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Dynamic prediction method of tunnel water inflow based on detailed depiction of
complex geological bodies
DU Yajun'*?, LI Qingbo', WAN Weifeng', YANG Fengwei', LI Yazhe'?, QIAN Hui’

(1. Yellow River Engineering Consulting Co., Ltd., Zhengzhou 450003, China; 2. Key Laboratory of Water Management and Water
Security for Yellow River Basin, Ministry of Water Resources (Under Construction), Zhengzhou 450003, China; 3. School of
Water and Environment, Chang’an University, Xi’an 710054, China)

Abstract: It is a challenge to accurately characterize the irregular geological bodies and underground structures such as
inclined faults and inclined tunnels during the numerical simulation of tunnel water inflow prediction, and the prediction
generally assumes that the tunnel excavation is completed instantaneously without considering the construction progress.
A dynamic prediction method for tunnel water inflow based on precise characterization of complex geometric bodies
was proposed by addressing the non-self-intersection and watertight issues required in the coupling process of three-di-
mensional (3D) geological models and 3D groundwater numerical models. Specifically, a sealed boundary interface of
inclined tunnels, shafts, inclined faults and irregular geological bodies is firstly constructed in 3D geological modeling
software. The inclined tunnels and shafts need to be segmented according to the excavation progress, and then a 3D geo-
logical model is established. Subsequently, the 3D geological model data is imported into the 3D groundwater simula-
tion software, Feflow, in ml file format. Then the fully unstructured grid function of Feflow is used to achieve the fine

gridding of the complex geometric bodies. Finally, the tunnel boundary is set as a third type boundary based on the de-
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tailed gridding of complex geometric body in Feflow. Thus, tunnel water inflow can be predicted dynamically by setting

the exchange coefficients and reference water heads with consideration to the tunnel excavation progress and construc-

tion techniques (such as grouting, lining, etc.). The method is applied to the calculation of water inflow in inclined tun-

nels and shafts in an underground project, with good practical effect.

Keywords: tunnel water inflow; inclined fault; 3D geological model; fully unstructured grids; water inflow dynamic pre-

diction

IR AR 7K S (ARG o T S K S b B2 E R — N
BERY RS [P, 7] s 2 B ) 77 HE K 3 1R T —
AR AP ) B TRIA 7K S ) T 7 vk 2 B AU 4
FS M . 256 B A, b g
BT RN 2 56 A 200 A 7K S 3T A5 A A X6 F67 B ) Bk 1]
TS, AR T 18 A K SCH T A5k
AR RR IR K f AR . B BRI R R L KR
R, B 1R i Ak 7K SC b TR S5 AR i A 4%, B0
0L 7 3 k) 92 M T A 2 R TR TR I K B
H,

A B TRIIA AR FUL P 1o A v, 38 R (B B R 42
W IR SE I8, T 2 HE it Tk 38, EL AR 20 20 g
J2 | AR I 45 Ze i T AR PP ML Golian™ iz
BE0) 2475 71| %1 Modflow f¥ Drain 312 FIXT Modflow
PEAT RTS8 T B I 12 48 T2 B R, ) g 4O
FIH BP A2 0 8 AT o] DU ) 1| 08 g S 4 20 1L g a8
17 7 sh AT, J. Molinero 25 | F§ TRANMEEF-3 &
J Xl B 1 i A 2 R ] A WA A 1 2K S A
AT T HERRITAEL, SR L 3R ey vk A A 220 o F i 3 475
SOV B sl FHPE A BRAE ), A — 2 o o A
AR S F R RS, = A b R AR R R R
S0 (AR A A R M RARRL R i 12T Aot R TR T K
TN r A 2 b S AR 44 220 1] R 7K S B0 2 ) 4 [ 2,
EHRH—E =i RS Feflow A4 ik, il
TIT SR AR AR rb R T2 (AR TR
TR AR 55 A R 0 b J3 A 4055 400 2 T, 6 T (A
RU b RS 20 21 i R, 25 R T B A T (i
W, RFIAE), LA SEEU AR RE I | SR IR R R
7K & A B AT

1 Z#MREE S Feflow 33577k

1.1 Feflow M#&&I 5 E K

SEF AL IS S A8 RS 50 R 7S AR, A% P A
AR LA HH ] RIS BRI, 78 A DXk N A 2 50 A,
ST R—ZH ML, B2 SRS, X
FER RS, 5 25 5 A SR o 107 8 ¢ R T e o)
6 G S R A5, DAL, Bl 45 R AR T o, FLEL
A DA A S PR o A R e, (EDR TN BRI 31
2 A 25 o A LSS R IR A, S8 TR ES 1L

DS AT FEI A FH NG AL, A% PR 7 s o i B AT
EME, &Y S B AR A AT BT, RS BaoC AT DL
ZFGAR, TR . ARSI A, R RL Y
5 220 W B R, ARG AL R BSR4

Feflow M 7.0 JRASTFUR PN E T Tetgen BLH, M
AT RARES L AR, Tetgen 414 iy 7 3
SRR SRR T BT RBE LR Bl R SRR
5T T (WIAS)Hang Si g5 AP0 DY T AR X A% 25 i
=4k Delaunay —ffiJEHI504%, 0 T A2 B 0Y A R A,
T LA AR A 20 15 JE — e A TS 11 B3R 7R
IR A S il S SRR R BR s E & (A 1), IF R
ATART S ERASBEAHZE , HIEE SR A JLAT AR 1A 2%
BRI A MR 2), TERZEER T, A
Feflow [ JLABE 70 2 i A Y 5 — 42 PRI BR A 2B
AT

FLIFA LRIHIARAE

o

| G R = AR R I(ET B. Zehner™ &30
Fig.1 Schematic diagram of frequent 3D Delaunary triangulation
errors (Modified based on B. Zehner!' ")

AN
> fg%Av \ %
A

(b) BH, AFEME
K2 s Ees

Fig.2 Schematic diagram of sealing and self-intersection of
boundary



1M

P FE S TR R RN 41 2 B B R R KB 3 &S TN - 67 -

Feflow % SKUA-GOCAD — 4 b Jift #4554 1}
B SCARAR X, PR A B — 4 SRR S A Feflow Ho,
IAEH B SKUA-GOCAD 5 Feflow #EATHE A -
1.2 SFRMEEZIE S E

Feflow %R 2 () JUAT AR RS HAT 925 RIS A AH
2k, A H GOCAD(v15.5) Z i 455 4 fif 75 22 k47
—BURFIR AR, P BRAT
1.2.1 GOCAD % 3 Mot AR £ 0 #y 38

T JETE GOCAD HARHE & A Y b 5T 50k 2] ) 1
A b 5T AR 2 A9 300 ST, Oy TR A, AR
it T VE R R BRI WS A 20 I, 2 A R S —
T RENSTER IS B BB 2 B TR B A T T 22,
SEBHX BE FIR T 7K ek A Sh AT, 9 ) R I AT o B
Z\ i, G e 10 m — Bl F AR THZ S B K
JE5 5 R BRI AR AT A IR, Qi e | REAE,
AI7E CAD il i, SR )55 A GOCAD.

FERAR R0 A6 A A 25 A 1 AL A GOCAD
SR H A AR SS T Y 3E 42, X B A2 2 AN TN 22 4% T 1Y) 6
LN, T GOCAD H ST aRE R, S F i
2 il A2b S 52 TR RN 4 B 5 ] 31 GOCAD 1 4 1
CompGeom, A FH move atoms to nearest atoms of ob-
jects(Be Bl i B de T A4 AR 9 s W 4 fd e 1) s B4 T
¥ool . BN TE GOCAD H—N 7 i H A%
1708 2 2R B (Segment), (R Hh 17 o5 A2 ALk BE A
T Z AT, By IR TR 5 3). Tk,
R T AE BT A R POR PR A RSN A, BT E R E T A
PEAT B R, S S BX — H 195 48 A 48 F CompGeom
H Projectd-Rem.Trgls outside cruve/ Rem.Trgls inside
cruve( BT M LAt e A% 4 . ARIELL T
FAEAE GOCAD H A i 1 i P 2R P T AT 2
THHE T2

TE: FPEBFEFRoR B BT 50 B R aldLB;
D R MERE B .
3 LA R B D B
Fig.3 Steps for creating line segments with shared nodes

1.2.2 A TH40 BR & 69 10 T & A s,

1T GOCAD & i Ui e FR, ASRETT BE AR 2k
ZF G R R AT RS OY, X 30 GOCAD HUAETE
AT B AS 2 AR Y i, R A U B RS, PRt fe
' ComGeom i 4 Jf ¥4 F§ Gmsh #1452 BLIZ T fE .

Gmsh & —/ 0 28 A N B TS AL PR )RR Y = 4k
ABRTC RS A s . ity B s B — Pk
B By HAT W SR s NSk i nT AL BE T i A%
AR T B, FIFH Gmsh(v2.4.2) H Mesh-3D g 2 ¥ i1
FHAC RS A LRI T HEAT AR B 03, SR TG R E B = A
GOCAD JHRE mfEfE B .

Wi 2 1E Feflow F F S8 B 8L 4E AIE JC Z (Discrete
Feature Elements, DFEs) #4743, 32238 1o R4k 1) F-
B oS R R, BVAE AR g 1 4
DFEs, 7£ = 4Ef5 7 fp 78 il — 4k DFEs, 45~ DFEs 1 L)
PPl LTS8 s S, TR = 41 B
A2 D A X TR A
123 #FEeg 3SR g A8 AR

B /S A CompGeom ffi 44 i.smesh SCI4, %3¢
PSR MR BT A = AR = A o S, B
DEHEA —A2Rgs . HIRTETHE L E R
Tetgen FAFFT I IR A WY smesh SR %5 B I
HAHAE T, AR 0 45 SR ot B A AH S (R R ) A
A FR o R JE FH 4 4 CompGeom H Start to debug
with tetgen-d output(JF 43 F FH Tetgen M)A 4>, A
2R A A ) Node (1 50 ST, S AAEAE )Y
S AR AR IR B SRAB ORI ) FR T FE B i A4 . 1B
SEITA SUG A Tetgen SRR A, B ERAZE RN
PRI FAAAE A AL, S J51E GOCAD H | F )
AR A FHT A SRR
1.2.4 Feflow F = 43 FiAER 69 FA

H i Feflow 355 A1 GOCAD 5 R ¥4 #% =X
oA ts(H ST ) AT mI(Model3D 4% 20), 33 26 30K 1
supermesh S {F5 A Feflow, H:H ml SCUFREE T =4
Hb AR AR U A5 AR B IT S B, A Feflow J& il
FRAEAS Rl A PR BT HEA TR, PRI e 4 mi SO A% AR
i GOCAD #52 #Y 1 i i3 4% =X . 75 2808 W 2 7
Feflow H1{i H] Tetgen il 43 %% HE4T A% 1) 43 B 22 0E £
Preserve external boundary(f4 B8 ZMi4 B) FL R B8 %
54K Preserve mesh entities(ff B4 W% SEA), B4 5 4
JE RS [F) ) X S RE 6% L E AR TR
1.3 BEEREEA ST

W& S BRIF A2 I A B B2, B I AZ o — g I [A]
J5 2% CIFZE IR Be e A TR RV, AT AR T F
YR B i ik, oA 7 5 BRI A2 A LSS I
RS FOTI00 5% T F425 EsF 4) K , ASE AR i kI 9 7K
N 2 R TR A T T

TE =2 AR A Feflow 885105, 76 =
2 b, Jo A AR v ol S ) A ) A — B R TR UL R 2 AT LA
Feflow H#% 5. 0 (Element) #E47 BR BERE, 76 b FEmt [



. 68 - MRS

%51 %

ARSCR T —Fofit T 2544 BRI 1 7K 0 g S FH G
AR, B bg I 45 2 5 =R Bt % B R
TG YA AIHE KA, 7E Feflow = 230 B 4 il
FIRRUT
0 =AD(het—h) (1)
A Q WAL TG A R AH 5 DX ST AR
D N W R EL by S5 K s N YT LT K
Kk
@ WM LAF 7 R g il
®=K/d 2)
K K WIEIEIZ 10815 28 d IR IEIR R .
TE Feflow 155 =230 5 LA [F I E & Fl by
H & AR 0 AR, FIHTX —FRE7ER A rh 4D %
B2 R . B SEAE Feflow H#E 4 — BBk I %)
S 7K S B4 7 S AE I AT B e A, LUK 3S M R A
@(Out-transfer rate) 5 & A B A [A] A5 40 AL, 7 BE A T
RPN A ZEEE R 0, TERR TR FI2 5 i 8 o — 1
BERA(E Y, FE AT BRI L R 5 g — A
BNE . @ FE R R AR L BRI A E
T HLR AR . B i il A5 R 3R R

2 SLHIRRER

21 IELS

DASEH N TARRPH RN 2 A BT AR DCHIE ST
I TR DCHE T /K S 322 Ry FEA K, A2 R TR
#2076 mm. HUJE AR B X, 3 P B
FE 10°~20°, HJE FefRAb hy VU AN HE whia), 2 1) by i 45 74
Mo TRERZRMIZY 300 m Ay [ pE A0 2 47K I,
KB SRR R . X L /K452 KA Rk
ARG, WS 2RI I A R, 2O A BT

MR TR TR LI B 25 A BRI I, R AR
JARRFER R . BB RIS KAaasebs, &
FEPRFRIUE o AHEA AT TR X PUA6HR, Hoai 235
ST RN A, a2 AL T AR R A RN, B
241360 mo "EFFFL O F TR X R, IR v F
TR AR, KIEZ 550 m. BHFRIZEHRIZE XFIL, W72
7R 260°/NW £ 60°~80°, Wi J2 52 M4 55 & 0.3~0.6 m,
Wr)Zai 8% 2 E0CH 30 m/d.
22 REME

R 5 R A 57 = A b AR R, TR X R
U b 24 ARG L AN &) 4a i, DA JZ TR 4 T
HITATANIA] 4b PR, AARHCEE R 2 820 m, FEEEN 2 440 m,
JEEES 930 m, Hrh WAL Z RS -y 30 mo RPFRE T
10 m Ry —JF Be b AT A, IR A 11 m o — B

HEAT AR

W =M TR S A Feflow Ji7, Z4d 52 2R #&
550 5) P2 A ) BT (Element) 3547 1 761 620 4,
17 5. (Node)304 876 4™, #5 1T AT i) 3 Je et B
1.

23 RENEE

AR g A e R A, SR R A A Y
BATHZW], 291 1100 do BHUFFRESFHZLA R
7 (#% 30 d it)sr BeIr 4%, ®RHIER A FF42 40 m, dE31
344, WA I 22 m, i 25 AN L BHEE
BRLEATIES 1| RITIRTFS, BILTER RS 1T 5
15 KIFRFFEE, TEFFZJE 5 10 Kb TS5 HER (K 2).

R A8 e 8 T, R TR A ) A 0 2 S 450k B
=N B, KR 60 F1 90 m, ARG i/
LSSl Y S UL .

Bt 7K iz BE VR AL IR A7 Ab BE, 7E Feflow Hf i i Xt
b 2 XL 2 F1 ] In/outflow on top/bottom iy 2> 15 11,
ok I 2 (L0 o SF 8] P 870 S A4 224 ) 1 24 T £
A, BERAE REUR 0.1,

Wk 1 PR B O AR = B, 5% R E o R
T R AR, S TP T BE R A8 4 2R B 15 0 B
)5 Ak 1) 3 S, 30 3 5 48 22 B A [R) B A0L B ) 425
I BRI DA [ 25 5

BRI K SCH T S0 B R IB B L 4K EE LA
BBt 2L, XSS SR A SR AR 5 A 28T 5
(4235 [) 43 A R0 A 43 A ) T AR B 17 . W72
T Feflow "ERN 4k BSHURHIE JG 2R (DFEs) #1740 B,
FESHLTE W2 90 FB 3 REGE, MRS SR A
55 KA B e 25 5, v AR 7R e I 2 5 B RS i R
oy B E N 0.6 m A1 30 m/d.

WA T K L AR+ 43 2, BT 2
% 1 b KA W B, A R R AR A R A 4L
FE RIRFAF T ML KA 5010, Rz g R Ak
T AL R R .

24 REBIRIE

ZHF TRTERDE S BRI FZ R BRI TH T
IO, R R A A HEK R, BAETHZ 58 UG A
B AT K WD, PR AR YO AR AL R 500 d HEZK
TR BB, 52 B R 7K 25 HEAK R A B U
A (E 6), J5 600 d 1 AR TR .

ZRERVRE I S5, S5 210 7 A5 A A0 AN e ) 340
SEHZEU N 0.07 F10.09, BRIFEITZRISSHRECH
0, I I 32 46 2R 50 H 90, [ 45 T ¢ 5 A2 e R 5
0.04(F 2). £ HTTELITINEIE REULE 3,



%11 MITESE: TG 2 FRARN % B %R AR 2 S B % - 69 -
@ X/10°m

3455 3460 3465 347.0

348.0  348.58 800

X/10° m

347.0
3

P
PAEE=) A

K4 =2 oA i
Fig.4 Perspective of 3D geological model

o EERE

s

| PRk

€15 Feflow HlJ3 b5t fAc i1 73 251

Fig.5 Rendering of partial geological bodies in Feflow
2.5 RSN

BRI IE Ji A] A5 A [l E A7 KB T /KR
(& 7). WTLAE MTERBE RIS IHZ G, ATET 2B
B3 BT S8 g T AR AR AL, T AR T 42 B
WA K HE W AL, BEIS T B S5 HER AR T T2
B ) B s K P, A T 45 98 ) B A K A3 A 1
B ., D8RI AR ST BT AR) B IR 1 35 4 23 BT

#1 Feflow FEMFRRETHITES

Table 1 Statistical information of geological units in Feflow
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Table 2 Parameters duration tunnel evacuation
Frz R 30! 25K
“ FriartiE/d ZabRMEVD 3ciREC RGBSR/ ZaRRTEVD SSIREREC O JFIREFEd ZaRRMEG S 3SIREREL
BT 1B 0 30 0 30 40 90 40 1100 0.04
1B 15 45 0 45 55 90 55 1100 0.04
2B 30 60 0 60 70 90 70 1100 0.04
U2 45 75 0 75 85 90 85 1100 0.04
A3 B 60 90 0 90 100 90 100 1100 0.04
3B 75 105 1 105 115 90 115 1100 0.04
RHT4B 90 120 0 120 130 90 130 1100 0.04
4B 105 135 2 135 145 90 145 1100 0.04
R B 120 150 0 150 160 90 160 1100 0.04
U5 B 135 165 3 165 175 90 175 1100 0.04
A6 150 180 0 180 190 90 190 1100 0.04
6Bt 165 195 4 195 205 90 205 1100 0.04
RUTFTE 180 210 0 210 220 90 220 1100 0.04
7B 195 225 5 225 235 90 235 1100 0.04
RHF8B 210 240 0 240 250 90 250 1100 0.04
-8B 225 255 6 255 265 90 265 1100 0.04
AR 240 270 0 270 280 90 280 1100 0.04
o 255 285 7 285 295 90 295 1100 0.04
#HE108: 270 300 0 300 310 90 310 1100 0.04
I 108E 285 315 8 315 325 90 325 1100 0.04
1B 300 330 0 330 340 90 340 1100 0.04
BB 315 345 9 345 355 90 355 1100 0.04
RHF12B 330 360 0 360 370 90 370 1100 0.04
B 128 345 375 10 375 385 90 385 1100 0.04
13 E 360 390 0 390 400 90 400 1100 0.04
I 13BE 375 405 11 405 415 90 415 1100 0.04
RHF14B 390 420 0 420 430 90 430 1100 0.04
B IF14B 405 435 12 435 445 90 445 1100 0.04
RHF15EB 420 450 0 450 460 90 460 1100 0.04
B 15 435 465 13 465 475 90 475 1100 0.04
#HF16B 450 480 0 480 490 90 490 1100 0.04
I 16BE 465 495 14 495 505 90 505 1100 0.04
RIF17E 480 510 0 510 520 90 520 1100 0.04
IF17B 495 525 15 525 535 90 535 1100 0.04
RHF18E 510 540 0 540 550 90 550 1100 0.04
B 8B 525 555 16 555 565 90 565 1100 0.04
198 540 570 0 570 580 90 580 1100 0.04
19 555 585 17 585 595 90 595 1100 0.04
#2208 570 600 0 600 610 90 610 1100 0.04
208 585 615 18 615 625 90 625 1100 0.04
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218 615 645 19 645 655 90 655 1100 0.04
RHF228 630 660 0 660 670 90 670 1100 0.04
228 645 675 20 675 685 90 685 1100 0.04
RHF23E 660 690 0 690 700 90 700 1100 0.04
B IF23BE 675 705 21 705 715 90 715 1100 0.04
RHF24B 690 720 0 720 730 90 730 1100 0.04
248 705 735 22 735 745 90 745 1100 0.04
RHF25B 720 750 0 750 760 90 760 1100 0.04
U IF25B 735 765 23 765 775 90 775 1100 0.04
RHF26E 750 780 0 780 790 90 790 1100 0.04
RHF27E 780 810 0 810 820 90 820 1100 0.04
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