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Investigation of influence of debris-flow properties and channel’s
turning angle on its super-elevation by flume experiments

HUANG Yuanhong'*, ZHAO Jinheng*’, HU Kaiheng'*, LI Pu'?”

(1. Key Laboratory of Mountain Hazards and Earth Surface Processes, Chinese Academy of Sciences, Chengdu 610041, China;
2. Institute of Mountain Hazards and Environment, Chinese Academy of Sciences & Ministry of Water Conservancy, Chengdu 610041, China;
3. University of Chinese Academy of Sciences, Beijing 100049, China; 4. Electric Power Company Training Center of Sichuan Province,
Chengdu 610072, Chinaj; 5. Sichuan Electric Vocational and Technical College, Chengdu 610072, China)

Abstract ; Debris-flow properties such as bulk density have a great effect on its super-elevation. An experimental
setup combining straight and bending flumes is designed to study the super-elevation characteristics of diluted, sub-
viscous and viscous debris flows, and twenty-five tests are carried out under different slopes and flow densities. It is
found that; 1) In the middle of the bending channel, the dependence of the flow surface inclination on the flow ve-
locity shows three distinctive sections. When the flow velocity is lower than 2.4 m/s, and is higher than 3 m/s, the
values of surface inclination are around at 24 ° and 50 ° respectively; when the velocity between 2.4 m/s and
3 m/s, the inclination generally linearly increases. 2) The maximum values of super-elevation occur at different
turning angles of the bending channel for the three types of debris flows. The turning angles to the maximum occur-

rence is 75° for the diluted flow, 60° for the sub-viscous flow, and 45° for the viscous flow. (3) Linear regression
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analysis of the experimental data presents an empirical relationship of cubic polynomial function between the nor-
malized super-elevation and the sine of the turning angle.

Key words : super-elevation ; diluted debris flow; sub-viscous debris flow; viscous debris flow; flume experiment
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Fig. 1 Flume experiment setup and measuring system
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Fig.2  Grain size distribution of debris-flow Fig.3 Schematic graph of debris-flow
material in the experiments superelevation in the experiments
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Fig.4 Photoes of debris-flow superelevation traces with different debris-flow densities
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Table 1  Values of slope, velocity,density,flow depth measured and superelevation value of the twenty-five tests
T B/ s G N [ B2 £ B Ak ) IR A1/ om

T M (mes™") (kgrm™?) 0° 7.5° 15° 22.5°  30° 45° 60° 75°  90°
SMi 9.6 13.4 17.6  26.3 349 48.5 50.6 58.6 57.2

1 it 5 3.5 1422 Pl 10.8 7.7 6.3 4.6 2.1 1.5 1 1 1
el -1.2 0 5.7 1.3 21.7 328 47 49.6  57.6  56.2

SMI 11.2 155 23.4 29.8 33.7 449 523 57.1 52

2 Ttk 5 3.32 1511 P 10.9 9.3 7.9 5.4 2.8 1.8 1 1 1
e 0.3 6.2 15.5  24.4  30.9 43.1 51.3  56.1 51
M 8.9 13.5  19.4  26.1 29.3 41.8  47.1 57 54.4

3 it 5 3.13 1 471 Pl 9.7 9.4 7.4 4.3 2.5 1.8 1 0.9 0.9
e -0.8 4.1 12 21.8  26.8 40 46.1  56.1 53.5
SMi 10.1  13.5 16.8 24.6 32.1 43.5 46.6 55.5 54.2

4 i 5 3.44 1552 Pl 11.7  10.8 6.8 4.7 2.7 1.6 1.2 1 1
wEE -1.6 2.7 10 19.9  29.4  41.9 454 545 53.2
HMI 9.8 13.5 17.6  24.4  30.7 41.8 48 50.6  49.5

5 i 5 3.19 1581 Pl 10.7  10.5 7.2 4.5 2.3 1.6 1.5 1.4 1.4
el -0.9 3 10.4  19.9  28.4  40.2  46.5 49.2  48.1

HMi 9.2 13.8  19.2 27.6 36.9 58.4 735 75.8 71

6 e 10 3.62 1597 Pl 11.6  13.5 3.6 3.2 2.3 1.5 1 1.3 1.3
WwEmE -2.4 0.3 156  24.4 346 56.9 72.5 745 69.7
SMi 1.5 152 21.3 25.8 30.4 46.7 65.3 741 72.6

7 e 10 3.87 1527 P 13.3 16 9.3 2.2 1.5 1 1.8 1.3 1
WwWEmM -1.8 -0.8 12 23.6 28.9 457 63.5 72.8 71.6
HMi 7.4 14.4 256 27.4 30.7 433 59.4  69.7 66.4

8 pints 10 3.38 1561 P 8.5 9.5 8.5 2.3 1.2 1.1 1.3 1 0.8
WEE -1 4.9 17.1  25.1 29.5 42.2 58.1 68.7 65.6
HM 10.8 13.4 18.5 25.6 33.1 51.3 72.9 78.4 70.5

9 finiea 10 3.5 1 500 P 11.3 12.2 7.1 3 1.8 1.5 1.4 2 1.6
WEM 0.5 1.2 1.4 22,6 31.3 49.8 71.5 76.4 68.9

HMI 9.4 15.3 18.6  23.8 30.7 46.2  66.5 72 70

10 Fkk 10 3.45 1448 P 8.7 10.5 7.4 4.2 1.8 1.3 1.8 1.4 1.6
mEmE 0.7 4.8 1.2 19.6 28.9 449 647 70.6 68.4
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P (mes™") (kgem™?) 0° 7.5° 15 22.5°  30° 45° 60° 75° 90°
S 9.8 14.6 18.1 26.7 358 50.3  58.5 57 54.2
11 WHEH 10 3.25 1765 Pl 1.1 10.2 6.8 3.7 1.9 1.4 1.1 1.5 1.5
el -1.3 4.4 11.3 23 33.9  48.9  57.4  55.5 52.7
Sl 7.9 9.9 151  24.8  33.3  40.5  49.3 47 44.5
12 WM 10 3.12 1941 Pl 10.3 7.1 6.2 3.6 2.3 1.3 1.2 1 1
el -2.4 2.8 8.9 21.2 31 39.2  48.1 46 43.5
Sl 8.1 10.4  13.8 20.4 30.5 50.1 59.4 57.6 55.1
13 EhE 10 3.18 1 686 A 9.8 9.5 6 3.6 2.5 1.8 1.3 1.2 1
el -1.7 0.9 7.8 16.8 28 48.3  58.1  56.4 54.1
S| 9.9 13.4  16.3  21.5 28 38.4 43,9  42.5 35.3
14 WHH 10 2.75 1 863 P 9.3 7.6 5.8 3.5 1.8 1 1 1.2 1.2
R 0.6 5.8 10.5 18 26.2  37.4 42,9  41.3  34.1
Sl 7.6 11.4 18.4 23.4 32,6 49.6 57.5 56.4 55.5
15 WHH 10 2.98 1812 Pl 8.1 6.4 4.2 2.7 1.5 1 0.9 0.9 0.9
el -0.5 5 4.2 20.7 31.1 48.6 56.6 555 54.6
AM 8.4 13.2  17.5 19.8 21.8 23.5 19.5 17.7 16.2
16 Bk 10 2.16 2023 P 8.8 6.4 4.3 4 3.6 3.3 2.8 4.6 3.3
WEfE 0.4 6.8 13.2 158 18.2 20.2 16.7 13.1 12.9
Sl 9.5 13.4 17.5 20,4 225 237 19.9 17.1 15.3
17 FhiE 10 2.19 2078 P 7.9 6 4.7 3.9 3.4 3.3 2.9 2.3 1.8
M 1.6 7.4 12.8  16.5 19.1  20.4 17 14.8  13.5
HMi 9.6 12.8 15.4 18.5 203 22.5 19.8 18.2 17.8
18 Bk 10 1.83 2112 R 9.8 8.8 6.1 5.1 4.2 3.8 4.1 3.1 3
e -0.2 4 9.3 13.4  16.1 18.7 15.7 15.1  14.8
SMi 8.9 12.4 143 16.6  19.3  20.7 19 16.4 16
19 Fitk 10 2.42 2132 A 9.8 8.5 6.3 5 4.4 4 5.3 3.1 3
MWEE -0.9 3.9 8 11.6 149 16.7 13.7  13.3 13
S 10.3  12.2  13.8 153 17.2  18.5 17.3  16.7 15
20 Bk 10 1.95 2172 Pl 11.1 9.9 7.8 6.7 6.2 5.5 4.8 4.5 3
e -0.8 2.3 6 8.6 11 13 125 12.2 12
HMi 9.6 15.8 18.9 22,2 25.1 28.1 23.4  20.6 19
21 Rtk 13 2.58 2028 A 8.9 7.8 5.7 4.6 4.6 4.6 4.5 5 4.5
el 0.7 8 13.2  17.6  20.5 23.5 18.9 15.6 14.5
HMi 11.6 155 18.3  20.3 22,3 241 22,2 16.6 14.3
22 i 13 2.17 2 059 PN 9.5 8.9 7.2 5.9 6 5.9 7 6 4.5
i 2.1 6.6 1.1 14.4 163 182 152 10.6 9.8
SMi 10.7  16.3  19.1  21.9 25 26.3  23.4 20 18.8
23 B 13 2.21 2082 P 9.7 8.9 7 5.4 5.4 5.1 6.2 5.8 5
S 1 7.4 1221 16.5 19.6 21.2 17.2 14.2 13.8
S 10.4 149 18.3 19.6 21.9  23.5 22 19 16.7
24 Btk 13 2.25 2112 Py 9.5 8.2 6.7 5.5 5.5 5.4 6.1 5.4 4.2
e 0.9 6.7 11.6  14.1 16.4 18.1 15.9 13.6  12.5
S 13.5  17.4  19.8 21.3  22.5 24.6 20.2 18.2 15.8
25 Fhtt 13 1.95 2 156 P 12,6  12.4 10.7  10.4  10.1 11.1 8.9 7.3 6.3
MWEE 0.9 5 9.1 10.9 12.4 13.5 11.3  10.9 9.5




5 BILLT, A5 - AT YA P 5 25 RS X e S ) S B 5 - 115 -

8 1o 3 BT UL 3] ) S 36 TR R R S 56 8k, T LA

1) 72530 B ( RIVIR B2 A o 45° BRI ) , T2
A R TR AT A B U A S A R T A3 3 A XD
(E15) o Yus/NT 2.4 m/s B, e A I i i £ 22
PR PE /N, BB 200 24° 5 A TR E K T 2. 4
m/s /T 3.0 m/s I IR TR TA B St R i
e MR APRE KT 3.0 m/s I, i T A1 £ 50°

et . E5 RERKESKEMEENGER
2) B K 50 10° B 4R VR G TS 0 i Fig.5 Relation between the velocity and the
ﬁﬁi@ﬁﬁzﬁmgﬁﬁ 7505L|\ZEE( T 6(a)). /H\ZEP surface inclination of debris flow

SRE g 5O — AR VR e A T BERIE A 1 507 ke/
m® GEHEIE N 3. 12 m/s R S I 54.7 om BERE R 10° 00— 2L PR U A AR B B 1 527
kg/m’ HEIEA 3.56 m/s. IRAKEIEMEEIE N 72. 6 cm; TG ARV A UM BRI BT,
HBORYE AT KA B, BB S BRSSO

3) TESEIR AR RS DL T Bt SR B R VE A i 10 i s S AR AE I AR — A (18] 6b) o R .
FPE R E VAU I R fe AL 230 HH BRAE R EE A 75° 160° (45 AbZe Ay, R IR U8 A T A E A, e A1
UL 5T e e KL I ) 7 B 5 YA R S LU A STORG M ORGP0 A U 25 o (L R A
U] o

4) 3HE D 10° 13° 1 PHLE B8 A U 25 38 o e KA A LR AR MR L Ay 45° b2 Ay (LI 6( ) ) o s
JiE S 1000 — A BV A B RS0 2 103 kg/m” JREIIME R 2. 11 m/s F R B E B RS EN 17.8 cm,
B Ry 1300 — 2L A T AT A I E R 2 087 kg/m® REEIIME Ky 2.23 m/s. RKASTE MR (E R 18.9
eme FEEAT HE AL BRI ABL U A 25 A R B IE B0 T, YA It 2 2 8 ve (R0 | R A 6 R 170 3l 3
A—,

Bo RARSEESESEEAEZENXR

Fig. 6 Relation between debris-flow superelevation and the turning angle’ s sine
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Table 2 Commonly used superelevation formula to calculate debris-flow velocity at home and abroad

g2 ARy AR i 2 A 1E#
1 1981 Ah =kBv*/Rg Rtk Ve A3 3 KA Kl A
2 1991 Ah = B[ "4 tan g0] FHEIRE W e L7
gRcos B
2
®3 2007 Ah = B[ ;7}3 +tan @ + ¢/ ( Hy cos® B) ] FhitEdR AT ozt
2
4 2007 Ah = B( ng an ga) WHEIR T g
S 2y.: (1—‘32) v IRy 325 Sz [10]

*5 2015 Ah = [0.2(4—(1 +e) )sm<p+?]? T BHMEIRA X

TE - Ah 75 M R, m & Ol 2530 2 2R, WK 1.5 ~ 2005 R NS e i 302442 m B O VAIE T8, mso YR A R, m/s; ¢ N E Ty
IHE , m/s” s H VAT YV  myy R R B, N/m® e VBT HURE SR J1, S0 07 kN/m? 5 B YR TRIALEE ,° 50 NFEHE A ,° e TP
SRR,

R3 XBRRRESHENRBRAXHEER

Table 3 Superelevation data and calculated values by the formulas

P 3 )
we wawes g 0 i TR 1 A2 AR3 A4 ARS
m (m's’]) (kg-m’a) KB EE

1 itk 55 0.39 3.5 1422 0.58 0.83 0.76 0.47 0.45 0.52
2 Tk 55 0.39 3.32 1511 0.56 0.75 0.68 0.42 0.41 0.47
3 Ttk 55 0.37 3.13 1471 0.56 0.67 0.61 0.38 0.37 0.42
4 Ttk 54 0.38 3.44 1552 0.55 0.81 0.71 0.45 0.43 0.50
5 itk 51 0.35 3.19 1 581 0.49 0.69 0.58 0.39 0.38 0.43
6 Tk 62 0.48 3.62 1 597 0.75 0.89 0.97 0.50 0.48 0.58
7 pintlan 61 0.49 3.87 1527 0.73 1.02 1.09 0.56 0.54 0.66
8 Ttk 60 0.42 3.38 1 561 0.69 0.78 0.80 0.44 0.42 0.50
9 itk 62 0.49 3.5 1 500 0.76 0.83 0.93 0.47 0.45 0.54
10 ok 60 0.44 3.45 1448 0.71 0.81 0.85 0.46 0.44 0.52
11 WA 55 0.39 3.25 1765 0.57 0.72 0.66 0.41 0.39 0.45
12 P Z 50 0.33 3.12 1941 0.48 0.66 0.55 0.38 0.36 0.41
13 P 55 0.38 3.18 1 686 0.58 0.69 0.64 0.39 0.38 0.43
14 WA 47 0.31 2.75 1 863 0.43 0.51 0.41 0.30 0.29 0.31
15 WA 55 0.36 2.98 1812 0.57 0.56 0.52 0.33 0.31 0.35
16 ik 27 0.19 2.16 2023 0.20 0.32 0.21 0.20 0.19 0.16
17 Fhk 27 0.19 2.19 2078 0.20 0.33 0.22 0.21 0.20 0.17
18 Zhk 25 0.19 1.83 2112 0.19 0.23 0.16 0.16 0.15 0.11
19 bk 23 0.18 2.42 2132 0.17 0.40 0.25 0.24 0.23 0.20
20 Fhk 18 0.17 1.95 2172 0.13 0.26 0.17 0.17 0.16 0.12
21 Zhk 30 0.21 2.58 2 028 0.24 0.45 0.29 0.27 0.26 0.24
22 itk 24 0.20 2.17 2 059 0.18 0.32 0.21 0.20 0.19 0.16
23 ZhibkE 28 0.21 2.21 2 082 0.21 0.33 0.22 0.21 0.20 0.17
24 Zhk 24 0.19 2.25 2112 0.18 0.34 0.22 0.22 0.20 0.17
25 Zhk 19 0.20 1.95 2 156 0.14 0.26 0.17 0.17 0.16 0.12
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D) (1) SR(2) MR R AR, B V-2 S0 25 AR 22 5 3N 46% 20% o IAZR 1 ¥ B i 54
fEfE k 2.0, 4815 ~2.0 RIHE Ve A T A s (E M ROR AR GF . [FIRFA S T XSRS 26 BE e A
TP LB 45 R 2553 31K 28% 20% \78% , =X (2) X itk RGP Rl U6 A 38 T 349 S 06 25 SR M 25 40
25% 11% 19% X (1) X8t SRR e A i A, =0 (2) Fivtk SRS DRl iE H

2)5K(3) 2(4) F(5) BIHREEERAHZE AR, S T34 S 060 25 el 25 53 5K 24% 24% 19% , ¥/hF
25% o £ TIFERR I A TR, TS5 S /), S04 Fm 25 5300 0 28% 31% 19% 5 i 2E 715Ktk ve A
bt =0 (3) K (4) TR R, 2 (5) AR RN, SRS R AT 4 25 58 13% (15% (15% , %}



555 BILLT, A5 - AT YA P 5 25 RS X e S ) S B 5 <117 -

TAREETRAT B 2270501 31% 34% \26% ;. Al AN (3) (3R (4) il T/ RV A1 i, X (5) Xt #
PE O BV A IR A TS R

3) XA (1) = (S) ol LAAHR AR R Ve A I SRR PE TR i B PR A1 i 23 Sl (5 ) (3K (2) |
A 3) TR Ve LS 1 M s (O R A, B 22 23518 19% 1% \13%
3.2 TEERERERNXE

R AT TR T 0 25 e LA R S, S PP AR O I 25 e OB R (EUR S e A
G A R OB (B SR AL A — € AR . O 7 B A A v R 25 T 3 A ) 7R A, 5 BT BR e A U
UL 25T R . BT 3.1 e, (S ) (20(2) 3 TR R R IR B TR T A i 2
RO (R (EL A R AL v JEE o S0 391) A4 25 3 sy {ELE T G B Ak

h

K=t (1)
AP K OB e A5 B 25 18 e (L, PR 25 4 SEEBEIHRUK
ABE AT BB ULEE 4) b SR g B £ ib 25l Table 4  Superelevation characteristic coefficient K
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Fig.7 Relation between the superelevation characteristic coefficient K and turning angle’ s sine as well as its fitted curve
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