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Abstract: The complexity of the material composition of debris avalanches results in the impact effects on engineering
structures not being completely understood. In particular, how the particle size and distribution characteristics affect the impact
force and its composition and how to consider the influences of characteristics of particle size in the design of barrier structures
still lack in-depth researches. To answer these questions, a series of centrifuge modeling tests and DEM simulation tests are
conducted. The results indicate that the particle size dominates the fluctuation behaviors of the impact force of the debris
avalanche, and with the increasing particle size, the peaks become increasingly obvious, accompanied by a significant discrete
impact force. The smaller particles show an obvious cushion-effect to larger particles, and they more easily enter into the void
formed by larger particles and interact with the barrier, thus contributing to the total impact force. Therefore, both the particle
size and the distribution characteristics control the absolute value of the impact force. The particle characteristics determine the
momentum transfer mechanism at the particle scale and thus the impact effects. For this reason, it is found that the dynamic
impact pressure coefficient @ shows an increasing trend with the increasing Savage number of debris avalanches. Thus, it is
suggested that the Froude number and Savage number should be jointly used to select appropriate & . In addition, based on the
analysis of the acting point of the resultant impact force, we suggest that in engineering design, the total impact force combined

with the rectangular distribution mode can be adopted for safety.
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Fig. 1 (a) Configuration of centrifuge model; (b) dimension of
centrifuge model; (c) testing materials
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Table 1 Particle characteristics and physical properties of test materials used in centrifuge modeling

PR TA B%/J\;F%g3 %ﬁ$$§3 — ‘V\]@?@ﬁ/(ﬁ ) - SR A/ )
P4 min (g'em”) P4 max (grem?) [ A 6 TR
PM1(0.1~0.5 mm) 1.28 1.63 31 28 20
PM2 (0.5~1 mm) 1.34 1.62 30 27 20
PM3 (1~2 mm) 1.37 1.60 31 27 19
PM4 (2~4 mm) 1.37 1.56 31 30 18
PB1 1.29 1.64 30 29 19
PB2 1.35 1.55 31 30 18
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Table 2 Programs of DEM simulations
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Table 3 Flow regimes of debris avalanche before impact in

centrifuge modeling tests (model scale)

T W H u; /(ms™) h; /mm N, N,
T 1 12.55 12.16 7.13  0.03
T 2 13.12 12.02 7.50  0.03
PM1 o
ik 3 12.80 12.66 7.13  0.02
FEME 12.82 12.28 725 0.03
T 1 12.51 11.36 735 0.20
Wt 2 13.42 12.99 737  0.16
PM2
Tk 3 14.28 13.56 7.68  0.16
“FHE 13.40 12.64 747 0.17
T 1 12.73 13.32 691  0.52
T 2 12.07 13.06 6.62  0.50
PM3
Tk 3 11.94 12.77 6.62  0.52
“FHE 12.24 13.05 6.71  0.52
M 1 13.85 14.64 717  1.87
Wk 2 13.25 15.23 6.72 1.2
PM4 K 3 13.43 16.08 6.63 133
Tk 4 12.92 15.94 641 1.26
FEME 13.36 15.47 6.73  1.47
T 2 13.43 12.04 7.67  0.03
PBI ik 3 13.93 12.97 7.67  0.03
FEME 13.68 12.50 7.66  0.03
Wt 2 13.35 14.23 7.01  1.89
PB2 k3 12.99 13.83 6.92 1.95
FEME 13.17 14.03 6.96 1.92
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Fig. 4 Impact pressure results of four repeated tests of debris

avalanche of PM4 case
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Table 4 Peak values of impact pressure of debris avalanches with different particle characteristics obtained from centrifuge tests

Hif7: kPa
T W= P1 P2 P3 P4 P5 P6
MR, 1 182.41 164.82 86.85 56.01 3.03 85.42
W 2 178.71 136.06 85.03 33.71 5.95 65.00
PM1 R 3 176.22 150.16 84.51 32.19 5.88 60.60
SEHE 179.11 150.35 85.46 40.64 4.96 70.34
PR 22 2.55 11.74 1.01 10.89 1.36 10.81
TR 1 210.68 196.95 140.39 72.89 17.18 108.72
MR 2 23251 187.69 148.07 68.77 20.25 105.82
PM2 TR 3 261.75 220.33 139.42 56.86 20.22 105.35
FiE 234.98 201.66 142.63 66.17 19.22 106.63
PRI 72 25.62 16.82 4.74 8.33 1.77 1.82
TR 1 255.91 203.04 106.48 79.37 27.71 98.19
Mk 2 249.64 180.80 143.98 74.75 25.18 126.92
PM3 ik 3 204.24 241.77 189.94 65.03 20.10 92.44
FiE 236.59 208.54 146.80 73.05 24.33 105.85
PRI 72 28.20 30.85 41.80 732 3.88 18.48
Mk 1 407.69 170.97 150.82 67.48 54.09 78.07
TR 2 302.82 168.89 112.81 41.65 28.71 118.84
PM4 K 3 209.72 119.67 154.94 124.91 27.28 108.62
TR 4 215.13 163.51 92.38 108.80 14.93 76.95
FiE 283.84 155.76 127.74 85.71 31.25 95.62
PRI 22 92.94 24.27 30.25 38.05 16.43 21.33
TR 1 308.58 204.48 99.83 52.58 13.66 82.36
Mk 2 232.76 194.12 117.92 51.26 13.49 90.93
PB1 MR 3 262.68 188.72 120.89 59.22 12.63 77.57
SEHE 268.01 195.77 112.88 5435 13.26 83.62
PR 22 38.19 8.01 11.40 427 0.55 6.77
TR 1 229.09 262.83 180.65 46.14 16.53 142.13
MR 2 215.84 140.17 179.31 69.56 10.12 154.71
PB2 TR 3 234.75 160.28 144.93 53.00 12.43 183.99
SEHE 226.56 187.76 168.30 56.23 13.03 160.27
PR 22 9.70 65.78 20.25 12.04 3.25 21.48
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Table 5 Peak impact forces and flow regimes of debris avalanches with different particle characteristics obtained from DEM simulations

i}nﬂiﬁgﬁ% ufimax /(m'sil) hfimax /m NFr Ns F‘nimax /N Fmimax /N
NM1 25° 2.661 0.040 6.469 0.187 135.57 30.63
NM1 _45° 4.255 0.068 5.862 0.092 519.21 408.07
NM2 25° 2.489 0.043 5.821 0.519 159.83 101.46
NM2 45° 4.150 0.071 5.620 0.317 515.45 47438
NM3 45° 2.364 0.049 5.186 1.274 248.61 24331
NM3 25° 4.091 0.080 5.224 0.866 627.51 589.40
NB1 25° 2.360 0.036 6.012 0.779 149.61 104.51
NBI1 45° 4.060 0.058 6.094 0.563 547.82 492.77
NB2 25° 2.520 0.040 6.090 0.647 155.41 111.33
NB2 45° 4.090 0.076 5.345 0.249 593.21 560.64
NB3 25° 2.440 0.050 5.274 0.311 168.54 123.92
NB3 45° 4.050 0.080 5.159 0.209 591.19 525.95
NB4 25° 2.340 0.050 5.058 1.143 161.90 127.75
NB4 45° 4.030 0.080 5.133 0.828 580.51 545.18
NB5_25° 2.320 0.050 5.015 1.124 156.31 130.42
NB5_45° 4.080 0.082 5.133 0.788 600.89 573.09
NB6 25° 2.312 0.050 4.998 1.116 159.07 133.42
NB6 45° 4.020 0.081 5.089 0.794 576.32 565.95
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Fig. 6 Dynamic and static components of impact force of debris

avalanches with monodisperse particle characteristic
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