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A coupled hydro-thermal model of fractured rock mass
under low temperature and its numerical analysis
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Abstract: Fracture seepage can result in a change of temperature fields of rock around cracks, which is more apparent in particular
under low temperature. In addition, heat exchange between fracture water and the cold rock medium may induce water/ice phase
transition in fractures. The generation of solid ice prevents water from flowing in fractures, which leads to a change of the seepage
field of fractured rock mass. Thus, this hydro-thermal coupling action of fractured rock mass under low temperature is extreme. By
considering water/ice phase transition and fracture seepage, a coupled hydro-thermal model is developed for fractured rock mass
under low temperature. To illustrate the influence of fracture flow on the freezing process, an example of the artificial freezing
method is investigated. The results show that the rock medium far from fractures is frozen earlier for fracture flow and the completed
freezing time of seepage fractures are more than that of rock medium. Both the fracture width and delivery head of fracture water
affect completed freezing time. The completed freezing time increases with the increase of fracture width and delivery head of
fracture water. The seepage velocity in fracture gradually decreases along with freezing time, and the fracture seepage stops after
fracture water is frozen. Finally, by building a stochastic fracture network model, the impact of seepage in fracture network on the
freezing process is studied using the proposed coupled hydro-thermal model. The calculated results indicate the significance of
considering fracture seepage during artificial ground freezing.

Keywords: fractured rock mass under low temperature; hydro-thermal coupling; fracture seepage; water/ice phase transition;
artificial freezing method

o A A L L 4 O,
a AN, BBV AR 0 27 4

LR TREA R P R R R, HECAE JGEm, X TRKARRREUA RIS, i TERR

R H W 2017-04-17

FAEWH: EEARBEEIESTERSTH (No. 41702291, No.51604195); ik AREIEFEATIH (No. 2015CFA142).,

This work was supported by the National Natural Science Foundation of China (41702291, 51604195) and the Natural Science Foundation of Hubei Province
(2015CFA142).

B—AEF RN SRR, 5, 1989 4R, B, PRI, FENEEE A S R A 59 L. E-mail: huang1989.9@163.com




736 el +

7 = 2018 4F

PRl R ZERGK AR AR S B KRB A, 33
ZURGFE (UL P R AR08 . VR G530 T,
FABRARIB IR 23 5 | RS VR 528 Bl PRI A, 7™ S PR P R 5 |
RN o o LS AN 0 4 I A ez L N 7 s R A ]
G 24 BB R AR o 4RI AT A7 =
IR S5 AR, 6T AE SBR[
L, VR IR LB A A K - R A5 T R 48
SEVF T S AR BT DL SR R AL S A 5 i = F
EH AT REE,

R T I IR K - FARE 5 T R 5 2 A X
TN e ik, o, WR RSl T
IR LB A T K — AR A5 A5 78 S s 2y 1l 2 1 € X
BEIE B2 Bt AT R K T
LS AHE R, R R AEROR B R Ak T R
W, HAL TR K-S Vitel 2GRS
R /KB BE R A5 AC Rl R s, S T A
JRAR R R 45 4 F T I K-SR A B sa) s s 2t
WS SR B AL A TR R ST T AR i 2 B A
THM RGBT 2% L8R BB N R 451 3
OI AR s Fp 7 A2 pe S g b ) K KR AR it
T o) b 2 i (1 2R 5 ATl P55 3 R VR I G R AT T 4
HA T, RIS % ISR IIEH o

AT, A OE TR K - A R i 7T AR
D P BENE TS B BUK KA AR VE ] . o TIRST
ZABH IR K- A L RE R, A SO e %
SRR (VBB Y E R L K UKAHAR RV, 83y 7 24
FRMREK-HRE SRR, TRV TAE,
T CAAS SCIIF 9 5 A S 4 7K~ 4 1) LR T, 9
8 TR T /K VR4 5 | S (M 3B A RIS B AR 1k
DL K LB 0 S AL I (R S o st i DAVR 457
it TR, %21 R LA TR AR S L Rk Sk
T 7 25 25 ok Bl 4 3 AP0 4 025 44 s ) £ 4 R
Aty BEMIA MATLAB % il BEHLZL B 99 2% 24 R
¥, KRB AR, THET T LRI 480 A A
SERCTE I RE I . ARSCHFSE T A 4R SN T VRS
Ji Ty AR AR (LNG) b R A7 LR FE X
ZABUE AR Rk PR /NS TR 4R 2.

2 KRB AR sk 3

2.1 EAREE

e I A S N B -

(1) T SERRRRR T8 5 — AN, BRtk, 20
SA B8 B 7 i) (T P B B RO P T

(2) FEJFRNZLRER A (3B 050 75 2 38 V4 2 A
ST e

(3) J8JTURH LR b F A T80 2 A L e A
T 5 2R ) (1) AT H 2 2 A A e A
22 BRHHE

AR TS8R AT 7, B A SIS R
AL FUEPIRFIE o ARURES 73 B ZLREE I 11 0 126 1y
TEAE S, TSR A KRS G, B
BRIISIBEVE R FFE, TRk S, e
Ja IR BRBIEERE A 00 Fit, XF5eia A
B (Ry2 i T REN 53 0 T L% S

TEA A WNBA IR AT, SHANK
VKR AR WAE TR GRLHED SR AR R K i

Jo+ [ =0 (D

PO LD PP VYT ) PP

f;:_[Aplvl.nds:J._Qv.(plvl)d‘Q (3)

A fONRAIRTERAN GHD WASKE =, v
HORE S FRAG Y s S M BRI TR KUK B AR s
HE A ALBRAR . oy R o 03 KT DK B T s w, ok
EAPREAKAERS & O QA A5 50h
ZHARAARMANR A v 0 FLB KB T R 4
n ASHERELMINEL R & s ASHERINE .

FA (2. 3) AN (D v, HERSH
R RAAE R, SR RECY 0, w1
BT IE S T RN

6(plwun)+6[pi(1_wu)n]+V,(plvl)20 (4)

ot ot

FLBRA N BT iR A VU 8 IR, 2% 18 77 Tkt

HIEIT S FLBKIBTOE R ] Rl

Y z—ft—rlk(Vpl -p8)—SRVT, (5
ek, WHXBIESR: p WKNEEREG kN
WA AT HNEIERRE;  p LUK g W)
DR TN A AR SE b ok
TEVREE LA B2l 0, fEarBEX TR - 3~0 CHECH
5x107° m?/(C - s)!P,

Fl (5 AKX (D, BaaThBiRITEN
a(plwu”)+a[pi(1_wu)n]+

ot ot

k

V|:—p,;rk(Vpl _plg)_plSE)VTr:|:0 (6
|

XTI AR BB T, URES BB A K,

MAERE DA N K OKIR G ) o H 2B P 7K KA it



52 1

SR,
dpw; +p(1-wp)]
ot
Ao wl MM B R AR Bt vl IR )
KT HRE
ECRA B, REUKBIT I, TERES B
Bt 7K 32 il 18 S 7 e R
g wd
12

LA T 5 2 R B T T RE N

+V () =0 (7

Q— (3)
K. Q NBWRIEE, g NFEIIMEE KA nh
BB RBG w RN IRIE S d, N
BABRGEIE, T BN 1 IRK IR,
WARBIRIE B 5B R KRR,
0 =v wd, D)

X (8). (9) W%, VB ] KR R 2
TR R ) BRI A
v =89y (10)

n 12
KR AT AR K B s sl

1
J=——(Vp.-pg) (1)

Pg

WAL, B8RSR S IR AR EARAE LT
Fe

H=p1] (125

#aL DL a2) ARAAKX 0> o, REBUKK)
B B 2 ROl

ok,
w=~zﬂh—p£) (13)

e ARG RTINS E Rk, =d2 /12,

B (13) RN (1) AT AR BT
P T FR Ny
o{lpw + p,(1-w))]]

ot

k
+V'|:—plzc(Vpc _plg):|=0

(14)
2.3 WBEFTTE
EREANR—N2HE, SH5KkCh Q, hE
R PN R SR ST 1E AT KIAE T P SR AR 0 F

Qm+Qph:Qs+Qw (15)

A 0, O, WIRASHWRS KA H AR

FROKAE: (IR A K- S BRI S B 23 737
PRI O O, M T RBAR A LI T s
LHHAEMIRER -
T HAURE 2 B B N TR) Y RN 2 AR Ry
0, =|-q-nds=[-V-qd02 (16)
A ko]
b g A A A AR T K
A B K UKAR AR P AR R Bl
Qph :_Ipzf%ndg QVD)
o ot

e CKURAT AR A
PR T[] S S it P T e i PR PR A

N _ d(pscs r) d(plCl )
Q—£P1 a7 n(l—w,) gy }

(18)
A LGRS s,  HESN ) Fh P
T RS B R AR R W A

0, = jm MAQ+M1w0Aq]rdQ (19)

Ii) BT Ak B AST T TR) A S5 0 ¥l T v T LI
PR
J‘ d(P1clT)dQ _

o

j{ nw plcl +(vl V)(nw,pic,T. )}d[) (20)

Qo

B (16). (7). (19),
HRA A A TR I T RN

(200 fRAL (15

oT,
Cva_r"‘plcl"l'(VTr)*'v'q:O 21

b C O FLBRA Y USSR ¢ ALV, T
brsy I i 0 RIERE AT WA K DR AR DK A ot

ARl A LI S A, R L R R R
b

q=-AVT, (22)

Kb A, E AR R B R
Kl (22) RN QD A A4
By iR N

€, Zes paw (V) +V-(AVT) =0 (23)

% B BUK S A T RS, AR A RE B e
JEHL,  [FIRE RTAF B R 3 U R

d; {Cj % +pey (VI + V- (_ieCVTc):| =q;

(24>



738 el +

7 = 2018 4F

A C) BB IR UK ARG s AS T,
73 BB KUK A TRAE R A 3 RN L s g,
O IR E T 2R A A N ZRBK DK A o FAi o

BB A A T AR A 2, i AL A 1
SEAE, WROOEE SR ot FRAREE N T 1 em
(AR, AT R AR A L L AR LR R
AN, HARES a2 ) v 3 dea
TR BERBEPRGE o BRI, R R AT R A

Qf =h(Trc _Twi)=ﬂ'e ZT;

(25)

e h e R A T, 2R T 2 o
MR IE s T AR KUK IR ;s ne AR
47 1 6
24 MHXPE ST ZSHHIR

(1) FEARYHE S

WK B R BOEIEE R, WTRoR A

u=2.1x10"° exp(1 8085)

(26)

KRB L IR BT R, T Rs Tl

P =ppll+ o (T =T) + B,(p, — py)] 27

Kt pyg W IIN py~ W BEA T, B IR i
TR ap NKKIMZIKREG B, JK k48
EY @

MBS HE LA HER TS, ZHWEN
293.15K (Rl p, = 101 kPa, T,=293.15K), MK
P K R BN R 48 REBCN o =[-9(T —273.15) —
80]1x107°, ,Bp:5><10760

(2) RiFAKEHE

TG V8 A A 5 MR AL BRI 2 R B b R R /K 5
BRI, AR, LB R K S i
] R g VR G I F e o L)

W= eMTT)

u

(28)

e MO EALBEEAR S AE RIS EG T, AR
KINERSS 1, HAT T, =273.15 Ko

TR, 7o 5 O P JE T T AN
S REBKAER S5 X [0 N B W S Rl o sz b, 3
Bt e (R 2K DKORH AR B DX TR AR DS, i DA AT R B
IR AR T SIS AR ) AN R AR IR VR 4 3 R 1) 5%
M, S I SR FH 4 DX T 45 A A R i R B8OS4 T 7002 T
ATROUCTS (E S LI AN [ BRI )R K- R
R, W% R R K R 45 I 1 R . PTG
hy BTN Wb AR 2R R A PR 2 & o A DA S et S Ui

BE RIS R A5 T 1 5 A T S 0 S AN
S, ARSI BB K UKAAS BREIAE 0~—3 CIX
), VREEZ TN w =017 ALK I A U
Vi WL B S|

I, T>273.15K
W&:Z;¥Q§,nowK<T<mawK (29)

0, 7<270.15K

(3) BiFE R

MRS LA TS, HREE X ARG X 13
BERBAHZEROR, BT HREE X INBEMNERDN, ELRL
FE B SCHR TP R 45 X K M T Al o A S . (H=RsE
by 0T AR T K OKAR AR s RS X, A A
AR AT REAFAEE K ETIARRK, BTl B X A RE
B UEAEIBIE X b FE . Nishimura 250850 %,
WA A TR AR 52 MR FE IR R B R R

kr — \/El[l _(1 _ Sll/K)K]Z

Xk AEEAETHRKZSH, We=05: S8
AT A

BRI, X T RIEREEE AR S, = 100%, 13 24X
BIBEHR N k=1, 24955 LAE TR, WA ARERK
FAERS S, =0, REFIXBER L k=0 Bk, X
TR X 1A AR LB kAR e, nI AR
ik,

FE VR S50 B R 25 A MR B A iR T
(R A7 AR R K AR R 1t

S =w,

(30D

D

Bl (28). (31) AR (30) FrafBALERAY
JRERSY BIAH XV 35 2 5 1R G B I R B R ol

kr — leM(Tfo) [1 _ (1 _ eM(T—]})/K)K]Z

TR S, HBETERBS R, 24
— 2k BB R R AT B R AEVREE I, 1R T
TARSHAL A B FPIRAS, AN BN 2B rh 2@
B 0 RBNBIER RN ARG R, H
R E ]
kz{df/lz T =273.15K
1o, T.. <273.15K

cmin

(32)

(33

e T, AIZERBE IR foe M

(4) RPN T REL

WRIR G YEE, AR FR SO B R A R
T A7 )R R R AT S AR BB R L KA A A



PRFUKEE: (R R BUE AR -l A BRI ST S BB W 739

M MAT
)

ﬂ*e — isl—nﬂllne’ ATﬂnln(l—e’ (34)

K A A4~ A4 IRDAEAEE KELLIKE
Pl R
B UKA R AR T R BTN A

A8 = AT (35)
(5) ARG
T R DR R R DX 1) R Al o 1) 2 o) 3 2

PRIUAEAN AR T L, AR AR A A T LU 1S
FLBRA AR 20 (S5 AR B AT 3oy

C, =(=n)pe,+n(1-w)pic; +nw,pic, + npl (2;:‘

(36)
B HA KUK 5L, WA A AR 0T, A,
B SRR R

Ci=(1-w)p.c, +wipc +p1€aav;f (37

3 REB ARG LR M

3.1 BB

VREGIGE AT e e Rk 12, 1
Hb TR KB N R 4 R TR A Y
WU, DA R VR A T AR BRI I A Ak
H PR TREE S RO DL RS RIS A LA L
RIS R R %, (HAE IS RBUS AT T
(100 2 T R A S R U 1 45 2 B 5 AT S UAT R
DR SR, TR e e S B e
PRIERE™ S, RS i AT i TR,
Pk, WFTRENS TS R & R B R R 4
FEAOCHE T, AN R I, B NS
SREEINR, W IR K SO B A BN 3%,
M R AKEN K BORRETR BRI, L TR
45128 d HARRESIAZ R . miEEYEET
AR BTSN R SRR I 70 A RS, O R
AAAE SNSRI R G50 Tt i # vh L R S RS
Wb o3 A 1 o

N T E ISR BN A 2 i A i R R 5
W, LERIESEYRB SR b, a0 A
(IR UKAHASAE L, S LU B, 25 58K
GBI VR A5 S 2 IR A R

(1) AR BTR S R Y ST

BOEAT A RE AL, FAREN 0.15 m. [A]EE N
157 m, 4R HMPINGRG L a5l
WIFFE R &t B2 R BRI TRUNT 1 L 125 45 A el e 1) 1) 5%

W, X IERC, 10 mx 10 m, 454 L Eak—HA
G AA, H COMSOL #EATRfE, DAL
LA BB T S AE ARSI, SRR i £k TR
S FH N PR 43 77 R SEE TR o

WS BWAFREA A VB X A 4h
293.15 K, Rehid R RER S — H IR RN 248.15 K,
ke IR RE A L RRIAFAEAKKZE 6 m,
WIEB RS A 0,

AR AT a1 s, T R
EAPEL)) SR 1 Fos, KUK
HHIENZE 2,

B 1 RRERA K- B S T R R R R
Fig.1 Schematic of calculation model of TH coupling
process in rock mass with a single fracture

R1 FETHARNSHEIE
Table 1 Values of physical and mechanical parameters of
surrounding rock at room temperature

Ps As Cs ks SPy M
! / (kg/m®) / (W/(mK)) / (J/(kgK)) /(m/s) /(m¥(Ks) /K
0.1 1800 3 816 7x107 5%x107° 0.36

®2 BWETKKN B HESHERE
Table 2  Values of calculation parameters
of water/ice at room temperature

0 el el Ci i A
/¥y /(kgim®) / NkgK)) / (IkgK)) / (W/mK)) / (W/(mK))
334.88x10° 917 4200 2100 22 0.6

() LR

THEEAT 2 I A [F) B 5 v 24 B /K 35 9 B R
SEWRE RRGE I R I O R W 2.3 Fow, H A
KK ZE o b UIRAS TR B o 24 B2 itk A A
Bl 2. 3 A bR A R U B B e S T B L
B, AREEE W, ASCFRZ N PG, S T
P75 PE BRI S . T AR, XEASTA 58
R 5, A1 IRl — R G5 LR L s AR 4
PRI, B A 5 R 5 B TE ORI B . AN
2 AT LA, fEARRUKIESS S 27315 K L, 3



740 el +

7 = 2018 4F

B B Lk B A R 4 P88 ) AR T 2R ek s, X
F BT TR S5 FE R S BUK R ) Ry R 508 K
FE. WA VRGO — D Ak, IR BIVRES ST LA
I, ZABRUK IR S R BRC 0, FEER
TRBBERTA N 0, WARRKREE . W
B/ B AL B R &5 B TR AR G R I (L 3D
HIFRE T DL, S BUKIB T B PR RE 1)
BT S RN, IRBIREES i LR I SR B A
0, Uit HHEIZREBRUR A T VRS, , VR4 o8 ua RB/K L
FAGS, HRBREGE, BB, YR T
N AL R

o dy=0.1 mm
~ 4F v di=0.2 mm
' o dy=0.5mm
& 3 »=2087+0.088« o G-
T, R*=0.996 4 di=10mm
<L
s
-
0 37315 1o
. e L
29 29 28 28 27 27 26 26 25 25
T/K

B2 REKEHEREREGSREEN (H=6 m)
Variation of seepage velocity in fracture with
freezing temperature (H=6 m)

vid /10 m™s™)

0 50 100 150 200 250 300
t/d

B3 REUKBTLERERERE N HZL (H=6 m)
Fig.3 Variation of seepage velocity in fracture with
freezing time (H=6 m)

N T I GERE S AN K Sk Hs ek P LR 4 R 11
SN AN [7) 9 82 2RSS [l K Sk ZE BEA T AL B U -
PR AR, WIS R W 4~6 Fros. A
Kl 4 ATLAE H, 2482 (0, 00 Kb VRS i Bl R &5
I TR AR A R AERES DAL, 2R BRI
WRAEAG, AR BIRLBE A BIVR & 5 S8 AR TV %,
Zi5 el 20 3 WAL X AR I TAEGR G, s LUR R
GBI R LTS P FLER GRS I B A2 B 4
BUR R T AR W B 5 s, ARk Sk 22

6 m. BREELE 0.1~3 mm 2 [0], B8,
VR GEAT I AL e, M 74~90d, B KT
3mm [N, VREE RS R I R) B B 1 L TRk,
ZAERAI UG th S IUIER KEH. WK 6 nLLE
MR R 1 mm. KSKAE 0.1~50 m Yu
I, 7K Sk ZE 56 R 5 A8 BBl I TR RIS AN K, R4S
Pl IS [R] 71 75~81 d; AH T7K3h 04 0.1 m A
W, REATBTT A 7 d 8 E 75 d, R
TP AERMBRT R, RSB K. a L,

_ —d;=10mm — d;=9 mm - dy=8 mm
295 ——-a{f=7mm - - d§=6mm ——d§=5mm
290 — - di=4mm —-- d;=3mm = =d;=2mm
— ‘di=1 mm dy=0.1 mm
285 :
280
¥ as L 273.15K
&~
270 |
265 |
260
255
0

B4 AFEERES 0,0) LEERBHLEN L (H=6 m)
Fig.4 Variation of temperature with freezing time at the
point (0, 0) for fracture with different widths (H=6 m)

201 o yeskscpE I 0
240 —o— RIS TR 40
200 _
30 2
< 160 E
=~ 120 20°¢
-
80 s
d10
40 |
M/A/A
0 1 1 1 0
0 2 4 6 8 10
df / mm

Bl 5 R ENRSTEACR RN (H=6 m)
Fig.5 Influence of fracture width on completed freezing
time (H=6 m)

295
290 P\ —— H=150m ----H=50m —-— H=1m
285 £
280
275 F
270 |
265 |
260 |
255 S S S S

T/K

t/d

B6 ARENKKTHES (0,00 b
BRI TR AL AR (d=1 mm)
Fig.6 Variation of temperature with freezing time at the
point (0, 0) in fracture under different
head pressures (d=1 mm)



%239

PRFUKEE: (R R BUE AR -l A BRI ST S BB W 741

K2, 3 FIE 4~6 ZIAAILENE, WiHIEIe e R
6 B KK AR, BRI RS ik
JERIAR AL, BEARGUKERSGS . B ik, BT
VRAIR SR A, 1 R UK RS AT th B Ay
e, URETHASI R -

BEAh, SRR RS PRI A AR A, B
SORMRA AT o T b 25 FE AR AR AR 7 At 24
B S IR . TR AT BLR B RRIKIK
FAR BRI O AR SR 5 58 I TR S T 17 7 d, vl L
FRAR P PR T A A R 45 P o B ), AR T 5
ZUENS U LR, TR 0, RIS R
BB TS, VREAGACPEI TR 7 d, TfAH RS
s WERAAAE 1 mm 58 1R BETR 45 A2 B I T 48 42
77 do PRIL,  UREEVEE T R R VR R AR
e

295 r

290 \ ----dy=1 mm ﬁ?ﬁﬁ’lﬁ’ém
585 \\ — - — dy=1 mm TCHIAS

\ dr=0 mm 5 FH AR A
280

N
\k

275 H\7d 70-d_77d
1

270 | |‘

265 \

260 F

255

273.15K

T/K

B 7 RERPHAREARBRS LR (H=6 m)
Fig.7 Influence of latent heat on freezing process
in cracks (H=6 m)

h T R W A R R VR A LI B s S iR
FEWI AR AL, 23 2l y = 0 AL A AR iB i i
B R BRSNS AR DG R i e, 2 il &l 8. 9
Fim. TS RIEEZ KT A0, Bk, B8
A IR BRI . TLUE Y, B R
SEFIRAIREAT, RS AL BB AR, T
&t £ ) PR FE FAAR 5 L AL BRU/K IS T SR % 5
BIML R A AR R e A AR K, KL 9
WAl DU, 45 78 d AT SEAR LR AE T R A1
BT 273,15 K.

3.2 RSB IR LA B

3 1) PR S4BT S A L VR 4 e R P L I A
BRI — B S,  AHE— 2D R B 2%
SR S AR KPR A RE R . Rk, pot et
N7 24BN LAk R 2 FLUR A BV Y, A
FHAS S R 7K - Rl Bk s 11 B 2 8 I 9%
XJ LA R 4l A Pl RE I R ), DT Ut BH AR SO )
AR A K TR A AR R T S AN S

v/ (107 m/s)
()} [ole)
|K
Sl

'
[ [
n-
]
AN
—— V- N e B
4 |:'|-:l
v
||'|-l'-
2 T
||'|-l'.
uiil
0 N g ! 1
-6 —4 -2 0 2 4 6

B8 AR y=0 BREESA (d=1 mm, H=6 m)
Fig.8 Distribution of seepage velocity in rock along y=0
(d=1 mm, H=6 m)

300 —-—t=ld --- ¢t=30d — ¢=78d
290 b - Ty A 7T TS
\ [N
L NN I SR
20 ogzasN It T
“ o0 f R
] ‘\l' ',l ‘\i .'lll

260
250

240

-6 -4 -2 0 2 4 6

x/m

B9 EHATy=0IFLRESM (d=1 mm, H=6 m)
Fig.9 Distribution of freezing temperature in rock along
y=0 (d=1 mm, H=6 m)

(1) 2850 00 28 B (ARSI ) v

T H A EHAN Sm, fi'F 20 Mg, H
HRIREE LN 0.15 m, R45FLAT B B E AN 10 m,
SPRIEE N 1.57 m, VRESERER N - 25 C.o 15
XA 50 mx 50 m, . FRIOAAEKLZ 20 m,
i AU A T SAT . R B A IEAS
Z4BR, A 45° N 135° , ZABRITIT R N
0.1 mm . 4B MY 25 7 SRR N = 1 S5 R H MATLAB
PihI LRI 4 A2 R, AR5 5\ AUTOCAD H A=
FICSEARZARRIN 45, 5 i 0 T R 2R ) 44 A AR 2 N
COMSOL AT o« Horp B rb0s s for B R b1 A=
Ji,  REBR FEI MRTEIOE S /0 A, S A Y
(KI5 VB 0.01 45/m”; Sl il SR 5%,
JeE R 80 mx 80 m X IHZIBR NS, FEAHL 50 m x
50 m 240 9 286 X AT VA0 s 5 e R I A
pABLE Ao N o RAE S A TS N B [ N e AR ] 75
IR . S5 220 ) R BRI 265 LA 2 XA 1) 415
WK 10 Fis. ZBRGETH A 46 B3 3.

() WEER

IWEEERWME 11~13 fios. B 11 RS
oy =0 EIRERE AN, WTLVEH, BTRES



742 el +

71 = 2018 4F

WIAETE, VRATREEERE I A I EA G, 58
B A bR 54 B 3 A T SRR, T AT VR el P
H1 T BB AAAT, AR e B B B Ay, %
TR A. BRI CT{EMIRBAL, « L, L., 4
SERIT TN R (L) > t(Ly) > t(L.) » X EB R
TR L, B ROE R L, 1 L. K (LK
12). B 12580 LR H, RRIE 13 i R oAl
B, HRRE L E RSB L, RIS
FHARZLRR L Bt BN pR, B i 2406 L, VR4 X4
S ECAR RN RLRR L, IR I, U B B A VR 4 R )k
17, FBENSRIE T AW S 328 P

(a) BRI L I3 AT

(b) Mkl
Bl 10 HERMAHREE T HRRE

Fig.10 Schematic of numerical calculation
of fracture network model

K3 RERAAIMGER

Table 3 Statistical distribution results of cracks
& ) KB

wE I

snedl A i
e ﬁjﬁ Ji 7% I JiZ  /m? /mm
/(%) /m
1 45 0 30 5 0.01 0.1
2 135 0 25 5 0.01 0.1

ANTFI R G5 I TR) T 2B ARt S 37 A i P 13
PR, ZARBUKBTUEN, RELEER 343 d Ja A
TERE AT Rl o A1 R AR R DX kR 45 Vi FELAROK
RBRUREE MDA . SUOLIR 20T . ORBUKIK
AR SR K Ay @UbAh B 2 R K
BRI 2 OR KRR T 3 BCR B [ A v

273.15 K]

¢° Q

> 4

(a)60d

%
O

(b)180d

D,

VRES, WA T RGBT . 1t WA R 45 it T
AHEANT B ARFEW, 2 HE PR K
I I 2% FE AR R K UK AT A8 S R ACB TR I

N T HREEM B IR A REREA T XL, %
SR AT T e a A MR R G R, TSR
Wik 14 Prose ATLAGE MBS D AEAERERNIT ¢
BEAANS, AT d AR ERA T RE RS, W]
L ZE 5T 194 22 95 IR0 AN K DK A2 0 1 405 A8 Pl PR S i 22
Ko P, XFREESA S, HA%EREUKIK
FHAZ AN BEUB UL 5 W0 v] RE T B0 45 2 Hseih 2k
W, HEG kI

300

290 FITITNG

0 R\
—\

270 1 27315K \\

20 | 5

250 |

240 >\/

230 :
-25 20 -15 -10 -5 0
x/m

B 11 RS y=0 SRS H TR IR
Fig.11

t=60d
t=180d
t=343d

T/K

NZ
N

2T B/ C ZFm?

5 10 15 20 25

Influence of fracture seepage on freezing process
along y=0 in fractured rock mass

3.5
3.0 f 1

25 —0

N
2.0 PN~

1
[
(=)
(=]

== L

1.5 F Te-eo
1.0 |
0.5 F
0.0

_05 1 1 1 1 1
0 100 200 300 400 500

t/d
B12 RE L, Ly Lo FBTEERELERE

Fig.12 Evolution process of fracture seepage

v/ (km/s)
”:
N

for cracks L4, Lz and Lo

273
269

267
265
261
257

27315 K

253
249

W/ K

(c)343d

B 13 BB ARG ILIERE S 1 = K

Fig.13 Nephograms of temperature distribution around freezing pipes

in fractured rock mass



PRFUKEE: (R R BUE AR -l A BRI ST S BB W

o]

273 15 K]

o
-]

(b 15d
B 14 AAREGHHEE

Fig.14 Nephograms of temperature distribution in rock

4 B

(1) KUK S RBUE R, @7 TR
B AR KR SRR, 2 AR R T Bty b ] T
HEUEI S R R T, JF A & Bl SR
ERTRE A I 1] o

(2) RERE S -BB i 5 3 2 TRl 50
P i e (B EBUN TN XUV VR A R SR
1k, RBUS T 1E A B AR .

(3) &kt Tk, R AR LIS T)
L GIRR IR G N A B, (H TR B RS i3 it
LR, 1 2R B 2K KAT AR TEOHE A AR 5 i AR X
B

2 % XXM

(1] BE2e1. REUA RS- M 10 = 45 TR ).
A1 1%, 2016, 37(1): 263—268.

XUE Luan-luan. A composite element model for coupled
seepage-heat[J]. Rock and Soil Mechanics, 2016, 37(1):
263—268.

(2] 5K5E, BB, ORI R U AR = YR K-t B

L RS AN ) (K — b ok S5 R a2,
2016, 37(12): 3481 —3490.
ZHANG-Yong, XIANG Yan-yong. A semi-analytical
method for calculation of displacement and stress in
processes of 3D water flow and heat transfer in a
saturated sparsely fractured rock mass [J]. Rock and Soil
Mechanics, 2016, 37(12): 3481 —3490.

(3] TKEZE, FKAUER. 25 BN LR -2 BT PR Hh i i 5 i)
PERS THM & BRICOHTI]. o 2 5 TREAAR,
2015, 34(3& T 1): 2759 —2766.

ZHANG Yu-jun, ZHANG Wei-qing. FEM analyses for
THM coupling in dual-pore-fracture rock mass

considering strength anisotropy[J]. Chinese Journal of

Rock Mechanics and Engineering, 2015, 34(Supp.1):

[4]

(6]

(7]

(8]

9]

(¢)30d

2759—2766.

i, M, MR, WBAE RN R AR A
W AR FE[T]. SRl 5 22 4 TR 4R, 2013, 30(1):
68—73.

GAO Juan, FENG Mei-mei, YANG Wei-hao. Research on
distribution law of frozen temperature field of fractured
rock mass with groundwater seepage[J]. Journal of
Mining and Safety Engineering, 2013, 30(1): 68—73.
PARK E S, JUNG Y B, SONG W K, et al. Pilot study on
the underground lined rock cavern for LNG storage[J].
Engineering Geology, 2010, 116(1): 44—52.

A, T, B, S ARIR B AT TR AL R AR
U S R A 1 PR R ], A 12 S TR
4R, 2013, 3238 T 2): 2977—2993.

XU Bin, LI Ning, LI Zhong-kui, et al. Low- temperature
LPG storage caverns and related research review of rock
mechanics[J]. Chinese Journal of Rock Mechanics and
Engineering, 2013, 32(Supp. 2): 2977—2993.

WYUH, RIS, PR, 48 SRR A A K-
WA, 54055 TRAER, 2008, 27(7):
1455—1461.

TAN Xian-jun, CHEN Wei-zhong, JIA Shan-po, et al. A
coupled hydro-thermal model for low temperature rock
including phase change[J]. Chinese Journal of Rock
Mechanics and Engineering, 2008, 27(7): 1455—1461.
WYOR, BRI, THUY, S 25 Rl R i) S X RE
T LA K B FE ORI AR B K I ). A
15 5 TR, 2013, 32(7): 1400— 1409.

TAN Xian-jun, CHEN Wei-zhong, YU Hong-dan, et al.
Study of temperature field of tunnel surrounding rock in
cold regions considering effect of ventilation and length
design of insulation material[J]. Chinese Journal of
Rock Mechanics and Engineering, 2013, 32(7): 1400—
1409.

EFE, A0, FA, S5 R oK- SR A o R U



744 Fe) +

71

2 2018 4F

[10]

(1]

[13]

[14]

[15]

BAUWFFL]. & TR, 2015, 37(38 T 2): 131—
136.

BAI Qing-bo, LI Xu, TIAN Ya-hu, et al. Equation and
numerical simulation for coupled water and heat transfer
in frozen soil[J]. Chinese Journal of Geotechnical
Engineering, 2015, 37(Supp.2): 131 —136.

VITEL M, ROUABHI A, TIJANI M, et al. Modeling heat
and mass transfer during ground freezing subjected to
high seepage velocities[J]. Computers and Geotechnics,
2016, 73: 1—15.

KSR, FEKOK, X, 5. ZRBE A K- UK AZ R A%
M BB RS- M E W), e s L
“EAEAR, 2011, 30(11): 2181 —2188.

LIU Quan-sheng, KANG Yong-shui, LIU Bin, et al.
Water-ice phase transition and thermo-hydro-mechanical
coupling at low temperature in fractured rock[J]. Chinese
Journal of Rock Mechanics and Engineering, 2011,
30(11): 2181 —2188.

2, M Ak, SRR, 45 RIS R 5 R iR
B B 3 S R AL RE e T 0], 5 0057, 2016,
37T 1): 521—529.

SHEN Yan-jun, YANG Geng-she, RONG Teng-long, et al.
Analysis of evolution of temperature field and frost
heaving in hard rock with surface cracks under low
temperature environment[J]. Rock and Soil Mechanics,
2016, 37(Supp.1): 521 —529.

DUCA S, ALONSO E E, SCAVIA C. A permafrost test
on intact gneiss rock[J]. International Journal of Rock
Mechanics and Mining Sciences, 2015, 77: 142—151.
Brasok, RTAR, FRBENE. 4R RIS TRAE N B
HICR BRI 2 BB T ST A i 5 TR
), 2015, 33(1): 43—51.

CHEN Bi-guang, SONG Er-xiang, CHENG Xiao-hui. A
numerical method for discrete fracture network model for
flow and heat transfer in two-dimensional fractured
rocks[J]. Chinese Journal of Rock Mechanics and
Engineering, 2015, 33(1): 43—51.

KPR, BRROK, BREAOK, 8% (REBATA AR K S
B HIKASTEBIRIE]. A58 5 TR, 2016,
35(10): 2000—2012.

LIU Quan-sheng, HUANG Shi-bing, KANG Yong-shui,
et al. Study of unfrozen water content and frost heave
model for saturated rock under low temperature[J].
Chinese Journal of Rock Mechanics and Engineering,

2016, 35(10): 2000—2012.

[16]

[17]

(18]

[19]

(20]

(21]

(22]

MR, BERRK, HEKOK, 85, R S5 E 1 A B R
W HBAE TSR], A TR, 2015, 37(9):
1572—1580.

LIU Quan-sheng, HUANG Shi-bing, KANG Yong-shui,
et al. Numerical and theoretical studies on frost heaving
pressure in a single fracture of frozen rock mass under
low temperature[J]. Chinese Journal of Geotechnical
Engineering, 2015, 37(9): 1572—1580.

AROSIO D, LONGONI L, MAZZA F, et al. Freeze-thaw
cycle and rockfall monitoring[M]//Landslide Science and
Practice. Heidelberg, Berlin: Springer, 2013: 385—390.
NISHIMURA S, GENS A, OLIVELLA S, et al
THM-coupled finite element analysis of frozen soil:
Formulation and application[J]. Geotechnique, 2009,
59(3): 159—171.

MARWAN A, ZHOU M M, ABDELREHIM M Z, et al.
Optimization of artificial ground freezing in tunneling in
the presence of seepage flow[J].
Geotechnics, 2016, 75: 112—125.
WAL, RZOK. BT UR A BT BER AT ST BIR
HIEEMHII]. R RS TREAR, 2010, 6(3): 627—
635.

Computers and

YANG Geng-she, XI Jia-mi. Review and prospects of
research on freezing design theory of coal mine shaft[J].
Chinese Journal of Underground Space and Engi-
neering, 2010, 6(3): 627—635.

PIMENTEL E, PAPAKONSTANTINOU S, ANAGNOSTOU
G. Numerical interpretation of temperature distributions
from three ground freezing applications in urban
tunnelling[J].
Technology, 2012, 28: 57—69.

sk, MAELE, AL, AE. R RETHT L R IR
TEARG RN HT[I]. A4 2E s TR, 2012,
31(2): 337—346.

ZHANG Chi, YANG Wei-hao,

Tunnelling and Underground Space

QI Jia-gen, et al.
Construction technology and monitoring analysis of a
new single-layer shaft lining in deep aqueous bedrock
during freezing sinking[J]. Chinese Journal of Rock
Mechanics and Engineering, 2012, 31(2): 337—346.
JEek, HIERE. BRI AN R
ZHUERIE[I]. Bk 4R, 2007, 32(1): 24—28.

ZHOU Xiao-min, XIAO Long-ge. Numerical research on
the temperature and seepage fields of artificial seepage

ground freezing[J]. Journal of China Coal Society, 2007,
32(1): 24—28.



