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Precipitation frequently triggers shallow landslides in the Loess Plateau of Shaanxi, China, resulting
in loss of life, damage to gas and oil routes, and destruction of transport infrastructure and farmland.
To assess the possibility of shallow landslides at diﬀerent precipitation levels, a method to draw slope
units and steepest slope proﬁles based on ARCtools and a new method for calculating slope stability are
proposed. The methods were implemented in a case study conducted in Yan’an, north-west China. High
resolution DEM (Digital Elevation Model) images, soil parameters from in-situ laboratory measurements
and maximum depths of precipitation inﬁltration were used as input parameters in the method. Next,
DEM and reverse DEM were employed to map 2146 slope units in the study area, based on which the
steepest proﬁles of the slope units were constructed. Combining analysis of the water content of loess,
strength of the sliding surface, its response to precipitation and the inﬁnite slope stability equation, a new
equation to calculate inﬁnite slope stability is proposed to assess shallow landslide stability. The slope
unit stability was calculated using the equation at 10-, 20-, 50- and 100-year return periods of antecedent
eﬀective precipitation. The number of slope units experiencing failure increased in response to increasing
eﬀective antecedent rainfall. These results were validated based on the occurrence of landslides in recent
decades. Finally, the applicability and limitations of the model are discussed.

1. Introduction
Shallow landslides tend to be widely distributed
in landslide-prone areas. They typically involve a
small volume of debris ﬂowing at high velocity and
with high impact energy, and represent one of the
most destructive geo-hazards in many parts of the
world which result in damaging roads and buildings,
loss of life and bringing environmental problems
(Baeza and Corominas 2001; Gomez and Kavzoglu

2005; Zhuang et al. 2014; Wang et al. 2015).
Loess is characterised by the presence of macropores, vertical joints, loose texture and sensitivity to water, which makes it prone to erosion and
forming landslides (Dijkstra et al. 1995; Derbyshire
et al. 2000; Xu et al. 2007; Zhang et al. 2009;
Zhang and Liu 2010; Zhu 2012). One-third of the
landslides occurring annually in China occur in
Loess Plateaus, resulting in loss of life, damage
to gas and oil pipelines, destruction of transport
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infrastructure and reduction in the area of arable
land (Li et al. 2007, 2013a; Xu et al. 2009; Wang
et al. 2014).
In China, loess covers a total area of approximately 631,000 km2 , or 4.4% of the total land
area (Liu 1985). Most of the loess deposits are
concentrated in the Loess Plateau, which has an
area of approximately 430,000 km2 . Although the
Loess Plateau is situated in a semi-arid region with
about 500 mm of precipitation per year, most of
the rainfall is during the monsoon season from
June to September. Frequent storms during this
season trigger many shallow landslides every year.
These landslides occasionally mobilize into potentially destructive debris ﬂows, resulting in catastrophic damage (Peng et al. 2015). For example,
in July 2013, a prolonged heavy rainfall occurred
in Yan’an region (on the Loess Plateau) in northwest China with the rainfall exceeding 100-year
averages, in terms of both total cumulative precipitation and maximum rainfall intensity, resulted
in over a thousand shallow loess landslides. These
landslides resulted in 27 deaths and signiﬁcant
damage to road infrastructure (Wang et al. 2015).
A similar event occurred in September 2011 in
Xi’an and triggered many shallow loess landslides,
resulting in 32 deaths and signiﬁcant damage to
buildings and infrastructures (Zhuang and Peng
2014). The Loess Plateau is one of the major
oil and gas exploitation areas in China, with a
high urban population density and concentration
of buildings and roads near slopes. Therefore, for
future land-use planning, it is important to develop
an eﬀective method to assess the hazards of shallow
landslides in this region.
Extensive research has been conducted on
rainfall events that trigger landslides, and several
early warning predictive models and hazard/
susceptibility models have been proposed and
implemented at various areas to predict rainfallinduced landslides and/or identify potentially
unstable areas. Examples include empirical rainfall threshold methods (Caine 1980; De Vita et al.
1998; Godt et al. 2006; Guzzetti et al. 2007, 2008;
Baum and Godt 2010; Gupte et al. 2013; Zhuang
et al. 2014; Singh et al. 2016) and probabilistic
methods based on historical rainfall records. The
statistical methods or probabilistic methods used
to evaluate landslide susceptibility or hazards are
associated with the factors that aﬀect landslide
occurrences and determine hazard zones. In order
to create a landslide hazard zone map, many statistical methods have been applied, such as fuzzy
set methods (Gorsevski et al. 2003; Ercanoglu and
Gokceoglu 2004; Tangestani 2004; Muthu et al.
2008; Singh et al. 2012, 2013), artiﬁcial neural
network (ANN) methods (Gomez and Kavzoglu
2005; Yesilnacar and Topal 2005; Pradhan and

Lee 2010; Sarkar et al. 2010), logistic regression
models (Bai et al. 2010; Akgun 2012; Sarkar et al.
2012; Paulı́n et al. 2014), etc. However, statistical models are largely dependent on the quality
of data, as well as on the equations used. As an
alternative, many researchers have focused on the
mechanisms of landslides to assist in forecasting
them based on quantitative assessments. Several
physical models have been proposed, including
steady hydrology (SHALSTAB and SINMAP)
(Montgomery and Dietrich 1994; Pack et al. 1999),
quasi-steady hydrology (dSLAM, IDSSM) (Wu and
Sidle 1995; Dhakal and Sidle 2003) and transient
hydrology (TRIGRS) (Baum et al. 2008; Baum
and Godt 2010), etc. However, all these models assessed landslides based on grids rather than
on slope units. Landslides are more accurately
mapped based on slope units, rather than on grids.
Although spatial landslide hazard mapping is
very important for risk assessment of landslides in
the Loess Plateau, there has been little research
on landslide initiation mechanisms in this area. In
this study, we assumed that shallow landslides in
the study area occur as a result of heavy rainfall. By combining an inﬁnite-slope stability model
with the assumption that loess strength decreases
with increasing water content, concurrently with
the inclusion of rainfall, we derived a physical
model to assess the hazard of shallow landslides
based on slope units. The model was used to assess
the hazard of shallow landslides at the precipitation with return periods of 10, 20, 50 and 100
years. Finally, these assessments based on slope
units were compared with those from grids in the
study area.
2. Physical setting
The city of Yan’an is located in the central part of
the Yan River Basin; this river is the ﬁrst tributary
of the Yellow River. Yan’an is located near the geographical center of the Loess Plateau (36◦ 35 21 N,
109◦ 297 E, ﬁgure 1) and is one of the major cities
in the Loess Plateau with its high population
density, but with limited land area; consequently,
it faces signiﬁcant threats from landslides.
The topography of the Loess Plateau is
characterised by alternating hills and gullies, of
elevations between 800 and 1400 m. The slope
angle is steep in lower slope section and gentle
in upper slope section, with an average of 23.5◦ .
The stratigraphic unit in the area comprises primarily Quaternary strata (Zhang and Liu 2010). Quaternary loess spans the entire area of the Malan
deposits (deposited in Late Pleistocene, upper
0–2 m thick, which have mostly disappeared due
to erosion), Lishi deposits (deposited in Middle
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Figure 1. The physical setting of the study area. (a) Location in China; (b) the physical setting; (c) cross section of A–A’;
(d) cross section of B–B’; and (e) cross section of C–C’.

Pleistocene, 40–60 m thick, which cover nearly the
entire area of the plateau), and a few Wucheng loess
deposits (deposited in Earlier Pleistocene) that are
located in the lower of the Lishi Loess (Liu 1985).
The study area experiences a warm monsoon
climate with four distinct seasons. The annual precipitation is between 520 and 550 mm; however,
most of the precipitation occurs in the form of
rainstorms between June and September.
Because of the aforementioned factors, such as
loose loess texture, joint structures and intensive human activity, the physical setting of the
Yan’an region encourages the occurrence of landslides (Zhang and Liu 2010; Li et al. 2013a, b; Wang
et al. 2015).
3. Methodology
3.1 Slope units
As indicated previously, most models have assessed
the hazards of landslides based on grids, which is
not in accordance with the actual landslide occurrences. In particular, the results of such approaches

are dependent on DEM resolution (Claessens et al.
2005). Ideally, shallow landslide assessments should
be based on slope units, the results of which can
be used for risk assessment and mitigation. In
this study, a new method is proposed to delimit
slope units and determine the steepest slope
proﬁles based on high resolution DEM and GIS
(Geography Information System). The method of
delimiting slope units is based on a GIS-based
hydrological analysis and modelling tool, ArcHydro, which incorporates DEM and reverse DEM
methods (Maidment 2002; Xie et al. 2003a, b;
Wang et al. 2016, ﬁgure 2).
The inﬁnite slope model has been widely used in
shallow slope stability assessments (Montgomery
and Dietrich 1994; Van Westen and Trelirn 1996;
De Vleeschauwer and De Smedt 2002; Muntohar
and Liao 2010). The slope angle is an important
factor in this model. The average or longest slope
proﬁle has been used as a substitute for the slope
gradient in many studies which is not reasonable
for landslide assessment due to slope failures typically occur along the steepest slope proﬁles. Therefore, we proposed a method to determine the steepest
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slope profile, in order to assess overall slope stability
(ﬁgure 3). First, the highest and lowest points are
extracted; a diagram is then constructed from this
data and a line is drawn between the two points.
Next, the length of the line is calculated, and
the slope angle is then be determined using the
equation:

We proposed a tool to calculate the steepest
slope proﬁle, embedded into the ARCGIS Tools
catalog using VB (Visual Basic). The slope unit
and DEM are necessary parameters that should
be determined before determining the slope proﬁle
(ﬁgure 3).

(E1 − E2 )/L = tan α,

3.2 Slope stability

(1)

where E1 is the elevation of the highest point, E2
is the elevation of the lowest point, L is the distance between the projection point of E1 on the
horizontal line passing through E2 and the point
E2 , and α is the steepest angle of the corresponding
slope unit.
DEM

Since shallow landslides are common in the study
area, where the slope length is greater than the
soil depth, the inﬁnite slope stability equation is
applicable in this area. The proposed model compares the destabilizing and restorative components
on a plane parallel to the soil surface, ignoring the
boundary eﬀect (Montgomery and Dietrich 1994;
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Figure 2. Chart of the process whereby a slope unit is delimited, after which the proﬁle of the steepest slope can be
drawn.
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Figure 3. The ARCtool of steepest extract and results (A is the steepest point, A’ is the lowest point of the slope unit; L
is the length from A to A’).
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Van Westen and Trelirn 1996; De Vleeschauwer
and De Smedt 2002). The inﬁnite slope stability
equation is based on the Mohr–Coulomb law. At
the moment when failure occurs, the shear stress, τ
(N·m−2 ), due to the down slope component of the
weight of soil that fails, is equal to the resistance
caused by cohesion, c (N·m−2 ) and by frictional
resistance due to the eﬀective normal stress on the
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failure plane (De Vleeschauwer and De Smedt 2002;
Acharya et al. 2005), and is given by
τ = c + (σ − μ) tan ϕ,

(2)

−2

where σ is the normal stress (N·m ), μ is the pore
pressure opposing the normal load (N·m−2 ), and ϕ
is the angle of internal friction of the soil (degrees).
According to our investigation, the groundwater is
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more than 30 m in the Loess Plateau, so μ can
be neglected in this study. The shallow landslide
stability equation can therefore be revised as:
τ = c + σ tan ϕ.

(3)

In this equation, the variables c (cohesion) and
ϕ (internal friction angle) of the sliding surface
change as the water content increases, thus reducing slope stability. The depth of shallow landslides
in the Loess Plateau is important for assessing
slope stability and for calculating the c and ϕ
of the sliding surface in relation to precipitation.

In order to determine the slope failure depth, we
analysed all shallow landslides triggered by prolonged, heavy rainfall in the study area in July 2013
(ﬁgure 4). No landslide had a depth greater than
3 m, and over 70% of the shallow landslides were
no more than 2 m in depth. Meanwhile, two monitoring sites were established in the Loess Plateau
(ﬁgure 5); ﬁve water content monitoring sensors
were established at depths of 0.5, 1.0, 1.5, 2.0 and
2.5 m, at the Yan’an Dalugou landslide monitoring
site. Figure 5 indicates that the response of water
content to precipitation decreased with increasing
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Figure 9. Slope unit stability at antecedent eﬀective precipitation return periods of 10, 20, 50 and 100 years.
Table 1. The stability coeﬃcient at diﬀerent precipitation return periods (years).
Fs
<1
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1.25–1.5
1.5–1.75
>1.75
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depth. No response to precipitation was observed
at a depth of 2.5 m.
It was concluded that the maximum depth
of inﬁltration (i.e., the maximum depth of the
soil response to precipitation, namely, the sliding
depth) was about 2.0 m. This value was selected
as the depth of the sliding surface of a shallow
landslide in this study.
Song (1990) proposed the following equation to
calculate soil saturation in relation to precipitation
at a certain depth:
10Re
St = S0 +
,
(4)
nZ
where S0 is the initial soil saturation, n is the
porosity, Re is the eﬀective precipitation, and Z is
the depth of the inﬁltration of precipitation (the
slope failure depth in this study).
Also,
wGs
St =
,
(5)
e
where w is the water content, Gs is the bulk density,
and e is the void ratio. Thus, equation (4) can be
written as:
10Re e
,
(6)
wt = w0 +
Gs nZ
where w0 and wt are the initial and ﬁnal water
content, respectively. Next, loess soil was sampled
at several locations in the study area, to assess
the relationship between c and ϕ with increasing
water content (ﬁgure 6). Analysis indicated that
both parameters decreased with increasing water
content (w0 ), indicated by the following equations:
c = −1.002w + 49.82,

(7)

ϕ = −0.281w + 27.53.

(8)

Combining the above equations, the stability of
a shallow landslide can be expressed as:
Fs = {(−1.002w0 + 49.82) + Gs Z cos 2β
× tan(−0.281w0 + 27.53)}
/(Gs Z sin β cos β).

(9)

In other words, stability of the slope can be
determined using the eﬀective precipitation, Re ,
initial water content w0 , n, Gs , Z, e, and slope angle, β.
3.3 Parameters assessed for determining
slope stability
The bulk density, void ratio, porosity and initial
water content of soil were measured in samples
obtained from diﬀerent depths, ranging from 0 to
2 m, in the study area. The sampling sites and the
values of these parameters are indicated in ﬁgure 7.
At sample site 1 (ﬁgure 1), the bulk density of
the soil ranged from 1.48 to 1.75 g/cm3 with a mean
of 1.67 g/cm3 , while porosity ranged from 48.7%
to 54.9% with a mean of 50.4%. The initial water
content of the soil ranged from 15.3% to 28.9% with
a mean of 21.5%.
Antecedent eﬀective precipitation for diﬀerent
return periods was calculated based on historical records of antecedent eﬀective precipitation
using the Estimation Method (Thomas and Benson
1970). Figure 8 indicates the extrapolated values
for antecedent eﬀective precipitation over diﬀerent
return periods based on the maximum intraday
rainfall recorded annually from 1959 to 2014.

Mitigation project
Mitigation project
Mitigation project

Mitigation project

Figure 10. The existing slope failure and mitigation project in region ‘a’ of ﬁgure 9.

Assessment and mapping of slope stability based on slope units
Antecedent eﬀective precipitation for 10-, 20-, 50and 100-year return periods were 123.9, 143.1,
167.5 and 185.5 mm, respectively.
4. Results and analysis
A total of 2146 slope units were drawn around the
city of Yan’an. The slope unit angles ranged from
5.4◦ to 71.8◦ , with a mean of 28.5◦ , while the areas
of slope units ranged from 15.3 m2 to 0.82 km2 with
a mean of 0.07 km2 . Slope unit stability was calculated using equation (9); the results for diﬀerent
return periods are indicated in ﬁgure 9.
The stability coeﬃcient of equation (9) was
divided into ﬁve categories related to degree of risk,
based on the value of Fs : certain failure (<1),
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possibility of failure (1–1.25), moderately stable
(1.25–1.5), stable (1.5–1.75), and very stable (>1.75)
(table 1, ﬁgure 9). The number of slope units experiencing failure increased with eﬀective antecedent
precipitation, from 2.8% at 10-year return period
to 3.4% at 20-year return period, 4.6% at 50-year
return period, and 6.2% at 100-year return period
(table 1, ﬁgure 9). The failed slope units displaying the greatest threats to human life are located
in the three regions marked in ﬁgure 9. In one of
these regions (‘a’), a landslide mitigation project
is in progress (ﬁgure 10), with satisfactory results
to date.
Figure 11 indicates all slopes with failures over
the last few decades. The model suggested that
most failures (68.1%) were located in the ﬁrst

Figure 11. Comparison of slope failures in the last few decades with model predictions for an antecedent eﬀective
precipitation period of 100 years.
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two categories of slope units (certain failure and
possibility of failure slope units over an antecedent
eﬀective precipitation period of 100 years). On the
contrary, many landslides occurred in slope units
are classiﬁed as stable or very stable. This discrepancy is due to the very common practice of slope
cutting in this area.
5. Limitations
Although the results of this study mapped the risk
of shallow landslides in the study area with reasonable accuracy, further optimization of the method
with additional test data and high-resolution DEM
is necessary.
A deﬁnition of the relationship between water
content at a certain depth and antecedent eﬀective
precipitation was proposed by Song (1990). This
equation has been applied to the Loess Plateau
by other researchers, with the ﬁnding that it is
accurate in estimating the soil water content at a
certain depth based on antecedent eﬀective precipitation in the Loess Plateau (Wang et al. 2004;
Huang and He 2007; Zhuang et al. 2013). However,
there is a spatial variation in inﬁltration because of
diﬀerences in land use and slope gradients. It is necessary to map inﬁltration rates across the plateau
and thus reﬁne the equation further.
The precision of mapping slope units is based
on DEM resolution. The area of the slope units
mapped in our study is slightly larger than the
actual landslide area, which resulted in some inaccuracy in forecasting in some areas.
6. Conclusions
1. A method using ARCtools to draw slope units
and steepest slope proﬁles is proposed, based on
DEM and reverse DEM technology.
2. Combining analysis of the water content and
strength of the sliding surface, in response to
precipitation with the inﬁnite slope stability
equation, an improved equation to calculate inﬁnite slope stability is proposed to calculate the
hazard of shallow landslide.
3. The methods were implemented in a case study
in the city of Yan’an, north-west China. Slope
unit stability was calculated at antecedent eﬀective precipitation return periods of 10, 20, 50 and
100 years.
4. The results were validated by actual landslide
data during a comparable period. The method
can be used successfully to assess the hazard of shallow landslides in the Loess Plateau.
The accuracy of this method may be improved
signiﬁcantly by using high-resolution data.
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