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Abstract: The erosion and delivery processes of mine
waste accumulations were reproduced through flume
tests under 13 different experimental condition sets.
Analysis of the flume test results showed that
different scale model landslides, induced by the
incision of mine waste accumulations, slipped into the
channel and caused complete or partial blockages,
with 28 complete blockages and 122 partial blockages
observed during the flume tests. The failure of these
temporary landslide dams amplified the peak
discharge significantly, with the amplification more
obvious when caused by the failure of a complete
blockage compared to a partial blockage under the
same experimental conditions. In order to explore the
threshold conditions of a complete blockage, a new
blockage index (I»s) was developed to represent the
degree of blockage. It was found that the threshold
value of the blockage index for a complete blockage
was around I»=4.0. What’s more, there was a
significant negative correlation between the blockage
index and the amplification coefficient of peak
discharge caused by the failure of a landslide dam.
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These preliminary results are intended to provide a
scientific basis for future research on the disaster
prevention and mitigation of mine waste debris flows,
as the processes and mechanisms underlying the
erosion and delivery of mine waste accumulations by
upstream flows along a gully have not yet been clearly
identified.

Key words: Mine waste; Landslide dams; Complete
blockage; Partial blockage; Blockage index

Introduction

A landslide dam 1is formed when an
unconsolidated heterogeneous mixture of earth or
rock debris reaches the bottom of a river valley and
causes a complete or partial blockage (Costa and
Schulter 1988; Ermini and Casagli 2003).
Subsequently, an impoundment may be formed
upstream in either instance (Casagli and Ermini
1999). Landslide dams are always unstable, and 85%
fail within one year of formation (Costa and
Schuster 1988). The formation and failure of



landslide dams can cause extremely consequential
disasters such as catastrophic outburst floods,
debris flows, and backwater ponding (Korup 2005;
Dong et al. 2009), particularly when a flow from
upstream to downstream crushes an obstructive
landslide dam at high speed and incises it rapidly.
When this occurs, sediment delivery of the
landslide debris is considerable and debris flows
are easily formed. A large number of catastrophic
debris flows have originated in this manner
(Lombard et al. 1981; Gallino and Pierson 1984;
King et al. 1989; Cenderelli and Kite 1998).

A considerable number of important research
achievements concerning landslide dams have
been made in recent years. Based on a landslide
dam’s geometric relationship with a valley floor,
Swanson et al. (1986) proposed a geomorphic
classification scheme for the dams. Soon
afterwards, this scheme was modified by Costa and
Schuster (1988, 1991), who classified six types of
landslide dams. Based on a dataset of 184 case
studies, it was found that natural dams were
mainly the first three types: Type I dams are small
in contrast to the width of the valley floor and do
not reach from one valley side to the other; Type II
dams are larger and span the entire valley floor;
Type III dams fill the valley from side to side, move
considerable distances upper valley and lower
valley from the failure, and typically involve the
largest volume of landslide material. In their
classification system, landslide dams that blocked a
channel completely (including Type II and Type III)
accounted for 85% of all landslide dams, while
partial blockage (Type I) accounted for 11% of
landslide dams, with the other 4 types being quite
rare. In recent years, some scholars have focused
on quantitative methods for determining post-
formation development, in particular studying the
controls affecting dam longevity (Ermini and
Casagli 2003; Korup 2002, 2004, 2005; Schuster
2000).

Since there has been only a very few landslide
dams for which their formation and failure have
been directly observed, very little is known about
these actual processes. Therefore, several
mathematical models have been developed to
simulate the failure process of such dams and the
resulting outburst discharge (Brown and Rogers
1977; Fread 1977; Ponce and Yevjevich 1978; Singh
et al. 1986). Some scholars used the discrete
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element method (DEM) to simulate the failure
process as DEM offers unique advantages in
modeling discontinuous materials (Cui et al. 2017a,
2017b), which rely on the development of DEM and
fluid flow coupling (Cui et al. 2016) to represent
the mechanical behavior of during entrainment
process. However, there is surprisingly little
mention of the formation conditions involved that
enable a landslide to cause both a temporal and
spatial blockage of a river flow (Korup 2002), in
spite of its significance to hazard prevention and
mitigation. Damming is a complex process that
involves the volume and speed of mass movement
combined with the geomorphic parameters of
valley floor/ channel geometry and hydrologic
variables such as discharge, stream power, and/or
flow resistance (Costa and Schuster 1988; Casagli
and Ermini 1999; Korup 2002).

The Xiaoqinling gold mining area is located at
the junction of Shaanxi Province and Henan
Province in China. Over the last few decades, a
large amount of mine waste produced during the
gold mining process has been stacked in disorderly
fashion along the gullies in the region, which have
subsequently become sources of debris flows. At
present, there are now quite a number of high-
frequency debris flow gullies distributed
throughout the area, and debris flows often occur.
In particular, a catastrophic debris flow was
triggered by heavy rainfall in the Daxicha Gully on
July 11, 1994. According to a field investigation
conducted by Li (1995), the peak discharge of the
debris flow was amplified more than 2,000 times
over usual flow volumes due to blockages created
by abandoned mine waste. The peak discharge of
the debris flow was 260 m3/s with a 5m depth, and
resulted in 51 deaths, more than 2,000 others
missing, and economic losses of more than 17
million yuan (Li 1995; Liu et al. 1996). In recent
years, several other subsequent debris flows have
occurred in the same gully (Liu et al. 1996; Deng et
al. 2009).

For this work, field investigations in the
Xiaoqinling mining area were conducted three
times in 2016 and 2017,which found a significant
number of mine waste piles - some more than 30
meters in height and with a slope of close to 40
degrees - distributed along the channel (Figure
1(a)). Clearly, the problem of haphazard stacking of
mine waste has not been effectively controlled in
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Figure 1 Mine waste accumulations in the Daxicha Gully.

Figure 2 Erosion and delivery processes of mine waste in a channel.

this region. Figure 1(b) is a partial enlargement of a
mine waste accumulation shown on the left side of
Figure 1(a), which depicts a dump truck dumping
mine waste onto the pile. As the loose mine waste
is coarse and possesses high permeability, the slope
of such mine waste accumulations is continually
destabilized by rainfall or runoff (Figure 1(c)).
Based on these detailed field investigations along
the Daxicha Gully, it can be inferred that if a flash
flood forms in the catchment area upstream, it will
strongly scour the toes of the mine waste
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accumulations along the channel (Figure 2(a)).
This could cause a large volume of loose mine
waste to either be delivered swiftly along the gully
or slip into the channel induced by the strong
incision of the mine waste accumulations and form
landslide dams (Figure 2(b)).The peak discharge of
floods (or debris flow) would then be significantly
amplified due to the formation and failure of these
temporary landslide dams. The “magnification
effect” in this process has been confirmed by both
field surveys and model experiments (Cui et al.



2013; Zhou et al. 2013; Chen et al. 2014; Hu et al.
2015).

To understand this important process, flume
tests were conducted to reproduce the formation
and failure processes of landslide dams. By
analyzing the results of the flume tests, this paper
aims to infer the formation conditions of landslide
dams triggered by the incision of mine waste
accumulation, which can in turn be a scientific
basis for future research.

1 Experimental Method

1.1 Experimental setup

Based on the data accumulated from field
investigations of the Daxicha Gully in the
Xiaoqinling gold mining area, an experimental
model was designed. In principle, the scaled
reproduction of incision of mine wastes
accumulations along the flume should adhere to
correct geometric, kinematic, and dynamic scale
ratios between the model and prototype. However,
not all relationships can be  satisfied
simultaneously in model tests (e.g., gravel sized
materials cannot be scaled into sand sized
materials since they don’t share the same
characteristics). In our experiments, for free-
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surface flows dominated by gravitational and
inertial forces, Froudian model scaling laws (Ar=1)
should be obeyed to maintain dynamic flow
similarity. Where Ar =1 is the scale ratio of Froude
number F=U/(gL)°5, U is flow velocity, g is
gravitational acceleration, and L is the governing
length for the phenomenon. Aj=1, Ap=1 implies
scaling ratios for velocity, time and flow rate of Ay
=A105, Ar =AL/Au=Au°5,A0 =AvAa=Ar25 as well as the
roughness scaling is A,=A;°% respectively. The
experimental flume was designed with scale ratio
of Ar=100. Figure 3 shows an overview of the
experimental setup, which includes a water tank,
flume, and tailings pond. The storage tank is 1.3 m
in length, 1.3 m in width, and 1.8m in height. Water
was sent directly into the upper part of the flume
through a water pump installed on the left side of
the tank. At the middle of the pipeline, an
electromagnetic flowmeter combined with a flow-
balancing valve was used to accurately control the
flow rate of water. A triangular weir, installed
upstream of the flume, was used to adjust flow
stability. The flume is 4m in length, 0.3 m in width
and 0.5 m in height. The bottom of the flume is
rough steel plate and the two sides are
tempered glass, which made it convenient to
observe the erosion and delivery processes of mine
waste. The slope of the flume could be easily
adjusted between 6° and 35°. The tailings pond

I\ o Flume

0.5m

4m

Water pump
1.8 m

TalllnﬁS’POll,d\

| 2.0m |

Figure 3 Sketch of the experimental setup.
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was used to collect experimental tailings.

1.2 Experiment design

The mine waste material used for the flume
tests was all taken from mine waste dumps in the
Daxicha Gully. The gradings of the in situ sample
and the material for the flume test are shown in
Figure 4. It can be seen from the grading of sample
in situ in Figure 4, the proportion of fine particles
below 2 mm is less than 10%, while the coarse
particles larger than 50 mm are more than 65%.
Moreover, the particles of mine waste almost have
low psephicity. Due to the

in our research were conducted and shown in Table
1. Before every test, the slope angle and upstream
flow rate were accurately adjusted and then mine
wastes tacked according to the sizes listed in Table
1. The flume was 4 m in length (in Figure 3). In the
first 2 meters, the flow from upstream can be
greatly accelerated. All waste accumulations of
each test was located in the third meter. The forth
meter has been used to steady the flow, and to
measure the average flow depth in cross section at
the end of the flume. The processes of every tests
were recorded by three cameras from the front, the
right side, and the top. A metric ruler was placed

grading characteristics of
mine waste mentioned above,
the mine waste
accumulations are always in
the condition of large
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5°. When the flow rate is
0.0015 m3/s, we carried out
8 tests under different slopes.
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Figure 4 Particle size distribution of the modeled mine waste and the in situ

Table 1 Summary of parameters for the 13 experimental tests

There were significant No Characteristics of modeled mine waste accumulation 0 Qo
differences in the transport © Vi(m3) H (m) W (m) L (m) (®)  (ms/s)
mode of mine wastes under 1 0.0200 0.26 0.28 0.98 5 0.0015
different gradients when the ; 8:813; gzg gzg ggg g 8:8812
slope was less than 10°. 4 0.0125 0.25 0.25 0.83 8 0.0015
However, when the slope 5 0.0170 0.25 0.28 0.93 9 0.0015
was greater than 10°, nearly 6 0.0181 0.29 0.23 1.02 10  0.0015
all of the mine wastes can be Z; g'gigz 8.2471 8'22 (1)‘(;15 1; g'ggig
transported. When the flow 9 0.0182 0.29 0.27 0.88 5 0.0020
rate reached to 0.002 m3/s 10  0.0128 0.26 0.27 1.01 7 0.0020
and 0.0025 ms3/s, the mine 11 0.0162 0.27 0.27 1.03 9 0.0020
wastes were all transported 12 0.0118 0.27 0.25 0.95 5 0.0025
13 0.0168 0.28 0.26 1.01 7 0.0025

quickly even under different
gradients. Therefore, a total
of 13 different test conditions
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Notes: V% is the total volume of the mine waste accumulation, 0 is the slope angle,
and Qo is the inflow discharge, H, W and L are the height, width and length of mine
waste accumulation (in Figure 2(a)).



on the right side of the flume to measure flow
depth downstream. In order to determine the flow
velocity downstream of the mine waste heap, a
float method was adopted based on the videos
provided by three cameras at the speed
of 25 frames per second. Thus we can -calculate
average speed of every 0.04 seconds by using the
size scale marked on the flume. The method was
calibrated before our experiments, and the average
error was less than 5%.

2 Results and Discussion

Analysis of the results from the 13 model tests
showed that the erosion and delivery processes of
the mine waste accumulations in the flume could
be divided into several stages, which can be seen in
Figure 5. Due to the continuous erosion and
delivery of material at the toe of the mine waste
accumulation created for each test, landslides

would form and slip into the flume instantaneously.

Some of these debris slides are immediately
delivered by the flow from upstream (Figure 5(a)),
while others cause a partial (Figure 5(b)) or
complete blockage (Figure 5(c)), forming an
impoundment upstream in both instances. The
damming and breaching effect of these temporary
dams significantly amplifies the peak discharge

Figure 5 The delivery process of mine waste in the flume (Qo=1.5 L/s, 6=7°).
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(Figure 5(d)), known as the amplification effect
(Cui et al. 2013; Zhou et al. 2013; Chen et al. 2014;
Hu et al. 2015).

The results of these flume tests show that not
all debris slides result in the blockage of a river
channel. Such a blockage only occurs in instances
where a large amount of material can be moved
with high velocity (Ermini and Casagli 2003).
Therefore, we can speculate that there must be a
scaling threshold, and any mass movement
exceeding the threshold may cause a blockage,
while mass movement below the threshold can only
be swiftly delivered by the flow from upstream.
However, the models correlating landslide volume,
fall height, and runout distance are mostly based
on data from specific landslide events, and none
have been widely recognized as a universal
explanation for landslide mobility (Straub 1997;
Legros 2002). Therefore, it is difficult to find a
model suitable for analyzing the experimental data
gathered in this work. However, for the
convenience of this experimental data analysis,
three rules were followed:

(1) Since the width of the flume was 0.3 m, the
scaling threshold of the blockages mentioned above
was assumed to be 30x10-5 m3. In the 13 flume tests,
all of the landslides with a volume of less than 30
cm3 were assumed to have not blocked the flume or
formed an impounding.

(b)£=36s
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Table 2 All partial and complete blockages for each experiment

(6; QO)
(° , m3/s)

(5, 0.0015)

(6, 0.0015)

(7, 0.0015)

(8, 0.0015)

(9, 0.0015)

(10, 0.0015)

(12, 0.0015)

t(s)

49
61
101
158
32
42
8o
105
164
36
68
82
94
114
120
143
156
168
184
191
78
123
129
146
201
220
249
317
411
423
31
53
57

32

(-To be continued-)
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TB

PB
CB
PB
CB
PB
CB
CB
CB
PB
PB
CB
CB
PB
CB
PB
CB
PB
PB
CB
PB
PB
CB
CB
PB
PB
CB
CB
PB
PB
PB
CB
PB
PB
PB
PB
CB
PB
CB
PB
PB
PB
PB
PB
PB
CB
CB
PB
CB
CB
PB
CB
PB
PB
PB
CB
CB

Vi
(cm3)
78.75
221
84
444
561
764
589.6
666
127.8
68.64
471.75
444
130.8
222.4
225
633.6
83.33
225
448
154
137.2
240
1275.1
88.2
89.4
278
203.33
72
35
112
216
64.8
89.25
72
251
1520
370.8
318.5
143.85
273.6
136.8
146.4
81.9
378
525
1584
78
420
225
210.6
432
132
302.1
198.9
568
1860

Qout
(cm3)
1701
2430
1704
3024
2772
3276
3003
3276
1704
1704
2268
2772
1917
2457
2457
3600
2268
2457
3300
1704
1608
1917
4914
1848
1992
2349
2490
1704
1608
2268
3300
2241
2430
2295
2970
4500
3300
3960
2970
3135
2700
2700
2241
2970
3663
4500
3000
4125
3663
2700
4125
3750
3330
3000

3996
4875

1.13
1.62
1.14

2.02
1.85
2.18
2.00
2.18
1.14

1.14

1.51

1.85
1.28
1.64
1.64
2.40
1.51

1.64
2.20
1.14

1.07
1.28
3.28
1.23

1.33

1.57

1.66
1.14

1.07
1.51

2.20
1.49
1.62
1.53

1.98
3.00
2.20
2.64
1.98
2.09
1.80
1.80
1.49
1.98
2.44
3.00
2.00
2.75
2.44
1.80
2.75
2.50
2.22
2.00
2.66

3-25

(9’ QO)
(° , m3/s)

(5, 0.002)

(7, 0.002)

(9, 0.002)

(5, 0.0025)

t(s)

193
195
202
205
211
219
225
230
240
22
29
35
39
45
57
63
68
73
78
84
90
95
100
108
18
23
34
39
45
53
64
77
82
85
94
103
110
113
122
126
132
138
15
18
29
37
56
62
68
71
74
79
87
92
103
106

TB

PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
CB
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
CB
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB
PB

PB

(cm3)
534.4
133.33
86.1
478.5
252
120.56
396
260.3
52
147
57.6
252
302.25
588
112.8
413.4
360.4
230.2
426
137.9
512.4
152.1
282
228.6
195.3
282.72
126
172.8
3333
446.4
695.6
422.4
472.2
547.8
566.8
355.3
280.8
216
418
206.4
62.4
73.6
60
1554.8
263.25
532.4
402.6
520.2
484.8
3354
385
698
112.8
488.8

708.4
279

Qout
(cm3)
2556
2130
2079
2343
2130
2079
2343
2130
2079
2241
2079
2490
3003
4800
2079
3276
3003
2490
3600
2079
3900
2079
2739
2490
2088
3315
2988
3060
3510
3780
5625
3600
3900
4200
5250
3900
2970
2805
3510
3060
2739
2805
2646
5040
3195
3780
3888
4032
3402
2982
2082
4536
3024
4131
4284
2982

1.28
1.07
1.04
1.17
1.07
1.04
1.17
1.07
1.04
1.12
1.04
1.25
1.50
2.40
1.04
1.64
1.50
1.25
1.80
1.04
1.95
1.04
1.37
1.25
1.49
1.66
1.49
1.53
1.76
1.89
2.81
1.80
1.95
2.10
2.63
1.95
1.49
1.40
1.76
1.53
1.37
1.40
1.06
2.02
1.28
1.51
1.56
1.61
1.36
1.19
1.19
1.81
1.21
1.65
1.71
1.19
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(-Continued-) Table 2 All partial and complete blockages for each experiment

(9, QO) Vm Qou‘t

¢ mys) ) TB (md)  (my) ™
43 PB 400.8 3663 2.44
60 PB 408.8 2997  2.00
70 PB 400.8 3330 2.22
74 PB 277.05 2400 1.60
85 PB 708.4 3375 2.25
98 PB 460.8 2400 1.60
15 PB 256.1 2664 1.78
23 PB 368.2 3375 2.25
35 PB 725.76 3540 2.36
38 PB 1248.8 3750 2.50

(15, 0.0015) 54 PB 130.5 2664 1.78
64 PB 273 2097  2.00
80 PB 110.25 2400 1.60
92 PB 77 2400 1.60
101 PB 143 2997  2.00
46 CB 600 3159 1.58
74 PB 132 2343 1.17

(5, 0.002) 95 CB 842.4 3195 1.60
141 PB 549 2343 117
179 PB 627 2016  1.46

Vm out

©6.0) € TB no Qo om
117 PB 236.8 2769 1.11
121 PB 338.8 3621 1.45
13 PB 48 2772 1.11
18 PB 332.1 3486 1.39
25 PB 466.2 3984 1.59
29 CB 1232 6000 2.40
41 PB 479.6 3984 159
49 PB 229.6 3003 1.20
52 PB ;11‘4 4914 1.97
57 PB 270 3237 1.29

(7, 0.0025) 60 PB 737.1 4914  1.97
63 PB 649.4 4641 1.86
67 PB 639.6 4641 1.86
69 PB 174.4 3003 1.20
72 PB 492 3735 149
75 PB 152.6 3237 1.29
78 PB 54.4 2772 1.11
80 PB 73.8 2772 1.11
84 PB 264 3822  1.53

Notes: (6, Qo) represents the initial conditions of each test, 6 is the slope angle, Qo is the inflow discharge, t is the
time when the landslide dam formed after the start of the tests, Vi is the material volume of the landslide dam, Qoutis
the peak discharge caused by the failure of the landslide dam, m is the coefficient of peak discharge amplification. TB

=Types of blockage; PB=partial blockage; CB=complete blockage.

(2) All of the landslide dams that blocked the
flume were subdivided into two broad classes:
complete blockage and partial blockage. This
classification allowed for providing more
information in terms of geo-hazard prevention and
mitigation.

(3) To analyze the amplification effect of the
peak discharge caused by the failure of the
landslide dams quantitatively, the coefficient of
peak discharge amplification was defined as

Q[)l(f

m == 1

0, €y

where m is the coefficient of peak discharge
amplification, Q;, is the inflow discharge (ms3/s),
and Qo is the peak discharge downstream of the
mine waste accumulations (m3/s). The dimensions
of mine waste accumulations can be measured by
using the size scale marked on the flume (in Figure
5) and right side tempered glass. Thus the variation
of volume of mine waste accumulations in the
process of experiments, which is exactly the
material volume of the landslide dam, can be
calculated based on the videos provided by three
cameras. We calibrated the methods before our
experiments, and the average error was less than

10%. Table 2 lists all partial and complete blocking
for each experiment.

2.1 Amplification effect caused by the
failure of landslide dams

In the 13 flume tests, the size, width, height,
formation, and failure time of all landslide dams
were measured using the size scale marked on the
flume by analyzing the videos recorded by the three
cameras capturing images from the front, right side,
and top of the apparatus. The depth and velocity of
each outburst discharge were also measured from
the videos. Using the values of the parameters
mentioned above, the Ilandslide volume, the
outburst discharge, and the amplification
coefficient were then calculated. This analysis
found that the amplification effects caused by the
failure of both complete and partial blockages were
significant during the experiments.

Figure 6 shows the evolution of the peak
discharge amplification coefficient during the tests
with slope angles of 7 and 9 degrees and an inflow
discharge of 0.0015 m3/s. In Figure 6, the black
symbols indicate the amplification effect caused by
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Figure 6 Evolution of peak discharge during the
delivery of mine waste (Qo=0.0015 m3/s).
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Figure 7 Flume gradient evolution of the amplification

coefficient of peak discharge caused by failure of
complete and partial blockages.

the failure of partial blockage dams, while the red
symbols indicate the amplification effect caused by
the failure of complete blockage dams. In general,
the damming and breaching effect caused by the
failure of a complete blockage is more significant
than from a partial blockage. In order to reflect this
phenomenon more intuitively, the maximum of the
peak discharge amplification coefficient caused by
either complete or partial blockages in every test
was calculated in Table 2. In the flume tests, there
was no complete blockage for the experiments with
the initial conditions of Q,=0.0015 m3/s, 6=15° and
Q,=0.002 m3/s, 0=9°. There were two complete
blockages under the initial conditions of Q,=0.002
m3/s, 6=5° and only a single complete blockage
under the initial conditions of Q,=0.002 m3/s, 6=7°
and Q,=0.0025 m3/s, 0=5° and Q,=0.0025 m3/s,
6=7°. To make the statistical data comparable, the
maximum value of the amplification coefficient
caused by one blocking event in each experiment
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for initial experimental conditions of Q, of 0.0015
ms3/s and 6 of 5°, 6°, 7°, 8°, 9°, 10°, 12°, and 15°,
were shown in Figure 7 (the value can be looked up
in Table 2). From the figure, we can draw the
following observations: (1) The outburst discharges
caused by the failure of completely blocked
landslide dams are much larger than the outburst
discharges from partial blockage under the same
experimental conditions. (2) The amplification
effect of the peak discharge caused by the failure of
a complete blockage increases rapidly with
increasing flume gradient to a peak reached at
0=8°, then peak decreases with increasing flume
gradient. (3) The amplification effect of the peak
discharge caused by the failure of a partial blockage
always increases with increasing flume gradient,
but there is a clear inflection point at a slope of 8°.
(4) As the inflow discharge or flume gradient
increases, it becomes more difficult to form a
complete blockage.

From the perspective of geo-hazard
prevention and mitigation, the gully slope and
upstream flow rate are two extremely -critical
parameters when the conditions of the source
materials along the gully remain unchanged. The
scale and risk of the disaster do not always increase
with an increase in the channel gradient; instead,
the most unfavorable slope angle happens to be the
most favorable slope for the formation of
completely blocked landslide dams. In addition,
the scale and risk of disaster do not increase with
increasing upstream flow rate. Whether or not
there is an amplification effect caused by the failure
of completely blocked landslide dams is the key to
providing an accurate disaster risk assessment.
Thus, further exploration of the formation
conditions of landslide dams triggered by the
incision of mine waste accumulations is required.

2.2 Formation conditions for a complete
blockage

Currently, the geomorphic approach is widely
used to correlate dam, river, and water-storage
characteristics with a landslide dam’s formation
and stability (Swanson et al. 1986; Costa and
Schuster 1988; Casagli and Ermini 1999; Ermini
and Casagli 2003; Korup 2004). Casagli and
Ermini (1999) proposed two indexes (blockage
index and impounding index) to predict and assess



the stability of landslide dams. Taking into account
the limitations of the parameters involved with the
blockage index as defined, only their impoundment
index was used to analyze the data from the
experiments in this work and to compare them
with measured data from actual landslide dams to
test the representativeness and reliability of the
model experiments. The impoundment index I; can
be defined as:

I, = 1Og(VDVL71) (2)

where Vp is the volume of the landslide dam (m3)
and V. is the volume of the dammed lake (ms3).
Korup (2004) compiled data on 54 existing lakes
created by landslide dams and a further 8 breached
lakes, which collapsed quickly once formed. The I;
values for these 62 lakes were calculated according
to Equation (2) and are shown in Figure 8.

As we can see from Figure 8, the I; values of
naturally formed dammed lakes are mostly
between -1 and 3. In addition, the I; values of
existing lakes are all greater than 1 while the I;
values for breached lakes are all less than 1. When
the value of I; is between -1 and 1, it is difficult to
determine the stability of the landslide dam
according to the I; value. In this work, there were
28 instances of a complete blockage occurring and
then failing by overtopping quickly in the flume
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tests. Considering the model experiments were
scaled with a model scale of 1:100, the scaling must
be taken into consideration when compared to the
relevant data from actual dammed lakes. Figure 8
also shows the I; values calculated for the complete
blockages in the flume tests, and all of them are
concentrated between -1 and 0, which is consistent
with natural conditions. The impoundment index I;
thus appears to be a good index for simulating the
ratio between the “removing” and “resisting”
forces of landslide dams. The former are aptly
represented by the volume of impoundage Vi,
whereas Vp reflects the magnitude of the
geomorphic barrier.

However, the impoundage V;, can neither truly
reflect the hydrodynamic conditions of the
upstream flow, nor can it explain the phenomenon
where the increase of inflow discharge or flume
gradient past a certain value actually makes it more
difficult to form a complete blockage. Therefore,
the stream power, which is a more integrative
parameter to represent upstream hydrodynamic
conditions, is more suitable, and defined as (Sklar
and Dietrich 1998):

Q= pfgSQw (3)

where @ is stream power, oris fluid density, S
is channel slope, and Q,, is the dominant discharge
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Figure 8 Bivariate plots of landslide dam parameters and graphic envelope curves for impoundment index I:.
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of an unspecified recurrence interval and which
can sometimes be replaced by the average
discharge.

While the blockage index defined by Casagli
and Ermini (1999) was not suitable for this current
work, the idea of using such an index to assess the
level of blockage is still useful. Instead, we define
here a new blockage index based on the stream
power, written as:

I, =log(p,gS0, /Vy) 4)

where Ips is the blockage index, Vp is the
volume of the landslide dam (m3). Some may
consider that it is more reasonable to select the
velocity or runout distance rather than the volume
of the landslide. Legros (2002)
collated information on 203 long-runout landslides
that have occurred all over the world and found
that the runout distance essentially depends on the
volume, and that there is a positive correlation
between the velocity and volume of the landslide.
Therefore, it is more reasonable to use the volume
of the landslide in Equation (4).

There were 28 instances of complete blockage
and 122 instances of partial blockage in the 13 tests
conducted in this work. However, it can be seen
from Equation (4) that Ips is not dimensionless. In
order to make the research results more available
to be confirmed against field data in future
research efforts, it is

and 4.3. The threshold value of the blockage index
for a complete blockage was around Ips=4.0.

2.3 Discussion

In this paper, a new blockage index was
developed to represent the degree of blockage. It
was found that the threshold value of the blockage
index for a complete blockage was around Ips=4.0.
In fact, similar research can be found in previous
literature. Canuti et al. (1998) proposed a blockage
index expressed as follows:

I =log(V,/A,) (5)

Where Vp is the dam volume (m3) and A, the
upstream catchment area at the point of blockage
(km2). Tacconi et al. (2016) proposed two new
indexes, the MOI and HDSI. These two new
indexes were expressed as follows:

MOI =log(V,, /W) (6)

HDSI =log(V,, | Q) =log(V}, [ 4,-8) s

Where Vp represents the landslide volume (ms3),
W, the width of the dammed valley (m), Ay the
catchment area upstream of the blockage point
(km2) and S the local longitudinal slope of the
channel bed. Canuti et al. (1998) pointed out that
Equation (6) was focused on the dam formation

necessary to adjust the 5.00E+06

experimental data to match
the prototype model scale
(1:100) and adopt SI units
for further analysis. These
analysis results are shown
in Figure 9. As can be seen
from Figure 9, all of the
landslide dams are in the
form of a partial blockage
when I is larger than 4.3,
while all of the landslide
dams are in form of a
complete blockage when I,
is smaller than 3.7. The

Stream power (£2)
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value of Ips is between 3.7  for blockage index Ips.
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Figure 9 Bivariate plots of landslide dam parameters and graphic envelope curves



and Equation (77) was focused on the dam stability.
The bivariate plots of landslide dam parameters
and flume gradient for types of blockage based on
the experimental data in Table 2 was shown in
Figure 10. It can be seen that the formation
conditions for a complete blockage varied with the
variation of flume gradient and landslide volume.
However, the hydrodynamic conditions, including
channel gradient and flow discharge, didn’t been
considered in Equation (5) and (6). Therefore,
Equation (5) and (6) cannot explain the
phenomenon where the increase of inflow
discharge or flume gradient past a certain value
actually makes it more difficult to form a complete

J. Mt. Sci. (2019) 16(1): 108-121

blockage (in Figures 7 and 10).

It can be found that HDSI was reciprocal of Ijs
proposed by us in Equation (4). Tacconi et al.
(2016) emphasized importance of the stream
power ( Q) to stability of the landslide dams.
However, a  simplified  geomorphological
formulation was adopted to calculate the stream
power as follows:

Compared Equation (8) with Equation (4), it can
be found that Equation (8) cannot represent the
stream power correctly especially in different

rainfall conditions. In addition,
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Figure 10 Bivariate plots of landslide dam parameters and flume gradient for

conditions, the distribution of
test points is still relatively
narrow. Conditions outside these

types of blockage test points remains a topic for
further study.
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307 @  Pardal lockage simulates the ratio between the
“removing” and  “resisting”
b5 | forces of landslide dams. What's
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Figure 11. Note that the two values have a
significant negative correlation, with an R of 0.6.
The formation and failure of landslide dams is
a complicated process. Due to the limitations of the
developed model, only a qualitative analysis of the
formation conditions of landslide dams in the
process of mine waste erosion and delivery was
possible. Our research at this stage was only a
preliminarily study to provide a critical value of Is
based on experimental tests. The flume was only
0.3 meters in width and the experimental data
must be affected by the side wall boundary effects
inevitably. Moreover, Froudian model scaling laws
can only maintain dynamic flow similarity and
there must be a difference between the prototype
and the model. Therefore, the research results still
need to be verified against a large amount of actual
measurement data in future research efforts.

3 Conclusions

In this paper, the erosion and delivery process
of mine waste accumulations was reproduced
through flume tests under 13 different sets of
experimental condition. From analysis of the
results of the flume tests, the following conclusions
can be drawn.

(1) Different scale debris slides, induced by the
incision of mine waste accumulations, slipped into
the channel and caused complete or partial
blockages. The failure of these temporary landslide
dams amplified the peak discharge significantly.
However, the failures of complete blockages have
more significant effects on peak discharge
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