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Abstract Water–sand flow triggered by rainfall is the

dominant mechanism for instability and failure of sand

slopes. To further analyze the stability state of sand on a

slope under different rainfall conditions, the initiation

conditions and flow characteristics of water–sand flows are

studied. Based on the theory of equilibrium forces and

hydrological dynamics, a 1:100-scale analog model is built

and verified with field observation data. The results indi-

cate three dynamic stabilization stages of the sand slope

under different weather conditions: dry sand, wet sand, and

water–sand flow. Water–sand flows are triggered easily

under short duration and heavy rainfall conditions. The

rainfall threshold required to initiate water–sand flow is

4.14 mm/h. Rainfall amount and duration required to ini-

tiate water–sand flow decrease with fine sand content

increasing. A sand head that develops at the front of the

water–sand flow results in a flow along the edge of the sand

debris flow and a ‘‘tree root’’ flow morphology. Modeling

results are consistent with theoretical analysis and field

observations.

Keywords Precipitation � Analog modeling � Sand slope �
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1 Introduction

The Ranwu–Songzong section of highway G318 in Tibet,

China, has numerous active geologic hazards. With an

average annual rainfall of 600–700 mm [1], water–sand

flows are very easily triggered by short-term heavy rainfall,

which can affect the stability of sand slopes. Based on field

investigations conducted in 2015 and statistical analyses of

51 sand slopes, water–sand flow traces were clearly iden-

tified in 96.08% of sand debris flows in the area. As a

result, safety management of the Ranwu–Songzong section

has been seriously affected (Fig. 1a). The economic loss

and maintenance costs associated with the sliding of sand

slopes in this section can be up to 106–107 Yuan per year

[2]. As field studies are often influenced by heavy rainfall

and harsh environments, long-term sustainable observa-

tions are difficult. Therefore, our current understanding of

sand stability, sand debris flow formation mechanisms due

to rainfall, and hazard treatment measures is insufficient

(Fig. 1b).

Sand debris flows are mainly concentrated in the Euro-

pean Alps, the Bomi–Ranwu section of the G318 highway

in Tibet, and the Tianshan section of the G217 highway in

Xinjiang, China. The earliest study on sand debris flows

was conducted in 1938, when Sharpe [3] proposed the

concept and classification of debris flows. Later, Caine [4]

proposed that earthquakes and rainfall were the main fac-

tors causing destabilization of sand slopes; Brunsden and

Chandler [5] classified landslides into dry sand and wet

sand flows according to a moisture content limit of 5%;

Gabriels [6] analyzed the influence of slope width on the

increase in sand loss; and Yoo [7] studied the use of

geotechnical grilles in reinforcing sand–gravel slopes.

Furthermore, Pietronero et al. [8] and Mohanty and Dhar

[9] studied the self-organized criticality of sand dunes.
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Research on landslides in China began with Luo et al.

[10] who studied debris flows of the G318 highway in Tibet

and first proposed the concept of sand slopes. After 2000,

many studies were performed on the Zongba section of the

G318 highway in Tibet and the Tianshan section of the

G217 highway in Xinjiang, mainly focused on the forma-

tion mechanisms of dry sand slopes, accumulation states

[11, 12], flow modes [13, 14], modeling [15, 16], theoret-

ical analysis, and control measures [2, 17]. Wang et al. [12]

proposed that gravity and surface water are the main fac-

tors inducing sand sliding. Due to the impact of the adverse

environment and the limited observation period, however,

they did not study water–sand flows formed by surface

water, which can affect the stability of sand slopes.

Therefore, in this study, using the theory of equilibrium

forces and hydrological dynamics, we analyzed and veri-

fied the dynamic stabilization processes of sand slopes

under different precipitation conditions by combining the-

oretical analysis with a water–sand flow model. Besides,

sand-sliding formation mechanisms and flow characteris-

tics are also studied.

2 Theoretical analysis on sand debris flow stability

The main component of sand slopes is sand, of which

94.2–98.2% is medium and coarse sand with small amounts

of gravel. Geotechnical analysis shows that the cohesive

force and internal friction angle are affected by the water

content of sand (Table 1). Thus, the stability of sand on the

slope changes with different meteorological and rainfall

conditions.

2.1 Stability of dry sand and wet sand slopes

In addition to gravity, the stability of sand is also affected

by vibrations and other external forces. The coefficient of

slide resistance k of sand on the slope was obtained

according to the shear strength between the sand grains and

the shear stress on the slope surface, using the following

equation [13]:

k ¼ G cos a tanuþ cd

G sin aþ pw

; ð1Þ

where Pw is external force, d is sand diameter, G is gravity,

and a is dip of the sand slope.

When it is sunny or cloudy and there is no external force

on the dry sand, the force produced by its cohesion (cd) and

the external force of sand (Pw) equals 0, considering the

effect of sand diameter. The repose angle equals the

internal friction angle (about 34�), and the stability of sand

is obtained by Eq. (1): k ¼ cot a � tanu � 1. Thus, the sand

debris flow is in an extreme stability condition. When dry

sand is influenced by external forces such as vibrations,

Pw [ 0 and k\1. Sand stability and downward movement

are affected by external forces.

When the rainfall amount is less than the threshold value

for initiation of a water–sand flow, fast shear parameters in

the natural state (Table 1) can be used for samples 4 and 5,

which were collected during light rain. Here, c = 6–8 kPa,

u = 36�–37�, and the thrust of surface water approaches 0.

A value of k[ 1 can be easily obtained, and the sand

debris flow is stable. The forces are shown in Fig. 2a. As a

result, the stability of sand on the sand debris flow was

divided into three stages: dry sand, wet sand, and water–

sand flow. When rainfall exceeds the initiation threshold

value, water–sand flow occurs on the surface of the sand

debris flow. The hydrological dynamic features of water–

sand flows are analyzed in the next section.

Fig. 1 Water–sand flow initiating (a) and traces of water–sand flow on a sand debris flow after treatment (b)
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2.2 Hydrological dynamic features of water–sand

flows

When rainfall exceeds the threshold value for initiation of a

water–sand flow, the source region starts to collect water

and surface runoff occurs on the sand debris flow. The

water–sand flow is composed of the surface runoff, the

sand in the circulating region, and the front of the accu-

mulation area. In this study, the theory of equilibrium

forces and hydrological dynamics [18, 19] of sand was

used to analyze the force state and flow characteristics of

water–sand flows. Assuming the sand is approximately

spherical, the saturated unit weight of sand is cs, and the

unit weight of water is cw, then the effective gravity on the

sand is given by Eq. (2):

G ¼ 1

6
p cs � cwð Þd3: ð2Þ

We assume that the coefficient n is related to sand

properties such as structure and destiny. The cohesion force

of running water on the sand surface is then shown as in

Eq. (3):

FC ¼ nd: ð3Þ

If the drag coefficient is CD, the lift force is CL, the

projection area of the sand in the direction of water flow is

A, the density of water is q, and the water flow speed on the

sand surface is v0, then the impact force and uplift force of

sand in the water flow are expressed as in Eqs. (4) and (5),

respectively.

FD ¼ 1

2
CDAqv

2
0; ð4Þ

FL ¼ 1

2
CLAqv

2
0: ð5Þ

The seepage pressure Fs is given by Eq. (6):

Fs ¼
1

6
cwJpd

3; ð6Þ

where J is the hydraulic gradient of water penetration in the

soil.

The forces on the sand in a water–sand flow are shown

in Fig. 2b. Because coarse and medium sand from weath-

ered granite dominates the sand composition, the sand is

almost inviscid and uniform. The impact force is expressed

by the shear component force under critical conditions on a

unit area of water weight in the direction of water flow. The

impact force of sand on a plane, s, is obtained by consid-

ering the laminar viscous shear and turbulent fluctuation

shear of water flow, as follows:

s ¼ 4

3

f ðcs � cw þ cwJSÞd
ðCD þ fCLÞ f1

U�d
v

� �� �2
; ð7Þ

Table 1 Shear strength parameters in a sand debris flow

Sample no. Name Fast shear in natural state Fast shear in drying state Fats shear in saturated state

w (%) u (8) c (kPa) w (%) u (8) c (kPa) w (%) u (8) c (kPa)

1 Grit 0.9 34.1 4 0 36.4 0 21.8 31.5 4

2 Medium sand 1.1 34.4 6 0 36.9 1 22.5 30.7 7

3 Gravel 0.7 34.7 5 0 36.5 0 9.1 33.4 1

4 Grit 4.1 36.6 11 0 36.3 0 19.8 31.3 5

5 Medium sand 4.6 37.3 12 0 36.7 2 21.6 30.8 6

w is water content, c is cohesion, and u is internal friction angle of sand samples. Weather conditions during collection of samples 4 and 5 were

light rain, but sunny for other samples

(a)

(b)

FL FC

Slope horizontal axis

FS

G
FD

θ

Flow direction

α

G ·cos α ·tan ϕ

cd

Pw

G · sin α

αG

G ·cos α

Fig. 2 Free body diagram of dry sand and green sand (a) and sand in

a water–sand flow (b)

202 T. Ye et al.

123 J. Mod. Transport. (2018) 26(3):200–208



where JS is the hydraulic gradient, f is the coefficient of

friction between the sand grains, U� ¼
ffiffiffiffiffiffiffiffi
ghJ

p
is the shear

velocity, and h is the depth of water; f1ðU
�d
v
Þ is a function of

the Reynolds number, and v is the water flow speed.

When the sand shape approximates sphere, CD and CL

are associated with the f1ðU
�d
v
Þ, and the f is constant.

Equation (8) can then be obtained using Eq. (7).

s ¼ f1
U�d

v

� �
ðcs � cw þ cwJSÞd½ �: ð8Þ

When sand is on a slope surface and the slope angle is a,

the component force of gravity in the slope direction

G � sin a accelerates erosion initiation. The resultant force

parallel to the slope is shown in Eq. (9) and the vertical

force is shown in Eq. (10).

F1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðFD sin hþ ðGþ FSÞ sin aÞ2 þ F2

D cos2 h
q

; ð9Þ

F2 ¼ ðGþ FSÞ cos a� FL: ð10Þ

From Eqs. (3), (9), and (10), the critical conditions for

water–sand flow initiation on a slope can then be obtained

as follows:

tanu ¼ F1 � FC

F2

: ð11Þ

When the angle between the direction of water flow on a

slope and the horizontal axis of the slope is h (Fig. 2b), we

denote the impact force on the slope by s0. The seepage

pressure and cohesion of sand are relatively small and can

be neglected because the sand is on a slope. One can obtain

the impact force of sand by combing Eq. (8) with Eqs. (2),

(4), and (5).

When h ¼ 90�, the direction of water flow is the same as

the downward orientation of the slope surface.

Equation (13) is then obtained from the simplified

Eq. (12).

s0 ¼ cos a� sin a
tanu

� �
s: ð13Þ

When h ¼ 0�, the direction of water flow is orthogonal to

the slope surface and the water–sand flow moves laterally.

Equation (14) is then obtained from the simplified

Eq. (12).

s0 ¼
ðcot2 a� cot2 uÞ cotuþ CL

CD

	 

sin a

CL

CD
cot aþ cotu

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

cot2 a� cot2 uþ CL

CD

	 
2
r

8
>><

>>:

9
>>=

>>;
� s:

ð14Þ

In this analysis, the impact force of sand on the slope is

related to grain diameter, slope angle, angle of repose, the

resistance of overland flow, etc. When h is 90� or 0�, the

water–sand flow moves downward or laterally,

respectively. When it varies between 0� and 90�, the flow

morphology is referred to as ‘‘tree root,’’ which means that

the flow moves along the edge of the sand debris flow. The

accumulation area is presented as an inverted ‘‘goblet or

fan.’’ This phenomenon is consistent with field

observations.

The saturated unit weight of sand (cs) is 2.5 9 104

N/m3, and the unit weight of water (cw) is 1.0 9 104 N/m3.

The diameter of sand particles (d) is assumed to be 1 mm,

and the internal friction angle u is 37�. Seepage pressure is

not considered here. The value of h is set to 90�, f1ðU
�d
v
Þ is

assumed to be 0.05, and the slope angle of the sand slope

(a) is set to 34�. By cooperative solving Eqs. (8) and (13),

we obtained the drag force required to initiate a water–sand

flow to be 0.1 N/cm2.

3 Sand debris flow model

Modeling of sand slopes has previously been performed by

the Institute of Mountain Hazards and Environment

[2, 12–14], CAS, the Chengdu University of Technology

[15], Southwest Jiaotong University [16], and other insti-

tutions, focused on studies of stability and flow features of

dry sand on sand slopes. However, all of them were based

on ideal models under laboratory conditions, and none

involved an analysis of precipitation. In this study, we built

a sand debris flow model in a scale of 1:100 to further

evaluate flow formation mechanisms and characteristics

and verified the theoretical analysis with field observations.

An undisturbed sand sample from the sand debris flow was

used to build the analog model using field data and Google

earth satellite images of the sand debris flow. A schematic

s0 ¼ 1 þ CL

CD

tanu

� �
cos2 a� sin2 a tan2 u
� �� �

� FL

FD

cos a� sin a sin h cot2 u

� ��

þ cotu

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

cos2 a� sin2 a tan2 uþ FL

FD

� �2

cos2 aþ 2
FL

FD

sin a cos a sin hþ sin2 a sin2 h cot2 u

s 9
=

;

�1

�s:
ð12Þ
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diagram of the model is shown in Fig. 3a. Different grain-

size compositions and precipitation amounts were analyzed

to determine the threshold value for water–sand flow ini-

tiation, the flow characteristics of water–sand flow, and the

relationship between the rainfall amount and duration and

the sand grain size.

3.1 Experimental preparation

Slope length, width, angle, and other parameters were

calculated using field data and satellite images of the study

area. The model comprised large waste banks to ensure the

geometric and environmental similarity between the

experimental slope and the sand debris flow. Based on the

size of the waste banks, the sand debris flow model was

established in a scale of 1:100. The source region and

accumulation area of the sand debris flow model are shown

in Fig. 4. The source region of the sand debris flow was

2.78 m long and 2.33 m wide, with a slope of 39�–78� and

circumference of 10.17 m. The sand-sliding region was

0.58 m long and 0.11 m wide, with a slope angle of 43�–
58�. The slopes of the steep surfaces on both sides of the

sand-sliding region were 50�–75�. The accumulation area

was 1.56 m long and 0.23–1.01 m wide, with a slope angle

of 33�–35�. To ensure that the formation and sand-sliding

regions were similar to that of the field bedrock, cement

mortar was used to harden the material and to make the

surface rough. The overall shape and environmental con-

ditions of the model were almost equivalent to those of

Ranwu–Songzong section. For model analysis, 1.2 m3 of

weathered sand from the original granite sand debris flow

was used.

The formation mechanisms and flow characteristics of

water–sand flows are closely related to rainfall duration,

rainfall intensity, and sand particle size. Thus, rainfall

conditions and their observation and recording methods are

also very important. In this study, the rainfall system was a

purpose-built artificial stimulation rainfall device. Rainfall

intensity was divided into heavy rainfall (0.8 mm/min),

moderate rainfall (0.5 mm/min), and light rainfall

(0.3 mm/min) [20], and the rainfall was controlled by

pressure. Five rain collectors were placed in the source

region of the model, one collector was placed in the sand-

sliding region, and two collectors were placed in the

accumulation area (Fig. 3b). To guarantee uniform opera-

tion of the rainfall device and ensure that the threshold

value of water–sand flow initiation was not influenced, the

eight rain collectors were controlled within the limits of

experimental errors. Dual HD close-up observation cam-

eras were operated simultaneously in the source region,

sand-sliding region, and accumulation area.

3.2 Experimental process

Before the experiment, dry sand was added to the model

according to field data. The sand was painted red and

placed in the water–sand flow initiation region. Thus, we

guaranteed that the geometry and environmental charac-

teristics of sand in the source region, sand-sliding region,

and accumulation area were consistent with the field. Then,

rain collectors and cameras were placed at different posi-

tions on the slope. After preparation, the cameras were

switched on, and the rainfall device was operated until

initiation of water–sand flow. The hysteresis time until the

water–sand flow ceased was simultaneously recorded, and

the rain collectors were removed. The experiment was

repeated three times for each rainfall intensity. Wind-free

and sunny weather was required to ensure accuracy of the

(a)

(b)
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Fig. 3 Schematic diagrams of the model (a) and locations of rainfall

collection (b)
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experiment. Before analyzing the relationship between

grain-size composition and rainfall duration and intensity,

the different sand grain sizes were first determined. Particle

diameters were divided into B 0.25 mm, 0.25–2 mm,

and C 2 mm. Then, sand particles were mixed according

to different grain compositions (Table 4).

3.3 Experimental results and analysis

The rainfall amounts and durations required for water–sand

flow initiation on the analog sand debris flow under dif-

ferent precipitation conditions are given in Tables 2 and 3.

The average rainfall amounts required to initiate water–

Fig. 4 Source region (a) and accumulation area of the sand debris flow model (b)

Table 2 Rainfall amount threshold for water–sand flow initiation (mm)

Rain collection device no. Light rainfall Moderate rainfall Heavy rainfall

Group 1 Group 2 Group 3 Group 1 Group 2 Group 3 Group 1 Group 2 Group 3

1 11.2 10.9 11.2 7.8 7.8 7.5 4.1 4.1 4.1

2 10.8 11.1 10.9 7.6 7.7 7.7 4.2 4.1 4.2

3 11.0 11.3 11.2 7.8 7.5 7.5 4.1 4.2 4.1

4 11.1 11.2 10.8 7.5 7.6 7.6 4.1 4.1 4.2

5 10.9 10.8 10.9 7.7 7.7 7.7 4.2 4.2 4.1

6 10.8 11.0 11.2 7.7 7.5 7.5 4.1 4.1 4.1

7 11.3 11.3 11.3 7.5 7.5 7.6 4.1 4.2 4.2

8 11.2 10.9 10.9 7.7 7.7 7.5 4.2 4.1 4.1

Table 3 Rainfall duration threshold for water–sand flow initiation

Rainfall intensity Group no. Rainfall duration (min) Hysteresis time (s)

Light rainfall Group 1 36.7 53

Group 2 36.9 53

Group 3 36.8 54

Moderate rainfall Group 1 15.7 37

Group 2 15.8 36

Group 3 15.9 38

Heavy rainfall Group 1 5.2 16

Group 2 5.2 17

Group 3 5.2 17

Analog modeling of sand slope stability with different precipitation conditions 205
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sand flow were 11.05, 7.88, and 4.14 mm for light rainfall,

moderate rainfall, and heavy rainfall, respectively. The

average rainfall durations required to initiate water–sand

flow were 36.8, 15.8, and 5.2 min, respectively, and the

average hysteresis time was 53.3, 37.0, and 16.7 s,

respectively.

Thus, the maximum rainfall amount and duration

required for water–sand flow initiation, as well as the

longest hysteresis time, were obtained under light rainfall

conditions. Water–sand flow was initiated by the lowest

rainfall amount and duration under heavy rainfall condi-

tions, and the hysteresis time was the shortest. Moreover,

the water–sand flow increased with the rainfall intensity

increasing (Fig. 5), probably because of the reduced sur-

face water infiltration and evaporation. Combined with

field observation data, it is clear that water–sand flows form

easily in short duration under heavy rainfall. Therefore,

4.14 mm (the threshold rainfall under heavy rainfall) was

Fig. 5 Images of water–sand flow initiation under different rainfall intensity: light rainfall (a), moderate rainfall (b), and heavy rainfall (c)

Table 4 Effect of rainfall amount and duration thresholds on the grain-size composition of water–sand flows

Sample no. Sand composition and ratio (%) Rainfall (mm) Rainfall time (min)

\ 0.25 mm 0.25–2 mm [ 2 mm

1 10 70 20 8.6 17.2

2 20 65 15 7.3 14.6

3 30 60 10 6.0 12.0

4 40 55 5 5.2 10.4

5 50 47 3 4.5 9.1

6 60 39 1 3.7 7.5

Table 5 Comparison in conclusions of sample test, theoretical analysis, and model test

Method Conclusion

Theoretical

analysis

Sand stability was influenced by moisture content and the external force

Sample test Wet sand was more stable than dry sand

Model test At rainfall amounts less than that required to initiate water–sand flow, sand was more stable. However, the force of raindrops

also caused the sand to lose stability

206 T. Ye et al.
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chosen as the threshold value for the initiation of a water–

sand flow.

Table 4 shows that an increase in the percentage of sand

particles B 0.25 mm leads to a decrease in the rainfall

amount and duration required to induce water–sand flow.

The same is true for the decrease in the abundance of sand

particles C 0.25 mm. For the same rainfall intensity, the

threshold values for water–sand flow initiation decrease

with rainfall duration decreasing. According to experi-

mental observations, the permeability of the sand decreases

with an increase in fine particle content. Surface runoff

then forms in a shorter rainfall duration. Moreover, smaller

sand is extremely easily washed away. Therefore, the finer

the particles, the less rainfall required to initiate water–

sand flow. When the percentage of fine sand stays the

same, a small water–sand flow forms first on the steepest

slope.

4 Comparison and discussion

Sand was more stable under moist conditions than dry

conditions. With no external forces and dry conditions, the

sand was at its stability limit. When subjected to external

forces such as vibrations, the sand lost stability and began

sliding. A comparison of samples 1, 2, 4, and 5 in Table 1

indicates that the moisture content, cohesion, and internal

friction angle increased under light rainfall. Sand stability

in the modeling experiment was thus consistent with that of

the theoretical analysis and field data. It was also influ-

enced by the force of raindrops. A full comparison is given

in Table 5.

Theoretical analysis suggested that the water–sand flow

moved downward when h was 90� and laterally when h
was 0�. When the value of h varied between 0� and 908, the

water–sand flow moved downward along the locally stee-

per region of the slope. A sand head formed rapidly at the

front of the debris flow. When the resistance of the sand

head exceeded the impact force of the water–sand flow, the

water–sand flow changed to move laterally. With the rapid

formation of a smaller sand head on the lateral portions of

the slope, the water–sand flow was once again forced to

move downward. This cycle resulted in a ‘‘tree root’’

morphology of the water–sand flow, whereby it moved

along the edge of the accumulation area of the sand debris

flow. Thus, the accumulation area had an inverted ‘‘goblet

or fan’’ shape. These results are consistent with both the

theoretical analysis and the field observations.

5 Conclusions

In this study, we performed the laboratory analog modeling

of a sand debris flow under different precipitation condi-

tions, according to the theory of equilibrium forces and

hydrological dynamics. The following conclusions were

obtained:

1. According to the analog model, the effect of perme-

ability decreased with an increase in rainfall intensity.

The rainfall duration and amount required for forma-

tion of a water–sand flow also decreased. Therefore,

water–sand flows are more easily formed in short

duration under heavy rainfall.

2. For the same rainfall intensity, the rainfall amount and

duration required for formation of a water–sand flow

decreased with an increase in the abundance of sand

particles smaller than 0.25 mm. Therefore, water–sand

flows are more easily initiated with a greater fine sand

particle content.

3. During the process of downward water–sand flow, a

sand head rapidly formed at the front of the flow. The

water–sand flow was thus forced to alternate between

lateral and downward flow, resulting in a ‘‘tree root’’

pattern as it moved along the edge of the accumulation

area of the sand debris flow. Our modeling results are

consistent with field observations and theoretical

analysis.
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