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Figure 1 Schematic cross section of debris flow paths. L is the
horizontal distance from the source center of mass to the farthest
deposit, H is the vertical elevation of the debris flow source above the
deposit, and ¢ is the effective friction angle.
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Figure 2 (Color online) Experimental flume and sensoring module. (a) Experimental flume (unit: mm); (b) triaxial load cell (normal stress + two-
way shear stress) and pore pressure transducer (force surface); (c) triaxial load cell and pore pressure transducer (reverse side).
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F1 TRIE
Table 1 Experimental program
SO Yw S FAEREE) (kg/m’)  FEAMHBHRZp, (kgm’) WHZEp, (kgm’)  AHEE, (Pa s) PRh (m) Piku (m/s)
60-100 2010.6 2540 1220 0.1 0.042 0.13
60-10 1979.6 2540 1145 0.01 0.038 0.56
60-1 1924.0 2540 1000 0.001 0.024 0.58
55-100 1944.3 2540 1220 0.1 0.052 1.15
55-10 1909.4 2540 1145 0.01 0.044 2.07
55-1 1847.0 2540 1000 0.001 0.047 2.47
50-100 1878.2 2540 1220 0.1 0.048 2.63
50-10 1839.4 2540 1145 0.01 0.046 3.70
50-1 1770.0 2540 1000 0.001 0.034 3.79
40-100 1745.8 2540 1220 0.1 0.051 3.13
40-10 1699.2 2540 1145 0.01 0.048 3.94
40-1 1616.0 2540 1000 0.001 0.047 2.92
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Figure 3 (Color online) Stresses and pore water pressure of debris flows with volumetric solid concentration of 0.6. (al) Normal stress, pore water
pressure, and hydrostatic pressure of test 60-1; (a2) normal stress, measured and calculated shear stresses of test 60-1; (bl), (b2) test 60-10; (c1), (c2)

test 60-100.

Bl 4 (2% hORE B AR B A R FE0. 5.5V A i IR L AT ANFLISK . (al) SEER55-1IIERL 77 FLB/K EAEIKE 775 (a2) S55055-
VIERE ) BIR A SEMME AN THSEAE; (b1), (b2) 525855-10; (1), (c2) SL5655-100

Figure 4 (Color online) Stresses and pore water pressure of debris flows with volumetric solid concentration of 0.55. (al) Normal stress, pore water
pressure, and hydrostatic pressure of test 55-1; (a2) normal stress, measured and calculated shear stresses of test 55-1; (bl), (b2) test 55-10; (c1), (c2)

test 55-100.
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B 5 (4 RROR ) A AR R R B2 0.5 96 A7 VAL A 2 AT FLIR K K. (al) SE256:50-1F91E M F7 FLERAKEAFKIE /75 (a2) S25850-1
IEN 7 BIRE A SeiHE AR (b1), (b2) SEL& 50-10; (c1), (c2) SEH:50-100

Figure 5 (Color online) Stresses and pore water pressure of debris flows with volumetric solid concentration of 0.5. (al) Normal stress, pore water
pressure, and hydrostatic pressure of test 50-1; (a2) normal stress, measured and calculated shear stresses of test 50-1; (b1), (b2) test 50-10; (c1), (c2)

test 50-100.
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Figure 6 (Color online) Stresses and pore water pressure of debris flows with volumetric solid concentration of 0.4. (al) Normal stress, pore water
pressure, and hydrostatic pressure of test 40-1; (a2) normal stress, measured and calculated shear stresses of test 40-1; (bl), (b2) test 40-10; (c1), (c2)

test 40-100.
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Table 2 Dimensionless parameters and flow regime of debris flow

R AR B 0400748, HT 4TRSS, H
UL JTIH R, [E FrictionBING, 5T &, RIELL NG, Ny
NG =T ESNETH R SR, 5T Bagnold#V,
I, SEIRVARIR A SZAREIYE 33, M Savage N
WK, BE A AR TS AH A B2 FOBAE 26 FE (R sk /S, AR
A FH URL EE $2 () Al 48 4% A% 7E Friction$U Ny, /7 THI, Bl
AAS AR AH AR B PRI 0N, A A S EH O B 42 itV 21V
FHFNPE. SO0V AR 1 TG B AN S BOR R AS VR AL k2
Fr7s.

4.3 BBV SRR

TRV AR BT RE F, Bl AR (A VA FE R,
A BT IR AL A BT ARIRAS,  BYIK A1 2848 4
fH, BURLIBY 4 SR B A R, B AR AR IR
FERIRD, A mALBUKIE 2 B, g
WAk, WEB@D TR, EAFRE R N0.6 1K) 555,
FUBS K AN A7 15N A1 HI30% 75 47 AEAARAR AR P A
0.55 52588, FLBR/KIEZ) (5 1E R J7 1140%(El4(al));
T AE A AR ] A R B2 S5 i G P S 56 v (0.5810.4), LB
KB IERN 77, 2985 1ER J790%(El5(al)Fli6(al)).
It 25 A R ] AR AR B2 R sk /S, FLBR K e R Tk R 7,
LB K E R T Z(E7). HEENSEWNTH, #
FLBR A Hs 7 BN [R] 322 K T e A g st e],  HsAs
e IS A R, JFZ 2 MR RER, A

SEIG NS Np Ng Ng MNsic A

60-100 3.9x107"° 0.1 5.1x107° 1.4x10° 0> R > filf it
60-10 9.4x107° 3.6 1.5x107 2.4x10° JEE> > il
60-1 1.6x107 58.5 6.8x107° 8.6x10° JBE P> >l
55-100 4.1x107" 0.4 1.7x107° 2.2x10° B> B > il 4t
55-10 7.3%107° 53 5.6%107° 9.6x10 > B> Rl
55-1 6.7x107" 58.9 1.7x107 3.6x10° > > Rl
50-100 5.5x107"° 0.8 8.4x107 9.2 B> B> R i
50-10 6.8x107° 12.9 0.7 183 B> lf Ji> R R
50-1 1.2x107 196.3 0.4 550 P>l 4> R 2
40-100 5.7x107"° 0.6 ) 0 Zoh > Fil k> B 43¢
40-10 6.9x107° 8.9 ™) 0 Bh >Rl B
40-1 5.8x107° 73.1 ) 0 0 > Tl > P 4

a) KA IR T BagnoldBINg Savage BN Friction BN, HI W15 H

592



PEBE: FARRE 20224 52 % A4

155 BRI DI AT A R IS ik UKL 8 B AN
TWOAHRIREEE. K, Ve Amis sl A2 B R [EAH
TR (14 B9 I RS LA K AT s 4 1 51 28 1 AR A2 4k,
Bl e S EGE ALK AR, o R+
R

P8 ()72 b FLRR /K e X6 BY K A AR B, — 2 R
R E AR R, BRI RYE A X 3)M(4) T,

AL RIS B 7 R RS R BT 2B BAR K T 748
TENLALEL. FEARE AR L 90.6, 0.551YEf1iR
t, B Mtany>0, YA URILH BTICIRE, FLEKIE
NT K T, FUIGK 9 B gL o T (AR [ A A
NOSSHIPRAR, BRI RS AR [ AH R B
AT I SRR I AR VR 20,58, {HL 2 H T Podl i o) i 72
H R RV P52 - Rl 13 AN R0 PR RO, AR BIPAR S A I 57

B 7 (PR ) AN R AR KR I 8 Y A 97 P L B /K S Bt I i) 284k AR [ ARIR 20,6 (a), 0.55 (b), 0.5 (c), 0.4 ()T 7t

Figure 7 (Color online) Excess pore water pressure evolution with time for debris flows with different volumetric solid concentrations. Debris flow

with volumetric solid concentration of 0.6 (a), 0.55 (b), 0.5 (c), 0.4 (d).
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Figure 8 (Color online) (a) Relationship between excess pore water pressure and dilatancy angle; (b) relationship between the ratio of shear stress to

normal stress and dilatancy angle.
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Figure 10 (Color online) Comparison of calculated and measured shear stresses. Debris flow with liquid viscosity of 0.001 Pa s (a), 0.01 Pa s (b), and

0.1 Pa s (c).
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Figure 13 (Color online) The relationship between debris flow
mobility and shear resistance.
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Control factors for mobility of dense and dilute debris flows
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Debris flow is a commonly occurring geological hazard in mountainous areas. The solid-liquid coupling makes the debris flows
distinct from other geophysical fluids such as debris avalanches and floods. Owing to the complexity of this solid-liquid interaction,
current research of debris-flow mobility focuses mainly on dense debris flows with a volumetric solid concentration of ~0.6.
However, few studies focus on the physical processes occurring in the transition from dense to dilute debris flows with volumetric
solid concentrations of 0.6-0.4. The objectives of this study are to explore the effects of changes in volumetric solid concentration on
pore water pressure response and debris-flow mobility and to reveal the mechanisms in the transition from dense to dilute debris
flows. Taking the debris-flow volumetric solid concentration and fluid viscosity as variables, a series of well-instrumented flume
experiments is conducted. The results show that the high mobility of debris flow is closely related to the state of liquefaction. In the
transition from dense to dilute debris flows, the shear dilatancy (state of solid particles) shifts from positive (dilation) to negative
(contraction). As a result, the increase in pore water pressure causes the debris flow to liquefy, and the mobility surges accordingly.
According to the calculated and measured shear stresses, it is apparent that the shear resistance of dense (dilute) debris flows is
dominated by friction between the particles (viscous drag). An employed rheological model shows that the shear resistance in dense
debris flows is insufficient for describing the rheological behavior of dilute flows. Models considering the interaction between
particles, including friction and collision, and the viscosity of the fluid phase are warranted in future research.

debris flow, mobility, shear dilatancy, volumetric solid concentration, pore fluid pressure, Coulomb friction
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