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Abstract Evaluating the flood discharge and deposition

process of a debris flow is important for risk assessment,

management, and design of possible supporting works for

geo-hazard mitigation. The movement and deposition

process of a typical debris flow gully in southern Gansu

province, China, was simulated using the Soil Conservation

Service-curve number (SCS-CN) approach and a two-

dimensional finite model (FLO-2D PRO model) coupled

with geographic information systems. Runoff volumes and

depths were obtained by the use of the SCS-CN model

using different precipitations and different intervals. The

deposition, velocity, impact force, and influence zone of

the debris flow were simulated with the FLO-2D PRO

model based on the results of the SCS-CN method. Sim-

ulation results for a storm that occurred on 12 October

2010 suggest a maximum flow velocity of 23.1 m/s, a

maximum deposition depth of 27.9 m, and a hazard zone of

about 0.414 km2. These results were consistent with mea-

sured results from the documented debris flow. Verification

demonstrated that model results could be used to help

predict disaster-causing debris flows, thus helping to pro-

tect the lives, property, and economy of the local

population.
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Introduction

Debris flows consisting of sediment and water that moves

as a continuous fluid driven by gravity are natural geo-

hazard phenomena in mountainous regions. A debris flow

attains high mobility from an enlarged void space that is

saturated with water or slurry as a result of its coupling

with topography, geomorphology, geological structure,

precipitation, loose debris, vegetation, and human activities

(Takahashi 2007). High-velocity debris flows can devastate

villages, farmland, and infrastructure, and can move and

deposit large amounts of sediment, impacting riverbed

evolution over a short time period. Heavy cutting/erosion

of upstream channels may lead to landslides and failures in

riverbeds. Research into debris flows, using numerical

simulation of their movement and deposition processes,

can provide important insight for their prevention and

mitigation. As a result of rapid socio-economic develop-

ment, recent patterns and intensity of land use have had a

significant effect on runoff yields, playing important roles

in the occurrence and development of debris flows in small

catchments (Zhang et al. 2014; Dongquan et al. 2009;

Turconi et al. 2013).

Debris flows are closely linked to the hydrological

processes of watersheds. The Soil Conservation Service-

curve number (SCS-CN) method is a popular approach for

computing the direct surface runoff from a rainstorm and is

widely used to estimate and forecast runoff from small- and

medium-sized catchments. The SCS-CN method is simple,

stable, and easy to understand and apply, and can implicitly

interpret the runoff-generating properties of the catchment

(Mishra et al. 2012; Doglioni and Simeone 2014). It

incorporates the influence of watershed characteristics,

such as soil type, land use, hydrological conditions, and

antecedent moisture conditions (AMCs) on rainfall–runoff
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(Hadadin 2013). Yu (2012) used rainfall intensity and

storm runoff data to test the assumption of proportionality

between retention and runoff that underpins the SCS

approach. The CN approach was used to generate realistic

runoff data by incorporating the revised soil-moisture

index method and a macro spreadsheet to forecast the mean

annual removal efficiencies of wet detention ponds (Wil-

liams et al. 2012; Youn and Pandit 2012). Other

researchers have improved the SCS-CN method (Tsai and

Wang 2011; Suresh Badu and Mishra 2012; Sahu et al.

2012; Jain et al. 2012). Recently, the SCS-CN approach has

been coupled with remote sensing imaging and GIS data to

effectively simulate runoff production (Gupta et al. 2012;

Nagarajan and Poongothai 2012; Jena et al. 2012).

O’Brien et al. (1993) developed FLO-2D, a two-

dimensional finite model that can simulate debris flows and

used this model to simulate the 1983 Rudd Creek mudflow

event in Utah. The parameters for the FLO-2D model were

calibrated and this model was successfully used in the

Yosemite Valley, California and in Hualien County, Tai-

wan, to replicate the hazard zone of a debris flow event

(Bertolo and Wieczorek 2005; Hsu et al. 2010). Peng and

Lu (2012) used the FLO-2D model to simulate a mudflow

resulting from a large landslide caused by extremely heavy

rainfall in southeastern Taiwan. FLO-2D was also coupled

with the Debris-2D program to demonstrate its effective-

ness simulating actual debris flow (Wu et al. 2012). Other

studies have suggested that FLO-2D is reasonably well

developed and effective for actual case applications (Xu

et al. 2014; Aleotti and Polloni 2003; Garcia et al. 2003;

Chen et al. 2010; Peng and Lu 2012).

The main objectives of the present study were to (1) use

the SCS-CN model to simulate the rainfall–runoff pro-

cesses of the Hanlin gully in southern Gansu province, (2)

simulate the zone of influence and deposition depth of a

debris flow that occurred at this location, and (3) compare

the simulation results with the zone of influence and

deposition depth of an actual debris flow that occurred at

this location.

Study area

The study area, the Hanlin gully, is located in the middle-

lower reaches of the Bailong River Basin, which lies at the

boundary between the subtropical and warm temperate

zones (Zhuang et al. 2013) of western China (Fig. 1). The

Bailong River covers an area of approximately 17.8 9 103

km2 in the southern Gansu province and has precipitous

terrain, with many crisscrossing ravines and gullies, high

mountains, steep slopes, and deep valleys. The mean ele-

vation in the Bailong River Basin ranges from 550 m to

4536 m asl and slopes are generally greater than 30�. The

mean annual air temperatures range from 12 to 14.0 �C,
depending on the elevation, solar radiation, topography,

and other local factors. The mean annual precipitation

ranges from 500 to 900 mm, of which about 60 % of the

annual total falls from June to September, mostly in the

form of summer rainstorms (Dai and Lee 2001).

The area is controlled by Qinghai–Tibet tectonic belt

and Wudu arc structure and is affected by uplift of the

Qinghai–Tibet Plateau (Bai et al. 2008), and especially is

strongly influenced by neotectonic activity. Large duplex

folds structure mainly develops in west Qinling orogenic

belt, and the Beiyu duplex anticline is taken as represen-

tative. The long-term tectonic activity showed roughly

parallel extrusion zone along NW trend in the western and

EW trend in the eastern, including folds and faults. The

intervening stratum also shows NW–NWW trend as a

band. Rock extrusion and fracture folds are common,

resulting in broken strata that have been subject to intense

weathering processes. Strong seismic activity and high

rainfall intensity within the Bailong River Basin are the

main reasons for landslides and debris flows (Bai et al.

2008). Soil type is classified according to the Chinese soil

taxonomy in the study area (NSSO 1998), and the major

types of soil are gravel soil, loam, silty clay, clay, and

paddy soil. Water erosion, wind erosion, debris flows, gully

erosion, landslides, and slope erosion are the main types of

soil erosion in the study area. This area has the most

serious debris flows or landslides in southern Gansu

province.

The area of the Hanlin gully is 33.98 km2; its main

channel is 9.45 km long; and the slope of the main channel

is 10.6 %. The relative elevation difference in the gully is

1,648 m and the recharge length ratio of sediment along

the main channel is 0.65 %. The Hanlin gully has gener-

ated frequent, viscous debris flows with an average interval

of 10 years. The rock within the gully is completely

weathered. After the earthquake that happened on 12 May,

2008, the frequency of collapses and landslides in the

region has increased rapidly, along with a greater fre-

quency of debris flows. As a result of these debris flows,

the villages, farms, and infrastructure in the study area have

been seriously impacted.

Methods

SCS-CN hydrological model

The SCS-CN method considers underlying surface char-

acteristics of the watershed, such as soil, vegetation, slope,

and land use. It can account for the indirect influence of

human activities, establish the relationship between

hydrological model parameters and remote sensing
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information, and be used to the estimate runoff with no

direct data. Direct runoff Q (mm) is expressed as (Williams

and LaSeur 1976; Rawls et al. 1992; Bhuyan et al. 2003;

Mishra and Singh 2003):

Q ¼ ðP� 0:2SÞ2

ðPþ 0:8SÞ P� 0:2S;

Q ¼ 0 P\0:2S;

ð1Þ

where P (mm) is the total rainfall and S (mm) is the

potential maximum infiltration.

Equation (1) shows that runoff depends on P and S

before rainfall; S is related to soil texture, land use, and

AMCs. Because of the range of variation of S and to

facilitate data acquisition, S is derived from a mapping

equation expressed in terms of the CN:

S ¼ 25; 400

CN
� 254; ð2Þ

where CN, an empirical dimensionless parameter, indicates

the runoff-producing potential of a watershed and is

dependent on factors such as soil AMC, slope, land use,

and soil texture. As can be seen from Eq. (2), a high CN

value indicates higher runoff and lower infiltration and a

low CN value indicates lower runoff and higher infiltration.

Because of the difficulty of obtaining soil parameters in

this area, the soil parameters were obtained by matching

them to similar soil descriptions found in USDA (2012).

Other parameters were obtained through testing during the

study.

The basin was divided into geomorphic subunits prior to

calculating the runoff of the watershed. Using the digital

elevation model (DEM; spatial resolution of 12.5 m) and

the hydrological analysis tool of ArcGIS v.9.3, a digital

drainage network was generated to recognize the main

stream and tributaries of the study area.

Incorporating remote sensing and land-use and soil-type

maps of the study area, ArcGIS was used to calculate the

area of each land use and soil type in each sub-basin.

Combining the AMCs and the table of CN values from the

SCS-CN model, the average CN value of each sub-basin

was determined using an area-weighted method. The CN

value of every specific land use, the soil hydrologic group

(HYDGRP), and the precipitation at different times were

input as attribute values. The runoff depth and volume of

each sub-basin was then calculated using the SCS-CN

model.

Fig. 1 Study area
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FLO-2D debris flow model

The FLO-2D software (v.12.11.02) simulates 2D mudflow

or debris flow to determine the average velocity in the x-

axis direction (downstream), average velocity in the y-axis

direction (side to side), and flow depth. The governing

continuity and momentum equations (O’Brien et al. 1993;

O’Brien 2006) are shown below:

Continuity equation

oh

ot
þ ohVx

ox
þ ohVy

oy
¼ i: ð3Þ

Momentum equations

Sfx ¼ Sbx �
oh

ox
� Vx

g

oVx

ox

� �
� Vy

g

oVx

oy

� �
� 1

g

oVx

ot

� �
;

ð4Þ

Sfy ¼ Sby �
oh

oy
� Vy

g

oVy

oy

� �
� Vx

g

oVy

ox

� �
� 1

g

oVy

ot

� �
;

ð5Þ

where h (m) is mudflow or debris flow depth, i (mm/h) is

rainfall intensity, t (h) is time, g (m/s2) is acceleration of

gravity, Vx (m/s) and Vy (m/s) are average velocities of the

x- and y-axis directions, respectively, Sbx and Sby are the

bed slopes of the x- and y-axis directions, respectively, and

Sfx and Sfy are the friction slopes of the x- and y-axis

directions, respectively.

The 3-year maximum rainfall intensity value for the study

area and equivalent Manning coefficients (n) from the U.S.

Army HEC-1 manual (Warwick et al. 1991) were used for

input to the model. The debris bulk density value (GS) was

derived from debris flow deposits. The laminar retardation

coefficient (K) was set using the work of Woolhiser (1975)

combined with field investigation results and the yield stress

(sy) and coefficient of viscosity (g) were determined using

historical natural disasters in the study area.

First, a digital terrain model (DTM) was overlain with a

grid system. The grid developer system (GDS) processor

module of the FLO-2D program generates a grid system on

a DTM database and assigns elevations to the grid ele-

ments. FLO-2D can be used to generate a flood hydrograph

at a specific location by modeling the rainfall–runoff in the

upstream watershed. The specific simulation steps were as

follows: open the GDS program, import terrain elevation

data, create the grid, import aerial images, outline the

project area boundaries computational domain, interpolate

the digital terrain elevation data and assign the grid ele-

ment elevations, assign hydrographs to select inflow ele-

ment, select outflow grid elements, and run the FLO-2D

model. A flow chart of the debris flow simulation is shown

on Fig. 2.

Results and discussion

Hydrological simulation

Using the SCS-CN model and based on the total precipi-

tation 5 days prior to the event, the moisture content of the

study area soil was classified as dry (AMC I), average

(AMC II), and moist (AMC III; Table 1) (Azoozr and

Arshad 1996; Tomlinson 2003). The soil was divided into

four types—A, B, C, and D (Table 2)—based on minimum

infiltration rates according to Dokuchaev (2000).

Remote sensing images were used to identify the main

land uses in the study area as grazing, forest, crop, and

Fig. 2 Flowchart of simulation process for debris flow movement

Table 1 Antecedent moisture conditions (AMC) in the study area

Soil moisture classification

(SCS-CN)

Precipitation of previous 5 days

(mm)

Crop growth

stage

Crop dormancy

stage

AMC I \30 \15

AMC II 30–50 15–30

AMC III [50 [30

Table 2 Hydrologic soil indicators

Soil

groups

Minimum infiltration

rate (mm/h)

Typical soil characteristics

A [7.26 Sand, sandy loam, loam sand

B 3.81–7.26 Loam, silt loam

C 1.27–3.81 Sandy clay loam

D 0.00–1.27 Clay loam, silt clay loam, sand

clay, silt clay, clay
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built-up areas (Fig. 3a). Soil in the watershed is mainly

gravel soil, loam, silty clay, clay, and paddy soil. The

corresponding soil HYDGRPs of the different types of soil

in the study area are shown in Table 3 and Fig. 3b. Using

the standard CN values from the SCS model, a CN2 value

for various soil types was determined under AMC II soil

moisture conditions, as previously done by Tomlinson

(2003) and USDA (2012) (Table 4).

Based on land uses, soil HYDGRP features, and AMCs

during the testing period, CN values were calculated for

AMC I and AMC III soil moisture conditions that corre-

sponded with CN1 and CN3. CN2 values under AMC II soil

moisture conditions were calculated based on Table 5 and

Eqs. (6) and (7). The values of CN3 are shown in Table 5

and the distribution of CN3 is shown on Fig. 3c.

CN1 ¼ 4:2CN2= 10� 0:058CN2ð Þ; ð6Þ
CN3 ¼ 23CN2= 10þ 0:13CN2ð Þ: ð7Þ

A 10–15-day precipitation time interval (the time

between the precipitation events) was used to reduce the

influence of antecedent rainfall on soil moisture. Light,

moderate, and heavy precipitation events in the Wudu

district on 1 July 2005 (4.6 mm), 18 July 2005 (10.4 mm),

Fig. 3 Land uses, soil hydrologic group, and CN3 values in study area

Table 3 Soil hydrologic groups

in the study area
Study area

soils

Hydrologic soil

groups

Gravel soil A

Loam B

Silt clay C

Silty soil B

Paddy soil D

Silt clay

loam

D

Table 4 CN2 values in AMC II conditions for the study area

CN2 value for different soil hydrologic groups

A B C D

Grazing 55 55 77 77

Forest 49 69 84 84

Cropland 76 85 94 94

Built-up area 57 72 81 96

Fig. 4 Distribution of S value in study area
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and 31 July 2005 (25.4 mm), along with the historical

maximum precipitation of 41 mm/h, were selected.

Although the light precipitation event would not generate a

debris flow, all events were used to simulate the different

hydrological processes.

A CN3 value distribution chart of the study area was

drawn for the 1 July precipitation event using ArcGIS and

the selected precipitation data (Fig. 3c). The S distribution

chart (Fig. 4) in the watershed was calculated based on the

flow generation conditions and Eq. (2) in the SCS model.

Using GIS, a map was created that included land use types

and soil HYDGRPs. After inputting the CN values of the

different land uses and soil HYDGRPs selected into the

property table of the generated map, the runoff depths and

runoff volumes were calculated in the study area at dif-

ferent time intervals by Eq. (1). For the soils in the same

HYDGRP, different land uses were shown to exhibit dif-

ferent run-off patterns. Forest land had the highest runoff

retention followed by grazing land, built-up areas, and crop

land. Within a similar land use, such as low-level grass-

land, different soil environments generated different run-

off depths. Paddy soil generated the highest run-off depth

followed by silty clay, silty clay loam, silt, loam, and

gravel soil. The higher the CN value, the greater the runoff,

which indicates that most precipitation would be converted

into runoff in the sub-branches.

Based on the S value in Fig. 4, the sub-basin runoff was

calculated according to Eq. (1); the accumulated total

runoff volumes were approximately 33949, 139071, and

516112 m3 when the precipitation was 4.6, 10.4, and

25.4 mm, respectively. The total runoff was approximately

970,062 m3 when the maximum hourly precipitation was

41 mm. Distribution diagrams for the runoff depth and

runoff volume are shown in Fig. 5a, b for a total precipi-

tation of 41 mm. Through numerical simulation, the

amounts of runoff would be lower when the precipitation

was lower, such as when the precipitation event was

4.6 mm. Moreover, when the P of the sub-watershed was

less than 0.2S, no runoff would be generated and all the

precipitation would be transferred into infiltration. In

contrast, the runoff depth would be higher when the pre-

cipitation was higher, such as when the precipitation

25.4 mm. Runoff would be generated in all of the study

area when the P of the sub-branch watershed was greater

than 0.2S, which demonstrates the close relationship with

the land use and texture of the soil.

To test the accuracy of the runoff simulation, two pre-

cipitation stations were established on the upstream and

downstream hydraulic stations in the channel gate of the

study area. On 20 July 2012, precipitation of 10.6 mm

occurred. The measured stream flow of the upstream and

downstream hydraulic stations was 7.15 and 7.29 million

m3, respectively. The difference in the two flows was about

0.14 million m3, essentially the runoff from the study area.

This was consistent with the simulated runoff volumes of

0.14 million m3 when the P was 10.4 mm on 18 July 2005

Table 5 CN3 values in AMC III conditions for the study area

Land uses CN3 value for different soil hydrologic groups

A B C D

Grazing 74 74 89 89

Forest 69 84 92 92

Cropland 88 93 97 97

Built-up area 75 86 91 98

Fig. 5 Distribution of

simulated runoff depth (a) and
simulated runoff volume (b) for
a 41 mm rainfall
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and confirmed the reliability of the SCS model for simu-

lating the hydraulic process.

Simulation of debris flow

Based on the geographic and geomorphic conditions of the

study area and the occurrences of debris flows in the Wudu

district in recent years (most of the debris flows occurred

between July and September), field investigations and

sampling were performed in the Hanlin gully during the

middle 10 days of July 2012 (flood season). The average

grain classification curve is shown in Fig. 6. A relatively

accurate bulk density value (GS) for material proportions of

the debris flow channel was obtained using grain size

analyses.

Wudu district records indicate that the study area has

experienced relatively large-scale debris flows in the past

5 years. Recent precipitation peaked in southern Gansu

City from July to September in 2010 and resulted in debris

flow in several debris flow channels. The heavy rainstorm

of 12 August 2010 in southern Gansu resulted in large

debris flows and the study area experienced significant,

associated damage. Accordingly, the results of the large

debris flow in the Hanlin gully that occurred on 12 August

2010 were used for parameter calibration. The landform

model was the 12.5-m resolution DEM in the study area;

the maximum precipitation was 41 mm/h; the bulk density

of the debris flow was 2.25 g/cm3; and the retardation

factor of the flow layer was 2,285. The parameter cali-

brations for yield stress and coefficient of viscosity were

1,200 Pa and 10 Pa s, respectively. Manning coefficient

values were 0.05/0.15/0.25/0.3/0.4. The simulation of

the debris flow was performed using FLO-2D PRO

(v. 12.11.02), which incorporates the FLO-2D model and

includes the RAIN and MUDFLO-2D modules. The basic

inflow element and a hydrograph of the FLO-2D model for

simulating the movement of debris flow are shown in

Fig. 7 (O’Brien 2006).

The channel section was calculated for modeling of the

middle and lower streams of the study area and included

several small sub-channels. The total length of the modeled

watershed was 9.45 km. The DEM of the study area was

divided into 10 9 10 m grids resulting in 263,525 grids.

The parameter conditions and parameter calibrations

were input into the FLO-2D model to simulate the move-

ment and deposition processes in the debris flow channel.

The simulated velocity and impact force of the debris flow

are shown in Fig. 8a, b. The final depth of deposition of the

debris flow in the channel is shown in Fig. 8c. The maxi-

mum flow velocity of the simulated debris flow was

23.1 m/s, the maximum impact force was 253 9 104 kN,

and the maximum deposit depth flow was 27.9 m from the

Hanlin gully to Beiyu River. Note that although the max-

imum flow velocity of 23.1 m/s is high, it is linked to how

the FLO-2D PRO software works. The simulation begins

using water as the first boot mode and mixes it with sedi-

ment to form the debris flow. The maximum velocity refers

to the process of the water and sediment forming the debris

flow.

Figure 8a shows that the highest velocity of debris flow

was in the middle reach of the channel and that the velocity

gradually decreases after reaching the lower stream. The

result was consistent with the process of energy storage,

startup, and energy consumption of physical movement.

The distribution of the impacting power is shown in

Fig. 8b. The impacting power of the debris flow movement

reached its highest value at the intersection of branches and

was lowest at the entrance to Beiyu River. When the

velocity of the debris flow was relatively high, deposition

was low. When the velocity and impacting power

decreased from the lower stream to the outlet, gradual

deposition began, reaching a maximum depth at the outlet

Fig. 6 Grain size analysis of soil in study area

Fig. 7 Unit hydrograph of discharge generated from the FLO-2D

rainfall–runoff module
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(Fig. 8c), which corresponds well with the deposition

process of the actual debris flow. The results showed the

maximum depth of deposition along the cross section from

the upper stream to the outlet reached 6 m (Fig. 8).

Destructive damage would be caused to villages, farms,

and infrastructure located at the lower stream and outlet of

the gully when the maximum deposition depth is between

10 and 13 m over an area of about 0.414 km2.

The simulation results of the area under threat are shown

in the yellow area in Fig. 8d, with the actual area impacted

by the August 12th event in southern Gansu outlined in red.

The actual hazard zone was determined by field investi-

gations and by means of a 2011 questionnaire for residents

(Fig. 8d).

Human-influenced land uses (farming land on hills and

grasslands) and soils with relatively high infiltration rates

(gravel soil, loamy soil) both demonstrated a greater

capacity to store and retain water. Because the upstream

sub-branch watersheds are more susceptible to soil insta-

bility and associated geological disasters, such as small

regional landslides and collapses, these areas provide

material sources for the occurrence of debris flows.

The FLO-2D model simulation of the debris flow

deposition process demonstrated that the maximum flow

velocity decreases when the solids concentration of the

debris flow is higher than 50 %. Results over several

simulations were consistent with actual measurements.

Thus, volume concentration plays a critical role in the

accuracy of simulation results. The simulation results for

the deposition process of debris flows using the FLO-2D

model were consistent with the actual measured results

(Fig. 8d).

Conclusion

The FLO-2D PRO model was used to simulate the move-

ment and deposition processes of debris flow. The appli-

cation of the SCS-CN model in an ArcGIS environment

increased the efficiency of the calculations in the debris

flow simulation. Total runoff volumes were calculated to

be about 3.39 9 104, 13.9 9 104, and 51.6 9 104 m3 when

the precipitation was 4.6, 10.4, and 25.4 mm, respectively.

Fig. 8 Simulated results of

debris flow in study area:

a velocity, b impact force,

c deposition depth, and

d comparison of actual hazard

zone to simulated hazard zone
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The total runoff volume was about 97 9 104 m3 when the

maximum hourly precipitation was 41 mm.

FLO-2D PRO effectively simulated the movement and

deposition processes of the debris flow and was consistent

with the actual measurements from that debris flow. The

simulation of Hanlin gully debris flow demonstrates that

the maximum flowing velocity was 23.1 m/s, the maxi-

mum impacting power was 253 9 104 kN, the maximum

movement and depositing depth was 27.9 m, and the haz-

ard zone was about 0.414 km2. The FLO-2D model was

applied to the debris flow that resulted from the storm of 12

August 2010 in southern Gansu to simulate the movement

and depositional process of debris flow. The hazard area of

the debris flow calculated from the simulation analysis was

consistent with the actual measured hazard area of that

debris flow. The simulation results proved the effectiveness

and practicality of the FLO-2D PRO model. The model

effectively simulated the movement and depositional pro-

cess of the debris flow. Further research on the infiltration

depth, runoff depth, and runoff of the branch watersheds of

the debris flow channel could refine understanding of the

processes and help predict debris flow disasters.

The performance of the simulation was mainly demon-

strated by the functions like effective data treatment, spa-

tial analysis, model calculation, and visualization analysis.

Verification demonstrated that these results were usable

and could provide a reliable, scientific basis for the pre-

diction of the occurrence of disaster-causing debris flows,

thus providing a basis for the protection of the lives,

property, and economy of the local population.
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