondingly, compared to the upper
secondary lining, the drainage blind pipe has a weaker unloading capacity for the external
surface water pressure of the inverted arch. Taking the 3 m blind pipe spacing as an ex-
ample, during the process of increasing the water level above the arch from 20 m to 60 m,
the reduction coefficients of external water pressure at the inverted arch are 0.723, 0.727,
and 0.738, which are much greater than the reduction coefficients of water pressure at the
arch crown.

Under the same circumferential blind pipe spacing conditions, the influence of
groundwater level height on the water pressure reduction coefficient of the lining surface
is relatively small. Taking the 3 m distance between circumferential drainage blind pipes
as an example, during the process of increasing the water level above the arch from 20 m
to 60 m, the water pressure reduction coefficients on the surface of the secondary lining
are 0.285, 0.293, and 0.294, with an increase of 2.81% and 0.34%, respectively. The reduc-
tion coefficients of water pressure on the surface of the inverted arch are 0.723, 0.727, and
0.738, with an increase of 0.55% and 1.51%, respectively. From the results, it can be seen
that the increase in water level above the arch crown has little effect on the reduction co-
efficient of water pressure on the lining surface, which can be almost ignored.

The change in the spacing arrangement of blind pipes for circumferential drainage
will have an impact on the reduction coefficient of water pressure on the surface of the
secondary lining. As the distance between blind pipes in circumferential drainage
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0.36

increases, the unloading effect of blind pipes on water pressure becomes weaker, and the
reduction coefficient of water pressure on the surface of the secondary lining becomes
larger. Taking the condition of a water level 60 m above the arch as an example, when the
spacing between the circumferential drainage blind pipes is 3 m, the reduction coefficient
of water pressure on the surface of the secondary lining is 0.294, and as the distance be-
tween the circumferential drainage blind pipes increases, the reduction coefficient de-
creases in sequence. When the distance between the circumferential drainage blind pipes
reaches 15 m, the reduction coefficient of water pressure on the surface of the secondary
lining increases to 0.365, an increase of 24.1%. However, due to the fact that the circum-
ferential blind pipe is not arranged at the inverted arch, the change in spacing has minimal
impact on the reduction coefficient of external water pressure on the surface of the in-
verted arch, and the change in external water pressure on the surface of the inverted arch
is not significant. Taking the overlying water level of the arch as an example, during the
process of increasing the circumferential drainage blind pipe from 3 m to 15 m, the in-
crease in the reduction coefficient of water pressure on the surface of the inverted arch is
only 2.1%, far less than the 24.1% of the secondary lining arch crown.

3.3.3. Determination of the Optimal Spacing between Drainage Blind Pipes

According to the calculation and analysis, there must be reasonable spacing for the
layout of blind pipes in the tunnel drainage system. Under this spacing condition, the
drainage system not only has strong unloading capacity, but also does not cause construc-
tion difficulty and high cost due to dense spacing. Therefore, a point at the situation of the
secondary lining of a tunnel usually produces cracks and seepage at the arch crown. We
analyzed the water pressure reduction coefficient curve on the surface of the secondary
lining to determine the optimal spacing of drainage blind pipes under different ground-
water levels, as shown in Figure 19:
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Figure 19. Change curve of water pressure reduction coefficient: (a) 20 m water level; (b) 40 m water
level; (c) 60 m water level.

Find the intersection point of the straight line corresponding to the slope of the curve
through the slope of the multi-point connecting line at both ends. The abscissa corre-
sponding to this intersection point is the optimal blind pipe spacing value. And the anal-
ysis of the external water pressure reduction coefficient curve of the secondary lining
shown in Figure 19 shows that during the process of densifying the layout of the circum-
ferential drainage blind pipe, there is a turning point in the external water pressure curve
of the secondary lining surface, which means that a slight densification of the circumfer-
ential blind pipe will cause a sharp decrease in the water pressure reduction coefficient.
Therefore, at this point, it can be considered that the circumferential blind pipe spacing
corresponding to this inflection point is the optimal layout spacing. At the same time, the
inflection points under the water levels of 20 m, 40 m, and 60 m above the arch crown were
obtained at 7.6 m, 7.9 m, and 8.2 m, respectively. However, due to the fact that in practical
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engineering, the spacing between circumferential blind pipes is generally taken as an in-
teger, the reasonable layout spacing of tunnel circumferential blind pipes during this op-
erating period should be taken as 8 m.

Relevant literature was consulted when determining the spacing conditions. The re-
search range of circumferential blind pipe spacing in these articles covers 3~10 m [23,24].
In addition, the circumferential blind pipe spacing of some water-rich tunnels is even 5 m
[9], such as the Tiegalishan tunnel [8]. Therefore, the circumferential blind pipe spacing
finally determined in this article is within a reasonable range.

The material of the circumferential blind pipe is PVC, which is relatively low-priced
and easy to lay out. The density of circumferential blind pipes has little impact on the
overall cost of the tunnel project. Moreover, the optimal circumferential blind pipe spac-
ing determined in this article is only for the waterproof and drainage design of water-rich
silty fine-sand-stratum sections, not for the entire tunnel. Adopting smaller blind tube
spacing in special sections is more economical than repairing the structure after problems
occur during the tunnel operation period. The economy of this plan is reasonable.

4. Study on the Safety of the Optimal Blind Pipe Spacing Secondary Lining during
Operation Period

4.1. Bending Moment—Curvature Calculation Method

The bending moment-curvature relationship of support structures is commonly cal-
culated using the fiber strip method. The fiber strip method is to divide the cross-section
of reinforced concrete into several rectangular “strips” of the same area that are small
enough based on the principle of differentiation, and at the same time, it is assumed that
the strain within each long strip area is the same. Calculate the strain of each strip through
the curvature of the structural cross-section, and then obtain its corresponding axial force
through the constitutive relationship of the structure. Using the principle of superposition,
the bending moment and axial force of each strip in the cross-section of the supporting
structure component are concentrated to obtain the bending moment and axial force val-
ues acting on the overall component cross-section, and then the ultimate curvature of the
component is obtained.

The internal force of the secondary lining structure of the tunnel during the operation
period must be calculated in order to ensure the accuracy of the calculation results and
simplify the calculation. Therefore, based on the commonly used assumption of a flat sec-
tion in the calculation of reinforced concrete structures, the calculation is carried out. This
method is based on the following: 1. The assumption of flat section; 2. neglecting the slip
between steel bars and concrete; 3. neglecting the shear effect inside the component.

Based on the assumption of a flat section and the principles of material mechanics,
the strain value at any point on the interface of reinforced concrete can be calculated using
the following formula:

e~ ©)
gaho

= 6

£, p (6)

In the formula, € is the strain at any point of the component cross-section; y is the

. : 1
distance from any part of the component section to the neutral axis; — 1is the curvature

P
of the neutral layer of the component cross-section; &. is the strain of concrete at the edge

of the compression zone of the component; & is the height of the relative boundary com-

pression zone; i, is the section height.
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According to Formulas (5) and (6), it can be inferred that the strain at any point in the
cross-section of reinforced concrete components is directly proportional to its distance
from the neutral axis.

For the calculation of reinforcement, Formula (7) is used to define the stress—strain
constitutive curve of reinforcement. The stress—strain curve is shown in Figure 20.
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Figure 20. Stress—strain curve of steel bars.

In the formula, o

s

is the steel stress; E_ is the elastic modulus of steel bars; ¢, is
the steel strain; fyl, is the calculation of the yield strength value of steel bars; €, is the

strain value at the starting point of the steel bar hardening section; &, is the peak strain

of steel bars corresponding to the ultimate strength value of steel bars.
The uniaxial stress—strain constitutive relationship curve of concrete in the compres-
sion zone is determined according to Formulas (8)-(12). The stress—strain curve is shown

in Figure 21.
o=(1-d)Ee ®)
n—-1+x"
q = A )
- — x>1
o (x=1)" +x
Jfor
pc - EEEC,V (10)
ECgC r
n=——— a1
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Figure 21. Uniaxial stress—strain curve of concrete.

In the formula, d_ is the evolution parameters of concrete under uniaxial compres-
sion; ¢ is the parameters of the descending section of the stress—strain curve of concrete

under uniaxial compression; f,  is the uniaxial compressive strength value of concrete;

€., is the peak compressive strain of concrete.

Based on the curvature, the stress at any point on the cross-section of the component
can be calculated using the stress—strain constitutive relationship formula between steel
bars and concrete, and the axial force and bending moment of the section can be calculated
from this. Next, calculate the curvature of the reinforced concrete structural section based
on the set constitutive relationship of reinforced concrete; the specific calculation
flowchart is shown in Figure 22. First, the axial force and strain are randomly given based
on the division of the strip. The axial force calculated based on the strain is compared with
the given axial force to calculate the strain. Then, the curvature is calculated to determine
whether it is damaged. If it is damaged, the strain and axial force are the limit values.
Otherwise, the axial force is given again, and the above iterative calculation is performed.
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Figure 22. Calculation logic diagram of curvature-bending moment method.
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The secondary lining of the tunnel is designed as water-pressure-resistant lining. The
lining is made of a C35 reinforced concrete structure with a thickness of 0.65 m. The steel
bars of the secondary lining components are HRB400 with a spacing of 20 cm, and the
thickness of the protective layer of the steel bars is 5.5 cm. For the convenience of calcula-
tion, the calculation model takes a width of 1 m, and the adopted calculation model is
shown in Figure 23. According to the calculation, the corresponding relationship between
the bending moment and curvature transformation under different axial force conditions
can be obtained. The bending moment-curvature relationship corresponding to different
axial forces can be plotted as a curve as shown in Figure 24.
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Figure 23. Schematic diagram of calculation model (unit: mm).
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Figure 24. Bending moment—curvature relationship curve under different axial forces.

From Figure 24, it can be seen that there is a clear correlation between the bending
moment and curvature corresponding to each axial force. Within a certain range, as the
curvature increases, the bending moment shows a linear growth trend, indicating that the
reinforced concrete components are in an elastic state at this stage. When the curvature
increases to a certain value, the growth rate of the bending moment suddenly decreases,
and then the bending moment hardly increases. The curve enters a horizontal state, indi-
cating that the reinforced concrete component has already yielded and entered the plastic
stage at this time. Therefore, this turning point can be considered as the yield point of the
reinforced concrete components. After the component enters the plastic stage, it can be
seen that the increase in curvature will not cause any further changes in the bending mo-
ment until the ultimate curvature. In addition, there is a negative correlation between the
ultimate curvature and axial force, meaning that the ultimate curvature gradually de-
creases with the increase in axial force. A part of the calculation results of ultimate curva-
ture and ultimate strain of lining structures under different axial forces can be summa-
rized as shown in Table 3.

Table 3. Ultimate strain and curvature under different axial forces.

Axial Force (kN) 1500 2000 2500 3000 3500

Ultimate Curvature (10-2) 3.74 2.84 2.25 1.90 1.63

Ultimate strain of bottom plate (10-3) 4.37 4.38 4.38 4.89 4.06
Depth of compression zone (m) 0.1159 0.1541 0.1923 0.2578 0.2492

From Table 3, it can be seen that with the increase in axial force, the height of the
compression zone of concrete components continuously increases; that is, the area of the
compression zone of the component increases with the increase in axial force. At the same
time, the calculated values of the ultimate strain of reinforced concrete components are
greater than the specified ultimate compressive strain of concrete, indicating that the lin-
ing structure may first experience concrete crushing failure under bending moment ac-
tion.

4.2. Numerical Simulation of Secondary Lining Safety Based on Bending Moment—Curvature

In engineering practice, due to the fact that technical personnel are usually unable to
obtain accurate stress—strain parameters on site, they can only obtain limited relationship
curves based on monitoring, such as the relationship between torsion angle and torque,
the relationship between bending moment and rotation angle, and the relationship
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between axial force and strain. The harsh monitoring conditions greatly hinder the moni-
toring of structural safety on the construction site. However, the ADINA finite element
calculation software has its unique advantages in nonlinear calculations. It provides a sim-
ple method for directly defining the nonlinear properties of beam element materials:
bending moment-curvature beams.

The characteristics of bending moment-curvature beams make them very suitable for
simulating reinforced concrete structures in engineering, and they can better simulate the
deformation and nonlinear characteristics of reinforced concrete lining under soil and wa-
ter pressure. Thus, the calculation results of plastic curvature, axial force, and bending
moment of the beam element can be obtained, which is convenient for studying the inter-
nal force of the reinforced concrete lining structure.

4.2.1. Establishment of Bending Moment—Curvature Beam Model

Generally speaking, the secondary lining is the last line of defense for tunnel water-
proofing, and the safety of the secondary lining determines the long-term usability of the
tunnel structure. Based on the characteristics of bending moment—curvature beams, the
finite-element numerical simulation method is used to study the internal force and safety
of the secondary lining structure of the tunnel during operation under the optimal drain-
age network layout. The specific numerical calculation parameters are shown in Table 4.

Table 4. Numerical calculation parameters table.

Category Elastic Modulus Poisson’s  Cohesion Friction Density Unit Type
E (GPa) Ratio y CMPa) @)  pkg/m?)
Rock 0.07 0.35 0.0037 31 1837 Plane-strain Unit
Curtain grouting area 0.8 0.31 0.12 35 2200 Plane-strain Unit
Initial support 28 0.2 - - 2300 Plane-strain Unit
Secondary lining 31.5 0.2 - - 2500 Elastic Unit
. Bending moment-—
Secondary lining - - - - - Curvature Unit

In numerical calculations, the plane strain element is used to simulate the surround-
ing rock and initial support structure. The bending moment-curvature beam element and
elastic beam element are respectively used to simulate the secondary lining for compara-
tive analysis. The construction of tunnel excavation and support structures is simulated
through defining the unit life and death at different times. The left and right boundaries
of the calculation model are taken as 50 m from the side of the tunnel, and the distance
from the bottom of the model to the bottom of the tunnel is 40 m. The overlying load is
applied to the top of the model using a uniformly distributed load method. The specific
calculation model is shown in Figure 25.

PZ—-0>

>Z—0>

(a) (b)
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Figure 25. Schematic diagram of numerical calculation model. (a) Overall calculation model. (b)
Beam unit second lining drawing.

The water pressure behind the secondary lining is directly applied by an external
force vector. The specific values of the water pressure behind the secondary lining and the
inverted arch are calculated using numerical methods and the average water pressure be-
hind the lining during the operation period under the condition of reasonable drainage
blind pipes. The water pressure on the top of the lining arch is 146.8 kPa, and the water
pressure on the surface of the inverted arch is 388.6 kPa.

4.2.2. Numerical Calculation Results and Analysis

Through numerical calculation, the calculation results of the secondary lining struc-
ture defined by the bending moment—curvature beam and elastic beam under a simulated
water-rich environment are shown in Figures 26 and 27.
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Figure 26. Cloud chart calculation results of elastic beam materials. (a) Elastic beam material dis-
placement cloud map. (b) Stress nephogram of elastic beam material.
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Figure 27. Calculation results of moment-curvature beam material cloud map. (a) Bending mo-
ment—curvature beam material displacement cloud chart. (b) Bending moment—curvature beam ma-
terial stress cloud chart.

Through calculating the secondary lining element using the bending moment—curva-
ture beam element and elastic beam element, respectively, it can be seen that the displace-
ment and stress fields calculated using the bending moment-curvature beam element and
elastic beam element are similar; that is because the material properties represented by
the bending moment—curvature beam element and the elastic beam element are the same,
so the overall results can be consistent. Extract the internal forces of the key parts of the
secondary lining structure from the calculation results of elastic beam materials and bend-
ing moment—curvature beams, and draw internal force diagrams. According to the rele-
vant provisions of Formulas (1) and (2) for the safety calculation of tunnel lining, the
strength of the secondary lining structure is checked, and the safety coefficients of each
key point are obtained as shown in Figure 28.

= Flastic beam 15.02
mmm Bending moment curvature beam 1415
. Safety factor limit (2.4) !
5.61 5.61
646 TSI 6.46
6.52
7.56
(b) (c)

Figure 28. Internal force and safety factor of lining structure under different calculation methods.
(a) Axial force (unit: kN); (b) bending moment (kN-m); (c) safety factor.

However, in terms of structural internal forces and internal force distribution, bend-
ing moment-curvature beams show differences compared to elastic beam elements. The
axial force and bending moment of each key part of the elastic beam element structure are
slightly larger than the calculation results of the bending moment-curvature beam ele-
ment, while the internal force distribution of the bending moment—curvature beam ele-
ment structure is more uniform than that of the elastic beam element. The calculation re-
sults show that the peak values of bending moment and axial force in the bending mo-
ment-curvature beam element and elastic beam element occur at the side wall and arch
foot, respectively, and in the calculation results of the bending moment—curvature beam
element, the maximum axial force is 3592.1 kN, which is 82.6% of the elastic beam condi-
tion, and the maximum bending moment is 97.5 kN-m, which is 61.2% of the elastic beam
condition.

The safety factor calculation shows that the weak part of the secondary lining of the
tunnel during the operation period is at the side wall, where the minimum safety factor
of the bending moment—curvature beam element is 5.02, which is greater than that of the
elastic beam element, 4.15, and all of them meet the regulations that the safety factor value
is greater than 2.4, which means that the secondary lining is in a safe state. The calculation
results indicate that through defining the relationship between the internal force and de-
formation of the structure to define the material, the bending moment—curvature beam
element can better simulate the stress deformation characteristics of the lining structure.

The above results were compared and analyzed with the distribution rules of the in-
ternal force and safety factor of the lining structure before the optimized design of
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waterproofing and drainage. It can be seen that the internal force distribution law of the
lining structure under the optimal circumferential blind pipe spacing obtained through
numerical simulation is similar to the on-site monitoring results. Under optimal blind pipe
spacing, the drainage performance of the tunnel is better. The water pressure on the lining
is reduced, which in turn makes the axial force of the lining structure smaller. Likewise,
the overall bending moment of the lining structure is reduced. The minimum safety factor
of the structure has changed from the original 3.04 and 3.17 to 5.02. Overall, the optimized
structural stress state and safety are better.

The secondary lining safety evaluation method proposed in this article based on the
bending moment-curvature method can directly calculate the internal force of the lining
structure through the curvature of the lining structure, thereby evaluating its safety. In the
practical application of this method, there is no need to embed sensors in the lining in
advance to obtain the internal force of the structure. During tunnel construction and op-
eration, the curvature changes of the lining structure can be monitored to evaluate struc-
tural safety.

5. Conclusions

This paper is based on the monitoring of water pressure, soil pressure, and structural
internal forces in Taidacun Tunnel. The safety of the lining structure in the section of rich
water, fine sand, and powder was evaluated using a numerical simulation method, the
simulation of fluid structure coupling interactions under different water head heights, and
circumferential blind pipe spacing conditions to determine the optimal circumferential
blind pipe spacing. Furthermore, we analyzed the mechanical response of the lining struc-
ture under the optimized waterproof and drainage design system conditions. The main
achievements of this study are as follows:

1. The structure of the Taidacun Tunnel bears significant soil and water pressure, espe-
cially in sections of water-rich and fine sand formations. The distribution pattern of
soil pressure is characterized by a large arch crown and inverted arch compared to
small side walls. The maximum earth pressure reaches 751.6 kPa. The water pressure
gradually increases from the arch crown to the inverted arch, with the maximum
water pressure reaching 359.2 kPa. The safety factor at the side wall of the tunnel
lining in the water-rich and fine sand layer is relatively small, but the safety factors
at all parts meet the specification requirements.

2. The minimum value of water pressure calculated through numerical simulation ap-
pears on both sides of the circumferential and longitudinal drainage blind pipes. At
water levels of 20 m, 40 m, and 60 m, the maximum pore water pressures on the outer
side of the secondary lining are 164.85 kPa, 334.75 kPa, and 506.05 kPa, respectively,
and the calculated water pressure is smaller than the groundwater level line above
the arch, which explicates that the installation of drainage blind pipes can reduce the
maximum water pressure borne by the lining structure.

3. Through introducing the average pressure reduction coefficient index, the influence
of the spacing of circumferential blind pipes on the water pressure borne by the lining
was explored, and the optimal spacing of circumferential blind pipes in the water-
rich area of the Taidacun Tunnel was determined to be 8 m. The pressure reduction
coefficient at the arch crown is significantly greater than that at the inverted arch. The
pressure reduction coefficient at the secondary lining arch crown is 0.29~0.37, and the
pressure reduction coefficient at the inverted arch is 0.72~0.78.

4. A more practical safety evaluation method for secondary lining is proposed based on
the bending moment—curvature beam model. Under the optimal spacing of drainage
blind pipes, the bending moment—curvature beam can better characterize the me-
chanical characteristics of the secondary lining during the tunnel operation period,
and the calculated internal force is smaller than that of the elastic beam calculation
results. The safety factors of the secondary lining calculated using both methods are
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greater than the specified minimum value of 2.4, and the minimum safety factor of
the bending moment-curvature beam is 5.02, which is greater than 4.15 of the elastic
beam element.
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