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Experimental investigation of rheological behavior and viscous-inertial
boundary in dense solid-liquid two-phase granular flows
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China)
Abstract: The dynamic processes of geological disasters, such as debris flows and shallow landslides, are essentially
characterized by dense solid-liquid two-phase granular flows. Due to the complex interaction mechanism between the solid and
liquid phases, its rheological properties are extremely complex. The u(7) and u(J) constitutive models are proposed to
describe the rheological behavior for dry granular flows and solid-liquid two-phase granular flows, respectively. However, these
models have been proposed based on free surface or very low normal stress conditions (generally <1 kPa), and ideal granular
materials (e.g., plastic/metal/glass spheres) are used. These conditions (stress range and material properties) deviate significantly
from those encountered in real-world geohazard scenarios. Therefore, experiments are conducted using a theometer equipped with
a designed shear chamber, capable of applying normal stresses ranging from 5 kPa to 20 kPa and shear strain rates from 0.1 s to
360 s to granular materials under long-distance shearing. We utiliz zirconia beads and quartz sand as granular materials, and water
and silicone fluid as interstitial fluids to simulate a range of solid-liquid two-phase flow conditions. Test results demonstrate that
high-viscosity interstitial fluids significantly enhance the friction coefficient of granular flows, especially under high-speed shear. It
is found that the u(7) constitute effectively characterizes flow behavior when the viscosity of the dry granular material or
interstitial fluid is low, while the u(J) constitute is more suitable for high-viscosity interstitial fluids. Based on these physical

simulation experiments, specific dimensionless boundary parameters are proposed to delineate viscous and inertial flow regimes.
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Furthermore, based on the differences in dominant physical mechanisms, appropriate constitutive models can be adopted to achieve

a more accurate description of the macroscopic dynamic processes of such geological hazards.

Key words: dense solid-liquid two-phase granular flow; rheometer experiment; rheological constitutive; dimensionless parameter
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Fig. 1 Schematic diagram of gravity-driven solid-liquid two-phase particle fluid flow along an inclined plane and experimental mechanical model
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Fig. 2 Test apparatus and schematic diagram of mechanical mode
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102

10!

5 kPa

@ T4k (0.000018 Pa-s)
@ E¥k+K (0.001 Pa-s)
@ 45Bk+REMH (0.01 Pas)
O #Bk+REM (0.1 Pa-s)
O #Bk+ikm (0.35 Pa-s)
O #:k+REM (0.5 Pa-s)
10 kPa

r.=4 B T#5%k (0.000018 Pa-s)

10°

10!

RS

O 4#52k+REM (0.01 Pa-s)
20 kPa

 T45%k (0.000018 Pa-s)
<Sl kﬁﬁhﬁm (0.1 Pa-s)

a
A TAYHR (0.000018 Pa-s)
A FHERP+K (0.001 Pass)
A FIRP+REH (0.01 Pas)
A AYP+REM (0.1 Pa-s)
A AYER+REM (0.35 Pass)
A AV +iEM (0.5 Pass)

1 1
10! 10°
St

1
1073 10!

1 ]
10° 106

9 E-RFHEBRLR RS 7 K E
Fig. 9 Phase classification diagram of solid-liquid two-phase particle flows

UL R AR 2R VT R B R G TR R T
o ZIRTTARRSRERKEN, ASTET T
RERT BB 2% A T ORI A 5 R 42 ) B A A AL 2 4R
W]~V P A ROREIAT PRI AR R » DUIBISRAS A L At
B

3 & i

COTER B PIRAE R T, BE4E RS AR AL,
TEEA T U S BN B (BB W IR AR R, B
YR MO U128 2R 80 KT P T . R f
TR 94 A e B AR 1 T A 2 A B
0. TR, IE R A 4 s R A v 0 )
AR RSN 1 UL W B

(2) TR 5106 3 30 P AR TR 7 2
T DL (1) AR , e 30 PP L 1l
AT g ) MR PR« T 8 3 LR 37 A 1 o~ i A
SRREE HR AR AT LA () AR R AL, F08h /1%
1T AR M 7 B A . BS54 L ORI RS 5
SRR PSR 2 (1) B () HE, R
50 (A S B T A KRR T 1 g, T g1, B8R

(3> p(D), p(J) WAL N AT DU I B 1
IRPEEY Ny, 70 KIAT KB 7o 24 N, <70 I, i
PES3 5 AR, ABREIA 1()) AR FRERAL: 4
Ny, >70 I, 450E 77 5 AR Ao BEisi i w(n) i
AREERAAL . SeAh, AT OB r-St T A3 [ R X 70
EFIVEERLE] . 8 il AR S A R AR o
R K E R Z MBI F R R R E 5, AT
VAR TR R AR 5 RN R R
AT, ASCHTER K A R T RE TR R BR T B R A o T
DLIA B 12N 75 BY D) MAS 3G, 3w R A E U
7 R 25 AT [ PR R RO IR (14 30 ) 2 R A
SO0 BT R R SR AL

F 25927 RA/Conflict of Interests: FTA 14 75 B ASAEAEF 35
H9<, All authors disclose no relevant conflict of interest.

{3 57Hk/Authors' Contributions: Hff, Z=1E R ES Witk
W77 s IR IR AR T MR e O B iR A St
S ZRENBREZ 50 EEESG FrafEE 5
B2 I [E) B R A R 3238 . HU Wei, LI Yan and YANG Xiaoxia
designed the experimental scheme. HU Wei and LI Yan provided



W

MR, 5. AR R PR RORE IR AR K B AR SRR B A 2415

research guidance. YANG Xiaoxia completed the experimental
operations and computational analysis. LI Yan and YANG Xiaoxia
participated in the writing and revision of the manuscript. All authors

have read and agreed to the submission of the final manuscript.

SE -

(1] & %, 430, BEL, & BRI )2 L AE TR
JoR AT TR ) R AR (7], R MR 2R, 2021, 29(1):
12-24. (ZHENG Hu, NIU Wenqing, MAO Wuwei, et al.
Mechanics of granular material and the application in
engineering geology[J]. Journal of Engineering Geology,
2021, 29(1): 12-24. (in Chinese))

[21 HU W, L1Y, XU Q, et al. Flowslide high fluidity induced by
shear thinning[J]. Journal of Geophysical Research (Solid
Earth), 2022, 127(12): €2022JB024615.

3] %5 &I, % WA R S D], TR
24k, 2023, 31(3): 762-779. (GUO Jian, CUI Yifei. An
overview of landslide-induced debris flow[J]. Journal of
Engineering Geology, 2023, 31(3): 762-779. (in Chinese))

(4] 48 W8, P, PSR Yo Ris shEH R X T AT
BRI, VO 2 S (TR R ZEMR), 2016, 48(3): 1-11.
(CUI Peng, TANG lJinbo, LIN Pengzhi. Research progress of
resistance character of debris-flow[J]. Journal of Sichuan
University (Engineering Science Edition), 2016, 48(3): 1-11.
(in Chinese))

[5] BATCHELOR G K, GREEN J T. The determination of the

bulk stress in a suspension of spherical particles to order c?[J].

Journal of Fluid Mechanics, 1972, 56: 401-427.

[6] SIMAN-TOV S, BRODSKY E E. Distinguishing between
rheophysical regimes of fluid-saturated granular-flows using
dilatancy and acoustic emission measurements[J]. Granular
Matter, 2021, 23(2): 44.

(71 KZRH, Bk, FRBEE, & %S e A i ah s
IR D] E R BOREE, 2022, 52(4): 585-598.
(SONG Dongri, CHEN Qian, CHEN Xiaoqging, et al. Control
factors for mobility of dense and dilute debris flows[J]. Scientia
Sinica (Technologica), 2022, 52(4): 585-598. (in Chinese))

[8] BAGNOLD R A. Experiments on a gravity-free dispersion of
large solid spheres in a Newtonian fluid under shear[J].
Proceedings of the Royal Society of London Series A, 1954,
225(1160): 49-63.

[9] MIDI G On dense granular flows[J]. The European Physical
Journal E, 2004, 14(4): 341-365.

[10] DA CRUZ F, EMAM S, PROCHNOW M, et al. Rheophysics
of dense granular materials: discrete simulation of plane shear
flows[J]. Phys Rev E Stat Nonlin Soft Matter Phys, 2005,

72(2 pt 1): 021309.

[11] JOP P, FORTERRE Y, POULIQUEN O. A constitutive law for
dense granular flows[J]. Nature, 2006, 441(7094): 727-730.

[12] PAILHA M, POULIQUEN O. A two-phase flow description
of the initiation of underwater granular avalanches[J]. Journal
of Fluid Mechanics, 2009, 633: 115-135.

[13] LAGREE P Y, STARON L, POPINET S. The granular
column collapse as a continuum: validity of a two-
dimensional Navier-Stokes model with a u(/)-rheology[J].
Journal of Fluid Mechanics, 2011, 686: 378-408.

[14] ANCEY C, COUSSOT P, EVESQUE P. A theoretical
framework for granular suspensions in a steady simple shear
flow[J]. Journal of Rheology, 1999, 43(6): 1673-1699.

[15] BOYER F, GUAZZELLI E, POULIQUEN O. Unifying
suspension and granular rheology[J]. Physical Review Letters,
2011, 107(18): 188301.

[16] TAKAHASHI T. Debris Flow: Mechanics, Prediction and
Countermeasures[M]. London: Taylor & Francis, 2007.

[17] BERZI D, JENKINS J T. A theoretical analysis of
free-surface flows of saturated granular-liquid mixtures[J].
Journal of Fluid Mechanics, 2008, 608: 393-410.

[18] PUDASAINI S P, KRAUTBLATTER M. The mechanics of
landslide mobility with erosion[J]. Nature Communications,
2021, 12(1): 6793.

[19] IVERSON R M. The physics of debris flows[J]. Reviews of
Geophysics, 1997, 35(3): 245-296.

[20] DE HAAS T, BRAAT L, LEUVEN J R F W, et al. Effects of
debris flow composition on runout, depositional mechanisms,
and deposit morphology in laboratory experiments[J]. Journal
of Geophysical Research: Earth Surface, 2015, 120(9):
1949-1972.

[21] DI TORO G, GOLDSBY D L, TULLIS T E. Friction falls
towards zero in quartz rock as slip velocity approaches
seismic rates[J]. Nature, 2004, 427(6973): 436-439.

[22] 2= B, FEERAS, MRELSC, S5 s AR T SBORORL IR 5T
HERE[T]. HERRL, 2022, 47(3): 893-912. (LI Kun, CHENG
Qiangong, LIN Qiwen, et al. State of the art on rock
avalanche dynamics from granular flow mechanics[J]. Earth
Science, 2022, 47(3): 893-912. (in Chinese))

[23] COURRECH DU PONT S, GONDRET P, PERRIN B, et al.
Granular avalanches in fluids[J]. Physical Review Letters,
2003, 90(4): 044301.

[24] CUIK F E, ZHOU G G D, JING L, et al. Generalized friction
and dilatancy laws for immersed granular flows consisting of
large and small particles[J]. Physics of Fluids, 2020, 32(11):
113312.



