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When a super-large diameter shield tunnel passes through a strongly karst-developed area, in order to ensure the stability of the
tunnel and economy of karst reinforcement, the reasonable treatment range for a huge number of karst caves needs to be
researched. Based on a karst treatment project of a shield tunnel with a diameter of 14.5m, this paper studies the influence of
intrusive fully filled karst caves on the stability of the lining and excavation face by using theoretical calculation. In addition, the
safe distance between the tunnel and karst caves outside the tunnel is proposed through numerical simulation, and the corre-
sponding treatment range is obtained. The results show that the bearing capacity of the lining has a certain reserve when the
intrusive cave is smaller than a certain size, and the caves filled with plastic or hard plastic clay have sufficient antifracturing ability.
Therefore, some small fully filled caves inside the tunnel profile can be left unreinforced. On the other side, the critical safe distance
is only 1–2m for the caves with a size of 3m, so the outside caves with a size less than 3m can be left unreinforced in the treatment
range farther away from the tunnel. The proposed treatment range is close to similar projects that have been built, indicating that
analysis results are reasonable.

1. Introduction

With the development and utilization of the urban under-
ground space, a large number of shield tunnels run through
the karst geological areas. Most of the typical karst products
such as karst caves are extremely concealing, which can easily
induce engineering disasters including shield machine head
drooping, surface karst collapse, water inrush, and so on [1].
Therefore, it is no exaggeration that the karst caves have
become a serious threat to shield tunnel excavation projects
[2, 3]. Furthermore, the number of encountered karst caves is
huge for super-large diameter shield tunnels in strongly
karst-developed strata, and the tunnel construction faces a
greater threat. In order to deal with these threats, karst caves
that have high collapse potential need to be treated prior to
the tunnel construction [4]. Hence, the reasonable treatment
range must be determined considering the stability of the
tunnel and the cost of the karst cave treatment.

In the current study about shield tunnels, a tunnel diam-
eter of 6–8m is generally defined as a medium diameter [5], a
tunnel diameter of 8–12m is defined as a large diameter, and
a tunnel diameter of more than 12m is defined as a super-
large diameter [5–7]. A lot of research has focused on the
treatment range of medium-diameter shield tunnels, includ-
ing theoretical analysis [8–11], empirical analogy [12–17],
and numerical simulation [18, 19]. Sun [8] and Liu et al.
[9] deduced a formula for the safe distance between karst
caves and the tunnel by using the limit analysis upper bound
method, and the treatment range was calculated based on a
shield tunnel project of Jinan metro. Li et al. [10] determined
the treatment range of the different types of karst caves for a
cross-sea shield tunnel of Dalian metro line 5, combined with
the analysis of the grouting reinforcement and collapsed
arch. Based on a shield tunnel project of Changsha metro
line 1, Long [11] estimated the safe thickness of the rock
mass between karst caves and the tunnel by the approximate

Hindawi
Advances in Civil Engineering
Volume 2024, Article ID 9994801, 15 pages
https://doi.org/10.1155/2024/9994801

https://orcid.org/0000-0002-5899-2423
mailto:16115290@bjtu.edu.cn
https://creativecommons.org/licenses/by/4.0/


analysis method of the structural mechanics. In terms of the
empirical analogy, most of the studies are based on similar
engineering cases in specific areas to explore the size of the
treatment range. According to the engineering conditions
and relevant specifications, the scholars formulated the treat-
ment principles of karst caves for shield tunnels, and then the
treatment range was put forward by referring to the con-
struction experience of each region [12–17]. In terms of
the numerical simulation, Wang et al. [18] used FLAC3D
to study the influence of geometric parameters and filling
degree of karst caves on the safe thickness of the rock
mass, and a safe distance prediction model for Wuhan metro
line 6 was obtained. Based on a shield tunnel project in
Nanning, Xie [19] applied numerical simulation to analyze
the effect of some parameters on the safe distance between
karst caves and the tunnel.

In general, the safe distance for the caves outside the
tunnel can be determined by a simplified method of struc-
tural mechanics or numerical simulation. Furthermore, the
treatment range was usually determined by the safe distance.
However, the above method ignores the effect of the caves
intruding into tunnels, and the intrusive caves within the
obtained range are required to be treated. At present, there
are few reports about the treatment range of super-large
diameter shield tunnels.

Table 1 summarizes the treatment range from previous
studies [14, 19–23]. As can be seen in Table 1, the bottom
boundary of the treatment range is mostly 1.0D (D is the
outer diameter of the tunnel) away from the tunnel profile,
other boundaries are 0.5D away from the tunnel profile, and
caves within the range must be reinforced. This treatment
range is also adopted for some large diameter shield tun-
nels [24].

This paper is based on a karst treatment project of the
shield tunnel with a diameter of 14.5m located in strongly
karst-developed strata. With reference to the abovemen-
tioned treatment range, the number of reinforced caves in
the background project of this paper will exceed 700. If the
drilling of grouting reinforcement is carried out at 2m inter-
vals, the total drilling length reaches 300,000m, which will
cost a lot in the process of karst cave reinforcement.

For some small fully filled karst caves, even if they
intrude into the tunnel, the stability of shield linings is less
affected [25–27]. In addition, karst caves have little effect on
the stability of surrounding rock when the thickness of the
rock mass between the shield tunnel and karst caves is suffi-
cient [8–11, 19, 20]. The cost of reinforcement can be effec-
tively reduced when the karst caves of the above two types
are not treated (Figure 1). In this regard, this paper analyzes
the influence of fully filled caves intruding into the tunnel
and caves outside the tunnel. Then, the type of caves that can
be nontreated and a reasonable treatment range is studied for
a super-large diameter shield tunnel.

2. Project Overview

2.1. Introduction to Project. The lining of a super-large diam-
eter shield tunnel in Wuhan has an inner diameter of 13.3m,

an outer diameter of 14.5m, a ring width of 2m, and a ring
thickness of 0.6m. The slurry shield with a diameter of 15.09
m is proposed for the construction. The tunnel will pass
through the karst development area in the mileage DXK5
+ 400∼DXK6+ 400 and QXK5+ 385∼QXK6+ 395 sec-
tions, totaling about 2,010m. The buried depth of the tunnel
roof is 10–25m.

According to the geotechnical investigations, Carbonif-
erous, Permian, and Triassic limestones are widely distrib-
uted in the site, covered with filling soil, silty clay, and red
clay. Dissolution fissures that develop in the limestone, karst
caves, and water-eroded grooves are present in the local
areas. The average depth of the surface water in the site is
about 3m, and the deepest depth is about 5m. The main
types of groundwater are perched water, fissure water, and
karst fracture water. The geological profile of the background
project is shown in Figure 2.

2.2. Karst Development Characteristics. In order to find out
the karst development characteristics in the shield crossing
sections, an exploration method combining drilling and geo-
physical prospecting was adopted. The field exploration
shows that the karst development degree of the site is strong,
as shown in Figure 3. A total of 739 karst caves were exposed
in the exploration, and the karst cavity discovery rate was
76.3%. According to the exploration results, the height of
94.7% of caves is within 7.25m. The number of caves intrud-
ing into the tunnel is large, accounting for 52.4% of the total.
The distribution of the distance between caves and the tunnel
is relatively discrete, and the distance is mostly within 7.25m.
Shallow caves are mostly half or fully filled, and deep-buried
caves are mostly without filling. The filling materials are red
clay or gravelly clay. The statistics of caves are shown in
Tables 2–4.

3. Analysis of Influence of Fully Filled Cave
Intruding into Tunnel

The boundary condition and stress state of surrounding rock
will be affected when karst caves intrude into the tunnel
profile. Therefore, this chapter mainly analyzes the influence
of intrusive caves on the stability of the lining and excavation
face, and the type of caves that can be nontreated is
determined.

3.1. Analysis of Influence of Intrusive Cave on Lining. The
effect on the lining is greatest when intrusive caves are within
the lining range. The boundary conditions of the lining in
cave parts are different from the other parts (Figure 4). This
will change the surrounding rock pressure that should be
evenly distributed on the structure [28, 29].

Among the calculation and evaluation methods of lining
safety, there are the load-structure method, stratum-
structure method, etc. The stratum-structure model takes
into account the self-stabilizing ability of the surrounding
rock, and the calculated internal force of the lining is gener-
ally smaller. For safety reasons, the influence of intrusive
caves on the lining is studied on the basis of the load-
structure model.
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TABLE 1: Treatment range of shield tunnel with a diameter of about 6m.

Engineering case Tunnel outer diameter (m) Karst cave development Treatment range

Shield tunnel of Guangzhou metro
line 9 (data from Qian [14])

6
There are 132 karst caves, including 93
unfilled karst caves, 39 half filled and fully
filled karst caves

Tunnel
3 m 3 m

3 m

5 m

Shield tunnel of Nanning metro
line 3 (data from Xie [19])

6
There are 178 karst caves, including five
unfilled karst caves, 66 half filled karst
caves, and 107 fully filled karst caves

Tunnel
3 m 3 m

3 m

5 m

Shield tunnel of Shenzhen metro
line 16 (data from Zhang [20])

6.2
There are 258 karst caves, including 220
unfilled karst caves, 38 half filled and fully
filled karst caves

Tunnel
3 m 3 m

3 m

5 m

Shield tunnel of Kunming metro
line 4 (data from Liu et al. [21])

6.2
There are 219 karst caves, including 44
unfilled and half filled karst caves and 175
fully filled karst caves

Tunnel
3 m 3 m

3 m

6 m

Shield tunnel of Wuhan metro
line 27 (data from Zhang [22])

6.2
There are 536 karst caves, including 241
unfilled karst caves, 130 half filled karst
caves, and 165 fully filled karst caves

Tunnel
3 m 3 m

3 m

6 m

Shield tunnel of Changsha metro
line 3 (data from Ma [23])

6.2
There are 89 karst caves, including 14
unfilled karst caves, 75 half filled and fully
filled karst caves

Tunnel
3 m 3 m

3 m

8 m
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3.1.1. Calculation Model. Scholars used the load-structure
method to analyze the influence of voids on the internal
forces of the lining, removing the loads and constraints of

voids behind the lining [30–33]. For the purpose of simulat-
ing the condition of caves intruding into the lining range, this
study refers to the method and does not set up surrounding
rock constraints and loads in a certain part. The calculation
model is shown in Figure 4.

MIDAS software is applied for the calculation. In the
model, the lining is a homogeneous ring, and the basic
parameters of the lining are shown in Table 5. Elastic springs
are used to simulate the rock reaction to structure, the resis-
tance coefficient of elastic springs is 500MPa/m, which is
taken from the foundation coefficient of the surrounding
rock measured by the experiment. The vertical soil pressure
at the top of the tunnel is 343.5 kN/m2 (The maximum soil
pressure in background engineering), and the lateral pressure
coefficient is 0.2.

Considering that the tunnel is undrained, the static water
pressure is applied to the lining ring. Due to the nonconnec-
tion between karst cave water and surface water in the

Small fully filled cave
intruding into tunnel

Cave outside tunnel

Surface

Tunnel profile

Distance meeting safe
rock thickness

FIGURE 1: Distribution of karst caves.

TABLE 3: Spatial relationship between karst cave and tunnel.

Location of karst cave
Number
of caves

Percentage
(%)

Intrude into the tunnel 387 52.4
Within 7.25m above the tunnel roof 147 19.9
Outside 7.25m above the tunnel roof 69 9.3
Within 7.25m below the tunnel floor 89 12.0
Within 7.25–14.5m below the tunnel floor 39 5.3
Outside 14.5m below the tunnel floor 8 1.1

TABLE 4: Filled condition of karst cave.

Filled condition of karst cave Number of caves Percentage (%)

Fully filled 187 25.3
Half filled 489 66.2
Unfilled 63 8.5

Tunnel lining

Restraint of
surrounding rock Part of karst

cave

Vertical pressure at top of tunnel

Lateral pressure

Vertical pressure at bottom of tunnel

Self-weight of
lining

FIGURE 4: Calculation model of karst cave behind lining.

Moderately
weathered muddy

siltstone  
Moderately weathered

siliceous rocks 

Silty clay

Moderately
 weathered limestoneModerately

weathered limestone 

25 m
Origination

shaft 

10.0 m 12.2 m

FIGURE 2: Geological profile.

Karst cave

Tunnel boundary

DXK5 + 800

QXK5 + 800

DXK6 + 340

QXK6 + 340

FIGURE 3: Partial results of karst exploration (DXK5+ 800∼DXK6
+ 340 and QXK5+ 800∼QXK6+ 340).

TABLE 2: Height of karst cave.

Height of karst cave hc (m) Number of caves Percentage (%)

hc≤ 3.625 578 78.2
3.625< hc≤ 7.25 122 16.5
7.25< hc≤ 14.5 31 4.2
hc> 14.5 8 1.1
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background project, the cave parts do not add water pres-
sure. The calculation result of lining internal force is larger
under this boundary condition, and it is safer for determin-
ing the type of caves that can be nontreated. Moreover, the
distance between the highest water level and the deepest
buried vault is about 30m in the background project, so
the static water pressure is calculated based on this depth.

3.1.2. Conditions of Analysis. Intrusive positions are taken at
the top, bottom, and side of the tunnel, as shown in Figure 5.
The width of the cave parts Dk is 1–4m.

3.1.3. Analysis of Calculation Results. The bending moment
and axial force of the lining are calculated by the above
model, as shown in Figure 6. The calculation results of the

lining bending moment under different intrusive positions
and widths are summarized in Figure 7.

As can be seen from Figure 7, when the intrusive cave is
located at the position A, the bending moment at the 0°
section of the lining (the center of the cave part) changes
from negative to positive. And the larger the width of the
cave part, the greater the bending moment at the vault.
When the intrusive cave is located at position B, the bending
moment at the 45° section of the lining (the center of the
cave part) does not reverse. As the width of the cave part
increases, the bending moment at the 45° section of the
lining gradually increases, and the bending moment at the
22.5° and 67.5° sections of the lining decreases first and then
increases. If the intrusive cave is located at the positions C, D,
and E, the direction of the bending moment at the center of

TABLE 5: Basic parameters of lining.

Outer diameter (m) Inner diameter (m) Thickness (m) Longitudinal width (m)
Unit weight
(kN/m3)

Elastic modulus
(MPa)

Poisson
ratio

14.5 13.3 0.6 2.0 25.0 2.76e4 0.2

45°

Location A Location B

Location C

Location D

Location E

45°

45°
45°

DK

FIGURE 5: Intrusive positions.

2.9%

Beam force
bending MMNT y, kN∗m

+6.85279e + 002

+5.70669e + 002

+4.56058e + 002

+3.41448e + 002

+2.26837e + 002

+1.12227e + 002

–2.38364e + 000

–1.16994e + 002

–2.31604e + 002

–3.46215e + 002

–4.60825e + 002

–5.75436e + 002

–6.90046e + 002

4.5%

5.1%

6.1%

7.2%

23.5%

13.3%

11.2%

9.6%

7.5%

5.9%

3.2%

ðaÞ

2.2%

Beam force
Axial force, kN

–3.68157e + 003

–3.86320e + 003

–4.04483e + 003

–4.22647e + 003

–4.40810e + 003

–4.58973e + 003

–4.77137e + 003

–4.95300e + 003

–5.13463e + 003

–5.31627e + 003

–5.49790e + 003

–5.67953e + 003

–5.86116e + 003

2.9%

4.5%

6.1%

7.4%

9.9%

11.4%

13.8%

15.2%

11.6%

8.8%

6.1%

ðbÞ
FIGURE 6: Example of lining internal force (cave at location B): (a) bending moment and (b) axial force.
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400
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247.5°

270°

292.5°

315°

337.5° 0° 22.5°

45°

67.5°

90°

112.5°

135°

157.5°180°

DK = 3 m
DK = 4 m

No cave
DK = 1 m
DK = 2 m

–1,200
–800
–400

0
400
800

1,200

ðbÞ

202.5°

225°

247.5°

270°

292.5°

315°

337.5° 0° 22.5°

45°

67.5°

90°

112.5°

135°

157.5°180°

DK = 3 m
DK = 4 m

No cave
DK = 1 m
DK = 2 m

–800
–1,200

–400
0

400
800

1,200
1,600
2,000

ðcÞ

202.5°

225°

247.5°

270°

292.5°

315°

337.5° 0° 22.5°

45°

67.5°

90°

112.5°

135°

157.5°180°

DK = 3 m
DK = 4 m

No cave
DK = 1 m
DK = 2 m

–800
–1,200

–400
0

400
800

1,200
1,600
2,000

ðdÞ

202.5°

225°

247.5°

270°

292.5°

315°

337.5° 0° 22.5°

45°

67.5°

90°

112.5°

135°

157.5°180°

DK = 3 m
DK = 4 m

No cave
DK = 1 m
DK = 2 m

–800
–1,200

–400
0

400
800

1,200
1,600
2,000

ðeÞ
FIGURE 7: Calculation results of bending moment (the unit in figure is kN·m): (a) location A, (b) location B, (c) location C, (d) location D, and
(e) location E.
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225°

247.5°

270°

292.5°

315°

337.5° 0° 22.5°

45°

67.5°

90°

112.5°

135°

157.5°180°

DK = 3 m
DK = 4 m

No cave
DK = 1 m
DK = 2 m

6,500
6,000
5,500
5,000
4,500
4,000
3,500
3,000
2,500

ðcÞ

202.5°

225°

247.5°

270°

292.5°

315°

337.5° 0° 22.5°

45°

67.5°

90°

112.5°

135°

157.5°180°

DK = 3 m
DK = 4 m

No cave
DK = 1 m
DK = 2 m

6,500
6,000
5,500
5,000
4,500
4,000
3,500
3,000
2,500

ðdÞ

202.5°

225°

247.5°

270°

292.5°

315°

337.5° 0° 22.5°

45°

67.5°

90°

112.5°

135°

157.5°180°

DK = 3 m
DK = 4 m

No cave
DK = 1 m
DK = 2 m

6,500
6,000
5,500
5,000
4,500
4,000
3,500
3,000
2,500

ðeÞ
FIGURE 8: Calculation results of axial force (the unit in figure is kN): (a) location A, (b) location B, (c) location C, (d) location D, and (e)
location E.
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cave parts changes, and the bending moment distribution of
the other parts does not change much. The larger the width
of the cave part, the greater the bending moment of the
cave part.

According to the calculation results of axial force
(Figure 8), if the intrusive cave is located at positions A
and B, the axial force of most parts of the lining will decrease
with the increase of the width of cave parts. In the case of the
intrusive cave at positions C, D, and E, the change in
the width of cave parts has a little effect on the axial force
of the lining. Considering that the upper part of the lining
bears a large vertical water and soil pressure, the stress redis-
tribution caused by the occurrence of caves is more obvious.
However, the lower part of the lining mainly bears the resis-
tance of the surrounding rock and the small horizontal water
and soil pressure. The appearance of the caves at positions C,
D, and E only makes the local stress concentration more
obvious but has little effect on the overall axial force of the
lining. In conclusion, it can be seen from the calculation
results that the lining internal force changes sharply with
the width of cave parts exceeding 2m.

The lining safety coefficient in Chinese standards TB1003
and JTG3370.1 is often used to evaluate the stability of linings
[30–33]. It is mainly to check the compressive and tensile
strength of axial and eccentric compression members. The
calculation formula is as follows:

K ≥ Kl; ð1Þ

where K is the lining safety coefficient, Kl is the limiting value
of the lining safety coefficient, taken as 2.4.

For small eccentric compression members (M/N< 0.2h),
the lining safety coefficient K can be calculated as follows:

K ¼ φαRabh
N

; ð2Þ

where Ra is the ultimate compressive strength of the con-
crete; N is the axial force, b is the section width; h is the
section thickness; φ is the longitudinal bending factor of
the component, φ is taken as 1.0 for the tunnel lining; and
α is an eccentric influence coefficient of axial force.

For large eccentric compression members (M/N> 0.2h),
the lining safety coefficient K can be calculated as follows:

K ¼ φ
1:75Rlbh
6M
h − N

; ð3Þ

where R1 is the ultimate tensile strength of the concrete,M is
the bending moment.

The calculation results of the lining safety coefficient of
each condition are shown in Figure 9. No matter where the
intrusive caves are located, the lining safety coefficients of
the local section in the lining will be reduced. For Dk= 3m,
the minimum lining safety coefficient appears at intrusive
positions, and the coefficients at each intrusive position are
1.31 (position A), 1.54 (position B), 1.07 (position C), 1.23

(position D), and 1.14 (position E). Compared with the min-
imum lining safety coefficient of the condition without caves
(K= 3.58), the coefficients at each intrusive position are
reduced by 63.4% (position A), 57.0% (position B), 70.1%
(position C), 65.6% (position D), and 68.2% (position E) in
the case of Dk= 3m. According to the calculation results
(Figure 9), lining safety coefficients are lower than the limit
value of standards Kl in the case of Dk≥ 3m, and the lining
structure will basically fail at this time, seriously affecting the
normal use of the tunnel.

In the condition of Dk= 2m, the minimum lining safety
coefficients of each intrusive position are 7.39 (position A),
2.57 (position B), 3.82 (position C), 3.43 (position D), and
3.17 (position E), which are all greater than Kl. This indicates
that the bearing capacity of the lining also has a certain
reserve after the karst caves with Dk≤ 2m intrude.

3.2. Analysis of Antifracturing Ability for Cave Filling. The
background project will be constructed with a slurry shield,
relying on the slurry pressure to resist the water and soil
pressure on the excavation face of the slurry shield. If the
strength of intrusive cave fillings is too low, the slurry pres-
sure will exceed the antifracturing ability of the fillings, and
then soil fracturing will be induced in the intrusive caves
(Figure 10). In another aspect, the shield of the background
project passes through moderately weathered rock forma-
tions whose thickness is great, and strata have a strong
self-stabilizing ability. If small fully filled caves are encoun-
tered during shield tunneling in moderately weathered rock
formations, the influence on the stability of rock mass is
limited near the excavation face [34]. In conclusion, the
greatest threat to the excavation face is the soil fracturing
of cave fillings.

To prevent the occurrence of soil fracturing in fully filled
caves during shield tunneling (Figure 10), the antifracturing
ability of cave fillings should be evaluated. The common
method is to calculate the initial fracturing pressure of the
soil and compare it with the slurry pressure on the excava-
tion face [35–37].

In the background project, the cave fillings are mainly
plastic clay, and some are flow-soft plastic or hard-plastic red
clay. Some physical and mechanical parameters of cave fill-
ings are shown in Table 6. In clay, the initial fracturing
pressure Pf can be expressed as follows [35–37]:

Pf ¼ σ3 ⋅ 1þ sinφcð Þ þ c ⋅ cosφc; ð4Þ

where Pf is the initial fracturing pressure, φc is the internal
friction angle of the soil, c is the cohesion of the soil, and σ3 is
the minimum principal stress in the strata.

For the shallow cover, σ3 should be calculated as follows:

σ3 ¼ γZ þ qð Þ ⋅ 1 − sinφcð Þ; ð5Þ

where γ is the unit weight of the rock or soil layer, Z is the
overburden thickness, and q is the surcharge load.

The shield tunnel of the background project will be
mainly excavated in moderately weathered rock formations
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FIGURE 9: Calculation results of lining safety coefficient: (a) location A, (b) location B, (c) location C, (d) location D, and (e) location E.
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under the lake. Due to the self-stabilizing ability of moder-
ately weathered rock and larger water pressure, the slurry
pressure is generally not necessary to consider the soil pres-
sure on the excavation face for the case of the background
project [37, 38]. Therefore, the slurry pressure Ps can be
calculated as follows [37]:

PS ¼ γwZw þ Pa; ð6Þ

where γw is the unit weight of water, Zw is the depth of the
water table, Pa is the prereservation pressure, generally taken
as 10–30 kPa [38], and Pa is taken as 30 kPa for the case of
this paper.

The condition of the tunnel buried depth of 10–25m is
selected to calculate the initial fracturing pressure of cave
fillings and slurry pressure at intrusive positions. The results
are shown in Figure 11. It is clear that the slurry pressure

Karst cave

Slurry-balanced

shield

Soil fracturing Slurry pressure

Cave filling

FIGURE 10: Soil fracturing in intrusive cave.

TABLE 6: Physical and mechanical parameters of cave filling.

Cave filling Internal friction angle (degree) Cohesion (kPa) Liquidity index Plasticity index

Flow-soft plastic clay 4.0 7.0 1.41 27.1
Plastic clay 11.0 43.0 0.45 25.7
Hard plastic clay 16.5 59.0 0.07 23.4
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FIGURE 11: Calculation results of initial fracturing pressure and slurry pressure.
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exceeds the initial fracturing pressure of the flow-soft plastic
clay, so it is recommended to reinforce the caves filled with
the flow-soft plastic clay.

3.3. Fully Filled Cave without Treatment. According to the
conclusion drawn by Li and Yan [34], when the size of fully
filled caves in front of the excavation face is less than 0.25D
(D is the outer diameter of the tunnel), the stability of the
rock mass near the excavation face is little affected. Through
the analysis of the effects of intrusive caves, the fully filled
caves with a size of not more than 2m have a little influence
on the lining safety, and the fillings of the plastic or hard
plastic clay have sufficient antifracturing ability. Therefore,
the fully filled caves with a size of not more than 2m and
filled with plastic or hard plastic clay have less threat to the
tunnel.

Considering that the taking values in the calculation are
conservative for safety reasons, and the strengthening mea-
sure such as wall-back grouting will be conducted during
tunneling, the fully filled caves of the above type can be left
unreinforced.

4. Analysis of Safe Distance between Tunnel and
Cave outside Tunnel

The treatment range outside the tunnel can be determined by
the critical safe distance [39]. In this paper, the critical safe
distance between a super-large diameter shield tunnel and

karst caves in different directions is solved by a 3D numerical
simulation to determine the treatment range outside the
tunnel.

4.1. Simulation Model. According to the geological condi-
tions of the background project, a 3D simulation model is
established whose length, width, and height are 100, 50, and
85m, respectively (Figure 12). The geometry of the model is
defined by the following sizes: the thickness of the clay is 5m,
the thickness of the underlying limestone is 80m, the dis-
tance between the tunnel roof and the surface is 25m, the
outside diameter of the lining is 14.5m, and the outside diam-
eter of the shield shell is 15.09m. The height of the surface
water level is 5m. All the side boundaries are restrained in the
normal direction. The bottom boundary is fixed and the top
boundary is free. The karst cave is simplified as a sphere based
on experience [9, 39], and there are no fillings in the simulated
caves for safety reasons.

The steps of the simulated construction process are as
follows: (1) excavate the rock mass in the karst cave after
modeling, (2) calculate the self-weight stress field of the
model, and (3) excavate the tunnel and simulate the lining,
shield shell, and grouting layer. After each step, the model is
solved immediately until the ratio of the maximum differ-
ence between the external force and the internal force of all
the gridpoints to the average applied force is less than 10−5.

In modeling, the rock and soil mass, lining, shield shell, and
grouting layer are all solid elements. First, the Mohr–Coulomb

Limestone

Clay

50 m

Tunnel

Shield shell

Karst cave

Segment

Grouting layer
85

 m

25 m

100 m

FIGURE 12: Simulation model.

TABLE 7: Calculation parameters of various materials.

Material Elastic modulus (MPa) Poisson ratio Unit weight (kN/m3) Internal friction angle (degree) Cohesion (kPa)

Clay 13.0 0.45 20.3 16.0 45.0
Limestone 10,700.0 0.30 24.0 44.0 1,100.0
Shield shell 200,000.0 0.26 131.3 — —

Segment 27,600.0 0.20 25.0 — —

Grouting layer 5.0 0.30 17.0 — —
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elastic-perfectly plastic model is adopted for all solid elements
during calculating the self-weight stress field of the simulation
model, and the calculation parameters are obtained from the
physical parameters of rock and soil mass. After that, the dis-
placement and plastic zone of the simulation model are cleared,
and then the rock inside the shield shell and the lining are
excavated. Meanwhile, the solid elements of the lining, shield
shell, and grouting material are all changed to isotropic elastic
model elements, and new calculation parameters are given in

these elastic model elements for simulating the construction
process. For this step, the weight of the shield machine is con-
verted to the weight of shield shell elements. The lining is treated
as a homogeneous ring, and the stiffness of the lining material is
reduced by 40% considering the influence of joints. The param-
eters of the grouting layer are valued in the condition of incom-
plete hardening. The calculation parameters of various materials
are shown in Table 7. The slurry pressure is applied to the
excavation during simulation, and its value is calculated accord-
ing to Equation (6).

4.2. Determination of Critical Safe Distance. The critical safe
distance between the tunnel and caves is essentially the criti-
cal rock thickness of rock mass instability. In numerical tests,
the instability criterion is often needed to indicate that the
rock mass is in the limit equilibrium state. In many studies,
the run-through of the plastic zone between the tunnel and
caves was taken as the basis for instability [8, 9, 18, 19]. In
order to obtain the critical safe distance in this paper, the
distance between the shield tunnel and caves is continuously
adjusted until the plastic zone is run-through, as shown in
Figure 13.

Nonplastic zone
Plastic zone

ðaÞ

Nonplastic zone
Plastic zone

ðbÞ
FIGURE 13: Numerical simulation example of a cave located under the tunnel: (a) run-through of plastic zone and (b) non run-through of
plastic zone.

TABLE 8: Critical safe distance of numerical simulation.

Location of karst cave
Diameter of
caves (m)

Critical safe
distance (m)

Upper part of tunnel

3.0 1.0
4.5 1.0
6.0 1.5
7.5 2.0
9.0 2.5

Lateral part of tunnel

3.0 2.0
4.5 2.0
6.0 2.5
7.5 3.5
9.0 4.0

Lower part of tunnel

3.0 2.0
4.5 2.5
6.0 3.0
7.5 4.5
9.0 6.0

TABLE 9: Treatment range outside the tunnel.

Location of cave
Size of largest

cave (m)
Distance between tunnel
and treatment range (m)

Upper part of tunnel 15.73 5.25
Lateral part of tunnel 13.12 5.88
Lower part of tunnel 14.08 13.81
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4.3. Test Scheme and Simulation Results. The caves in the
model are located at the upper, lateral, and lower parts of
the tunnel. The critical safe distance is solved in the context
of the caves with a diameter of 3.0–9.0m, and the results are
shown in Table 8.

By the regression analysis of the critical safe distance in
Table 8 and considering the safety factor, the calculation
formula of treatment range outside the tunnel is obtained
as follows:

HU ¼ 0:24095 ⋅ kc ⋅ D1:05177
c

HS ¼ 0:71121 ⋅ kc ⋅ D0:74957
c

HL ¼ 0:32898 ⋅ kc ⋅ D1:34401
c

8><
>:

 ; ð7Þ

whereHU is the treatment range in the upper part of the tunnel,
Hs is the treatment range in the lateral part of the tunnel, HL is
the treatment range in the lower part of the tunnel, kc is the safety
factor of the treatment range, it is taken as 1.2 [39], andDc is the
size of the cave.

4.4. Outside Cave without Treatment. According to the cave
size of the background project, the treatment range of caves
outside the tunnel is calculated based on Equation (7), and
the results are shown in Table 9. The obtained treatment
range outside the tunnel is close to similar projects that
have been built [10, 24, 39]. The caves outside the calculated
distance in Table 9 can be left unreinforced.

In addition, the critical safe distance in Table 8 is only
1–2m for the caves with a size of 3m. Therefore, the caves
with a size of less than 3m can be left unreinforced when the
distance between the tunnel and the caves is greater than 3m.
This treatment concept has also been applied in the project
of Dalian metro line 5 [24].

5. Determination of Treatment Range

The fully filled caves with a size of less than 2m and filled
with plastic or hard plastic clay can be left unreinforced
through the analysis of the effects of intrusive caves. On
the other hand, caves that meet the critical safe distance
can be left unreinforced.

In addition, the surrounding rock at the bottom of the
tunnel bears the weight of the shield machine, and its stabil-
ity is highly required during the construction process. As a
result, it is considered that the karst caves in a certain range
under the tunnel must be reinforced.

In summary, according to the analysis results of this
paper, combined with the experience of shield engineering
and karst treatment in Wuhan [15, 16, 18], the treatment
range is determined for a super-large diameter shield tunnel
located in the strong karst development area (Figure 14). The
proposed treatment range follows the principle of divisional
processing on the basis of refining the common treatment
range. The specific requirements for the treatment range of
Figure 14 are as follows:

(1) In area A, the fully filled caves with a size of less than
2m and filled with plastic or hard plastic clay can be

left unreinforced. Other caves intruding into area A
must be reinforced.

(2) Caves intruding into area B must be reinforced.
(3) In area C, caves with a size of less than 3m can be left

unreinforced. Caves with a size of greater than 3m
and intruding into area C must be reinforced.

6. Conclusions

Based on a karst treatment project of a super-large diameter
shield tunnel located in a strongly karst-developed area, this
paper analyzes the influence of intrusive fully filled caves on
the stability of the lining and excavation face. The calculation
formula for the critical safe distance between the tunnel and
caves outside the tunnel is proposed. The corresponding
treatment range is proposed, and the following conclusions
are obtained:

(1) The stress state of the lining will be changed when
karst caves intrude into the tunnel. The direction of
the lining bending moment at the center of the intru-
sive position changes in the condition of intrusive
caves located in the vault and lower part of the lining.
And the larger the width of cave parts, the greater the
lining bending moment at intrusive positions. Intru-
sive karst caves at the lower part of the tunnel have a

3 m

3 m

7.25 m

3 m

Reinforcement area A Reinforcement area C
Reinforcement area B

7.25 m

3 m 3 m

3 m

R = 7.25 m

FIGURE 14: Treatment range of background project.
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relatively small effect on the lining axial force. When
the size of the intrusive cave part exceeds 2m, the
lining internal force changes sharply.

(2) The influence analysis of intrusive fully filled caves
on the stability of the excavation face is conducted by
means of the analysis of the slurry fracturing for
fillings. The slurry pressure exceeds the initial frac-
turing pressure of the flow-soft plastic clay, so it is
recommended to reinforce the intrusive caves filled
with the flow-soft plastic clay. According to simula-
tion results, the critical safe distance is only 1–2m for
the outside caves with a size of 3m. Therefore, the
caves with a size of less than 3m can be left unrein-
forced when the distance between the tunnel and the
cave is greater than 3m.

(3) The treatment range is determined for a super-large
diameter shield tunnel located in the strongly karst-
developed area. The obtained treatment range is
close to the similar projects that have been built,
indicating that analysis results are reasonable. The
treatment range follows the principle of divisional
processing, and the types of treated caves in different
treatment zones are different. The common treat-
ment range is refined in this paper.
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