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Seepage characteristics of soil-rock mixture based on lattice Boltzmann method
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Abstract: In order to explore the seepage characteristics of soil-rock mixture (SRM), random pore-structural models of SRM
are constructed and voxelized based on the discrete element method and the proposed virtual slicing technique for
three-dimensional discrete element model. Then, the three-dimensional lattice Boltzmann method is introduced to conduct a
series of numerical simulations of the seepage flow in SRM from the pore scale, and the influences of rock content, rock size,
relative density on the simulated permeability of SRM are comprehensively investigated. Finally, the internal mechanism of the
influences of rock content on the permeability of SRM under different conditions is discussed. The results show that when the
relative density and rock size both remain unchanged, the permeability of SRM presents a gradually increasing trend with the
increase of rock content, and the increasing rate also increases. When other conditions remain unchanged, the permeability of
SRM decreases with the increase of relative density. When the rock content is lower than a threshold value, the permeability
decreases as the rock size increases, while this trend gets reversed when the rock content exceeds the threshold value. When the
density of soils in SRM remains unchanged, the permeability of SRM decreases first and then increases with the increase of
rock content.

Key words: soil-rock mixture; lattice Boltzmann method; seepage characteristic; permeability; pore-scale modeling

—_

El =

HUH B T Bof iR S AR &I e T HTTL.

+HIREME (soil-rock mixture, [H# SRM) 7EH
RAR ATz, WILT R, R OSSR
T AR . R E B PR E . BEE 3 2
T HIFRIK S IS IR A R in) J o A i R 75 B 5ok
W AR AARISEEDS, Fik, PR aRA K
PVBE R B

VR, —e g R A JREALRES . = N

RSN R AL BT B SO KRR N E T+
AREERIAEE RS TN EERL AhaER Wang
SEONEN = N BE RN T n SRR RN A

EEWE: Wity ARR¥EETH (2019CFB199); EZK H R R
FEE&TH (41272342, 12002121); A6 @SSR T 5 TR )
FHIBRITE (T201823)

Uk EHEA: 2021 -03 -25



670 Pl

2022 4E

REMIBIE REIR0

PRI AT AR FERT 9% 7. e R 32 fR B DL E
FEWER N BRI, AR R 800 I e PR A
YE N L TR AR e S2 WGl BB AR T 7%, A BRIk
e ARG B E I A A —E N . R
M, LABREEANBESET5E0, ARCH Rk
FEA B I LA ot 2 LACRAIE . Sk, Chen Z81815] N
FET U X A% IR BUE 10 AR A AR B it 47
T YRR

O LA R SRS REAUER I UL — 7
At — oot . —J7T, BUARA R Tk
N ams, AR A AR R HRIE SRR AR .
A7, CASERII S R, TSEPRIE R
RAET = AEFLBR A5 ]

e g B E AU IEAHLE, 46 Boltzmann J7
% (LBM) &P WEETE, Bl 1 g S:
PR 51 S ) VT SR0RG B 0] 8 DA K ORI 4030 ) AR Y
FEIS () A2 [A] BRI, B YIRS AE . A
L SRR TR H AT S 5 S AR sl BT
- Boltzmann J7VAEF7 5t (FLEREE A AL n] HEATFLBR R
5 BB AN, a3t m B T A B TR A AR WAL
L, ZINECAEZ AN TR T R R4,

76N F k¥ Boltzmann HiEANE R Z |/, T2
AL ARA RSB . LR A RS
R — R A ik BT G H 5L
MBI, BENLSE M. BT Rear iR o
TR R () AW S5 AR, (R TP B
BRI, AR MELE A S BN 2 R AT AR A ) e —
Za, MEHNWREA SR —A L, Beilys R E s
A RUREE SR IR AL . 7RO RS AR T v,
FHF Pk BHoeiE (DEM) BT AR R a] sz -+
R AR AR 1) N SRS HFAE , 7E L ATR A
SRFEASTEARFE R T R AR IZ MR U, FE 2 LA
JIB LIRS Boltzmann B4 A A — 5& i B 2,

M IR, BA IS FBURL B HOTiE A T
Boltzmann 77i%, L ATRA R =4 LB S5 MR
BRI RISR IR R ES, TR R ARE
P [PRBE AR AR S N FENL, (L E FT ) 8 RLIX
J7 T ORI 7T R

NG, AR SO TR S HOTTE L AR AR =
Y B HOTRENLAS AL, ST RS0 AR O 45
R AT R (RIAA AL, KH =4E4% T Boltzmann
TRER LA VR ARSI e AL RUBE I 40 488 1t
T ARG RIBIERE, BEEN O R

EEXN AR SRS EM AR AR R AT

Boltzmann B HIN LA 8 .

1 TREBEEAR=4HERITERR

TR AR R Bk, Ok K FLBR A K,
YIER 2 SR S R kIR, SRR TN
HNEEHEVEBER. N TSR E S AR A
BIBEVEIRE, 1 BN A N ) AR A AR AL 45
PR

T E AR AR E WBIE R R — B R A
T, ix B+ V8 544k DEM BN B4R 0.3 m ) [E
R AW AR AR A R T A
N

dyer =(0.05~0.07)L. (1)
K, dypr NEARE, Lo NFTHTSE A8 TRERE
FERUEE CARSCH N 0.3 m), #5074 RIE 2 8 0.015
m. H SR f54: LBM MTHEER, A0 LBk ik
MEAEN 0.015 m kA, HEAKRT 0.015 m KBk
(N X VSR 1Y

N T WA S e AR A BB R,
FEFIFEI Z4E )% L L E AL S B R FEAE . KT
S, —OREARYA SRR ARSI+
PR J5 2% B BONAR [RMERS), (H4EA S ' R (70%
A B, FAREWNE ARG, a2
() (1) AR AR e o SE B M R 35 . 4, A D)
5 PIRIE H R A & HUA & 1 A TR A AR (1 R 5
FEAATE (95%).

AL B LT FLERR . B RS AR
S S S AN RR . KX SR AT TR R 2
e AR A AR RIS EE,  Sebr TR R F R
vt (WA L5 MESLE. BT, K
3 P RH R 4 S PR SRl R YR A AR AR g SRR
&,

N T R A B S I A TR A AR B BT
B, AXHINEE SR T DEM #EB7iE,
A% o JELAEL SR 3 0ok 9 /N e S 3o R e R i) B 4 R
“CPNIRB) S SRARII S RS R SEAE A, M
T AR A AT T R X 5 S P T ARAR

A RO EE (Cr) kiR (D) AT
S (D X EAREERBEER I, o
TR (Cp) BN AFRESHEM O RERE. B
IR B0t A REHE 0, 20%, 40%, 60%,
80%F1 100%3L 6 FiiEE: HakifEHEE 0.03, 0.04
A10.05 m 3% 3 FfETE; A% SLBEH B (D=0).
2 (D=0.5) fIEsz (D=1) 3t 3 FiE. DEM &
I 2 R AR 7 5 2 BB 5 SRR 171 3% 1 AH ],
A7 R AR A OB AL v B AN [ (1 B AR
FHil& T 3 AAT KRR, BAEEELE 0.9 m L b,



4 1 & &

1 sl Cr=
AR AR = TR .

40%, D=0.04 m BFAEL. HEs fies s

Z,

Y
o x

(a) D=0 (b) D=0.5 (¢) D=1.0

1 T RRBERZHEEHITER (Cr=40%, D=0.04m)
Fig. 1 3-D DEM models for SRM (Cr=40%, D=0.04 m)
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Fig. 2 Schematic diagram of slicing of SRM model

BUE 0 7 H R RS T O BCE XS LBM. A TH SRR
A HE BN, Pan SEUHE TR ITUERIAR EAR KT 12
RS T2 K, TR IE R AR S PR .
AT 0.001 m, B/NERRIURL ELE A 0.015
m, AR R

B R LBM AL 75 258 SRS BT A 5
o A0, AR E T EY Z BIEJT ), AR
I S 22888, A 5K ZowHe 14 5 b5
R R DY R B 1R [ A4 RIORE R T A TGV RS IR -
W5, RS i s AT A FS). $AT S s Ak B 2
75 EERA A [ ARG RS A FIWT TR RR
620 0 CRED RER R T B4 5, TRREDN 255
(B FIERETHRRE .
2.3 BiEER5 LBM HitESH

Z AN FRHRBIENE R — B E R S E R ECR
fit, BEFRHZANTAFKELE ANl Bk
HERIARAE) thiE, EEREG T 52ANES
JEYER RANE SRR RIE (IS RS K.
Ah, EARERENEE N BB R R

A B8 A BRI 7 R WURTRL A RHE 1 A 1)
TR DA 3R e FLIBE A MUBURE RO (P I hEA%

(b) &

AN B R BSOS 2% AR I S5 S i ) S LR
MARS, —fekit, S e KRR, FLRRR
KB IEZREK, TR AR 20E N . ik,
KRBT & HATRA WS BT LB n F1
PR IR So (R Y rp [ A4 URE 2% T AR 2 A S A 2
Rz ).

BIERE LBM B g @ik i e g H e
AN

ot _pod (14)
VD P = Pou

X u BRI B ARG u FoR T
Vp 5K R 1 NIRRT MRS p, M
Do TTHIBIRN DR D ST

TR VU 8 S L TR SR A R B N E IR, A SCE
REFERERYON CURHS RTINS R R 22, TSR A
ZTFMBIER, KEEIERES RFHEERMIAZ R
RE. &Ik, ¥EZE (p, —p,, ) 001K, &
AR A AR T R B & 2.1 TR M,
HER

Z A BRI LBM B e — N B E 1
BB, WEENR IR« , S RBUEXT T
) FIRG B #A B . 2% Pan FEMIRHHIE, A
T B 0.8,

LBM 15 2 iR IA B s RS R 1k, X B AR
SR 25 1 ) T A U — 52 RO 2B 8y (RS2l 1000) %
AR B RERIARAE Z /N TP BIRE 0.01%. T
SR, AR VG R AT R AR (805

3 LBM BRIUGERKEDH

BT FR A IRA 4 DEM 73 M12% LBM
BTV, WARRIARIYCA S & ASE A3 52 R
AFRIPAERAR P L ARA W RIBIER, /i E
FMIELT 3 AT E RN IME. &+
ARG ABEMERSER IR 1, S LR
KW 2 1k 3.

Bk T35 R, LBM BEHLIE REIRTS S A 8 FL IR R
Py, B3 B Hd 3 MBI RUE S = B
Kl 3 (a) YR ARG CroN 20%, DN 0.04 m,
D=1, HBEFN 0.099. KB 3 (b) XWNHEAESE
& Cr N 20%, D N 0.04m, D=0, HBiEE N 0.241.
Kl 3 () MR AIREER Cr N 80%, DN 0.04 m,
D=0, HBiEF N 0.710. HEA W, K3 (b) Fii
FIEEHEZ TE 3 () Py, HiBES g
WK, MILBERER, ME 3 (o) HRRshEEE



5 4 1 & % JETHET Boltzmann JVAI) AR S RIB AR IERR 5 673
x1 LAREFEEER (u?)
Table 1 Simulated permeabilities of SRM (1.u.?)

Co/% D=0.03 m D=0.04 m D=0.05m
7o D=0 D=0.5 D=1 D=0 D=0.5 D=1 D=0 D=0.5 D=1
0 0.241 0.155 0.094 0.241 0.155 0.094 0.241 0.155 0.094
20 0.245 0.169 0.104 0.241 0.160 0.099 0.227 0.156 0.102
40 0.283 0.192 0.127 0.256 0.176 0.112 0.236 0.163 0.106
60 0.368 0.253 0.158 0.339 0.218 0.143 0.291 0.193 0.127
80 0.595 0.424 0.252 0.710 0.410 0.246 0.916 0.487 0.230
100 1.423 0.888 0.564 3.024 1.928 1.147 5.280 3.647 2.057

R2 TRREHBIFLERER
Table 2 Porosities of SRM

Col% D=0.03 m D=0.04 m D=0.05m
RI70 D=0 D=0.5 D=1 D=0 D=0.5 D=1 D=0 D=0.5 D=1
0 0.427 0.400 0.364 0.427 0.400 0.364 0.427 0.400 0.364
20 0.407 0.380 0.349 0.396 0.370 0.339 0.384 0.361 0.336
40 0.395 0.368 0.337 0.372 0.346 0.316 0.358 0.333 0.301
60 0.394 0.364 0.330 0.365 0.331 0.296 0.338 0.305 0.274
80 0.409 0.378 0.334 0.387 0.343 0.300 0.370 0.319 0.277
100 0.429 0.396 0.362 0.433 0.405 0.365 0.433 0.409 0.369

*3 T ABEEHMELRER (m™)
Table 3 Specific surface areas of SRM (m'!)

Calv D=0.03 m D=0.04 m D=0.05m
we D=0 D=0.5 D=1 D=0 D=0.5 D=1 D=0 D=0.5 D=1
0 210.6 222.7 237.5 210.6 222.7 237.5 210.6 222.7 237.5
20 194.3 204.2 217.1 190.3 200.6 212.9 186.7 198.5 208.3
40 173.3 183.3 193.3 165.7 174.7 185.6 161.0 173.0 1814
60 150.8 158.1 167.9 139.9 146.5 156.5 135.5 142.9 148.7
80 123.3 130.0 141.2 104.3 112.9 121.5 93.1 101.4 107.6
100 96.2 103.2 110.5 67.3 73.4 78.7 52.6 53.7 60.5

%, WEBTK, HIUBERE L.

(a) Cr=20%,0=0.04 m,D=1 (b) Czx=20%,D=0.04 m,D,=0

HIZR 1A 3 ATAE 2, Hufq &, Surkife s
FERT 8 S RS A TR A AR LB 1 25 K O B
A — BRI . N IS & LR AN LR AR AL
W IZ LE K R XSS R MM BEAT 708, NIRgiE
LB LR AR RS & AR S AT

Velocity(l.u./t.s)
8.085x1072

)
g

mwr”nlmummm
(=

=0.002

0x10°
(¢) Cr=80%,D=0.04 m,D,=0

3 T RRAFIRIES
Fig. 3 Velocity contour plots of SRM
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