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Abstract: After the 2008 Mw 7.9 Wenchuan earthquake, geological hazards occurred frequently in
the southwest mountainous watershed. Frequent landslide disasters provide abundant sediment
supply for mountain torrent disasters. The estimation of the potential landslide volume is essential
for the risk assessment of mountain torrent disasters. In this study, a method of calculation that
combines TRIGRS and the slope-units for estimating the landslide volume of a small mountainous
watershed has been established. TRIGRS analyzes the watershed landslide safety factor under rainfall
conditions based on grid-cells. The slope-units extract the results and combine the empirical power
law formula to calculate the potential landslide volume. In this paper, we use this method to assess
the landslide volume of the Longxi river basin. The results show that the area and volume estimates
of the landslides are consistent with the results observed from satellite images and field surveys.
This method can be used to study the impact of sediment transport on mountain torrent disasters
in the basin. With different moisture content conditions, the results show that the soil moisture
content and slope angle significantly affect the distribution and volume of potential landslides in the
watershed, giving rise to the uncertainty of the landslide estimation.

Keywords: mountain river; slope-units; landslide volume; soil moisture

1. Introduction

In China, mountain torrents is a very common natural disaster with wide distribution,
high frequency, strong regionality, and strong seasonality [1,2]. It is particularly severe in
the southwestern mountainous area and southeast coastal hilly area from May to September.
In the southwestern area of China, it has huge terrain undulations and complex geological
structures. Especially after the “5.12” Wenchuan earthquake in 2008, a large number of
collapses and landslides occurred. The secondary geological disasters in Wenchuan have
been obviously aggravated, providing sufficient source supplements for mountain torrents
and debris flows [3]. Wang et al. pointed out that about 60,000 landslides occurred in the
Wenchuan earthquake disaster area [4]. Parker et al. proposed that the volume of loose
sources produced by collapses, landslides, and mudslides in the Wenchuan earthquake
disaster area reached 5–15 km3 [5]. Tang et al. pointed out that the main reason for
the Wenjiagou disaster is that a large number of loose deposits were generated after the
Wenchuan earthquake [6]. Large numbers of loose deposits flow into the river channel,
causing the river channel to be blocked and raising the river bed. The mountainous
watershed of Sichuan often has short-term heavy rainfall, resulting in the characteristics
of strong destructiveness, short duration, and strong suddenness of flash flood disasters.
The landslide area after an earthquake provides an abundant source supplement for
mountain flood disaster [7]. Landslides have a major impact on the hydrological response
of local areas [8]. Moreover, the corresponding early warning system is not complete,
and the relative lack of data brings difficulties to the debris flow early warning [2]. A
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significant amount of sediment transport in a flash flood disaster have been contributed
by the landslide volume of the landslides. Evaluation of the volume of the potentially
landslide on the slope is vital for hazard mitigation.

When conducting landslide disaster assessment, the physics-based model combined
with hydrogeological models is often used to evaluate the stability of the area, such as
SHALSTAB (shallow landslide stability model) [9–11] based on the infinite slope consider-
ing the steady seepage of rainfall, TRIGRS (transient rainfall infiltration and grid-based
regional slope-stability model) [12,13] based on the change of pore water pressure caused by
transient infiltration and the three-dimensional deterministic model Scoops3D developed
by the US Bureau of Quality Investigation.

TRIGRS model has been widely used in the world. Tang et al. used TRIGRS and the
point-estimate method to effectively simulate the landslide scenarios in Badong County [14].
Roberto et al. used TRIGRS model to estimating rainfall intensity and duration thresholds
in a tropical mountainous basin of the Valle de Aburrá [15]. Chen et al. estimated the
landslide in Dehua County by coupling GRAPES model and TRIGRS model [16].

When evaluating geological disasters, the estimation method of landslide volume
has been continuously improved with the innovation of remote sensing and GIS. With the
improvement of high-resolution digital terrain data, the volume of loose materials can
be analyzed by the pre- and post-event DEMs [17,18]. In the estimation of the landslide
area and volume, the potential area can be obtained by satellite images. Chang et al.
interpreted satellite images in different periods in the Longxi River. The statistical results
showed that the landslide area changed with time [19]. Tang et al. used high-resolution
aerial photography and satellite images to extract a set of landslide deposit volumes [20].
Chiu et al. further estimated the potential volume of landslides based on the analytic
hierarchy process (AHP) and the landslide volume is estimated by the empirical power
law formula [21]. The relationship was exponential, established by the scale index γ, and
intercept α. The relationship is as follows:

V = αAγ (1)

Many scholars have applied this formula based on different landslides. Guzzetti et al.
selected 677 global single landslide cases and derived the empirical relationship between
landslide volume and landslide area [22]. Larson et al. has made a statistical analysis of 4231
groups of shallow and deep landslides and obtained the reference range of corresponding
parameter values [23]. Parker et al. revised the α and γ for the Wenchuan earthquake
region based on field measurements [5].

In the process of geological hazard assessment, grid-cells, terrain units, slope-units,
unique-condition units, and topographical units are often used for watershed treatment [24].
Grid-cells and slope-units are often used in regional stability analysis [25]. Slope-units
are divided by river valley lines and mountain ridge lines. Yan et al. proposed an im-
proved method of slope-units division based on the basin division principle of curvature
of Romstad et al. [26,27]. Alvioli et al. propose an extraction method to ensure slope
homogeneity based on the definition of maximum homogeneity of slope element [28,29].
Wang et al. proposed an extraction method based on MIA-HSU through morphological
image analysis [25,30].

In this study, we selected the Longxi river small watershed, which is prone to geologi-
cal disasters for study. We obtained the change of soil moisture content in a year through
the field investigation of a local flash flood gully. The corresponding soil mechanical pa-
rameters were selected based on the investigation results. TRIGRS is used to simulate and
evaluate landslide risk based on grid-cells. Then, the landslide risk coefficient is extracted
by slope-units to obtain the local landslide area. Finally, the volume is estimated by using
the empirical power law formula of area volume. The estimation results are compared
with the interpretation of satellite images and post-disaster field survey results.
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2. Methods
2.1. TRIGRS Model

TRIGRS (the transient rainfall infiltration and grid-based regional slope-stability
model) is a FORTRAN program used to calculate the spatio-temporal variation of safety
factor distribution caused by a rainfall [31]. The model solves the complex rainfall pro-
cess and an impermeable basal boundary at finite depth and a simple runoff routing
scheme. The model is extended by using the analytical solution of the Richards equation
of vertical permeation to address infiltration into a partially unsaturated layer above the
water [12,13,32]. This model treats the soil as a two-layer system, including a saturated
zone with a capillary fringe above the water table, covered with an unsaturated zone
extending to the ground [13] (Figure 1).

Figure 1. Conceptual diagram of the TRIGRS model [13].

The model uses a series of Heaviside step functions to solve the proposed sum of the
original solutions for constant intensity rainfall proposed by Iversobbbbn to represent a
general time-varying sequence of surface fluxes of different intensity and duration [33].
The generalized solution used in TRIGRS is as follows:

ψ(Z, t) = (Z − d)β
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where ψ is the groundwater pressure head, t is the time, Z is the soil thickness, d is
the depth of the water table, K is the saturated hydraulic vertical conductivity, InZ is the
surface flux at time n, N is the total number of time intervals, D1= D0/ cos2δ, D0 is the
saturated hydraulic permeability coefficient, δ is the slope angle, dLZ is the boundary of
the impervious base, and m is a coefficient showing an infinite series of odd terms.

ierfc is the complementary error function [13], which is defined as the following equa-
tion:

ierfc(η) =
1√
π

exp
(
−η2

)
− ηerfc(η) (3)

The connection of several parameters in the Richard equation for the soil characteristic
curve of unsaturated soil is obtained by the Garden exponential hydraulic parameter
model [34]. The expression is as follows:

K(ψ) = Ksexp(αψ ∗
)

(4)

θ = θr + (θ s − θr) exp(αψ ∗
)

(5)
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where ψ is the pressure head, K(ψ) is the hydraulic conduction function, the pressure head
at the top of the capillary edge, ψ∗= ψ − ψ0 , α is obtained by fitting the soil characteristic
curve parameter.

2.2. Calculation Method

We first collected relevant parameters of the watershed through field investigation
and literature review, including DEM, hydraulic parameters, soil parameters, and rainfall
data. Slope-units of the watershed are made according to the curvature. These parameters
are input into the TRIGRS model to calculate the risk coefficient map of the basin [26,27].
Slope-units are defined by watersheds in the mean-curvature image. The production steps
of this method can be implemented in GIS. Secondly, the obtained coefficient graph is
segmented by slope-units. The average of the safety factors on all grid cells within each
slope cell is the value of all grid cells within that slope cell. When the safety factor is
less than 1, the unit is considered a dangerous unit (Figure 2). Finally, the area of each
dangerous slope unit is sorted out, and the landslide volume of each dangerous slope unit
is obtained through the formula. The total landslide volume in the basin is obtained by
adding the landslide volumes of all dangerous slope-units (Figure 3).

Figure 2. Schematic diagram of calculation method: (a) The transient rainfall infiltration and grid-
based regional slope-stability model (TRIGRS) calculated safety factor diagram; (b) the boundary of
the landslide is contrasted by the slope-units; (c) the results of the treatment using the slope-units.

Figure 3. The workflow of this study.

3. Study Area and Data
3.1. Study Area

The Longxi River small watershed located in Wenchuan Earthquake Zone. It is part
of the Minjiang River system and at the border of Wenchuan. The basin is located in the
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subtropical humid monsoon climate region of the Sichuan Basin (Figure 4). The annual
average rainfall is 1168.8 mm [35]. The annual monthly rainfall is unevenly distributed.
The rainfall from May to September accounts for 80% of annual accumulated rainfall or
more. The occurrence of geological disasters is often affected by the rainfall process. Due to
the complex geological structure in Longxi River, the period from May to September is also
the high occurrence period of geological disasters.

Figure 4. Geographic location and DEM of the Longxi River.

3.2. Rainfall Data

After the Wenchuan earthquake, heavy rainfall triggered a mudslide in Longchi on
13 August 2010. There were persistent thundershowers from 4 August to 12 August in
the year. The average daily rainfall reached 28.7 mm. Starting from 3:30 in the afternoon,
the rainfall reached 150 mm within three hours. The event caused a surge in geological
hazards (Figure 5).

Figure 5. Rainfall data on 13 August 2010.
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3.3. Field Survey

To obtain the change of soil moisture content in the Longxi River basin shown in
Figure 6, we conducted five field surveys on 23 July, 7 September, 23 November 2019,
and 11 January, 11 April 2020, respectively. The Maliu gully, a typical mountain flood gully,
was selected for analysis of the variation of soil moisture. The antecedent precipitation in
each survey is different. On 11 April 2020, the antecedent precipitation reached 19.8 mm
in Longchi town, which is the maximum value of the five surveys. We selected six mea-
surement positions along the gully in Figure 7. We selected three points on the slope for
measurement in Figure 8, with an interval of 30 cm between each point. The average value
of the three measurement values is taken as the value of the measurement point presented
in Figure 9.

Figure 6. The location map of longxi river. (FFD01-Bayi gully, FFD02-Maliu gully, FFD03-Huangyang
gully, FFD04-Shuida gully).

Figure 7. Elevation of measuring position in FFD02 (Maliu gullly).
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Figure 8. Soil moisture measurement in Longxi River Basin.

Figure 9. The water content of each measuring position.
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3.4. Soil Parameters

In order to understand the influence of moisture content on soil mechanical parameters,
Wang et al. conducted 60 triaxial experiments on the sandy loam [36]. The curve of internal
friction angle and cohesion of moisture content shows cubic function relation.

C = 0.0096ω3 − 0.7593ω2 + 17.591ω − 88.58 (6)

C = −0.0014ω3 − 0.1098ω2 + 3.285ω − 54.08 (7)

The field survey shows that the soil moisture content in the Longxi River basin is
about 23% in the rainy season under the condition of no significant early rainfall. Under the
influence of previous rainfall, the maximum average soil moisture content reached 29%.
This simulation was based on Wang’s experimental results, and numerical simulation of
the Longxi River basin was carried out with corresponding soil mechanical parameters at
29% (Table 1).

Table 1. Input soil parameters used in the application.

Soil cohesion c (kPa) 17.12
Soil friction angle ø (◦) 17.01

Soil unit weight γ (kN/m3) 19.00

3.5. Hydraulic Parameters

Rawls et al. used multiple linear regression to estimate BC parameters from a large
database of approximately 2540 soil layers [37,38]. Carsel and Parrish statistically processed
the results to obtain the probability density function of VG parameters [39]. The water
Flow parameter module of Hydrus 1D summarizes the results and obtains soil mechanical
parameters of 12 soil types. Combined with the local soil type, the specific parameters are
in the table below (Table 2).

Table 2. Input hydraulic parameters used in the application.

Residual soil water content θs 0.067
Saturated soil water content θr 0.45

Parameter α in the soil water retention function 0.02
Saturated hydrological conductivity KS (m/s) 1.25 × 10−6

Background infiltration rate IZLT (m/s) 1.25 × 10−8

3.6. Soil Thickness

Soil thickness is the deepest possible failure surface of a landslide. Due to the lack of
local data, the empirical function associated with the slope defined by Saulnier et al. was
used to estimate the simulated soil thickness [40].

Dlz= Zmax[1 −
tan δ − tan δmin

tan δmax − tan δmin
(1 − Zmin

Zmax
)] (8)

Zmin and Zmin are the maximum and minimum values of soil thickness. δmin and δmax
are the maximum and minimum values of the slope. According to the field investigation,
Zmin is set at 4 m and Zmin at 0.4 m. The water table is considered to be the same as the soil
thickness, as simulated by many other authors using TRIGRS [14,15,41] (Figures 10 and 11).
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Figure 10. The slope figure of the Longxi River basin.

Figure 11. The soil thickness figure of the Longxi River basin.
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4. Results
4.1. Estimated Area and Volume of Landslides

Since the four gullies are close together and the underlying surface conditions are
similar, we applied the survey data to the other three gullies. Through the method, we get
the safety factor distribution map of the basin. We divided the risk of the area into four
levels based on the Fs value (Table 3). The resulting hazard distribution is shown in
Figure 12.

Table 3. Hazard classification.

Rank Rank of Index Rank of Hazard

1 0.8 < Fs ≤ 0.9 High
2 0.9 < Fs ≤ 0.95 Moderate
3 0.95 < Fs ≤ 1 Low
4 1 < Fs ≤ 10 Safe

Figure 12. Rainfall data on 13 August 2010.

To verify the feasibility of the method, four typical gullies in the basin are selected.
The volume of these gullies can be obtained from the post-disaster survey report [35].
We use the formula to calculate the volume of each landslide in the gully and get the poten-
tial volume of the landslide of each channel after segmentation and calculation (Table 4).
On the whole, the values of LASU and LARSI are close. LASU in some valleys is slightly
larger than LARSI. When a slope-unit is generally at risk, the slope-units partitioning
method will define the safe grid-cells in the slope-unit as dangerous areas. This identi-
fication of the risk area makes the result higher than the actual interpretation result of
satellite images. Except for Huangyang gully (FFD03), the estimated volume results of the
remaining three gullies have similar situations. Through field investigation, it is found that
the regional distribution of Huangyang gully landslide accords with the calculated results.
The main reason for this situation is that there is a large number of loose deposits in the
Huangyang gully, and TRIGRS cannot calculate this part of the volume, resulting in a large
deviation between the calculated results and the actual survey data.
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Table 4. Statistics of landslide area by interpretation satellite images (LAISI) (m2), landslide area by
slope-units (LASU) (m2), landslide volume by post-disaster investigation (LVDI) (m3), landslide vol-
ume by slope-units (LVSU) (m3).

Number Gully Name LAISI LASU LVDI LVSU

FFD1 Bayi 2,278,300 2,680,000 8,589,400 8,782,030
FFD2 Maliu 166,000 197,356 594,800 633,567
FFD3 Huangyang 250,000 259,531 1,435,000 934,884
FFD4 Shuida 72,800 81,250 212,100 261,470

4.2. Slope Distribution

To better understand the impact of slope on landslides in this area, we calculated
the slope distribution of the landslide surface in the basin. According to the results, land-
slides are mainly distributed in slopes with a slope angle of 25–55◦, and the average slope
angle is about 40◦ (Figure 13).

Figure 13. Distribution map of landslide slope angle.

Statistics show that there are a lot of steep slopes in the basin. The slope angle of
the Longxi River basin is concentrated between 25◦ and 55◦. The slope angle of 30–50◦

accounts for 52.1% of the total area. The landslide risk area has a slope of 92.3% between
30–50◦. The slope angle distribution of the four channels is slightly different, among which
the 30–50◦ slopes of the Bayi gully and Huangyang gully account for more than 60% of
the basin. The 30–50◦ slope of the Maliu gully and Shuida gully accounts for about 50%
of the basin. It is found that the landslides in the Bayi gully and Huangyang gully are
1,021,000 m3 and 1,363,000 m3 per square kilometer. The average volume of the Maliu gully
and Shuida gully landslides is smaller, being 736,300 m3 and 814,300 m3, respectively.

4.3. Variation Law of Soil Moisture

It was found that among the six positions in the Maliu gully, the soil sand content of
the measuring point (c) in the middle of the gully and the measuring point (f) at the bottom
of the gully increased significantly, which resulted in a significant drop in the corresponding
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soil moisture content in Figure 9. Generally speaking, the annual soil moisture content is
kept at about 23%, and the water content of some points is enriched. The soil moisture
content in summer is greater than that in other seasons. When rainfall occurs, soil moisture
content increases rapidly. The soil along the gully is unsaturated for a long time in a year.

To explore the influence of the water content change of the watershed on the regional
stability, considering the above analysis of soil content in the field investigation, four ad-
ditional groups with different water contents of 27%, 28%, 30%, and 31% were selected
for simulation. The results show that there is no disaster area in the basin when the soil
moisture is 27%. When the water content reaches 28%, a large area of disaster occurs in the
basin. With the increase of the moisture content, the area of the danger zone continues to
expand, and the level of danger increases accordingly (Figures 14 and 15).

Figure 14. Landslide volume with different soil water content.

Figure 15. Distribution map of safety factor under different soil moisture content (a) 28%; (b) 29%; (c)
30%; (d) 31%.

When the water content is 28%, there are only low-risk areas in the entire basin. The
danger zone is mainly distributed in the upper reaches of the gully, where the slope angle
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is large. With the continuous increase of water content, low-risk areas have gradually
transformed into high-risk areas, while new risk areas have also grown. The dangerous
zone is generated from the upper valley, gradually to both sides of the channel development.
When the water content reaches 31%, a large area of disaster has already occurred in
the basin.

5. Discussion

To judge whether the results obtained by the proposed calculation procedure are
consistent with the actual results, the calculated results for part of mountain flood gullies
with large landslide areas are selected for comparison with the results obtained by Chang
et al. through the satellite images [19]. It is found that by extracting the results from the
slope-units, there are some errors between the area obtained from some ditches and the
actual satellite images, but the overall relative error is relatively small, which is more
consistent with the reality.

The volume of flash flood gullies was also compared with the survey report of land-
slide source volume after a flood disaster [35]. The results show that the proposed method
is reliable in estimating the provenance volume. The error of the other three gullies except
the Huangyang gully is small. As for the error source of the Huangyang gully, the field
investigation suggests that the main reason may be because of a large number of loose
accumulation bodies in the channel. TRIGRS cannot be used to make statistics on this part,
which leads to a small estimate of the landslide volume in the basin.

After extracting the landslide slope angle for the landslide area, it is found that more
than 90% of the landslides have a slope angle between 30◦ and 50◦, indicating an average
gradient of around 40◦ for the landslides. To explore the impact of the basin slope on the
landslide, the slopes of the four gullies were compared with the landslide volume per
square kilometer. The results showed that the 30–50◦ slope of the Maliu gully and Shuida
gully accounted for about 50% of the total slope, and the sediment yields of the basin
were 73.6 × 104 m3/km2 and 81.4 × 104 m3/km2, respectively, indicating the average
potential square capacity of the basin. The ratios of −50◦ slopes of the Bayi gully and
Huangyang gully are both above 60%, and the potential square quantities of the two
channels are 102.1 × 104 m3/km2 and 136.3 × 104 m3/km2, respectively. It can be seen
that there is a great correlation between slope distribution and landslide volume in the
gully. The slope of 30◦–50◦ is the main area where landslides occur, and the proportion of
this area in the total drainage basin also affects the volume of landslides. When the slope is
more distributed around 40◦, the landslide volume per square kilometer will be larger in
the basin.

As the moisture content changes, it affects the changes in soil parameters. The water-
shed will have a sudden change when the water content reaches 28%, resulting in a large
number of landslide areas. With the continuous increase of water content, the area of land-
slides in the basin and the level of danger continue to increase. The landslide first occurred
far upstream of the gully, away from the channel, where it usually does not enter and cause
changes in sediment concentration. With the increase of the water content, the distribution
of landslides gradually draws closer to the river. It is known from field measurement that
the moisture content will change greatly with the previous rainfall. The maximum moisture
content in some areas can reach 29%. However, the average water content of the whole
basin is usually around 26%, which means that the basin is in a safe state. The “8.13” the
disaster caused a large number of landslides and debris flows throughout the river basin.
There were continuous thundershowers in the nine days before the “8.13” disaster. One of
the key reasons for the “8.13” disaster was that the water content increased significantly
due to previous rainfall. This shows that the change of local soil moisture content before the
occurrence of mountain torrents significantly affects the occurrence of landslides. In future
early warning of mountain torrent disasters, the monitoring of water content can increase
the accuracy of early warning.
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To explore how the moisture content affects the final result, we conducted a sensitivity
analysis of the internal friction angle and cohesion. We selected the range of internal
friction angle and cohesion under the condition of 27–31% moisture content as the scope
of this analysis (Figure 16). The results showed that the area and volume of the landslide
decreased significantly with the increase of cohesion. When the cohesion reaches 22 kPa,
there is no landslide in the basin. The area and volume of the landslide are relatively
weakly sensitive to the angle of internal friction. Based on the above results, we believe
that the moisture content mainly affects the calculation results of the model for landslides
by affecting the cohesion of the soil.

Figure 16. Sensitivity analysis results on friction angle and cohesion; (A) relationship curve between
cohesion and landslide area; (B) relationship curve between cohesion and landslide volume; (C) rela-
tionship curve between friction angle and landslide volume; (D) relationship curve between friction
angle and landslide area.

When an empirical power law formula is applied to the interpretation of satellite im-
ages, landslide volume is often overestimated due to the existence of landslide clusters [42].
Marc et al. proposed an algorithm to distinguish landslide clusters based on a digital
elevation model (DEM) and a raster file of polygon shapes [43]. Fan et al. proposed to
cut the landslide clusters through the flow direction to reduce the impact of the landslide
clusters [44]. Calculating landslide volume through TRIGRS is also affected by landslide
clusters. In the slope-units partitioning method, the boundary of slope-units is used to cut
the landslide risk map, thereby reducing the impact of the landslide cluster. A dangerous
slope-unit is considered an independent landslide.

From the results, the estimated volume is somewhat different from the actual sur-
veyed volume. DEM data of 12.5 m × 12.5 m specification is of relatively low accuracy,
which leads to the inaccuracy of calculation results. Due to the lack of data in this sim-
ulation, differences in soil and space conditions, such as vegetation, were not taken into
account, which also leads to inaccurate calculation results. In addition, a large number of
loose deposits in the channel are also the material source of mountain torrent disasters.
This method cannot estimate the volume of this part, resulting in a small estimation result
of some gullies.
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6. Conclusions

In this paper, we propose a method for extracting and optimizing the calculation
results of the safety factor of TRIGRS by using the slope-units, and estimating the potential
landslide volume in the basin by combining the appropriate empirical power-law formula.
To verify the reliability of the method, four local basins in the Longxi River basin were
processed and calculated. The area and volume obtained were compared with the inter-
pretation of satellite images and field survey results respectively. The main results are
summarized as follows:

The method presented in this paper is reliable for landslide volume estimation in
a mountainous watershed, which can be used to study the impact of sediment transport on
mountain torrent disasters in the basin. The slope-units proved to be an effective parameter
for cutting landslide clusters. The volume of the slope unit is in good agreement with the
results of the disaster investigation.

Statistics show that the landslide surface in the Longxi River basin is concentrated at
the slope angle of 30–50◦. It is proved that there is a high correlation between landslide
volume and slope angle in the basin. The slope distribution can be used as a reference
factor when considering the influence of sediment recharge in the future.

The previous rainfall amount will significantly affect the soil moisture content, thus af-
fecting the overall stability of the landslide in the basin. When the mountain flood disaster
is analyzed, the previous conditions should be analyzed concretely.
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