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Development and application of solid liquid two-phase similar material for reservoir
rock slope model test
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Faculty of Engineering, China University of Geosciences, Wuhan 430074, China
Abstract: Similar material is the key to the model test of reservoir rock slope. A kind of solid-liquid two-phase similar material which can
simulate physical and mechanical properties similar and seepage action similar of slope rock mass at the same time is developed through
orthogonal test and a large number of laboratory tests. The material uses quartz sand, iron powder and barite powder as aggregate, cement
and gypsum as cementing agent and silicone oil as regulator. The influence of material different ratios on its mechanical properties is
systematically studied, and the main control components of each property are determined, and the empirical equation between each
parameter and the ratio of materials is established by multiple regression analysis. Finally, the similar materials of model test are prepared
in combination with an engineering case, and the similar effect of those materials is evaluated, and the materials are applied to the failure

mode and seepage field analysis in the model test of reservoir slope. The test results show that: (1) physical, mechanical parameters, and
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hydro-physical properties of similar materials are widely distributed, which can meet the requirements of physical and mechanical
properties similar and seepage action similar of rock slope model test, and it is an ideal solid-liquid two-phase similar material; (2) The
main control components of similar materials are obvious, which is convenient to simulate different types of slope rock mass by adjusting
the ratio; (3) Multiple regression analysis can efficiently concoct similar materials for slope model test, and the similarity effect is good.
The slope model undergoes compression shear deformation and failure, and the variation law of pore water pressure during model testing
under the action of reservoir water is analyzed. The research results can provide reference for further research on multi-field evolution
characteristics of reservoir rock slope model test.

Key words: similar material; solid liquid two-phase; orthogonal design method; rock mechanics; reservoir rock slope; model test
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Fig.1 Components of similar material
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Table 1 Orthogonal design of similar material

K H#E A% K% B/% % C/% K% D/%
1 2 60 25 15
2 4 70 35 20
3 6 80 45 25
4 8 90 55 30
5 10 100 65 35
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Fig.2 Partial specimens of similar material
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Table 2 Physical and mechanical parameters test results of similar material

. . 3 PR R BIYI5R S AR, R B
RIS wIECE  p/grem k/cm-s

o/MPa o, /MPa c¢/MPa c,/MPa  ¢/° 0/° ks ke kry

No.1 AB,C,D,; 2.54 0.19 0.13 0.15 0.11 36.63 1994 0.69 0.73 0.54 5.05x10°

No.2 AB,C,D, 2.52 0.20 0.10 0.19 0.13 3806 21.71 0.51 0.68 057 6.67x10°
No.3 A B;C3Ds 2.45 0.32 / 0.56 / 45.00 / / / /
No.4 AB4C,Dy 2.40 0.55 / 0.68 / 50.42 / / / /
No.5 AB;sCsDs 2.28 1.18 0.38 1.10 0.59 58.51 3337 032 054 057 9.63x107
No.6  A,B,C,Ds 2.53 0.44 0.29 0.28 0.18 3476 2142 0.65 0.64 0.62 1.38x107
No.7  A,B,C;Dy 2.49 0.39 0.20 0.34 0.23 3941 26.81 051 0.68 0.68 2.87x107
No.8  A,B;C4Ds 241 0.68 0.27 0.55 0.33 41.08 2825 039 060 0.69 621x107
No.9  A,B4CsD, 2.20 0.81 0.34 0.97 0.45 4636 3078 042 046 0.66 8.73x107°
No.10  A;BsC,D, 2.56 1.23 / 0.73 / 32.27 / / / / /

No.1l  A;B,C;Ds 2.54 0.76 0.47 0.54 0.28 3539 26.82 0.62 052 076 2.65x10°
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No.12  A;B,C4D, 2.46 0.69 0.40 0.55 0.32 4032 2975 0.58 058 0.74 3.75x107

No.13  A;B;CsD, 241 0.94 0.43 0.82 0.35 43.10 31.16 046 043 072 5.12x107°
No.14  A;B,C,D; 2.63 1.29 0.50 0.92 0.68 33.19 20.89 039 0.74 0.63 2.12x10°
No.15  A;BsC,D, 2.65 222 0.82 1.23 0.89 31.17 19.10 037 0.72 0.61 1.36x107
No.16  A4B,CsD, 2.44 1.07 0.63 0.56 0.37 37.12  27.54 059 0.66 0.74 2.41x10°
No.17  A4B,CsD; 2.34 1.06 0.57 0.65 0.36 3737 2634 0.54 055 070 4.61x10°
No.18  A4B;C,D, 2.66 1.80 0.81 0.98 0.57 2144 1790 045 058 083 2.64x10°
No.19  A4B,C,Ds 2.55 1.83 0.99 0.72 0.40 2726 21.69 0.54 056 080 1.45x107°
No.20  A4BsCiD, 2.51 2.69 0.94 1.06 0.61 2572 2081 035 058 081 261x10°
No.21  AsBCsDy 2.37 1.45 1.19 0.81 0.42 4043 3310 0.82 052 082 4.59x10°
No.22  AsB,C\Ds 2.71 2.48 1.07 0.71 0.58 18.77 1537 043 082 082 3.15x10°
No.23  AsB;C,D, 2.60 2.33 1.47 1.08 0.59 2539 1957 0.63 055 0.77 126x107°
No.24  AsB,C;D, 2.52 2.21 1.28 1.24 0.70 2541 2046 0.58 056 081 3.95x107°

No.25  AsBsC4D; 2.44 3.10 1.30 1.70 0.74 33.56 2837 042 044 085 5.12x107

B 3 AR B A Rl A s A T 3
Fig.3 Failure mode of similar samples and limestone under uniaxial compression test
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Fig.4 Sensitivity factors analysis of density
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Fig.5 Sensitivity factors analysis of compressive strength and its softening effect coefficient
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Fig.6 Sensitivity factors analysis of cohesion and its softening effect coefficient
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Fig.7 Sensitivity factors analysis of internal friction angle and its softening effect coefficient
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Fig.8 Sensitivity factors analysis of permeability coefficient
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BB (Q) . FRERE (B) =FEARAEX A~D WUANE R S HEFKTF FEE. PUEmE. KiK. W
B BB RBCPIERBOCRIAT T, KR 7 4 R BUR AR 8 B A AT AH SR A E R A& LA ot
WIS SE R TIREE . £ASBIE LRI 9, [ 21 5 J i il 2 R 7R 1Z 035 45 B No.03 . No.04 Fl No.10
BIRLARL,  AH LI ) SO DA SR, (EAREE [ VA 20 BT mT AT 245 R . % 2405 £ oolRl A
SIAT R BRI B SR 2 1B (1 Y R B R =0.8290~0.9490, & RURENLF. FEYHINZH TR H 25
FECEAE R, AT fUE (No0l. No22) , {H 55645t L5 nT LLUR BRALE-(5 A A8 1 ik B 41
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Fig.9 Comparison of fitted and experimental results for physical and mechanical parameters
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AR TR SR H RIS P AR ARG o 4 BT A i sl s A AR L - FE B s, A 2 R AN AR T
VE, RN 520, AR 35°. XAMTINIGIEE) R ERI ST R IRERE T, BOIRERE
ERMME TR R . BRI . U TR SRR AR R, K THZ S A 500~65°, N
PRI 3, M2 2 B A, GE1R] 320°~340°, gl SW, Hif1 10°~25°, i3 AT 42 ) 5 HiET T~ U1es
FoK i TR @B R A FeE B A TFF, (A AN ) A0, SR I0E AR AR A . RASAR T . N2 )5 1K
s TR SRR GBE R EARZ S Ve, BUBT SR IO BRAR,  FESAR T B T S fr RA Bl iy — R
20~25 m, HFFRELE, EHIE LSBT AT SOy, RImAAE LN TNl A AR, ARk
BZ. WPHEAEEEN SR FHEMEL (P KERRRRKARBELRE, ERRKEHEEYISE0, &

W X SR AT R EAT X, O E R SR AL TS A, EERIUONNA BT VIR (FR RAEAE, 2002) o $EAASE
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TR IR R 2%, ST S BRI, AU AELLRER 7 23 1] 43 A LS AT s s 2 52 br
TEWL, A A O Z R 5 THEAT T 7040 R4k o BEASIRES LA AR 8L R %K € B 100, MRAL RO RF (Kex g x
B =1.2mx0.5mx1.2m. ARG R MBI KO RS W RS SHIRERGSH R, wE 10 A
Ao FLrb, BERAE P KR, DX AN 32 S R X0 1T 350 A9 375 AR A BB B P T R 11, T S U X i A v
IKALF BEARAS FIIL R TR ENL (B 10a) 5 KA R G E B K HEH K KoK, A s 25 55 41
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BEAT B BT i A5 A T ARAUR ) JEE b i, SR AR R 2 B R VR — 2 o RER L BT 1 55
WAts, B RORIRE B R R SR X N I IR R — R AR B R ST A EIAT R . KA X A
TR FERIRTS, v T RWEREE TR NSRRI RORFE,  FERERL N R b Bl A 1 5 A BWK
RALBUKE 3, FLBUKIE SIS 7y 0~10kPa, KEREIRZEDN 0.5% F.S, AMEXJEREDY 18mmx12mm, BA3K
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i, JLAAHL R B C; B 100, #HEAMLRE C, L 1.07. BT EANRIE JUATHALR B K, PRI i A v
LA 2 T Z 3 AH A (Zhang et al., 2023 SKREZB S, 2019) , #5RTJ ¢ Ml ¢, FAHBIIR IR B B AL T 25
AWM RBER/IMRZ, H i 5 MK 6 PRI EHITTUERE (o 00) MIREERTT (cv c) EEFIRIER
FAIE, AR ¢ M1 e BB /NI B0 5 B2 A AR 0200 /2 R P 5K, DRI AT 56 A8 JS W] R 2 il 3R 0 3K
RLE BRI LA LK ¢ A e (R AR H AR, FARS BRI IS B, WRYE %282 solhlH
WETTHRE, FIH Matlab B4 fmincon B EUTH S VUM RURLRL ) S FERC ELINER 4 P BBAh, A T IRIERZ
HeW & A U ARSI RIS AT R & B, AT SR — B TT & 1 1% @ MRS HE ke S0, DU e 2
MRLS VB 2 FK B S H0E A R e 45 R BT 545 A IGAIE a0 45 Bxf bk 5 foR. xfbhEig
THELSE RANBAE RIS Z5 R v, DU AT LSS R B IRZTE DN 5.99%~32.71%, HABS AR ZETTE
0~17.65%, &R R A B A, [ — R 2 LRI i A B 20K, 405 23 XS ) A it e A
B RERAT o[RS EEAR AL b4 B8 25 SRR 0 UE BI04 SR PT B0, AR AN FERE 3R 70 BB 0 v e A1) Fg DO A 2
EL& SHIR 2N 0~32.71%, HARZEBCKIISHE B4 TR ORIM BRI Py BE B M FNSIE 2B S
B QA RO TR AN R B, HAWSEORZI/NT 10%, UERE T AHE 7835 B 1) DY R 384 AR 06 4

BH) &
R 3 FEYED A HRUKEESHL

Table 3 Physical and mechanical parameters and hydro-physical properties of original rock

PR B V)55 BTN 5

IR plg-em’ k/cm-s
o/MPa o, /MPa c¢/MPa c¢,/MPa o/° 0/° ko ke kry
RefERX JRAED) 2.70 10230  65.00 1.00 0.66 4500 3330 064 066 074 2.49x10™
RAEMIX (JRAER) 2.60 81.30  49.50 0.60 0.30 38.66 2657 0.61 050 069 2.49x10™
PeEREX (JHEG) 2.70 70.31 40.00 0.60 0.35 38.66 27.06 0.57 058 070 2.65x10™
P E X (JFEE@) 2.60 54.05 30.00 0.48 0.24 3096 2180 0.56 050 0.70 2.65x10™
F 4 EALI AR R L
Table 4 Proportion of similar materials in model test
I A (%) B (%) C (%) D (%)
AR 7.26 65.27 48.99 27.75
AR R 6.33 66.62 50.63 13.36
AT ELE) 5.42 68.34 47.52 26.99
R L@ 438 71.18 46.54 23.75
F 5 FEAE I ZE S HOE ISR X L
Table 5 Comparison of similar effects of similar materials
g o P SR B 58 AR 2L s
o/MPa o, /MPa c¢/MPa c,/MPa  ¢f° 0° ke ke
L ¢, EER 1.07 107 107 107 107 1 1 1 1 1 9.35
BRI HBrgh R 2.52 0.96 0.61 0.0093  0.0062 4500 3330 0.64 066 074 2.66x107°
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) s R 2.50 1.00 0.61 0.56 0.34 3418 2606 0.61 0.6l 076 2.66x10°

AFRES  2.50 1.02 0.60 0.57 0.40 3670 2641 059 070 072 1.79x10°

- HEAER 243 0.76 0.46 0.0056  0.0028  38.66 2657 0.61 050 0.69 2.66x107
WELER 245 0.71 0.46 0.51 0.28 3583 2594 065 055 072 2.66x10°

= AL 2.49 0.69 0.43 0.50 0.30 37.68 2606 062 060 0.69 2.87x10°
- S REP S 2.52 0.66 0.37 0.0056  0.0033  38.66 27.06 0.57 058 0.70 2.84x107
AR 2.49 0.64 0.37 0.47 0.30 3744 2613 058 0.64 070 2.84x107

© IAEREE 249 0.62 0.36 0.45 0.29 37.14 2753 058 0.64 074 3.01x10°
T WEAR 243 0.51 0.28 0.0045 0.0022 3096 21.80 0.56 0.50 0.70 2.84x10”
AR 247 0.51 0.28 0.45 0.28 3898 2589 056 0.62 0.66 2.84x10°

& AL 2.46 0.50 0.26 0.39 0.25 3883 26.82 052 0.64 069 3.18x10°

43 RIS LERTIN

N 7R 7K R AR i LE KA 2 A A 2 7R T B e R R A 35 N RIS T KR SERFALE s AR FEBE 3T 17
11 s ety . I TT AR & 56 i 20min 261K Ocm BT 2R S /KA 60em, I & KA IR K
160min {E7K 73 78 5MB NIEAR P HR, B TR LKL 21 N I35 A ALK B F R (A s SRR 45 & R X 13 4F
KA A I E s, 2 X L3 KA AT i o P I 2 1 AR R RR BRI N, 7K ALZ) 400m, fR/KALZ) 370m,
Forpr 8 A9 H 9K ETHE, 10 AR 11 A ymKA R F, 12 USRS 1 A ~5 HORKAL TR, 6 AN
7 A ORI GRAE YT R S B TR m B0 U1 2 AR e sl ek T At 55 LU AP e 4, 2B B 60miin 15056 B0 o] 390 P K Aoz 8 2l
£k, /K7 370 Bl 30cm~60cm, K47 BE B 30min, ZKA7_EFH DR 10min, 55 i A AR KA 2 B4~ 10min,
— IR BN 5 R, BT KL R IR a3 N A FLRR K IS 0 AR AU . BARK AR S Ty R & 12 s (]
I 2 P K A AR A T, SR RS iy oy AL SR BB 1 B DI, O TN DR B A O BR ERE , AR5 58
ZERE AEIIVTAT S EN A DX IO N — 28 1500N FR3 1A i 8%, A HL 66 0T PRy (58 94 2 S 4y 7 M B ) 59 A 5 T R RO
T A 5 T R PR SR ABL ) s BY AR TR, B 5 RS R A B 13 Fios, mT DA AR % C 2403 K R 1R
h, TR S

11 B
Fig.11 Test model of slope
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K 12 BB KA 7T &
Fig.12 Water level scheme of model test

Fie

Fig.13 Test model after destruction
B 14 ik B A E K I BOMEE A 08 I R P AL ISUK s AT BB IS TRI AR AL R, L rp & 3o KAz BT 2L ISR
JIARSL i RE IS L R 18] 55ty o FLRE /K S FI U IF i 2 i ot 2 (R A 8] e AN 14 Cad Al DO BRAE B8 KB
BB LB K A tH i NP AR RO P1-P2-P4-P5-P3, T A AR B G AR AL T35 A KL HYBIL 1 AR [ BE Fp i s o Jo B

%, Pl. P2, P3. P4 I P5 /3 HI{EE/KG4) 11.0min, 16.5min. 22.5min. 18.0min. 19.1min & A FFLEHE 0, i
82 B[] 255 7K A7 B3 % FLBR K g v i R A B[R] [ B At 33029 5.3miny 8.2min. 11.2min. 3.0min. 1.1min.
HIFE 14 (b) A1, FE s KA B F TR & ALBRK B 7 T g n 2 oK MBS & TResE, 3 A LR K
JEF7 R8I AR RS RL IR AT, P3 T RS Sz, FLBR/K 11 0 B 5 KB BT % (i I i o T 2
IKAL 5 ARSI R, SN FLBR K ) ) S8 i 5 T3 A AR AR A, FE SRR AN R i /K AL R KF 10min F I [R]
BEALIRK R I AE T BB B, BB A KA, R BRI B 58 BR S A KA MR B R BB N . AL, 7R3
5 YOKNEAR BB ARG, AHF FUEHE— B AE K AL 13296 30min WL ALBR/K B A28t e, ol UR LA
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€ YOI A FLER AR IS 7T AR A AN S AN KA AR RO RE IR, 3 53 P A AR ) 5 KR B AT R
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Fig.14 Variation law of pore water pressure during impoundment stage and the whole test process
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HARAL, BEW L A LSRRI AR B S REANE R E AR LA 75 5K

(2) RIAWZEE I HEDTTE T AR 2 B RAE MRS T BT SR . KGR . N EESE K
FL K G AR AN R B B8 RS 11 ML AR S e, KA SRS RV,
3 U 1 B AT DAREULAS R R A A A

(3) ZEHEENRBAMWZED IR, B2 ICEIHD PSRRI RE (ko ke k) T 8
NS SR B HE G R TR, 45 G /KA HE/K H b UL X T 12 3 549 R e it 22 598 777 2 e 8 v &L
b FE A T SRR P T A USRS AR R RE, IR IE T R i LE K LA KA TH B2 AR AL GG, U8B R A
JEBIARTEROR, a7 7RG 72 s LRR/K ) AR A R A

AR B AR AW ol BE R I ABL 3 A4 0 S PR REATIS A FARHCL A [ -7 P AR AR B L S8 IEAR
RAPRIEC BT G A, USRS O TR Sl tholie izl RIEXS'EME TR, tHEITMEAR R
FIRAEERCEL, BAIE T4 E A SN R AR BRI B S 2, Bt iali J7 RIF T 1 IL R A A A
AR AR TR o AT FT SRR M | o 48 TR QT 1 ] -0 R 5 A ARk 6 A B R P A A 22 37 s A A
WFRRA —ESHME. R, AR 2 1R AL X2 R B R, SERRERIR IR
HR AT X A BRI T A 2R Bl TR SE BRI T R A B hL R . ARSI T 5 T g S 7Y 45 4 T A
AR R BEAT 1 R S UER, T 4 R e L 5E 4 S RS TRY AR E f 2 IpBA R, (5 e T TR Tt — 2B A 2
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