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Abstract

Unlike strong earthquake-triggered or heavy rainfall-triggered landslides, silent large-scale landslides (SLL) occur without
significant triggering factors and cause unexpected significant disaster risks and mass casualties. Understanding the initia-
tion mechanism of SLLs is crucial for risk reduction. In this study, the mechanism of the Zhaobishan SLL was investigated,
and the SLL was jointly controlled by weak-soil (fractured rock mass) and strong-water (abundant water replenishment)
conditions under the impact of active tectonism and complex hydraulic properties. Strong tectonic uplift, high fault density,
and historical earthquakes led to weak-soil conditions conducive to the Zhaobishan SLL. The combined effect of unique
lithology, antiform, and cultivated land contributed to the water replenishment characteristics of extensive runoff confluence
(3.16 times that of the landslide body) and supported long-distance groundwater replenishment, thereby forming strong-
water conditions for the landslide. The amplified seepage amount caused the strength of the soil mass on the sliding surface
to decrease to 0.4 times its initial strength, eventually triggering the Zhaobishan SLL, which occurred 4.6 days after the
peak rainfall. Moreover, the landslide deposits have accumulated on the semi-diagenetic clay rock, thereby controlling the
subsequent recurring debris flows in the Lengzi Gully. To reduce disaster risk of SLL in vulnerable mountainous regions,
the water confluence area behind the main scarp of the landslides and the hysteresis characteristics between landslides and
peak rainfall should be further considered, and recurring debris flows following massive landslides also should be focused.
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1 Introduction

Every year, large-scale landslides and debris flows cause
thousands of deaths and economic losses of billions of dol-
lars because of global climate change, rapid infrastructure
development, and population growth within mountainous
regions (Huang and Fan 2013; Handwerger et al. 2016;
Pascal et al. 2020). Numerous researchers have studied the
formation mechanism, triggering factors, and development
conditions of such landslides. Some studies have revealed
that strong earthquakes can directly trigger coseismic
landslides (Gorum et al. 2011; Parker et al. 2011; Zhang
et al. 2019) and debris flows (Zhang et al. 2014; Fan et al.
2018; Tian et al. 2020b). For example, Zhang et al. (2014)
opined that the debris flow caused by coseismic landslides
following an earthquake has the following criteria: the
height difference between the landslide in the source area
and the mouth of the debris flow gully is greater than 350
m, accumulation volume of landslide deposits is more than
1.0 x 10° m3, and slope of the debris flow channel is higher
than 27%. Landslides can also be associated with strong
earthquakes and heavy rainfall (Malamud et al. 2004; Ram
et al. 2019). Rockslides are closely associated with the tec-
tonic environment. For example, studies in the Alps (Car-
lini et al. 2016; 2017), the Tien Shan Mountains (Strom
and Korup 2006), and the Zagros Mountains in northern
West Asia (Bahrami et al. 2019) have all revealed that geo-
logical factors, such as faults, lithology, back-shaped struc-
tures, and extensional structures, control the formation of
landslides. However, a unique type of landslide with no
evident triggering factors such as strong earthquakes or
heavy rainfall, and the occurrence time lags behind the
peak rainfall, was called silent large-scale landslide (SLL)
here. Our insufficient understanding and underestimation
of the potential of SLLs could lead to mass casualties in
mountainous areas globally.

Landslides have been classified according to the dif-
ferences in landslide velocity, volume, landslide-forming
material types, and so on (Evans 2011; Hungr et al. 2014).
The SLL mentioned here refers to a special class of slow-
moving landslides with a volume greater than 1 million
m? and without major triggering factors such as strong
earthquakes or heavy rainfall at the time of landslide
occurrence. Based on the presence or absence of obvious
triggers at the time of landslide occurrence, the authors
argue that landslides can be classified as those that were
generated after a major triggering event, for example, an
earthquake or heavy rainfall, and that occurred without
significant single triggering factors. A large number of
studies have been conducted on landslides induced by
strong earthquakes and heavy rainfall. In contrast, land-
slides like the Zhaobishan SLL, which occurred without

strong earthquakes and heavy rainfall, have only gradu-
ally attracted much attention from scholars in recent years.
Globally, this kind of catastrophic landslides occurs fre-
quently, particularly in certain regions such as the eastern
edge of the Tibetan Plateau, the northwestern edge of the
Yunnan Plateau, the Rocky Mountains of North Amer-
ica, the Andes of South America, and the European Alps
(Delacourt 2004; Handwerger et al. 2013; Lewkowicz and
Way 2019; Bontemps et al. 2020). But it is very difficult
to understand how the SLL occurs in the absence of heavy
rainfall or strong earthquake, and where sufficient water
comes from. In addition, SLL often occurs at unexpected
times in unexpected places, which significantly increases
the difficulty of landslide warning and mitigation. The
study of hazards is fundamental in disaster risk science
research, and examining the formation mechanism of land-
slides can improve forecasting capability and the effective-
ness of early warning (Alcantara-Ayala et al. 2017; Shi
et al. 2020).

Moreover, SLLs are considered an essential process of
geomorphic development in mountainous areas (Korup et al.
2007; Egholm et al. 2013; Wang et al. 2020), and the recur-
ring debris flows that result from their occurrence further
increase the risk of disaster. From a spatial perspective,
the gravitational erosion process in small watersheds in the
complex mountainous areas generally originates from large-
scale landslides at the source area of the gully and ends in
debris flows at the outlet of the gully. The debris flow gen-
eration requires sufficient loose material, and landslides are
the most common process that supplies these materials in
the debris flows of small watersheds (Samodra et al. 2018;
Yang et al. 2023). For example, the sources of debris flows
typically include landslides, loose deposits in gully beds,
moraine deposits, and loess deposits on the eastern edge
of the Tibetan Plateau. Among these, moraine deposits are
primarily distributed in glacial areas, and weathered loess
deposits mainly accumulate on the Loess Plateau areas.
Loose deposits in the gully beds are limited to the transpor-
tation area. However, the areas mentioned above are rela-
tively small. Therefore, landslides are considered the most
common and critical source of debris flows, thereby control-
ling their frequency and magnitude (Reid et al. 2003; Zhang
et al. 2014). For example, in Yunnan Province, China, over
1 million m> of landslide source materials are effectively
stored in the Jiangjia Gully (48.6 km?), with the highest fre-
quency of debris flows (approximately 10 events per year)
being recorded worldwide (Reid et al. 2003; Zhang et al.
2014). Moreover, in Sichuan Province, China, the pivotal
source material of the large-scale debris flow that occurred
in Zengda Township on 27 June 2019 was a large-scale rock-
slide. However, few studies have focused on the formation
mechanism and disaster effects of a single SLL that can trig-
ger recurring debris flows in a small watershed.
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Two research problems are addressed in this study: (1) the
mechanism of SLL that lags the peak rainfall under non-heavy
rainfall and non-seismic conditions; and (2) the characteristics
of the debris flow caused by the landslide and its effect in a
small watershed. To examine these problems, the Zhaobis-
han SLL, a rare but typical landslide that has caused ongoing
recurring debris flows in the Lengzi Gully, was selected as a
case study. First, the Zhaobishan SLL occurred in the inac-
tive period of the Anning River seismic zone (Ni and Song
2019) and was not directly triggered by heavy rainfall or strong
earthquakes. In this area, unlike the typical landslide source
materials causing debris flow disasters in the watershed fol-
lowing strong earthquakes (Tang et al. 2012; Zhang et al.
2014; Horton et al. 2019), the Zhaobishan SLL is the only
single landslide in the basin that continues to trigger recur-
ring debris flows in the Lengzi Gully. Therefore, this study
evaluated the mechanism of Zhaobishan SLL and revealed the
geological background and hydrological characteristics that
facilitate SLLs. The present results provide a new understand-
ing and perspective on the occurrence of SLLs with no strong
earthquakes or heavy rainfall, laying a foundation for the risk
mitigation of SLLs and associated recurring debris flows in
mountainous regions.

@ Springer

2 Materials and Methods

To comprehend the development and failure mechanisms of
the Zhaobishan SLL, this study employed a multidisciplinary
approach, integrating geology, hydrology, and geotechnics.
The methodology encompassed field investigations, hydrologi-
cal calculations, laboratory experiments, statistical analyses,
and numerical simulations. By analyzing the tectonic, geo-
morphic, and hydrological features of the SLL area, the study
aimed to uncover the complex interactions leading to its for-
mation and failure. Notably, the study revealed a time-lagged
relationship between landslide deformation and peak rainfall,
shedding light on a crucial aspect of the SLL’s behavior. More-
over, the investigation focused on the combined influence of
weak soil (resulting from fractured rock masses) and intense
water flow (due to abundant water infiltration) as drivers for
the occurrence of the Zhaobishan SLL.

2.1 Description of the Study Area

The study area is located in Chengxiang Town, Mianning
County, Sichuan Province, China (Fig. 1a). The Lengzi
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Fig.2 Geology of the study area. a EHS Eastern Himalayan syntaxis;
MFT Main frontal thrust; YZS Yarlung-Zangbo suture; LSB Lhasa
block; BNS Bangong-Nujiang suture; Q77T Qiangtang terrane; XSF
Xianshuihe fault; SGB Songpan-Ganzi block; LMF Longmenshan
fault; XJF Xiaojiang fault; RRF Red River fault; NJF Nujiang fault;
SYRB Sichuan-Yunnan rhombic block; b AA’ is the profile line of
Fig. 6b. Q, and Q, represent the deposits and alluvial deposits in Qua-

Gully is a primary tributary on the left bank of the upper
reaches of the Anning River (Fig. 1b), and the Zhaobishan
SLL is located in the upper reaches of the Lengzi Gully
(Fig. 1c). The geographic coordinates at the mouth of the
Lengzi Gully are 102°1123.76" E, 28°36'22.01" N. The Zha-
obishan SLL is located in the earthquake zone of the Anning
River, which is also a relatively dry zone. The entire study
area has a subtropical monsoon climate. The annual tem-
perature varies between 10.3 and 22.6 °C, and the average
annual precipitation is between 930 mm and 1210 mm. The
study area is dominated by medium and high mountains with
steep topography (Ni and Song 2019). In addition, neotec-
tonic movements and precipitation have frequently triggered
landslides and debris flows in the study area. From 2000 to
2016, the geohazards in Mianning County have caused 168
casualties and economic losses of USD 80.8 million (Tian
et al. 2019). Moreover, the population density in the study
area is relatively high (Fig. 1b), and therefore, the SLL and
debris flows in the Lengzi Gully directly threaten the lives
of 966 people and the safety of USD 52.7 million in assets,
including infrastructure such as the Daqgiao Hydropower Sta-
tion and roads.

Tectonically, the study area is located at the edge of the
Sichuan-Yunnan rhombic block in the northeastern section
of the Hengduan Mountains on the eastern margin of the
Tibetan Plateau (Fig. 2a) and belongs to the middle sec-
tion of the north-south seismic belt in China (Yang et al.
2020). According to the Tibet Autonomous Region Geol-
ogy and Minerals Bureau (1988), there are three faults from

ternary. J,, is the mudstone and siltstone of the Middle Xincun For-
mation in Jurassic. Ts-Jy,, is the feldspar-quartz-sandstone, siltstone,
and mudstone intercalated with carbonaceous mudstone of the upper
Triassic Baiguowan Group. Py is the Permian Emeishan basalt. Z,, is
the rhyolitic and tuff in the Suxiong Formation of the Lower Sinian
System. N,, is the semi-diagenetic clay rocks and siltstone interca-
lated with fine sandstone of the Xigeda Formation in Tertiary

east to west in the study area (Figs. 2 and 5), which pass
through the upstream, middle, and downstream reaches of
the Lengzi Gully, respectively. The hydrogeological condi-
tions are highly active, and spring water seeps from the slope
during our on-site investigation. Lithologically, the rocks
comprised of dark gray rhyolitic and tuff in the Suxiong
Formation (Z,,) of the Lower Sinian System are exposed
at the top area of Zhaobishan SLL, and the rock mass was
relatively broken. The Permian Emeishan basalt (Py) is
exposed at the mouth of the Lengzi Gully. Gray-black feld-
spar—quartz—sandstone, siltstone, and mudstone intercalated
with carbonaceous mudstone of the upper Triassic Baig-
uowan Group (T5-J,y,) are widely exposed in the study area
(Fig. 2). The rocks in the Lengzi Gully vary greatly due to
active tectonism. Moreover, there are semi-diagenetic clay
rocks and siltstone intercalated with fine sandstone of the
Xigeda Formation in Tertiary (N,,) in the upper and middle
reaches of the Lengzi Gully.

2.2 Methods

Because landslides are controlled by soil and water condi-
tions (Shoaei and Sidle 2009; Luo et al. 2021), a detailed
study of the tectonic setting and hydraulic properties were
conducted. Based on the case of the Zhaobishan SLL, the
phenomenon and initiation mechanism of SLL were exam-
ined through field investigation, meteorological analysis,
geological exploration, remote sensing image interpretation,
and numerical simulation. The topographic characteristics

@ Springer
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were obtained by analyzing the digital elevation model
(DEM) data of ALOS-12.5 m DEM and the DEM obtained
by unmanned aerial vehicle (UAV) in the study area. Histori-
cal insights into the landslide-prone region were acquired
through on-site interviews with local residents. During these
interviews, a minimum of six local residents were engaged.
The questions posed predominantly pertained to the occur-
rence of past landslides or debris flows in the area, their
respective timelines, the severity of the hazards, the depth of
mud accumulation, and the distinctive characteristics of the
slurry within debris flows, among other aspects. Addition-
ally, our investigation encompassed extensive field work,
incorporating activities such as field sampling, cross-section
measurements, flow velocity assessments, drone-assisted
aerial photography, and an evaluation of land use within the
watershed. Characteristic attributes such as the presence of
large boulders in the gully were quantified through meticu-
lous measurements as part of our comprehensive survey.

Regarding the tectonic setting, the average fault density
index refers to the fault length per unit area (km/km?), which
was obtained by the ArcGIS software in combination with
the the geological map of the study area (Tibet Autonomous
Region Geology and Minerals Bureau 1988). Based on the
data from the United States Geological Survey (USGS)
National Earthquake Center (N EIC),! we located historical
earthquakes from 1900 to the time that the Zhaobishan SLL
occurred and set the Zhaobishan SLL as the center with a
420 km search radius. Then the model proposed by Keefer
(1984) was used to identify the earthquakes that had an
impact on the landslide.

To determine the hydrogeological characteristics of the
study area, the Soil Conservation Service Curve Number
(SCS-CN) model proposed by the United States Depart-
ment of Agriculture was used to calculate runoff, and the
CN weighted values were determined based on the land use
types (Mishra and Singh 2003). The land use types of the
study area were obtained by Google Earth image analyses
and field investigation. Groundwater characteristics were
determined through geological exploration (Fig. 1) and field
investigation. Rainfall data were obtained from the meteoro-
logical station in Chengxiang Town, which is about 300 m
away from the study area.

Based on the geological model of the Zhaobishan SLL
derived from the field investigation, the SEEP/W and
SLOPE/W modules of the Geo-Studio software were used
to analyze the slope instability under the effects of seep-
age. SEEP/W uses a two-dimensional Richard equation to
calculate pore water pressure (PWP). SLOPE/W uses the
limit equilibrium method to calculate the factor of safety
(Fs) and automatically performs the required Monte Carlo

! https://earthquake.usgs.gov/earthquakes/search/
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Table 1 Parameters used in numerical studies

Layer Unit Ks (cm/h) ¢ (kPa) ¢ (°)
Weight
(KN/m?)
Weathered muddy shale 24.2 0.249 19.9 17.5
Weathered diabase 19.8 0.119 20.0 21.6
Weathered sandstone 25.3 0.250 21.6 19.9
Weathered rhyolite tuff ~ 19.8 0.041 11 36.5

calculation. During the simulation, the PWP values were
directly correlated from SEEP/W (Geo-Slope International
Ltd. 2007a, 2007b). This method is widely used to simulate
landslide stability, particularly in analyzing the instability
mechanism of a landslide caused by geotechnical seepage
(Chen et al. 2020; Guo et al. 2020). The occurrence of the
Zhaobishan SLL was caused by seepage, and this is the
reason that we chose this model for our study. Therefore,
a finite element model comprising quadrilateral cells and
small amounts of trilateral transitional cells was used to
study the failure mechanism of the Zhaobishan SLL. The
geological profile (Fig. 7 in Sect. 4.2) was selected as the
numerical calculation model. The model’s length and height
were 3,400 and 780 m, respectively. The bottom boundary is
the waterproof boundary, and both sides of the model were
zero-flow boundaries.

The soil-water characteristic curve (SWCC) was deter-
mined by the sample function embedded in the software and
the saturated water content. Then, the permeability function
was estimated using the Van Genuchten permeability func-
tion in SEEP/W. The physical and mechanical parameters of
the rock and soil, and their permeability coefficients under
saturated conditions (k,), were determined by field and labo-
ratory experiments. The governing equation in SEEP/W is
Richards’ equation (Richards 1931), which describes the
two-dimensional flow in unsaturated soils, as shown in Eq.
(1). The extended Mohr-Coulomb failure envelope (Fredlund
et al. 1978) was used to define the shear strength criteria as
shown in Eq. (2):

0 oh d oh 00
—(k,— — | k,=— ==
6x< X6x>+ay<}0y>+Q ot M

where x and y are spatial coordinates; @ is the volumetric
water content; % is the hydraulic head; &, and ky are a func-
tion of @ and represent the hydraulic conductivities in the x
and y directions, respectively; Q is water flux; and ¢ is time.

T =cl+ (a—ua)tan(p/+ (ua—uw)tan(pb )

where ¢’ is cohesion; ¢ is the total normal stress on the
failure surface; u, and u,, are net normal stress and matrix
potential, respectively; ¢’ is the internal friction angle
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Table 2 Historical landslide and debris flow disasters in the study area

Years Disaster History, Characteristics, and Losses

1920-1930 A landslide occurred in the study area and evolved into multiple debris flows in the Lengzi Gully.

1955 A small-scale collapse occurred on the rear edge of study area.

18 July 2000 The Zhaobishan silent large-scale landslide (SLL) occurred, which is the largest on record and
evolved into a debris flow. It caused 1 death, 2 tractors and 4 motorcycles were buried, and the
road was buried about 300 m (Sichuan Huadi Construction Engineering Co. Ltd. 2016).

2003, 2007 Large-scale debris flows occurred in the Lengzi Gully, washing out about 450,000 m? solid mate-

rials, causing the interruption of Road S219, resulting in 1 death, and 3 cars were buried.

related to the net normal stress state variable (¢ — u,); and
" is the rate at which the shear strength increases with the
matrix suction (u, — u,,).

Additional details can be found in the Emergency Investi-
gation Report of Debris Flows in the Lengzi Gully (Sichuan
Huadi Construction Engineering Co. Ltd. 2016) and previ-
ous studies (Zienkiewicz and Stagg 1969; Schoeller 1977;
Domenico and Schwartz 1998; Weight and Sonderegger
2001), and key parameters of numerical simulation were
determined as shown in Table 1. To study the attenuation
characteristics of soil strength during the Zhaobishan SLL,
the back-analyzed slope stability was conducted. Based on
the slope instability conditions, the strength of the soil meas-
ured in indoor experiments was reduced until the safety fac-
tor of the slope was less than 1.

3 Characteristics of the Zhaobishan Silent
Large-Scale Landslide (SLL) and Debris
Flows in the Lengzi Gully

On-site interviews and the Emergency Investigation Report
of Debris Flows in the Lengzi Gully (Sichuan Huadi Con-
struction Engineering Co. Ltd. 2016) revealed historical
evidence that there have been multiple geological disasters
in the Lengzi Gully, resulting in severe losses of life and
properties (Table 2). According to the records, there have
been three landslide events in the Zhaobishan SLL area,
which belongs to the upstream portion of the Lengzi Gully.
The largest and most recent landslide event occurred on 18
July 2000 and is considered the SLL event in this study.
The main sliding direction was 313°, and the volume was
about 3.37 million m® (Chen et al. 2012). Notably, it was
the largest landslide that has occurred so far, and the recur-
rence interval is approximately 70-80 years in this area.
Considering this time scale, the rare large-scale Zhaobis-
han landslide has led directly to the occurrence of ongo-
ing, high-frequency debris flows in the Lengzi Gully—
after the Zhaobishan SLL that occurred on 18 July 2000,
debris flows began to occur in the gully in August 2000.
Since that time, debris flows have occurred every year in
the rainy season, at least once a year, and up to as many as

5-6 per year. To date, debris flow activity has not ceased.
Among the debris flow events, the two largest occurred
during the rainy seasons in 2003 and 2007.

The Zhaobishan SLL developed in the upper reaches of
the Lengzi Gully, and its overall shape was “chair-like.”
The geographic coordinates at the main scarp of the land-
slide are 102° 11’ 53.31" E and 28° 26’ 21.72" N. The
landslide area presents an irregular fan shape in plan view
(Fig. 3a), which is conducive to the confluence and runoff.
At this stage, the elevation of the steep wall formed by the
back cliff of the Zhaobishan SLL is 2195-2290 m a.s.1.
(meters above sea level), and the elevation of the shear
outlet at the toe of the landslide is approximately 2,030
m a.s.l. To date, the landslide accumulation is 300-570 m
long and 160-380 m wide, with an average thickness of
approximately 20 m, and a total volume of approximately
270.4 x 10* m’.

The formation of the Zhaobishan SLL has produced the
conditions of high potential sediment yield, strong potential
sediment erosion, and high risk of blocking the river. The
drainage area of the Lengzi Gully is 0.62 km?, the length
of the main gully is 2 km, and the gully itself presents an
overall morphology of gentle slopes in the upstream and
downstream sections and steep slopes in the middle section
(Fig. 3a). The elevation range of the basin is 1813-2405 m
a.s.l., while the relative elevation difference is about 592 m
and the average longitudinal slope is 29.6%. With an area of
0.62 km?, the Lengzi Gully, however, has formed an accu-
mulation fan with an area of 0.1 km?. Notably, in the Lengzi
Gully, the area of the accumulation fan divided by the area of
the watershed is 0.16, far exceeding the ratio of 0.01-0.08 in
the Xiaojiang Basin and 0.0016-0.29 in the Qiaojia-Menggu
section of the Jinsha River Basin (Chen et al. 2005; Liu et al.
2018). On-site investigation of the Lengzi Gully in October
2020 revealed that the original 17 small debris flow check
dams in the gully channel were completely silted up (Fig. 3b,
c¢). The average area of a single check dam was about 67.8
m?, while the average longitudinal slope of the gully bed
was 29.6%, so the volume of accumulated silt is estimated
to be about 23,000 m>. These results show that the Lengzi
Gully has a high sediment yield and high sediment erosion
intensity.
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Fig.3 Landform characteris-
tics of the Zhaobishan silent
large-scale landslide (SLL) and
the Lengzi Gully. a The yellow
shaded part represents the area
of the Zhaobishan SLL. b Red
lines indicate the debris flow
check dams. ¢ Red areas indi-
cate the accumulated silt behind
the debris flow check dams

Fig.4 Remote sensing images
of the Lengzi Gully in 2011-
2020. Different colors represent
the evolution of the Lengzi
Gully and the accumulation fan
in different years

Bottom part

2017/01/25

2020/10/15

Due to the extensive accumulation fan of the Lengzi  the debris flow accumulation fan in the Lengzi Gully in
Gully, the Anning River was squeezed to the opposite bank. 2011 was only 5.9 m away from the right embankment of
Multi-phase remote sensing images show that the edge of  the Anning River. The distance from the accumulation fan
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Fig.5 Fault density of the
Zhaobishan landslide silent
large-scale landslide (SLL)
study area (km/km?)

Legend

Fault

[ ] Lengzi Gully

Fault Density

11.0-15 3 6

0.0-05
105-1.0

P 15-20

to the right embankment in 2014, 2017, and 2020 was 14.1
m, 28.1 m, and 25.2 m, respectively (Fig. 4a—e). Therefore,
under the conditions where a large-scale landslide occurs
again in the Zhaobishan SLL area, it may further lead to the
failure of the debris flow check dams upstream Lengzi Gully
and cause severe mass disasters, casualties, and injuries.

4 Results

The broken rock mass developed under active tectonics and
strong historical earthquakes had established weak-soil con-
ditions for the Zhaobishan SLL. The combined effect of this
distinct lithology, antiform, geomorphic features, and other
factors provided favorable conditions for runoff amplifica-
tion and groundwater seepage and had established strong-
water conditions for the Zhaobishan SLL. The coupling
effect of strong-water and weak-soil caused by the lagged
and enlarged seepage led to a further decrease in rock and
soil strength and a further increase in pore water pressure,
which ultimately triggered the Zhaobishan SLL.

4.1 Weak-Soil Conditions for the Zhaobishan Silent
Large-Scale Landslide (SLL)

Strong tectonic uplifts, high-density faults, and frequent
historical strong earthquakes produced fractured rock mass
in the slope, thereby leading to the Zhaobishan SLL. The
field investigation results show that the slide direction of the
Zhaobishan SLL is 313°, and at least six groups of structural
planes have developed in the rock mass in the study area

(Fig. 5). Among them, the dip of rock mass and two joints
in the study area follow the slide direction of the landslide,
and the dip of other four joints are oriented from the top to
the bottom of the slope on both sides of the Lengzi Gully.
As shown in Figs. 8 and 9 in Sect. 4.2, the rock mass of the
Zhaobishan SLL is highly fragmented, and the weathering
effect is strong; therefore, the slope created weak-soil condi-
tions conducive to landslides occurring.

Existing studies have revealed that the river incision rate
of the Anning River in this area from 21 ka BP is 1.63-2.93
mm/y, and the uplift rate from 38 ka BP is approximately 1.9
mm/y (Cheng 2011). Therefore, the entire region is located
in a relatively uplifted area, which is conducive to landslides
(Ouimet et al. 2007). Second, the average fault density in
the Zhaobishan SLL area is relatively high. Studies have
revealed that faults control the development of landslides
by reducing the strength of rocks and soils. For example, in
California, a fault density of 0.093 km/km? or above is asso-
ciated with landslide occurrence (Scheingross et al. 2013);
the average fault density in the Parlung Zangbo Basin, where
the Yigong landslide occurred, is 0.3 km/km?. Based on
the statistical analysis of this study, the fault density in the
Lengzi Gully is 1.625 km/km? (Fig. 5), which is consider-
ably higher than in other areas. The high fault density causes
strong mutual squeezing between the rock masses, thereby
favoring the formation of broken rock mass and weak-soil
conditions through additional weathering effect.

Historical strong earthquakes also played a significant role
in reducing rock strength and caused the weak-soil condition
for the occurrence of the Zhaobishan SLL. However, consid-
ering the time scale of the historical earthquakes, they are
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Fig. 7 Geomorphic and geo-
logical characteristics of the
Zhaobishan silent large-scale
landslide (SLL) study area. a
Topographic map in plan view
showing structural geological
features. b Geological profile
map showing four identified
faults and the antiform. ¢ Image
of the present-day farmland on
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study area. Our results show that there were 538 earthquakes
with a magnitude greater than Mw 4. According to the empiri-
cal model proposed by Keefer (1984), 4 of the 538 earthquakes
had a great impact on the stability of the Zhaobishan SLL site
(Fig. 6)—the Mw 7.1 earthquake on 14 April 1955, the Mw
6.6 earthquake on 30 September 1952, the Mw 6.8 earthquake
on 16 May 1936, and the Mw 6.7 earthquake on 26 April
1936. The last earthquake affecting the Zhaobishan SLL area
occurred on 14 April 1955, 45 years before the major land-
slide in 2000. In addition, according to the seismic accelera-
tion model proposed by Huo and Hu (1992) and Zhou (2019),
among the four historical earthquakes having an impact on
the stability of the Zhaobishan SLL area, the earthquake in
1952 had considerable seismic influence on the study area,
with a seismic acceleration of 163 gal. Although strong his-
torical earthquakes are unlikely a direct triggering factor of
the Zhaobishan SLL, such earthquakes are conducive to the
fragmentation and weathering of the original intact rock mass
and formation of the weak-soil conditions.

Lengzi Gully

(b) |«

Zhaobishan SLL

Antiform
Rhyolite tuff Sandstone Diabase
F== Muddy shale [ ] Diluvium Fault

unlikely a direct triggering factor for the Zhaobishan SLL.
Stronger earthquakes have a significant impact on landslides.
For example, studies have revealed that the impact distance of
an earthquake of moment magnitude (Mw) 8 on landslides is
approximately 418.5 km (Keefer 1984); however, there have
been no recent earthquakes with such a high magnitude in the
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4.2 Strong-Water Conditions for the Zhaobishan
Silent Large-Scale Landslide (SLL)

The combined effect of unique lithology, antiform, large
water confluence area, and cultivated land provided
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favorable runoff and groundwater seepage conditions. The
geological profile AA’ shows that one antiform structure
(Fig. 7; structure marked as d) and four faults (Fig. 7; faults
marked as a, bl, b2, and c) have developed from east to west.
The antiform d on the hanging wall of fault ¢ formed in the
rhyolite and tuff of the Lower Sinian system. The stratum on
the side close to the landslide is leaning toward the landslide
at 291°, and the stratum on the other side is leaning at 111°.
Reasonably, the antiform, which comprises a mountainous
feature, is a watershed dominated by groundwater. In addi-
tion, field investigation and remote sensing images revealed
that the core of the mountain with the antiform has experi-
enced severe weathering. Furthermore, a farmland platform
with a length of approximately 1.5 km appears in the core
area on the profile with the section line AA’. Such a plat-
form topography provides favorable conditions for runoff.
The sandstone of the late Triassic Baiguowan Group, with
well-developed joints and fissures and good permeability,
developed between faults b2 and c. The block area between
faults bl and b2 formed from diorite intrusive in the early
Triassic, with well-developed joints and strong permeability.
In addition, the block area is surrounded by sandstone and
shale of the Baiguowan Group, and the elevation of the block
area between faults bl and b2 is relatively high. Therefore,
the block area between faults bl and b2 is determined by
the hanging wall of faults b1l and b2. In addition, strongly
weathered shale of the Baiguowan Group was developed
between faults a and b1.

The internal dynamic compression of multiple faults and
the antiform led to broken rock masses inside the slope.
Subsequently, under external forces such as weathering and
anthropogenic activities, platform water storage area was
formed in the core of the antiform. Moreover, highly perme-
able lithology, such as the sandstone and broken rock mass,
provides good seepage conditions to replenish the ground-
water in the study area.

The confluence area of long-distance water replenishment
outside the Zhaobishan SLL body is 3.16 times the area
of the slope body. Field investigation and remote sensing
images revealed that the shear outlet elevation of the Zhao-
bishan SLL is located at approximately 2,030 m a.s.l. Above
the outlet elevation, the catchment area of the Zhaobishan
SLL is only 0.44 km?. However, the total water-replenished
confluence area at the back of the slope is 1.39 km?, of which
only 0.5 km? is covered by vegetation, and the remaining
0.89 km? is bare farmland (Fig. 7c). In addition, there are six
small gullies developed at the top of the slope (Fig. 7a), with
total areas of 46,586, 22,400, 32,768, 54,443, 50,628, and
57,643 m? from north to south, and a cumulative total area
of approximately 0.26 km?. The development of such small
gullies also contributed to the runoff to the landslide body.

Field investigation and geological exploration found 11
springs exposed on the slope of the Zhaobishan SLL at the

Table 3 The characteristics of springs exposed during the field inves-
tigation

ID Elevation (m) Discharge ID  Elevation (m) Discharge

(Lfs) (L/s)
1 2142 0.03 7 2075 0.14
2 2140 2.00 8 2065 0.09
32103 9.72 9 2050 0.05
4 2088 2.10 10 2035 0.06
5 2088 0.11 11 2011 0.01
6 2075 2.50

locations described in Table 3, and their elevation range
is between 2011 and 2142 m a.s.l. The spring with the
highest altitude is located at the back edge of the landslide
body with an elevation of about 2142 m a.s.l. The spring
with the lowest altitude is situated at the forefront of the
landslide mass, positioned at an elevation of approxi-
mately 2011 m a.s.l. In addition, field investigations and
remote sensing images show three belt-like permeable lay-
ers in the upper reaches of the Lengzi Gully (Fig. 8), with
thicknesses ranging from 0.58 to 1.12 m.

Core analysis from the three boreholes ZK01, ZK02,
and ZKO3 revealed that most of the Zhaobishan SLL
deposits are on the upper, middle, and lower parts of
the upstream reach of the Lengzi Gully. Borehole ZK01
revealed that the thickness of the landslide deposits dis-
tributed on the upper part is approximately 46.5 m, accu-
mulated on the broken tuff of the Suxiong Formation in the
Sinian System. Borehole ZK02 revealed that the thickness
of the landslide deposits distributed in the middle part is
approximately 20.4 m, accumulated on the 4.6 m thick
semi-diagenetic clay rock of the Xigeda Formation in the
Tertiary System and gray diorite of the Lower Proterozoic.
Borehole ZK03 revealed that the thickness of the landslide
deposits distributed in the lower part is approximately 12.9
m, accumulated on the 5.2 m thick semi-diagenetic clay
rock of the Xigeda Formation and carbonaceous shale of
the Baiguowan Formation in the Triassic System. Impor-
tantly, ZK02 and ZKO03 revealed that the groundwater
level is in a belt-shaped zone of 10.9-19.0 m from the
surface. The histogram and borehole profiles are shown
in Fig. 9. The field investigation also revealed that the
Zhaobishan SLL was in a state of continuous creep, and
many cracks had gradually formed behind the main scarp
of the landslide. Based on the on-site interviews with
the local residents, before the Zhaobishan SLL event in
2000, the current shear outlet area at the front edge of the
slope was a natural slope landform, and spring water was
exposed, which was the source of the water flow in the
Lengzi Gully.
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Fig.8 Groundwater character-
istics of the Zhaobishan silent
large-scale landslide (SLL) at
the source area of the Lengzi
Gully
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Fig.9 Geological profile and histogram of the Zhaobishan silent large-scale landslide (SLL). Source Sichuan Huadi Construction Engineering

Co. Ltd. (2016)

4.3 Water-Soil Coupling Triggering Effect
of the Zhaobishan Silent Large-Scale Landslide
(SLL)

The large water confluence area and long-distance ground-
water replenishment behind the main scarp of the slope pro-
vided abundant water source conditions and directly led to

@ Springer

the occurrence of the Zhaobishan SLL. The occurrence time
lagged the peak rainfall by 4.6 days. By analyzing the geo-
logical and hydrogeological characteristics of the study area,
the area of the Zhaobishan SLL was 0.44 km?. However, the
confluence area that can provide water replenishment for the
seepage of the Zhaobishan SLL was 1.39 km?, including
0.69 km? on the front side and 0.7 km? on the backside of
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Fig. 10 Rainfall characteristics
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the slope. Evidently, 0.47 km? of the seepage replenishment
area on the front side of the slope was covered by farmland,
accounting for 68.1% of the total seepage replenishment area
on the front side of the slope. In addition, 0.42 km? of the
seepage replenishment area on the backside of the slope was
also covered by farmland, accounting for 60.0% of the total
seepage replenishment area on the backside of the slope.
According to these characteristics and the SCS-CN model
(Mishra and Singh 2003), runoff was calculated, and the
CN weighted values for the areas in the front and back of
the slope were 52.8 and 61.0, respectively. The hydrological
calculations revealed that, under the maximum daily rainfall
of 133.7 mm, the runoff depths at the front and back of the
slope are 24.7 and 38.87 mm, respectively. This shows that
81.6% and 70.9% (respectively) of the runoff is involved in
the infiltration process. The results also show that consider-
ing the large area of runoff and long-distance groundwater
replenishment, the seepage amount in the landslide area is
3.95 times that only considering the landslide body. In addi-
tion, based on Google Earth image analyses and the findings
of the geological exploration, the total length of the ground-
water seepage path from the back-shaped mountain on the
backside of the slope to the locked section of the Zhaobishan
SLL is estimated to be approximately 2.5 km.

The peak rainfall in the early stage sharply increased
the seepage amount in the landslide area, and finally, the
coupling effect of strong-water and weak-soil triggered the
Zhaobishan SLL in 2000. According to the data from the
meteorological station in Chengxiang Town, there was only
12.1 mm of rainfall on the day of the landslide. Such a low
rainfall intensity is unlikely to cause large-scale landslide
disasters. However, on 13 July 2000, the total daily rainfall
in the study area was 133.7 mm, with a recurrence inter-
val of 20 years. Approximately 5 days later, at 8§ a.m. on

T T T
2000-6-28 2000-7-8 2000-7-18

18 July, the Zhaobishan SLL occurred (Fig. 10). Therefore,
the Zhaobishan SLL lagged approximately 5 days than the
peak rainfall in the time sequence. This lag is typical of SLL
events, which often makes the prediction and early warn-
ing of this type of landslide extremely arduous. Therefore,
rainfall, particularly the continuous antecedent rainfall, is
a crucial factor that can induce aggravated deformation of
landslides and trigger the failure of the slope (Tian et al.
2020a).

The results from the computation model of Zhaobishan
SLL (Fig. 11) show that under the combined effect of seep-
age replenishment on the front side and backside of the
slope, the occurrence time of the Zhaobishan SLL lagged the
peak rainfall by 4.6 days (Fig. 10). Also, the model outputs
were validated by comparison with groundwater levels in the
boreholes, the outlets location of the springs recorded dur-
ing on-site investigation and on-site interviews. Therefore,
the process of regional precipitation—runoff—long-distance
water replenishment—soil-water interaction—strength
reduction—landslide requires approximately 4.6 days in
the Zhaobishan SLL area. This long-chain process is the
key factor for the lagging time between the occurrence time
of landslides and peak rainfall. The results from SLOPE/W
based on SEEP/W show that the increase in pore water pres-
sure and the attenuation of the rock and soil strength together
triggered the Zhaobishan SLL. Based on the slope instability
conditions, the back-analyzed slope stability reveals that the
pore water pressure at the monitoring points in the slope
increased from the initial -14.95 kPa to 311.29 kPa within
4.6 days. The strength of highly weathered shale and diabase
was reduced to 0.39 times and 0.38 times of the initial rock
strength, respectively. Eventually, the safety factor of the
slope was reduced to 0.99, and the Zhaobishan SLL occurred
(Fig. 12).
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5 Discussion

The strata of the Xigeda Formation (Ngx) play a signifi-
cant role in the transition of landslides into debris flows
within smaller watersheds, thereby exacerbating the level
of disaster risk. Furthermore, the destabilization mecha-
nism outlined in this study for the Zhaobishan SLL dif-
fers from landslides triggered by intense seismic activity

@ Springer

Times (days)

or heavy precipitation. Instead, the primary driver is the
heightened runoff resulting from dynamic tectonic pro-
cesses and intricate hydrological conditions. This distinc-
tion underscores the importance of early identification of
such landslides based on the hydrological and geological
characteristics of the SLL area, and highlights the neces-
sity of accounting for the delayed peak rainfall patterns in
monitoring and issuing timely warnings as part of future
SLL risk management strategies.
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Fig. 13 Deposits of the Zhaobishan silent large-scale landslide (SLL) accumulated on the semi-diagenetic clay rocks (Ngx)

5.1 Increased Risk of Zhaobishan Silent Large-Scale
Landslide (SLL) Transforming into Debris Flows

Regional multi-hazard and disaster chains can amplify haz-
ard intensity and change the scope of affected areas (Shi
et al. 2020). The transformation of the Zhaobishan SLL into
multiple large-scale debris flows has expanded the scope of
affected areas and lengthened the duration of the disaster
impact. After the Zhaobishan SLL in 2000, no large-scale
landslide has occurred in the Lengzi Gully until 31 Decem-
ber 2022, but several debris flows have occurred, forming a
large deposit fan with an area of 0.1 km?, causing consider-
able social, economic, and ecological losses and seriously
threatening local residents, the Anning River, and the hydro-
power station. Based on the combined analyses, after the
Zhaobishan SLL in 2000, the strata of the Xigeda Formation
(Ngx), which are distributed in the Lengzi Gully, controlled
the formation of a new seepage system in the slope. There
are generally two models for transforming a landslide into a
debris flow. The first is that the landslide is transformed into
a debris flow and directly converted into subsequent multi-
ple debris flows under rainfall or runoff. For example, the
Yigong landslide that occurred on 9 April 2000 at the east-
ern edge of the Tibetan Plateau led to a considerable debris
flow in the Zamunong Gully (Delaney and Evans 2015). The
second is that a small part of the landslide deposit directly
participates in the debris flow. Most deposits are accumu-
lated on the slope surface, and thus, further erosion will be
triggered on a longer time scale under the influence of rain-
fall or runoff. An exceptional phenomenon associated with
the second model of landslides can describe the Zhaobishan

SLL and Lengzi Gully debris flows involved in this study.
The field investigation revealed that the semi-diagenetic clay
rocks of the Xigeda Formation in the Tertiary System were
exposed at the Lengzi Gully (Fig. 13). After the Zhaobis-
han SLL in 2000, most deposits were accumulated on the
original semi-diagenetic clay rocks upstream of the Lengzi
Gully. Here, the semi-diagenetic clay rock with poor water
permeability served as the aquiclude. Thus, a new ground-
water boundary condition was created between the overlying
landslide deposits and the stratum of the Xigeda Forma-
tion. In this new seepage system, the carbonaceous semi-
diagenetic clay rock was prone to local slumping after being
softened by water, which likely played a role in reducing the
rainfall threshold required for landslides and debris flows
(Xu and Liu 2011). Therefore, the landslide deposits of the
Zhaobishan SLL could easily participate in multiple debris
flow events in the Lengzi Gully over a longer time because
the critical rainfall intensity was not very high. Moreover,
based on the situation that the Zhaobishan SLL was at risk of
further sliding, it is necessary to conduct detailed monitoring
work in the area.

5.2 Failure Mechanism Comparing to Other Types
of Landslides

The water-soil interaction was well known as a necessary
condition for landslides, but there are differences in the
formation mechanisms of different landslides. First, for
the coseismic landslides or strong earthquake-triggered
landslides, researchers studied their mechanism by analyz-
ing detailed coseismic landslide inventories after strong

@ Springer



614 Tian et al. Effects of Tectonic Setting and Hydraulic Properties on Silent Large-Scale Landslides

earthquakes (Gorum et al. 2011; Tanyas et al. 2017) or
by numerical simulations and shaking table tests (Podols-
kiy et al. 2015; Jibson 2011). The response of the slope to
earthquakes mainly includes the reduction of elastic modu-
lus, the formation or widening of cracks at the top of the
slope, and the generation of excess pore water pressure,
which further leads to the reduction of the soil strength and
the occurrence of coseismic landslides (Wang et al. 2001;
Riviere et al. 2015; Fan et al. 2019). Second, regarding the
rainstorm-induced landslides or heavy rainfall-induced
landslides (often associated with extreme rainstorms trig-
gered by typhoons), the infiltration of rainwater from land-
slide areas leads to the increase of soil water content, pore
water pressure, and buoyancy force, the formation of the
saturated sliding surface, the decrease of soil strength, and
finally, the occurrence of landslides (Xu et al. 2016; Wu
et al. 2017; Wang et al. 2019). The erosion of river banks by
floods formed by heavy rainfall can also lead to slope failure
(Chen et al. 2014). Third, the mechanism of the landslide
examined in this study, that is, weak-soil and strong-water
jointly controlling the occurrence of SLL under the active
tectonic and complex hydrological background, is consistent
with existing studies. For example, studies have found that
the coupling of small to medium earthquakes and hydrologi-
cal conditions is conducive to the occurrence of landslides
(Bontemps et al. 2020). Ambrosi and Crosta (2006) pointed
out that tectonic, lithology, groundwater fluctuations, and
weathering effects significantly impact large landslides in the
central Italian Alps. Therefore, strong earthquake-induced
landslides and heavy rainfall-induced landslides are directly
triggered by strong earthquakes or heavy rainfall; SLLs, on
the other hand, are caused by the amplified seepage under
the active tectonic and complicated hydrological conditions.

5.3 Characteristics and Control Strategy of Risks
Induced by Silent Large-Scale Landslides (SLL)

To reduce the disaster risk of SLL hazards, we summarize
the spatial and temporal characteristics and discuss the risk-
control strategy of SLL based on the results of our field
investigation, numerical simulation, and other existing
studies.

First, the timing of SLLs is often unexpected because
they are not directly triggered by heavy rainfall or strong
earthquakes. The timing of SLLs is different from conven-
tional landslides, and the unexpected timing increases the
disaster risk of landslide hazards. For example, the 2018
Baige SLL along the Jinsha River in Tibet occurred in
late October and early November, which is not the rainy
season, and there was no obvious rainfall process when it
occurred (Deng et al. 2019). Although the 2017 Xinmo
SLL in Maoxian, Sichuan Province in China occurred
in June, there was no obvious rainfall process when it
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occurred, and the daily rainfall on the day of the landslide
was only 2-5 mm (Xu et al. 2017). In this study, the Zhao-
bishan SLL and the previous peak rainfall also showed
time-lagging characteristics. The large water confluence
area behind the main scarp of the landslide and the lag
of amplified runoff determined the delayed occurrence of
the landslide. Therefore, the initiation mechanism of SLL
proposed here may be used to explain the hysteresis phe-
nomenon between landslides and peak rainfall. To miti-
gate the disaster risks of SLL, special attention should be
paid to the hysteresis characteristics between the time of
potential landslides and peak rainfall to improve the early
warning system. Awareness of local residents also should
be enhanced through education and training. In addition,
the prediction of these landslides should not be conducted
solely based on rainfall intensity, and vigilance against
landslides and deformation monitoring must be increased
after heavy rainfall.

Second, the location of SLLs has special character-
istics because these landslides are jointly controlled by
weak-soil (fractured rock mass) and strong-water (abun-
dant water replenishment) conditions under the impact of
active tectonism and complex hydraulic properties. For
example, the water confluence area behind the main scarp
of the Zhaobishan SLL is 3.16 times the area of the slope
body. Water in the Bogong Gully, with a catchment area
of 23.2 km?, behind the main scarp of the Baige land-
slide, refilled the long-term seepage within the slope of
the Baige landslide (Tian et al. 2020a, b). Similarly, on
25 April 1974, the Mantaro landslide in Peru occurred
because of the increased seepage caused by the infiltra-
tion of the Pumaranra River behind the slope (Berrocal
et al. 1978). Therefore, SLLs usually occur on slopes
with strong tectonic uplifts, high-density faults, frequent
historical strong earthquakes, and large water confluence
areas behind the main scarp. These characteristics help
enhance the accuracy of SLL identification, which is cru-
cial for landslide warning and disaster risk reduction. Con-
sequently, we also need to pay attention to the following
aspects in the mitigation of disaster risk: (1) the long-
distance groundwater replenishment in the slopes should
be considered in the prediction and warning of landslides;
(2) the impact of geological and geomorphic features on
the runoff and groundwater seepage should be analyzed
during the early identification of landslides; and (3) remote
sensing images should be used to analyze land use condi-
tions, and special attention should be paid to the water
confluence and infiltration from farmland.

Finally, for the watersheds with semi-diagenetic clay
rocks of the Xigeda Formation, recurring debris flows fol-
lowing massive landslides also should be focused, and high-
efficiency sediment drainage should be conducted to avoid
the outburst floods caused by the blockage of the main river.
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5.4 Limitation

There has been increasingly more attention to SLL and
some studies reported that tectonic activity and ground-
water play an essential role in the occurrence of landslides
and debris flows (Wei et al. 2019; Bontemps et al. 2020),
which is largely consistent with our results. However, the
mechanism through which the amplified runoff affects the
rock mass strength after infiltration, quantification of the
influence of tectonic activity on landslides, and physi-
cal process of transforming rare landslides into recurring
debris flows, are all topics necessitating further research.

6 Conclusion

Taking the Zhaobishan SLL, that has been causing recur-
ring debris flows since 2000 in the Lengzi Gully on the
eastern edge of the Tibetan Plateau, as a case study, the
coupling effect of weak-soil (fractured rock mass) and
strong-water (abundant water replenishment) on the occur-
rence of SLL was revealed through field investigation,
remote sensing image analysis, geological exploration,
hydrological calculation, and numerical simulation. The
results explain why SLL lags the peak rainfall and provide
new insights into the risk mitigation of these distinct land-
slides and debris flows in vulnerable mountainous areas.

The Zhaobishan SLL was associated with high sedi-
ment yield, substantial sediment erosion, and high risk of
river blocking in the Lengzi Gully. Strong tectonic uplift,
high fault density, and multiple historical strong earth-
quakes had established weak-soil conditions, and the com-
bined effect of special lithology, antiform, large regional
water confluence area, and cultivated land had established
strong-water conditions, which are both conducive to the
occurrence of the landslide. Extensive runoff and long-
distance water replenishment created the instability and
lagging effect of the Zhaobishan SLL. The coupling effect
of strong-water and weak-soil on the slope body eventu-
ally attenuated the rock and soil strength to approximately
0.4 times its initial strength, triggering the landslide. The
Zhaobishan SLL combined with the exceptional setting of
semi-diagenetic clay rocks of the Xigeda Formation also
contributed to the recurring debris flows in the Lengzi
Gully. To reduce disaster risk of SLL in vulnerable moun-
tainous areas, the water confluence area behind the main
scarp of landslides, the hysteresis characteristics between
the landslides and peak rainfall, and the long-distance
water replenishment of slopes should be further consid-
ered, and recurring debris flows following massive land-
slides also should be focused.
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