B ol
2023 4F 12 A

#
CARSOLOGICA SINICA

5 B Vol.42 No.6

Dec. 2023

B0 A, SO, A5 PR A DR AR B T AR A A 20 BT B K T —— DA 5 | K AR R T REA o 1] (7). P A,

2023, 42(6): 1224-1236.
DOI: 10.11932/karst20230608

PO A X R IR R A K & # R iE sk = T

PURH 5| 7k T2 K3 7 F& R 24 41

¥ M AR, e RAM BRRT
(1. P EMRERF (KR FFFRE, Hdb KL 430078; 2. =& ib/i 42
H IR EA RG], =& 9 650218)

O BRI K T R B A it TR TR ORIE, T S3 A I K R R A R TR T K e T
O3 o A SCLAEL v 1K TR R 7~ B8 3 g AT 58 00 42, Jdad 230 i 0F 58 IX M 2 0 1k s Al i, 45
Mo R K ARAC AR AE L[R2 3R A5 2R, T T I DX M T K A K SCH ST 28, 0 A2 T R IR I KRR 25 R T
Pécy i3 i SR DS T S G RPN R0 5 NS L AT = | I S L AT =i g i SN A LS U RV
K 5 ST K B AT T O b, R, 35T FEFLOW 4 1) i 7K 78 40804 780, R 45 400 IX 38 7
U 5 B TR 6 SR T 22 6 0] 970 5 45 20 D9 0 5 4 TR AL ) 77 326 20 T 3l 250t 10 A o 5 SRR W A AT ik
A LA AR A B B B B e A A B S 2K {ELAS B8 50 285 T I S K A8 Al LR R R e X
B U 5 AN G BBk 5 HO(EL 1 RE 8 RS 4 220 Il 1% K R GE A5 K L S H A DA B BE IR i T B, REER
s 1 T e T 9 7K AR Ak 5 IR TR BT —J8C(EL 7 3k T LA 2 R T K B U RCRRIORS JEE o AR SR
F18 75 % IS R X A R, g ] 2 9 7K 73 s 4% AT o B S

SRR : P g VA DK TR BRI 5 R K R s TR K s T I BB T

FE S ZES: P641.134 X kARG A
XEHS:1001—4810 (2023) 06—1224—13

0 35l

[l

DU R B X B A oA AT, kIR
Hhoa R AR, MR A A AT, T
HIR AR E, B T 5 & A RE IR I 580K
X A i W 7 A S R RS, PR Ik A B R R 9 K AR
A8« VRO B 3 9 A A 058 L2 K S0 % 3] 7 2 7K i e 3
AFR R K SCHI B T AR 3 e [ T

P 3 97 K O PR 0 7 vk A R B Mk L oK
A I Ak R TR 28 0 W i A, Foh kA~ o B ik

BERhI H < A K AR T AR B S R bR /KB 5 (2021046356)

FFA R (B IR AR %) #1748 (OSID ):

Je3E e 0 S 3T K R B R TR R ER A O R K
AL 2R, FRES 5 7K SCHB BT 2% 1 23 B BE R B0
R KRR AR R A R IRRERA, T LR
LT KR AT L 3BT K R R DL R AR
i, B R AR G R A R
SRR IR T BRAE I AR IR . %R T 2K =
SR TR K SC . L KB | A ik R
([ERFSE Y[R E e S S BUEAY tag o R/ WO 3
A I KR AT R AT, R 2ROk R e T —
TBCSE R E 1 5 2 1, BRI T AR 2R B0 R i aE

BE—VEBERIN: B —15(1999—), B, WIFG 2SR, e+, FE2M S AWK SCHBTATFFT . E-mail: 2312238375@qq.com,
WEVEE: REAMF(1971—), 2, B R A, W4, B, B2 G M R AOK TS P8 AU SY . E-mail: jmcheng@cug.edu.cn,

ks A #1: 2022—04—30


mailto:2312238375@qq.com
mailto:jmcheng@cug.edu.cn
https://doi.org/10.11932/karst20230608

Bt Mol PGS VURTAUE XUEMEEEIR K S R S K A N —— DR S K AR T BRI D 1225

P BUE L H 5 s K i sh L ik £ 2 3655
B ALY T . WU M A R A = A R,
T RORUBE T 24 B 0 4% 1) 221 1 LA JRg FR Pk, BT ik &5
R 22 ALA TR AT SR F I R KB A sk T B
BB T L3 3 B HOAE B A 3t R B SR AR 40 A2
Z 0 b 5T 2, SRR BB v, RS B 2 B ALK
P il FL g A AR AR X A 2% DR B v S A
T HE LA 78 T LA B s T R T 4 38R S
P, R0 T AR S 2 A3 R (R 1 R
BT A B T T K S AT T B . (H 2, I
B 5T AR S 2235 T B B Xt Bk J1R) 9 7K & 2E A7 i)
R TEAS I ey 20 T S 5 5T B L R oA 3 3t Sz PR 7K
B SR T AE 4% 288 12 T 4% SR 1) v R ¢

TG K TRE K3 Bg T 8 7 i X M R T
IKSCHL R SRR 2%, Wi R R B L, TEKAEHTF,
HRRBBAMEL . ARSCES AT KRR 2R R AR
[ 37 22 4 i XeF 2% 310 7 4% A28 R0 9 7 ofe V8 0 47 45
G o3BT, TECIEAL L, 0 3 SR HH A BT 1% R (EL Y X
T 7K B R AT TOI, IR 0 9 K 5 S0 R K A
PEAT X B o o, B " 3 T FEFLOW A4 2t b
KRR, R A AL X R W 3, R JH £ (A]
J7 91 55 4% 25 o8 a0 S 2 T AL 1) v 2 T B 2 it T
iR, A TR R R AR KRS AN, LA
JE DA X TR 5 R 1 K IR R E LR
B 3 W) AL A

i

il

1 IREE=

&
il

ZEAEERTIK TR 7B b2 F 3 2k
PErE, TG RE T . AIFSE XN BRI 6.94 km,
HEE B Rl hon RIE I X RE . =8 Rk
MRER A AR = R WEJE A . fEESk Il R E S e s%
R EME T, XA 2% 26 J2= A (1] 1), b g i)
it T M A5 B W J= S JE i — f Bk — BT 9IOE W
H(Fiprn Fapa Fios), W72 B BEK W=, (ELITZ
NS A 20l 2 s A R A, 7 AR R
HLPERIGKIE R, FER AR, W22 IR VIR 4y,
ol A BOR BT AR, A A T K 5 82 XAk
PRI IR, A BE T8 TF 2 I R S 4 1 i 25 7 A
K &L 1) o LEWTZAT AP, BEIE T K S AR B
H 7 Bl K 4 i, DRMAE TS K SR s, m] LA
JZ R R, TR R LR B B IR 9 7K

2 BEEEKEESH

WFFE XM T K SR F2 B A 45 A HICA 28 FLER K |
BB KR K, JHG rR R B ST 532 e 5 A T
B SR K (18] 2), Hea ZRBK 20 A1
ToBR LR L =B RS, WK AE, T8
BARR BRI A B AN 2B, D% B ROk AR

e
2

B 1 K FRERBKFEG =S TEE
O FEARBUK @ Ak @ KYTHER @ RZR © WZR © SFtEs @ Wz

Fig. 1 3D schematic diagram of water inflow conditions of Dapozi tunnel
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Fig. 2 Hydrogeological map and distribution of sampling points of the study area

JEE 227 5 TN 52 M A, B ) 9 7K 2 Bk UR T 2R AF
g AR HE KA A TR Xk R A P, &
IKPESR, FEAEZ RAPEWABANG, KT TR
AP T 2B TE R G0 R S AR 4 1l
KAEHE T R4 B E, AR AR SR
WA | B 2 R, I PH R K2 | )2
J& 22 VUSR8 SCHE, PRI, BRI T 76 5 5 X R 7K
iz 8l E B LIOK AR 32, F A 24 B 3 1 4 a2
ST RETRAM

21 BREEBKRGEXER

DRI BRI A2 K SCH T 0T b & T VA K
ARG " HOK R G — R AR R GE (A 2),
XN FENETE-ERZNHAK S Aaa. OBk
. — B R MUK, B o A3 TR T RE T 5

F LB AL PG BRI R AR o 7 oK SCHE BT H T
Ll — I Ll M 5T B e i, DA 2 5 M Rl T 7K
AMEHES AR R R0 SR, AR AT A A DX R
= AN Z YR K S BT RTT, 43 B B gL E RK
SCHLTR A IT (T ) o 78 3k I i K SCHb S BT (1) |
VBRI A K SCHL T e (T

BEE X B2 S RKILHE KRG ot (D), 78
ZHICN, MRS A DL 3, LRI A2
AWK E; MR A EEE A KA, PR AR
Bl B, XA DB T CE L, R RAR
BN ABARICHNKEA DRI, 1T KA AERE
I b AR 7 R =2 L, R T O A HE I T A
VS RE AR AR R TR S 2K, IE U AV BB AR T,
DAL I P T2 B TR 7K R 5 1 o



Fak Hel Pmag,

PG R A DX TR 9] K A A 20 AT B i A ek 00 —— LA vh 5 K TR R B R Ay 49

1227

2.2 HTIKIKLFHFE

T RIS XK AR K A 2E R AR EA T 5 (3R 1)),
HZE R B 5T XK EE pH {E7E 7.01~8.05 2 8], -
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Table 1 Characteristics of hydrochemical components of groundwater in the study area
. . HCO3 cr S02- Ca™ Mg”  K+Na' 55
BB OKEERER BB pH - s LR
mg-L mg-L IS
Q001 SRk FMAIX 855 108.58  0.89  18.49 26.24 7.39 7.09 93.6  HCO,-Ca-Mg
Joo1 FrK 7.28 80.52 035 1531 17.76 7.68 3.27 79.9  HCO;-Ca-Mg
Q002 SRIK RWX 831 61.00 020  20.03 12.72 7.29 4.84 63.5 HCO,-Ca-Mg
J002 ok 8.02 45140 532  45.00 78.56  38.93 35.51 307 HCO;-Ca-Mg
Q003 K 725 39955 390  23.49 7744  33.83 12.38 2840  HCO;-Ca-Mg
Q004 RIK HEHX 7.01  502.03 532 6825  100.00 4277 33.42 360.0  HCO,-Ca-Mg
Q005 K 7.00  305.00 3.55 2520 85.84  12.93 6.90 289.0 HCO,-Ca
S001 K 8.09 29402 195 25.02 4712 27.46 20.30 198.4  HCO;-Ca-Mg
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Fig. 3 Piper diagram of water samples at different locations in the study area
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Fig. 4 Gibbs diagram of water samples at different locations in the study area
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Fig. 5 8D-8"0 ratio diagram of water samples in the study area
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Table 2 Calculation results of groundwater recharge elevation

FE SRR W 8Dy syiow /%o 8" Oy.sniow /%o MR 25 = A/ m

A R K S J001 -77.09 -10.95 1996.15

TABREAT I 1002 -79.83 -10.81 1942.31

A0 TR IR A Q001 -76.87 -10.96 2 000.00

X80 Q002 ~76.49 -11.08 2046.15

635 Q003 ~78.63 ~10.80 1 938.46

1637 Q004 —83.64 -11.40 2169.23

SR630 Q005 -72.19 -9.55 1457.69

K TR 15 32 S001 -74.30 -10.04 1 646.15
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Table 3 Calculations of water inflow by different analytical formula
23z Qen/m** (d-m) ™" g/m’(d-m)”
o7 & Y GLIEY R~ SUWIEY R 4 ) = . KB N
a0 T KR Bk RUEMTR BB
W3 LifE HH83+500  HH84+772 P,p 0.08 1702.96 53.86 71.93 32.77 25.06
HH84+772  HH85+777 T.g 0.12 1142.82 47.73 68.16 28.50 23.69
#37A FiiF  HH85+777  HH86+532 Ty 0.10 351.39 12.65 10.35 20.85 29.75
HH86+532  HH87+500 T.g 0.12 506.23 21.14 30.21 12.62 10.49
. HH87+500 HH88+315 T.g 0.12 1531.51 53.33 76.14 29.88 26.44
24573 L i
HH88+315  HH89+525 T.g 0.12 1116.49 4227 55.23 23.51 19.19
A TUE HH89+525  HH90+240 T.g 0.12 589.27 22.30 29.15 12.42 10.12
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Table 4 Classification of model boundary
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Fig. 6 Boundary and subdivision map of the study area
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Table 5 Values of hydrological and geological parameters in the study area

2 HREAL S K./md" K, /m-d" K./md' AL u,

N.E 0.10 0.10 0.10 0.12 0.0001

T.g 0.90 0.90 0.95 0.20 0.0005

Ty 0.60 0.60 0.60 0.20 0.0003

T/ Tix 0.15 0.10 0.10 0.12 0.0001

P, 0.15 0.10 0.10 0.12 0.0001

Py 0.90 0.90 0.95 0.20 0.0005

%ﬁ}%Fu_l\ Fios Fios 0.10 0.10 0.70 0.20 0.0005
#ifm T AT A 5 ST AT T R, TR o T K
Iﬁ%é BT K B S AT T 68 L, TTIAA L R 256
g7 (DTF 193200 el % R e 1B, HarE %
ﬁ%; B L BN TR T 8 A T K 2l
B0 I 2.5m’(d'm) ', I KEA7 MK E LK 6.0m™(dm)';
L AT BT 2 B K B2 27.5 m-(dem) ', B

7 R4 FER
Fig. 7 3D geological model of the study area
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Table 6 Calculation of water inflow by numerical model

frE R v SRR R o o

/m /m’-(d-m) /m’-(d-m)

14327 37 HHS83+500 HH84+772 P,p 1702.96 1.82 5.17

HH84+772 HH85+777 T.g 1142.82 3.33 6.83

143 T Ui HH85+777 HHS86+532 Ty 351.39 24.45 26.27
HH86+532 HH87+500 T.g 506.23 9.70 12.87

S L HH87+500 HH88+315 T.g 1531.51 5.14 16.67
HH88+315 HH89+525 T.g 1116.49 11.76 16.25

243 i HH89+525 HH90+240 T.g 589.27 17.61 4232
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Analysis of water inflow conditions and prediction for water inflow of deep-buried
tunnels in the karst area of Southwest China: Taking Dapozi tunnel of central
Yunnan Water Diversion Project as an example

LUO Yiming1 , CHENG Jianmei', XU Wenj ie’, BAJ inghuiz, HUANG Shengcail, DUAN Tianyu1

(1. School of Environmental Studies, China University of Geosciences, Wuhan, Hubei 430078, China; 2. Yunnan Geological Engineering the Second
Investigation Institute Co., Ltd., Kunming, Yunnan 650218, China )

Abstract  The karst area in Southwest China is characterized by complex terrain and karst development, with a large
area of exposed carbonate rocks and a wide distribution of karst depressions and valleys on the surface. Therefore, this
area is highly subject to water inflow in tunnel construction. The Dapozi tunnel area of the central Yunnan Province is
a deep-buried tunnel in the karst area, in which exist many faults and very complex hydrogeological conditions.
Therefore, it is necessary to predict the tunnel inflow during construction by analyzing the water inflow conditions and
identifying its sources, which can ensure the safety of tunnel construction. Currently, numerical and analytical methods
are commonly used to predict water inflow. The analytical methods mainly calculate the water inflow of tunnel through
empirical calculation formulas. However, most of these methods are based on some assumptions and specific boundary
conditions, which may limit their applicability in complex cases. The numerical method can simulate complex
geological conditions by obtaining accurate data about geological characteristic, but its accuracy is restricted by the
accuracy of borehole data in numerical calculation. Therefore, the mutual supplementation of numerical and analytical
methods can significantly improve the efficiency and accuracy of water inflow prediction. Besides, most of the
previous studies only predicted the water inflow of tunnel in the survey and design stage. But they did not describe the
actual construction progress in the model, and the accuracy of prediction results conducted separately with numerical
or analytical methods were not verified by the actual water inflow data.

By analyzing the stratigraphic lithology and geological structure of the strata in the study area, we preliminarily
identified the construction sections with the risks of water inflow. Based on hydrogeological surveys, we collected
water samples from tunnels, springs, and wells in the study area to measure the geochemical characteristics of
groundwater. Furthermore, we analyzed the sources for tunnel inflow and degrees of karst development, using Piper
trilinear diagrams and Gibbs diagrams. Based on the procedures above, we used analytic and numerical methods to
calculate the maximum and average water inflow of each tunnel unit, and compared the predicted values with the
actual ones. We have also built a numerical groundwater flow model based on FEFLOW, which couples the simulation
of regional macroscopic groundwater distribution and employs a method that combines multiple time series with the
comprehensive assignment of various internal boundaries to depict the dynamic construction process.

The results show the study area is developed with three main faults in. Although the permeability of these faults
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is weak, the gullies formed by these faults will gather atmospheric precipitation and surface water, increasing water
inflow risk during tunnel construction. The TDS of groundwater in the area gradually increases from south to north,
indicating that groundwater flows from the south to the north of the study area. The D and 5O isotope results prove
that the water inflow in tunnel is from the low altitude; the distance of the groundwater runoff path is medium;
atmospheric precipitation is the primary supply source. Gibbs diagram shows that the ions in the groundwater are
mainly from rock weathering, suggesting that there may be karst fissures in carbonate rocks due to water-rock
interaction within the area. In addition, the analytical method can efficiently calculate the water inflow of tunnel in the
preliminary survey and design stage of the project. However, this method cannot dynamically predict the change in the
water inflow. In essence, it is an analytical formula derived from the theory on the stable movement of the phreatic
aquifer to the complete well. Therefore, the groundwater table dramatically affects the result, and the prediction
accuracy in the section of the high groundwater table of analytical method is lower than that of the numerical method.
The numerical method focuses on the high-accuracy model of engineering scale in the karst system, which is controlled
by the macroscopic groundwater distribution. It pays attention to the description of the dynamic process and the
conditions of the project area. Specifically, it describes the dynamic construction process by multi-time series. The
working conditions of the excavating and lining are described by "GAP" in FEFLOW, which can accurately predict the
change of water inflow in construction. Therefore, based on the actual hydrogeological conditions, the analytical-
numerical method can significantly improve the efficiency and accuracy of water inflow prediction. The methods and

models used in this paper are significant for preventing and controlling water inflow disasters in high-risk tunnels.

Key words the karst area in Southwest China, deep-buried tunnel, water inflow conditions, inflow rate, analytical

method, numerical method
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