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A B S T R A C T

Regional active tectonics and historical earthquake records indicate the importance of the triggering effects of
historical strong earthquakes on groups of large-scale landslide occurrences in the Wei River midstream section.
In this study, a method to assess the triggering effects of historical earthquakes on regional large-scale landslides
is presented. The greatest epicentral distances of seismically induced landslides were calculated. The triggering
effects of four key historical strong earthquakes with epicenters within 300 km of the Wei River midstream
section were analyzed; these are the Ms 7.0 Qishan earthquake of 780 BCE, the Ms 8.0 Tianshui earthquake of
1654 CE, the Ms 8.25 Huaxian earthquake of 1556 CE, and the Ms 8.5 Haiyuan earthquake of 1920 CE. Taking
the Qishan earthquake as an example, a seismically induced landslide displacement and hazard assessment
method based on the Newmark displacement model was developed. The degree of spatial matching of the results
for historical-earthquake-triggered landslides and the distribution of actual large-scale landslide deposits were
compared quantitatively using the success rate curve method. The results show that of the four historical
earthquakes, the Tianshui earthquake had the strongest effect of inducing large-scale landslides regionally along
the Wei River midstream section.

1. Introduction

The Loess Plateau in Northwest China was formed by the deposition
of windblown dust. Loess is easily eroded, and many slope collapses,
such as landslides, occur in areas with loess deposits (Ishihara et al.,
1990; Jefferson et al., 2003; Wu et al., 2017; Zhang et al., 2017). The
midstream section of the Wei River lies in the southern part of the Loess
Plateau and at the western end of the Weihe seismic zone. Strong his-
torical earthquakes have been reported in this area, and many of the
landslides in the region were triggered by such earthquakes
(Derbyshire, 1991; Zhang et al., 2017). Seismically induced landslides
make up a relatively high proportion (> 50%) of all loess landslides in
Northwest China. Study of the effects of historical strong earthquakes
on clusters of large landslides is of great significance to earthquake
disaster mitigation.

Major earthquakes, such as the 1994 Northridge earthquake in the
USA (Harp and Jibson, 1996), the 1999 Chi-Chi earthquake in Taiwan
(Lee et al., 2008), the 2005 Mw 7.6 Kashmir earthquake in Pakistan
(Sato et al., 2007; Owen et al., 2008), the 2008 Mw 7.9 Wenchuan
earthquake in China (Huang and Li, 2009; Xu et al., 2014), the 2010Mw

7.0 Port-au-Prince earthquake in Haiti (Gorum et al., 2014), and the

2011 Mw 9.0 Tohoku-Oki earthquake in Japan (Wartman et al., 2013),
have induced a large number of high-intensity, large-scale landslides,
which have caused great loss of life and property. In recent years,
earthquake-triggered landslides have received increasing attention in
the fields of active tectonics, geomorphology, engineering geology, and
environmental geology (Keefer, 1984, 2002; Rodrıǵuez et al., 1999;
Harp et al., 2011; Guzzetti et al., 2012; Xu et al., 2012, 2014; Lee et al.,
2008; Grant et al., 2016; Saade et al., 2016). Several studies have been
conducted on groups of loess landslides; these studies have focused
mainly on the structure, formation conditions, and evolution of such
landslides (Derbyshire, 1991; Dijkstra et al., 1994; Shi et al., 2016).
However, the triggering factors of landslides linked to historical strong
earthquakes have rarely been examined. The specific strong-earthquake
processes that induced these landslides have not been evaluated pre-
viously. In fact, analyses of historical earthquakes are often based on
studies of earthquake-induced landslides; therefore, it is important to
investigate the landslide-inducing processes generated by historical
strong earthquakes to understand the formation mechanisms of groups
of earthquake-induced landslides.

The effects of the 2008 Mw 7.9 Wenchuan earthquake on the mid-
stream section of the Wei River provide new opportunities to
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Fig. 1. Distribution of active faults and historical epicenters around the midstream section of the Wei River. QBF: North Qinling rim fault zone; BXF: Baoji–Xianyang fault zone; WBF:
North Weihe Basin rim fault zone; LBF: Longxian–Baoji fault zone.
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understand earthquake-induced landslides. Although the Wei River
midstream section is about 520 km from the epicenter of the Wenchuan
earthquake and separated from it by the Qinling fold system, abnor-
mally strong ground motion of intensity VII appeared in this area, ac-
companied by intensity-VI movement in the outlying area (Fig. 1). A
series of secondary geological events, including landslides, collapses,
and sand liquefaction, were triggered in the Wei River midstream sec-
tion by the Wenchuan earthquake. At least four historical strong
earthquakes of M 8.0–8.5 were recorded in the region within about
500 km of the Wei River midstream section. The epicenters of all of
these events were located in the same tectonic location as the Weihe
Basin or adjacent to it (Fig. 1). By analyzing the Wenchuan earthquake
in terms of magnitude, epicentral distance, and tectonic setting, we can
infer the ground motions of historical strong earthquakes that occurred
in the surrounding area that could induce large numbers of ancient
landslides in the Wei River midstream section.

In this paper, we present qualitative and quantitative methods to
examine the triggering factors of historical strong earthquakes that
induced loess landslides, based on earthquake magnitude and epicenter
data. The relationship between groups of loess landslides and historical
strong earthquakes in the Wei River midstream section is discussed, and
the factors associated with historical strong earthquakes that triggered
loess landslides are analyzed.

2. Materials and methods

2.1. Active tectonic setting

The midstream section of the Wei River is located at the southern
edge of the Loess Plateau, in the vicinity of the Weihe and Liupanshan
seismic zones, which corresponds to the eastern part of the North–South
Seismic Zone. Several historical strong earthquakes have occurred in
this area (Fig. 1), and resulted in numerous catastrophic landslides
where loose structures and weak loess slopes were affected by seismic
loading. These landslides include the Dangjiacha landslide caused by
the 1920 Haiyuan earthquake in Ningxia Province (Fig. 1), the Luojiabu
landslide that resulted from the 1654 Tianshui earthquake in Gansu
Province (Fig. 1), and the Yongning landslide associated with the 1718
Tongwei earthquake in Gansu Province.

The central part of the Wei River midstream section is located in the
Weihe Basin. There are three active fault zones in the region, spread
from south to north: the Qinling northern margin fault zone, the
Baoji–Xianyang fault zone, and the Longxian–Baoji fault zone (Fig. 1).
The Weihe rift basin has been the locus of regional tectonic activity over
approximately the last 3000 years, and was the source of most of the
earthquakes in the region and all of the strong earthquakes in Shaanxi
Province. In areas of loess-covered slopes along the midstream section
of the Wei River, the structural control of active faults on landslides is
also crucial. For example, during the Wenchuan earthquake, a straight,
500-m-long ground fracture formed along the Qianhe Fault in the
Longxian–Baoji fault zone on the western side of the Qian River. On the
edge of the Loess Plateau, on the left side of the Wei River midstream
section, surficial secondary faults of the Baoji–Xianyang fault zone cut
through shallow loess and paleosol layers (Shi et al., 2016). This
faulting resulted in a fractured structure and weakened the soil mass.
Because the fragmented loess mass in the fault zone is prone to de-
formation, large-scale landslides are very likely to occur during an
earthquake in this area. Regional active tectonics control the earth-
quake characteristics, and local active faults control the landslide type.
Understanding the effects of historical strong earthquakes that have
induced clusters of large-scale landslides in the Wei River midstream
section can provide insight into landslide triggering risks.

2.2. Landslide mapping

A digital elevation model (DEM) with 5-m resolution and QuickBird

satellite imagery with 0.61-m resolution, combined with field survey
data, were used to map loess landslide deposits in the Wei River mid-
stream section (Fig. 1). Most of these landslide deposits lie on the banks
of the Wei River and its tributaries in the western region of the study
area. The landslide deposits were mapped as polygons (Fig. 1, lower
panel) with a single point representing each landslide on a regional
scale in the spatial analysis model.

Most of these large-scale landslides formed nearly vertical scarps
and horizontal depositional characteristics. Because most of these
landslide events were ancient or old, the original slope gradients (be-
fore sliding) were unavailable. Consequently, it is difficult to evaluate
the landslide formation mechanisms. Therefore, we generally posi-
tioned the landslide point at the transition zone between the landslide
scarp and the deposit area. Thus, we estimate that the landslide point
represents the average gradient of the original slope.

It should be noted that the mapped landslides in the Wei River
midstream section were identified based on remote sensing techniques
and field surveying. The basic morphology and structural character-
istics of the loess landslides could still be recognized after multiple land
movements and landform changes. However, traces of the landslides
induced by prehistoric earthquakes are typically poorly preserved and
can be difficult to distinguish; therefore, these cases have not been
considered here.

3. Epicentral distances of major historical strong earthquakes

In western China, large-scale catastrophic seismic landslides have
occurred mainly in the meizoseismal areas of earthquakes of> Ms 7.0.
To analyze the effects of earthquakes that induce large landslides in this
region, we have examined relevant earthquakes with various magni-
tudes associated with large landslides, especially earthquakes with
magnitudes above Ms 7.0. Based on an empirical relationship between
earthquake magnitude and the epicentral distances of the triggered
landslides, we can identify historical strong earthquakes that were
strongly related to landslides in the region.

Wang et al. (1999) analyzed 81 earthquakes of Ms 5.5–8.5 that in-
duced loess landslides in Shaanxi, Gansu, Ningxia, and Shanxi pro-
vinces. The results show that the epicentral distances of densely spaced
large landslides (100–1000 × 104 m3) may exceed 140 km for Ms 8.5
earthquakes, whereas smaller landslides (< 10 × 104 m3) may have
epicentral distances of over 300 km. The maximum epicentral distance
(De) of a landslide is expressed as:

= −D Mlog 12.82 log 9.508 (for areas of high landslide density)e w

(1a)

= −D Mlog 9.90 log 6.332 (for areas of low landslide density)e w (1b)

These empirical equations of seismic landslide distributions were
derived based on densely spaced large landslides and sparsely dis-
tributed small landslides, respectively (Wang et al., 1999) (Table 1). A
total of 194 landslides induced by 71 historical earthquakes across all of
western China were analyzed by Sun et al. (2004) to determine max-
imum epicentral distance:

Table 1
Greatest epicentral distances of loess landslides induced by earthquakes of various
magnitudes.

Earthquake
magnitude (Ms)

Greatest epicentral distance (km)

De (area of landslide
concentration)

De (area of
landslide
dispersion)

De

7.0 21 108 211 236
7.5 51 215 278 305
8.0 117 263 358 375
8.5 140 310 455 445
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Based on the same historical earthquake and seismic landslide data,
an empirical equation for the maximum epicentral distance De of a
seismic landslide caused by an earthquake of 7.0 ≤ Ms ≤ 8.6 was
proposed by Sun et al. (2004):

= × ≤ ≤−D M M9.816 10 (7.0 8.6)e
2

S
3.9442

S (2b)

Eq. (1) provides good estimates of the maximum epicentral dis-
tances of seismic landslides for loess landslides in the Wei River region.
The midstream section of the Wei River is a typical loess area; therefore,
the correlation coefficient between the landslides and epicentral dis-
tances is high at 0.91. To ensure that all major historical earthquakes in
the region were accounted for, we considered the situation of maximum
epicentral distances for sparsely distributed seismic landslides. We ex-
amined the records of historical strong earthquakes and selected
earthquakes based on the optimal combination of magnitude and epi-
central distance from the Wei River midstream section. The 1920
Haiyuan earthquake (Ms 8.5) was chosen within the 300-km range, with
the 1654 Tianshui (Ms 8.0) and the 1556 Huaxian (Ms 8.25) earth-
quakes within 250 km, and the Qishan earthquake (Ms 7.0) within
100 km of the study region. The relevant seismic parameters are shown
in Fig. 1 and Table 2. These data were used for quantitative assessment
of the effects of historical strong earthquakes that induced landslides in
the region. Because large-scale catastrophic seismic landslides have
mainly occurred in the meizoseismal areas of earthquakes aboveMs 7.0,
landslides induced by historical earthquakes below Ms 7.0 were not
considered. Table 2 lists the focal depths of the Tianshui, Huaxian, and
Haiyuan earthquakes. The focal depth of the Qishan earthquake was
determined based on the following factors: (1) the average focal depth
in the North China seismotectonic region where the Qishan earthquake
occurred is 14 ± 7 km; (2) the seismogenic structure of the Qishan
earthquake is located on the southwest edge of the Erdos block, where
the focal depth is generally deeper than the average depth; (3) we re-
ferred to the focal depth data of modern earthquakes neighboring the
Qishan earthquake. Based on these factors, the focal depth of the
Qishan earthquake was estimated as 17 km.

4. Assessment of the effects of historical earthquakes on
landslides

To quantitatively evaluate the effects of the four historical strong
earthquakes that induced landslides in the Wei River midstream sec-
tion, the Newmark displacement model (Wieczorek et al., 1985; Jibson,
1993; Jibson et al., 2000; Roberto, 2000; Refice and Capolongo, 2002;
Godt et al., 2008; Grant et al., 2016) was used to assess seismic land-
slide hazards. This assessment consisted of the following steps (Fig. 2).
a) The factor of safety (Fs) for slopes in the region was calculated ac-
cording to the soil strength and slope geometry. b) The critical accel-
eration (ac) of the slope under the limit equilibrium condition was
calculated, assuming seismic loading with Fs and the terrain slope. c)
The regional ground motion Arias intensity (Ia) distribution during the
earthquake was computed and combined with moment magnitude (Mw)
and hypocentral distance (R) data. d) The accumulated sliding dis-
placement on the regional slopes due to seismic loading, which can be

approximated using regression equations (Hsieh and Lee, 2011; Du and
Wang, 2016; Song et al., 2017), was analyzed to assess seismic landslide
hazards. The Qishan earthquake was taken as an example to assess the
seismic landslide hazard.

4.1. The static factor of safety

Newmark's sliding rigid-block model simplifies slope instability as a
rigid block sliding on a planar surface. The capacity of the slope to resist
seismic shaking can be expressed by the static factor of safety. We used
a relatively simple limit-equilibrium model of an infinite slope (Prior
and Suhayda, 1979; Grant et al., 2016; Saade et al., 2016). The as-
sumptions involved in this model are the following: (1) the sliding mass
is assumed to be a rigid plastic body; (2) the static factor of safety is not
strain-dependent and thus remains constant throughout the analysis;
(3) the static and dynamic shear resistances are considered to be the
same and constant; (4) the effects of dynamic pore pressure are negli-
gible, (5) the soil properties are homogeneous.

According to the limit equilibrium theory, the static factor of safety
Fs can be obtained as follows (Jibson et al., 2000):
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where c' is the effective cohesion [MPa]; γ is the unit weight of the rock
and soil mass [N/m3]; t is the thickness of the potential sliding mass
[m]; α is the dip angle of the potential sliding surface [°]; φ' is the
effective internal friction angle [°]; m is the saturation proportion of the
whole potential sliding mass thickness; and γw is the unit weight of the
groundwater [N/m3].

The regional geological map (1:250,000) of the Wei River mid-
stream region was vectorized (Fig. 3). Based on comparison of landslide
distribution (Fig. 1) and regional lithology data, most of the landslides
occurred in Quaternary loess and Neogene mudstone strata. The phy-
sico-mechanical parameters of the soil were obtained by sampling un-
disturbed cores and performing laboratory tests (Tan et al., 2015). The
empirical physico-mechanical parameters of other rock and soil masses
were obtained from the literature (Table 3) (Tan et al., 2015). Based on

Table 2
Basic characteristics of key historical strong earthquakes around the Wei River midstream section.

No. Location of epicenter Coordinates Earthquake magnitude (Ms) Focal depth (km) Epicentral distance (km) Direction

1 Qishan, Shanxi 34.5°N, 107.8°E 7.0 ~17 35 NEE
2 Tianshui, Gansu 34.3°N, 105.5°E 8.0 20 181 WSW
3 Huaxian, Shanxi 34.5°N, 109.7°E 8.25 25 206 ENE
4 Haiyuan, Ningxia 36.5°N, 105.7°E 8.5 17 288 NW

The epicentral distance is from the central region of the Wei River to the epicenter; and the direction is toward the epicenter from the center of the study area.

Fig. 2. Risk assessment flowchart for seismic landslides based on the simplified Newmark
displacement model.
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Eq. (3) and a raster overlay calculation using a geographic information
system (GIS), we obtained the Fs distribution of the slopes in the region
of the Wei River midstream section (Fig. 4). The results show that Fs
values for relatively flat areas exceed 10 (the green area in Fig. 4) with
adequate slope stability. In the central-southern and western sections
with steep slopes, Fs values are low,< 1.0 in certain areas (the red area
in Fig. 4), which indicate slopes prone to failure.

4.2. Critical slope acceleration

The ground motion acceleration in the limit equilibrium condition
of a potential sliding block is denoted as the critical acceleration ac. By
comparing the block stress states under a static force and seismic load,
and constructing a force analysis equation for the sliding block under

seismic loading, ac can be defined as a function of the static safety factor
Fs (Wilson and Keefer, 1983):

= −a F g a( 1) sin ,c s (4)

where g is the acceleration due to gravity [m/s2] and a is the dip angle
of the sliding surface [°], which is approximately equal to the slope
angle. In this case, ac shows the slope sliding potential due to slope
properties that are inherent under an assumed seismic load. Therefore,
it can be used as the basis for regional seismic landslide susceptibility
assessment.

4.3. Ground motion Arias intensity

The topographic amplification of ground motion results in an irre-
gular distribution of seismically induced landslides (Hartzell et al.,
1994; Sepúlveda et al., 2005; Murphy, 2006; Huang and Li, 2009). For
the Qishan earthquake, we calculated the ground motion Arias intensity
and its topographic amplification, and thus obtained the distribution of
synthetic ground motion Arias intensity. The Arias intensities of the
other three historical earthquakes were also calculated, with topo-
graphic amplification effects taken into consideration.

4.3.1. Topographic amplification of ground motion
The topographic amplification effect for a locally prominent terrain

can be described as (The Ministry of Construction of the People's
Republic of China, 2002):

= + ×λ ξ α1 , (5)

where λ is the amplification coefficient of the seismic influence coef-
ficient at the top of a localized prominent terrain, α is the increase in
amplitude of the ground motion in the local terrain, and ξ is an addi-
tional adjustment coefficient. The parameter α can be approximated
from the slope height and slope gradient (Table 4), and ξ is set to 1.0 for
simplicity. We calculated the slope height and slope gradient distribu-
tion using a regional DEM (5-m resolution), and then calculated the

Fig. 3. Formation lithologies in the vicinity of the Wei
River midstream section. Q4

al: Quaternary Holocene allu-
vial plain; Q3

al: Quaternary Upper Pleistocene Taibai
Formation; Q3

eol: Quaternary Upper Pleistocene Malan
Formation; Q2 + 3: Quaternary Middle-Upper Pleistocene;
Q2

eol + gl: Quaternary Middle Pleistocene; N2: Neogene
Pliocene; N1: Neogene Miocene; K1lp: Lower Cretaceous
Liupanshan Group; P1: Lower Permian; C2: Middle
Carboniferous; D2: Middle Devonian; O1: Lower
Ordovician; ∈3: Upper Cambrian; ∈2: Middle Cambrian; ∈1:
Lower Cambrian; Z1: Lower Sinian; AnZ: pre-Sinian, Pt1k:
Lower Proterozoic Kuanping Group; ρ: pegmatite vein; k:
lamprophyre vein; δ: quartz diorite; γ: granite.

Table 3
Geotechnical parameters of lithologies in the Wei River midstream region.

No. Symbol γ (kN/m3) c' (MPa) φ' (°)

1 Q4
al 20.5 0.03 13.0

2 Q3
al 18.3 0.04 26.0

3 Q3
eol 17.3 0.04 24.0

4 Q2 + 3 18.4 0.05 27.3
5 Q2

eol + gl 18.5 0.07 28.5
6 N2 23.0 0.18 30
7 N1 23.5 0.20 33
8 K1lp 25.5 1.1 45
9 P1 26.0 1.3 48
10 C2 26.5 1.5 50
11 D2 27.5 2.0 60
12 O1 26.5 1.8 55
13 ∈3 26.0 1.6 53
14 ∈2, ∈1 24.0 0.6 35
15 Z1 26.5 1.5 50
16 Anz 27.5 2.0 60
17 Pt1k 26.8 2.0 59.5
18 γ, ρ, κ, δ 27.5 2.1 60

Fig. 4. Factors of safety Fs of slopes in the vicinity of the
Wei River midstream section. (For interpretation of the
references to color in this figure, the reader is referred to
the web version of this article.)
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amplification coefficient for the ground motion at a locally prominent
terrain in the Loess Plateau and in a hilly area of the Wei River mid-
stream section using Eq. (5).

4.3.2. Synthetic ground motion Arias intensity
The Arias intensity (Ia) is expressed as (Arias, 1970; Harp and

Wilson, 1995):

∫=I π
g

a t dt
2

[ ( )] ,
T

a
0

2
d

(6)

where a(t) is the ground motion acceleration in an arbitrary directional
component of the strong-motion record associated with the four
earthquakes [m/s2], and Td is the total duration of the ground motion
acceleration record [s].

Thus, Ia includes the ground motion amplitude, frequency, and
duration. It shows a positive correlation with ground motion energy
attenuation (Arias, 1970). However, the commonly used peak ground
acceleration (PGA) parameter only indicates amplitudes with high
frequencies and short durations in the ground-motion record, and ig-
nores the frequency intervals and durations of ground-motion-inducing
landslides. Therefore, Ia is more favorable than PGA for analyzing the
correlation between regional seismic landslides and ground motion
intensity. It is difficult to obtain accurate ground motion data for his-
torical earthquakes, but Ia can be calculated using the following em-
pirical equation (Wilson and Keefer, 1985; Keefer and Wilson, 1989):

= ⎧
⎨⎩

− − ≤
− − >

I
M R M

M R M
log

2 log 4.1 7.0
0.75 2 log 2.35 7.0

,a
w w

w w (7)

where Mw is the moment magnitude and R is the site hypocentral dis-
tance.

The value of Mw is related to the surface-wave magnitude Ms (Jin
and Huang, 1996):

= +M M0.844 0.951.Sw (8)

Eq. (8) was used to calculate the moment magnitude of the Qishan
earthquake as Mw = 6.86. The corresponding Arias intensity in the
midstream section of the Wei River caused by the Qishan earthquake
can be determined using Eq. (8). By superimposing the amplification
coefficient of ground motion on the terrain, the synthetic Arias intensity
distribution in the region of the Qishan earthquake was obtained.

4.4. Landslide displacement under seismic loading

The displacement of regional seismically induced landslides based
on the Newmark model can be calculated using ac and Ia (Jibson, 1993;
Jibson et al., 2000), and the landslide displacement (DN) can be ex-
pressed as

= − −D I alog 1.521 log 1.993 log 1.546N a c (9)

Based on calculation of seismic landslide displacement and Eq. (9), a
regional landslide displacement (logDN) distribution associated with
theMs 7.0 Qishan earthquake was obtained for the midstream section of
the Wei River (Fig. 5). The landslide displacement index is classified

based on an empirical threshold of slope failure. For example, the
landslide displacement index of 0.61 corresponds to displacement of
about 4 cm, which is prone to slope failure. It is clear that landslide
occurrences were concentrated mainly in the large displacement area.
The locations of large seismic landslide displacement or high-hazard
zones mainly lie along the edge of the Loess Plateau, loess-covered hilly
areas, and steep southern slopes in the piedmonts of the Qinling
Mountains. The moderate-hazard zones are located mainly in the cen-
tral-eastern flat loess tableland and the wide, gently sloping Wei River
valley area. The low-hazard zones are concentrated in the southwestern
Qinling region, the Longshan Mountain bedrock area, and the local
loess-covered tableland.

5. Comparison of the induced landslide effects of major historical
earthquakes

Although landslide displacement and distribution of damage zones
resulting from the Ms 7.0 Qishan earthquake can be assessed, the trig-
gering effects of the earthquake on landslide occurrences still cannot be
evaluated quantitatively. We classified the seismically induced land-
slide displacements into 25 grades (numbered 1 to 25) using equally
sized quantile intervals, calculated the area of each displacement grade,
counted the corresponding landslides in each area, and thus calculated
the landslide density for each displacement grade. Fig. 6A depicts the
correlation between landslide density and displacement for the Qishan
earthquake. The results indicate that landslide density gradually de-
creased as landslide displacement decreased.

The distributions of landslide displacement in the midstream section
of the Wei River caused by the four historical earthquakes included in
this study were calculated using back analysis. The results for seismic
landslide displacement were then compared with surveyed landslide
density data (Fig. 6B–D). The shapes of the statistical histograms
transition gradually from a bimodal wave pattern to unimodal decrease.

To quantitatively describe the diversity of the earthquake effects,
the results (Fig. 7) for hazards associated with the four seismically in-
duced landslides were correlated with the surveyed landslide deposits
using the success rate curve (SRC) method. The SRC method is gen-
erally used to examine the efficiency of landslide hazard assessment
(Chung and Fabbri, 1999; Conoscenti et al., 2008; Kamp et al., 2008;
Corominas et al., 2014). Based on the success rate, the degree of spatial
matching between the assessment and actual landslide occurrences
induced by historical earthquakes can be quantitatively evaluated. The
value interval of the SRC is 0% to 100%. Larger SRC values indicate
better matching. The shape of the SRC shows that the degree of
matching can be clearly divided into two categories. SRC values for the
Haiyuan and Tianshui earthquakes are 0.80 and 0.81, respectively, and
those of the Qishan and Huaxian earthquakes are only 0.60 and 0.72,
respectively. The results for seismic landslide hazards associated with
the Haiyuan and Tianshui earthquakes indicate better matches than
those for the Qishan and Huaxian earthquakes. The degree of matching
reflects the extent to which the surveyed landslides were induced by
seismic events — better matching represents stronger seismically in-
duced effects. Based on this analysis, the inducing effects of the four
historical strong earthquakes linked to large landslide deposits in the
midstream section of the Wei River can be listed from strongest to
weakest in this order: the Tianshui, Haiyuan, Huaxian, and Qishan
earthquakes.

The success rate curves described above were constructed from all
areas, including slope and flat land. For more rigorous consideration,
we developed additional success rate curves with the flat area with
slopes ≤5° removed (Fig. 8). Comparison between Figs. 7 and 8 shows
that three success rate values decreased and one success rate value
increased. Despite changes in success rates in Fig. 8, the overall order of
the success rates remained the same as that in Fig. 7. Thus, through two
different analyses of success rate curves, it was further confirmed the
landslide-inducing effects of the four historical earthquakes linked to

Table 4
The empirical amplification coefficients of ground motion for slopes.

H (m) Soil slope H < 5 5≤ H < 15 15 ≤ H < 25 H ≥ 25

Rock slope H < 20 20≤ H < 40 40 ≤ H < 60 H ≥ 60

H/L H/L < 0.3 0 0.1 0.2 0.3
0.3 ≤ H/L < 0.6 0.1 0.2 0.3 0.4
0.6 ≤ H/L < 1.0 0.2 0.3 0.4 0.5
H/L≥ 1.0 0.3 0.4 0.5 0.6

Note that H is the slope height and H/L is the tangent of the slope.
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previous landslide occurrences in study area can be listed from stron-
gest to weakest in the same order as above.

Not all of the large landslides identified in the study region can be
linked to seismic events. Even though strong historical earthquakes
have affected the entire midstream section of the Wei River, it is still
very difficult to link each particular landslide to a specific historical
earthquake using available techniques. The effects of historical earth-
quakes on large landslide occurrences in the region cannot be ne-
glected, but specific results are often difficult to obtain from analyses of
individual landslides. However, the statistical characteristics of

regional landslide distributions can essentially distinguish between
strong and weak triggering effects of strong historical earthquakes on
large landslide occurrences using empirical and quantitative methods.

Our analysis of historical earthquakes that have induced landslides
in this region shows that landslide mechanisms triggered by earth-
quakes are generally controlled by several factors, including magni-
tude, energy-spreading distance, site conditions, and occurrence time.
Of the four strong historical earthquakes in this region, the most intense
in terms of landslide induction was the Ms 8.0 Tianshui earthquake,
rather than the Ms 8.5 Haiyuan earthquake, which had the strongest

Fig. 5. Displacement and risk of landslides induced by the
Qishan earthquake in the vicinity of the Wei River mid-
stream section.

Fig. 6. Correlation between real landslide density and in-
verted historical earthquake landslide displacements. A.
Qishan earthquake; B. Huaxian earthquake; C. Haiyuan
earthquake; D. Tianshui earthquake.
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magnitude and occurred most recently, or the Ms 7.0 Qishan earth-
quake, which was located closest to the study area.

6. Discussion

We have developed a new approach to explore the relation between
historical earthquakes and regional landslide occurrences. The link
between landslides and induction of historical earthquakes was ex-
amined; crucial induction effects of landslides caused by four historical
earthquakes were screened, and seismically induced regional landslide
displacements were assessed using the Newmark model. Despite the
above achievements, some issues require further discussion.

We employed the empirical Arias intensity attenuation equation
developed by Wilson and Keefer (Wilson and Keefer, 1985; Keefer and
Wilson, 1989). One reason this equation was used is that there is lim-
ited knowledge about the spatial variability and attenuation char-
acteristics of Arias intensity because of the lack of a strong ground
motion record in China. The other reason is that most recently proposed
attenuation equations require site factors such as the Vs30 value, which
are difficult to acquire because of insufficient borehole data in this
study area.

For the empirical estimation of Newmark displacement models, the
Jibson model is widely used. Dreyfus et al. (2003) compared seven
different empirical Newmark displacement models with an inventory of
observed landslides from the 1994 Northridge, California earthquake
(Dreyfus et al., 2003). Their results show that the accuracy of the
predictive models depends primarily on the uncertainty of the model

parameters, particularly shear strength.
Based on the above analysis and the geological background of the

Wei River midstream area, these large-scale landslides are inferred to
be highly correlated with earthquake events. Unfortunately, few re-
cords of these earthquakes exist, and no seismic landslide catalog is
available. Therefore, it is difficult to examine which earthquakes caused
which landslides. Because of this challenge, the cumulative effects of
repeated earthquakes on the stability of the loess slopes are also quite
difficult to evaluate. In the future, breakthroughs may be made by re-
cording case studies of typical seismic landslides.

7. Conclusions

(1) Through application of analytical methods to the spatial distribu-
tion of the greatest epicentral distances of landslides affected by
strong earthquakes in the midstream section of the Wei River, four
major historical earthquakes that induced such landslides in the
region were examined. Based on the Newmark displacement model
and analysis of topographic ground-motion amplification effects,
regional landslide displacements and hazard distributions for the
four historical earthquakes were assessed.

(2) The correlation between historical seismic landslides and the dis-
tribution of existing large landslides were compared using the
success rate curve method. The correlation results show that the
triggering effects of the four historical strong earthquakes on large
landslide occurrences in the midstream section of the Wei River can
be arranged in order from strongest to weakest as: the Tianshui,
Haiyuan, Huaxian, and Qishan earthquakes.
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