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Abstract When designing the waterproofing and drainage system for an subsea tunnel, it is crucial to have a clear
understanding of the surrounding rock's inherent water-blocking capabilities to achieve active control over the drainage
volume. This paper first introduces the concept of the surrounding rock impermeability, defined as the ability of the rock’
s ability to resist water infiltration into the tunnel. A predictive formula for water inflow is derived, taking into account
nonlinear seepage conditions in fractured rock masses. The formula considers several factors that influence
impermeability, including engineering geological conditions, hydraulic connectivity within the rock, and the size of the
tunnel. On this basis, the study performs a statistical analysis of water inflow data from 52 typical subsea tunnel sections,
particularly those in water-rich environments, to identify key factors influencing the impermeability of surrounding rock.
These factors include rock cover thickness, hydraulic head, uniaxial saturated compressive strength of the rock, and
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volumetric joint count. These factors are used as indicators to establish a classification standard for the rock
impermeability. To enhance the classification process, machine learning techniques are employed. The bisection method
and information gain ratio from the training dataset are used to analyze the data. A decision tree model capable of
handling continuous-valued attributes is established. This model allows for the classification of surrounding rock
impermeability based on the relevant rock parameters, thus enabling a more automated and data-driven approach to
impermeability classification. Finally, the model is applied to the drill-and-blast section of the Qingdao-Jiaozhou Bay
Second Subsea Tunnel, verifying the rationality and feasibility of the proposed anti-seepage classification method. The
research findings provide a theoretical basis for determining drainage control standards in subsea tunnels. Compared to
traditional rock mass classification methods, the anti-seepage classification method comprehensively considers the
conditions of the surrounding rock and its seepage mechanical response, leading to a more scientific and reasonable

approach to waterproofing design and zoned drainage strategies.

Key words tunnelling engineering, subsea tunnels, anti-seepage classification, statistical analysis, decision tree model
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Table 1  Statistics of tunnel field monitoring

Water inflow/ Overburden Hydraulic Tunnel Equivalent permeability R/  Joint count/

No. Tunnel name (m3-d"m™") sicknesssm  head/m radius/m coefficient/(107 m-s') MPa (10°Pa'm™)
1 Qingdao-Jiaozhou Bay Subsea Tunnel YK6 + 905 4.11 26.20 68.90 5.55 23.50 43.50 21
2 Qingdao-Jiaozhou Bay Subsea Tunnel fault zone 18.58 32.00 67.00 5.55 8.50 39.90 15
3 Qigﬁg::;}a;;;’;“sizy fgg‘(’)“d 2.92 55.00 6500 638 2.89 105.00 8
4 Q‘S‘Lgbd;‘;%jﬁigf‘s‘gf‘g feocggld 58.42 12500 170.00 638 579 39.00 45
5 Qingdao Metro Line 1 Tunnel 3.34 41.85 84.27 5.17 10.3 45.20 20
6 Qingdao Metro Line 3 Tunnel 2.40 16.00 15.10 3.50 5.79 40.00 10
7 Qingdao Metro Line 8 Tunnel 11.26 45.00 51.00 4.72 34.7 35.20 29
8 Xiamen Xiang'an Subsea Tunnel weathered slot F1 11.01 36.90 54.90 6.36 21.4 80.00 25
9  Xiamen Xiang'an Subsea Tunnel weathered slot F4 82.80 18.64 63.64 6.36 500 25.00 50
10 Xiamen Haicang Tunnel weathered slot 2.70 39.06 43.06 7.46 100 125.00 35
11 Xiamen Haicang Tunnel K9 + 260 8.29 27.66 54.53 7.46 7.06 118.00 14
12 Xiamen Haicang Tunnel K9 + 800 7.63 25.66 49.46 7.46 7.06 108.00 13
13 Xiamen Metro Line 3 undersea section 1.82 27.20 46.00 3.35 347 60.00 34
14 Shantou Bay Tunnel 8.04 12.40 22.40 7.50 5.79 125.00 10
15 Zhanjiang Bay Subsea Tunnel 14.59 17.60 53.10 6.90 0.03 11.00 —
16 Eastern Shenzhen Bypass Expressway 11.38 40.40 29.80 6.00 15.60 29.00 21
17 Pearl River Estuary Railway Tunnel 9.60 115.00 115.00 5.09 5.79 107.50 10
18 Lion Rock Subsea Tunnel 7.39 26.00 52.60 5.40 6400 82.80 3
19 Changsha Metro Line 3 8.65 19.50 17.40 3.00 23.10 46.00 24

20 Qiyueshan Expressway Tunnel 84.72 273.14 227.00 4.98 4.00 28.00 55

21 Xuefeng Mountain Tunnel (left line) 1.74 495.00 455.00 3.69 0.683 129.60 3

22 Xuefeng Mountain Tunnel (right line) 2.46 412.00 375.00 3.69 0.521 127.00 3

23 Huaying Mountain Tunnel 74.22 220.00 180.00 5.00 20.00 41.70 48

24 Yuanliangshan Tunnel 28.77 560.00 460.00 6.00 5.00 51.00 42

25 Gele Mountain Tunnel 13.09 25.00 23.00 2.82 15.00 75.50 20

26 Shenhe Plateau Tunnel 1.13 81.40 60.60 2.55 3.00 10.00 —

27 Shaoling Plateau Tunnel 1.73 130.00 70.00 2.55 4.00 9.00 —

28 Bailu Plateau Tunnel 0.53 282.22 222.02 2.55 0.40 12.00 —

29 Nankun Railway Tunnel 15.20 69.50 62.50 3.52 20.60 70.00 30
30 Zhongliang Mountain Tunnel 7.99 29000 15000 449 67.70 100.80 36

(Chongqing-Suihua Expressway)
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No. Tunnel name Water jnﬂ(zw/ Oyerburden Hydraulic Tl{nnel Equivallent pen}leabiljty R/  Joint cour}t/
(m3-d"m™") sickness/m head/m radius/m coefficient/(107 m's') MPa (10°Pa'm')

31 " Choz:g;‘if;‘_‘;‘fa’r;y“a‘;‘:;;‘i‘;::v'vay) 6.25 22000 190.00  2.50 1.77 116.00 8

32 Maluqing Tunnel 2.00 270.00 122.45 5.51 22300 95.50 40

33 Cangling Tunnel (Xianju section) 77.76 412.00 372.00 5.03 3090 32.50 52

34 Cangling Tunnel (Jinyun Hengxi section) 44.14 663.00 357.14 5.03 1070 60.00 45

35 Bieyan Trench Tunnel DK403 + 982 16.65 112.00 91.84 5.43 0.70 21.00 3

36 Bieyan Trench Tunnel DK404 + 225 9.60 163.00 102.04 5.43 0.06 78.50 1

37 Bieyan Trench Tunnel DK404 + 423 40.00 202.00 91.84 5.43 1.00 62.00 43

38 Bieyan Trench Tunnel DK404 + 473 19.52 211.00 66.33 5.43 0.02 70.00 38

39 Mingyue Mountain Tunnel K5 + 573 3.60 150.00 125.92 5.50 0.160 73.00 2

40 Wankai Zhoujiaba-Puli Express Tunnel ZK4 + 393 65.20 542.00 163.27 3.56 926 45.00 46

41 Tiefengshan No. 2 Tunnel 5.81 553.00 406.00 3.56 0.320 120.00 2

42 Dabie Mountain Tunnel YK19 + 670 32.73 358.00 221.00 4.60 8500 100.00 35

43 Dabie Mountain Tunnel YK20 + 015 37.50 443.00 307.00 4.60 156 42.00 40

44 Dabie Mountain Tunnel YK20 + 050 60.00 482.00 398.00 4.60 300 40.00 44

45 Daxiangling TunnelF3 fault zone 1.81 250.00 92.50 5.16 2.31 133.00 5

46 Daxiangling TunnelFX2 fault zone 2.65 280.00 142.86 5.16 4.63 130.00 9

47 Daxiangling TunnelFX3 fault zone 3.30 152.00 61.22 5.16 8.10 128.00 11

48 Tianjin Metro Line 6 Youyi Road 23.41 18.80 14.20 3.10 113 46.00 —

49 Tianjin Metro Line 6 Guo Huangzhuang South 4.75 18.00 8.70 3.10 15.00 24.00 —

50 Tianjin Metro Line 6 Terminal Station 7.34 16.70 12.00 3.10 22.00 21.00 —

51 Dujia Mountain Tunnel 1.20 80.00 60.00 3.00 3.50 40.00 6

52 Chikushi Tunnel 3.77 300.00 253.00 0.50 5.00 x 1078 131.00 3
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Table 2 Classification method for tunnel surrounding rock water inflow
Water inflow/(m?-d™"-m™)
Level
this paper SGREY code for design of railway tunnel®!] RSRE? RMR[32 fuzzy Delphi AHP method®**]
0~3.32 0~3.46 0~1.44 0~432 0~1.44 0~1.73 I (humidity)
3.32~847 3.46 ~ 8.64 1.44~3.6 432~21.6 1.44~3.6 1.73 ~8.64 11 (dripping water)
8.47 ~22.28 8.64 ~13.82 3.6~18 >21.6 3.6~18 8.64 ~15.55 I (linear flow)
>22.28 13.82~24.19 >18 — >18 15.55~25.92 IV (gushing water)
— >24.19 — — — >25.92 \Y
ol x F A 2 ST Gy v, PSR B T R
T | e JE A S 2 76 4 KA, BB AR AT M AL 2 LA ARk
EOF o i ne 5 R (R R G o 0 Bk B, FL R AT T, 7T
- O R OB B35 505 43 0
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27 (1) vesE B
0 o PR 4 A ot B RE AR AT 43

probability density
5 BEEZBKEMLE
Fig. 5 The box plot of tunnel seepage quantity
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Table 3 Information gain of overburden division points

Splitting point Information gain

220.00 0.302895712
215.50 0.236562694
412.00 0.215919612
235.00 0.211351419
260.00 0.202191118
329.00 0.200234818
18.722 0.027855219
25.3315 0.027847104

19.15 0.024 835007

(2) 2B IR SR AR

B IRIEREARIREE DL 4:1 (LB H7 2 il gk
AR AR, I ZRER A 4% HE E ok T 208 VA AR R v 5
W P 8, I B %o A P ke SRR AT S T
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23 BEELEFREN

T RS TE 7K IR 78 2, LA RREl R 2wk R AR H,
HZ RV RIS, Tovk B ARHEK, PR i i B
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HR K B HERCE, PR AR BE T A 101 BT A 52 R 7K I 7.



%2 M R T DS IR R BE TE o B It 20 R 07 497
cover
thickness
v <220m N
joint count R,
<3.5X10° Pa/m? <100.4 MPa
YN YN
.. cover
joint cbount \ R, T R,
<1X10° Pa/m <53.0 MPa <32011 m <123.50 MPa
M 1 N 4 N AV\N
hydraulic head joint count v th(i:gljrféss hyﬁ;zléhc v I joint count
<91.84 m <2X10° Pa/m? <26.60 m <22451m <3X10° Pa/m’
Y, — —N Y, N Y/N\N ‘AN YNAN
- cover cover cover /\ /\ /\
> 13 % 10° Pa/m’ thickness thickness thickness 1 I v I 1
am < 156,50 m <96.93 m <31.55m
Y N Y, N
Y\ N N\,
1 I 1T I Y N
R, I R I
<42.55 MPa <44.75 MPa
YN YN
JIII 1

K8 Jisth o ok sim

Fig. 8 Anti-seepage classification decision tree
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Table 4 Proposed support scheme of different anti-seepage conditions of surrounding rock

Surrounding Allowable discharge
rock anti- Characteristics of the surrounding rock and water Reinforcement methods and Tunnel support design
seepage discharge conditions requirements contr(;l.sf??dillrds/ recommendations
classification (m m)
Surrounding rock has high strength with poorly
developed structural surfaces, well or moderately
bonded, and rock mass exhibits a massive or very
thickly bedded structure. Alternatively, surrounding -
I rock may have extremely high strength, with poorly Construction in accordance 0~0.1 Sg:(iz(;;zzn;ﬁc;?s?ég
bonded structural surfaces, and rock mass exhibits a with design specifications. . . .
blocky or thickly bedded structure. The surrounding specifications
rock may be dry or damp, with only minor localized
seepage observed at the face after excavation. The
water pressure is less than 0.1 MPa.
Surrounding rock exhibits moderate strength, with
relatively developed structural surfaces, well or
moderately bonded, rock mass exhibits a blocky
structure. Alternatively, surrounding rock may have When there is localized seepage
I high strength and poorly bonded structural surfaces, Construction in accordance 01~03 on the surface of the initial
rock mass exhibits a fractured blocky or medium-thick ~ with design specifications ’ : support, localized radial
bedded structure. There is localized drip seepage from grouting should be employed
the surrounding rock, with occasional outflow of infill
from joints, and the water pressure ranges from 0.1 to
0.25 MPa.
Full-face grouting should be
Surrounding rock has relatively low strength, with well- ap;) heC; 30 meters‘ alflead, witha
developed structural surfaces which is well or o 5 meters rein © reement .
moderately bonded, rock mass exhibits a fragmented or range. If the face is locally Primary support should use
thinly bedded structure. Alternatively, surrounding rock f'ragmented, a.d vanced shotcrete. Backfill grouting
has a certain degree of strength, poorly bonded perlpheral grou ting may.be sh01.11d be pr O.mptly conducted
111 considered, with a grouting 03~0.8 behind the initial support. The

structural surfaces, and presents a fractured blocky

structure. There is rainfall-like or linear flow seepage

from the surrounding rock, with infill from joints

occasionally flowing out, and the water pressure ranges

from 0.25 to 1 MPa.

length of 30 meters and a
reinforcement range of 3 to 5
meters. Alternatively, advance
local grouting can be adopted,
supplemented by radial
grouting if necessary.

secondary lining can utilize
high-performance waterproof
concrete.
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Sk 4
Surrounding .
rock anti- Characteristics of the surrounding rock and water Reinforcement methods and A:L‘imililzt:;lz::zrje Tunnel support design
seepage discharge conditions requirements 3og ! recommendations
classification (m m)
Primary support should employ
shotcrete of the impermeability
Surrounding rock has low strength, with highly Full-face grouting should be grac}e higher thaq P12.
developed structural surfaces, generally or poorly P e.rformefi 30 meters ahead, Backfilling and grouting Sh(?uld
bonded. The rock mass exhibits a fragmented or loose with a reinforcement range prorr}pFIy be conducted behind
v structure. During the surrounding rock blasting, a extending 6 to 8 meters. After 0.8~25 the initial support. Advanced

gushing water flow or pressurized water may occur,
with water pressure exceeding 1 MPa.

excavation, radial grouting with
range of 2 to 3 meters should be

grouting techniques and
materials should be used, and
the secondary lining can use
high performance waterproof
concrete.

applied.
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Fig. 12 Borehole revealed results
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