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Tab.1 Characteristic solid fractions of the experimental materials

eSS KR WAL p/(kg-m™) Dsy/mm brip brep bep bpp ¢
s BRI e 2663 0.020 0.350 0.459 0.531 0. 464 0.325 -0.475
2 AR FhtE 2706 0.081 0.453 0.550 0.636 0.512 0.400 - 0. 550
S3 EAR 30| Bk 2666 0.020 0.386 0.491 0.609 0.500 0.325 -0.500
S4 AR Btk 2677 0.028 0.435 0.530 0.627 0.495 0.375 -0.525
S5 VRN Btk 2752 0.012 0.306 0.379 0.611 0.454 0.300 - 0. 480
S6 BRI Btk 2698 0.020 0.353 0.450 0.550 0.498 0.360 - 0. 480
s7 IR it 2744 0.011 0.258 0.318 0.562 0.448 0.280 - 0. 460
S8 R Btk 2688 0.069 0.501 0.587 0.663 0.572 0. 460 —0. 600
S9 BT e 2708 0.029 0.408 0.500 0.634 0.567 0.420 -0.540
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Fig.2 Sketch of the concentric cylinder system
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Fig.3  Shear stress versus rotational speed for slurries with different solid fractions ( sample S3)
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Fig.4 Plastic viscosity (a) and yield stress (b) versus solid fraction for the experimental materials
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Tab.2 Results of the nonlinear regression for different n,

- ¢ relationships

Krieger & Dougherty Jy s Chong J5 Dabak & Yucel J5
B G5
MRE/% R? (7] b MRE/% R? O MRE/% R? [n] b
sl 9.5 0.971 11.854 2.117 98.5 0.857 0.484 8.8 0.970 20.633 0.597
S2 9.0 0.992 6.994 0.704 95.3 0.852 0.557 13.5 0.980 12.325 0.597
S3 6.6 0.997 5.710 0.582 74.0 0.909 0.510 12.7 0.988 7.541 0.539
s4 11.5 0.992 5.925 0.597 84.2 0. 880 0.532 17.6 0.978 8.939 0.556
S5 5.9 0.995 6.919 0.615 82.1 0.914 0.489 7.3 0.994 9.788 0.529
S6 14.5 0.935 11.179 1.161 101.5 0. 807 0. 487 14.8 0.927 21.781 0.575
s7 5.5 0.997 6.372 0.540 76.2 0.907 0.469 12.0 0.990 8.456 0.496
S8 5.6 0.994 7.456 0.912 104.4 0.824 0.607 10.3 0.982 14.465 0.676
9 6.5 0.992 6.083 0.678 85.4 0. 887 0.550 9.9 0.983 9.313 0.597
P-4 8.3 0.985 7.610 0.878 89.1 0.871 0.520 11.9 0.977 12.582 0.573
Liu J53% Zarraga J7 1% Horri J73k
F bl i s
MRE/ % R? a b MRE/ % R? b MRE/ % R? K b
s1 11.9 0.957 0.502 0.552 95.2 0.917 0.501 9.1 0.972  234.684  0.682
S2 19.7 0.964 0.599 0.587 9.5 0.928 0.571 9.5 0.990 43.857 0.613
S3 18.4 0.975 1.128 0.532 49.9 0.969 0.533 3.4 0.999 19.012 0.560
S4 23.0 0.964 0.882 0.551 67.2 0.953 0.548 11.9 0.991 20.941 0.566
S5 12.1 0.984 0.984 0.517 60.5 0.972 0.509 7.1 0.994 35.873 0.561
S6 16.3 0.912 0.451 0. 546 95.7 0. 869 0.501 14.4 0.935  173.593  0.616
s7 18.0 0.977 1.214 0.488 48.9 0.972 0.490 6.1 0.997 23.679 0.518
S8 14.3 0.965 0.426 0.658 103.4 0.906 0.621 7.0 0.991 71.235 0.701
S9 12.7 0.972 0.768 0.587 61.0 0.951 0.571 6.4 0.992 26.850 0.617
SEHE 16.3 0.963 0.773 0.558 74.9 0.938 0.538 8.3 0.984 72.191 0.604
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Tab.3 Results of the nonlinear regression for different n, — & relationships ( varying with ¢,,)
. Krieger & Dougherty 75 Dabak & Yucel J5 i Liu J5 1% Horri J5 1
i MRE/ % b MRE/ % b MRE/ % b MRE/ % b
S1 36.3 0.615 30.5 0.527 15.1 0.586 26.3 0.569
S2 13.5 0.772 13.4 0.599 31.3 0.575 19.1 0.643
S3 39.7 0. 805 53.1 0.603 46.7 0.562 40.8 0.667
4 43.3 0.746 44.7 0.582 29.0 0.557 51.8 0.637
S5 12.4 0.688 23.8 0.559 26.9 0.537 20.3 0.617
S6 36.9 0.595 35.0 0.518 38.0 0.509 24.1 0.555
S7 27.3 0.640 44.4 0.537 56.0 0.526 36.2 0.601
S8 5.6 0.942 13.4 0. 660 52.4 0.623 7.0 0.702
S9 20.6 0.908 20.8 0.636 12.9 0.586 21.8 0.693
S 26.2 0.746 31.0 0.580 34.2 0.562 27.5 0.632
bR 7280 ¢, , 7 2 T HABSEO A2 A3 BIBAR Krieger & Dougherty J5 i
R, HIEH e, W HANGE . S 1 SR A AT Gu = 2.458¢¢p - 0.735 (13)
IR 2R 2 DRI )RR X R B, X LB iR 22 BN Y Dabak & Yucel J57%
P~ (30(T7) ((9) ((10) ((12) ) H &, ZIMIZ ¢, = 1.001¢¢, - 0.023 (14)
OB 9 HEE - M8, X 45 20 52 30 Hidfe 15 ok kA T Liu 779k (45840 S1)
PE WEERWMES P, YERARESH ., ¢n = 0.876¢¢, +0.023 (15)
W, B RINEM G R 2 WA BT, &, BIRLE Horri 7594
{Ht A —E AL, Krieger & Dougherty J7 L4 1 ¢, = 1.034¢, +0.008 (16)

&, AR ER, 45 A 75 JEAE L ST A S6, P 24728 4k
4 0.125, Liu J7EIUE 1 o, (2R, BT A
i Y2 AL B ARTE 0. 04 LA,

&, AT W UL FE fil ) — il FURAS 24
¢ <o, W, Bk Z 8] FE K IER, 2 ¢ > ¢,
i, e EE R T SR L AR T R A S5
HFTIN g« Drep ~ Pep Do U 75 AN [R] 14 FIURL 15 fih
AR, 22 R X e 2800 o, AT
SRR 3 AR IT RS o, B due.
Prer Do P A REL, FI THK 4. X T Krieger &
Dougherty J57 5 Dabak & Yucel J5¥: 41 Horri J5 %,
G 5 e FIAHSCHESRGR il 1 W2 /K-8 0. 01
FIAHOCPER S . Liv 734 1 &, 5 & FrIE AR
I IR AR 5 R B BN, o 5 e BIAH S AE
e AHAEE— L& B, Lin TG 1 ¢, 5
P AR IC R BN FEEUE TR ST, ZHBRIZFE S,
FASCFR BN 0. 927 il i 1 i /K24 0. 01 1)
FHOCHERG SR o PRI, AT LS R oo il 345 T 15
RS NN AT G S

R4 FEBEMNHBETESEAE o, B LB
BMEHEERS B BHHEXEY
Tab.4  Correlation coefficients between ¢,, and characteristic solid

fractions of the experimental materials

RS R AN =R brip brep bep bop
Krieger & Dougherty 773 0.742 0.681 0.885  0.867
Dabak & Yucel J5 0.771  0.706  0.911  0.851
Liu J7 3% 0.741  0.726  0.565 0.675
Horri 753 0.655  0.586  0.901 0.762

MR 1 Prgl s AR e 23X (13) - (16) 43
% Krieger & Dougherty J5 ¥ Dabak & Yucel J7
% \Liu J7 351 Horri J5 3015 T 7 1 S AR B 40 %k
b, FIRARSER 2 P28 [ n] Ja K BFB(E, TTE
BN o A BERL T AE 5 D0 2 (B A9 % Fe 4
VS Fi, m, BEAMR IS DU Aol 7 32 118 Al 801 12 o 4K g
Ko, BRI (P, — 0) RN, BN o, MR ZER
S35 m, W REK AR 22, TR A AR s R 22 AR K
AN & Liu J ik AT S I 22 0
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Fig.5 Comparison between predicted and experimental values of relative viscosity
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Fig.6  Relationship between relative viscosity (n,) and ¢/dcp
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Determination of the Maximum Packing Fraction for
Calculating Slurry Viscosity of Debris Flow

YANG Hongjuan'?, WEI Fanggiang’ , HU Kaiheng’
(1. Key Laboratory of Mountain Hazards and Earth Surface Process, Chinese Academy of Sciences, Chengdu 610041, China;
2. Institute of Mountain Hazards and Environment, Chinese Academy of Sciences, Chengdu 610041, China;
3. Chongqing Institute of Green and Intelligent Technology, Chinese Academy of Sciences, Chongqing 400714, China)

Abstract; The slurry viscosity is an important parameter for the numerical simulation of debris flows. It is usually
calculated by formulas which define the relationship between relative viscosity (%,) and particle volume fraction
(¢). However, the maximum packing fraction (¢, ) is pre-requisite when using these formulas. It represents the
solid fraction at which the relative viscosity approaches infinity. To study the method for determining the maximum
packing fraction, fine particle samples ( <1 mm) collected at nine debris-flow gullies, most of which were located
in the area affected by the Wenchuan Earthquake, were used to perform rheological tests. The median grain size of
the geo-materials ranged from 0. 011 to 0. 081 mm. Slurries with different solid concentrations were prepared for
each type of sample. The shear stress-rotational speed curves were measured using the concentric cylinder system of
an Anton Paar MCR301 rheometer, and they were further used to derive the plastic viscosity with the Bingham
model. Then the relative viscosity was computed as the ratio of the plastic viscosity of the slurry to the viscosity of
water measured at a same temperature. Six widely used 7, — ¢ formulas were finally utilized to derive ¢, for each

m

sample based on the associated experimental data. Values of ¢, obtained from different formulas were examined.
The relations between ¢, and some characteristic solid fractions of the experimental samples, including random
loose packing fraction, random close packing fraction, compaction fraction, and deposition fraction, were also

analyzed. It revealed that different 1, — ¢ formulas would give different ¢, values for the same geo-material.

However, a linear relationship was found between ¢, and the compaction fraction for a given 1, — ¢ formula.
Consequently, empirical relationships had been established to estimate the ¢, parameter in 7, — ¢ formulas
employed in the present study. Moreover, an exponential relationship was found between 5, and ¢/¢pp. These
findings are expected to be useful in estimating the plastic viscosity of mud slurries with medium to high

concentrations.

Key words: debris flow; slurry; viscosity; maximum packing fraction; Bingham model



