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Abstract

Landslides are one of the most common geological hazards in many parts of the world, which have brought catastrophic
consequences to mankind. Seismic shaking can be an important trigger factor generally resulting in large-scale landslides. For
some paleolandslides triggered by earthquakes, despite the lack of historical records, certain paleoseismic parameters can be
back-analyzed. In this paper, the discrete element method (DEM) was applied to back-analyze the peak ground acceleration
(PGA) triggering the Tahman landslide, a paleolandslide located in eastern Pamir, northwest China. Firstly, detailed field
geological and geomorphological investigation was conducted to reveal the natural and seismic characteristics of the landslide.
Subsequently, discrete element modeling was carried out. Simulation results suggested that the Tahman rock slope was stable
under natural conditions. Owing to arid climate and water shortage of the study area, the influence of water was ignored.
Additionally, from the perspective of the occurrence time of the landslide and geomorphologic feature of the deposits, the
landslide was not caused by glacier activity and freeze—thaw events, and thus, must have been triggered by an earthquake. A
peak ground acceleration (PGA) of 0.55 g was found to be a critical value for triggering landslides, and a PGA of 0.76 g could
best simulate the kinematic process of a landslide when the simulation results were calibrated against the current geomorpho-
logical features of the landslide deposits. It can be concluded from the present study that: (1) PGA amplification in the rock slope
was related to the topography during earthquake excitation; (2) the effective duration of the seismic wave had a considerable
impact on the back-analyzed PGA, which decreased with increasing effective duration; and (3) the long runout of the Tahman
landslide was due to its large volume and the interaction of the slide mass with moraines.

Keywords Paleolandslide - Earthquake - Field investigation - Discrete element modeling - PGA - Back-analysis

Introduction

Landslides are one of the most common geological disasters,
especially in mountainous areas. Earthquakes have long been
recognized as being major triggers of landslides, and can in-
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certain paleoseismic parameters. Subsequently, Jibson (1996)
proposed that paleoseismic landslide analysis involves three
steps: (1) identifying the landslide, (2) dating the landslide and
(3) showing that the landslide was triggered by seismic shak-
ing. Later, Wechsler et al. (2009) applied Slope/W software to
back-analyze the stability of a paleoseismic landslide in north-
ern Israel, and found that high horizontal seismic acceleration
(>0.3 g) was required to induce slope failure. Welkner et al.
(2010) employed the discrete element method to back-analyze
the failure mechanism of a paleoseismic landslide in the
Andean Cordillera of central Chile and indicated that an M
7.8 earthquake would be required to trigger another rockslide
from the original source area. Long et al. (2015) back-
analyzed paleoseismic parameters of the Temi landslide, a
large-scale paleoseismic landslide in the upper Jinsha River,
China, and preliminarily concluded that the epicenter was at
the Xiongsong—Suwalong active fault and that the magnitude
was 7.0-7.4. Therefore, it is very meaningful to study
paleoseismic landslides so as to provide important reference
information for the assessment of seismic risk and for design-
ing large-scale engineering structures.

At present, numerical modeling methods of rock slope sta-
bility under seismic effects mainly include the continuum (fi-
nite element) and discontinuum (discrete element) codes.
Continuum methods are generally useful for analyzing ground
shock effects, but are inadequate for representing dynamic
block motion, without considering dynamic or wave propaga-
tion effects. As for the jointed rock masses, the discontinuum-
based discrete element codes are more appropriate than the
continuum codes, because they not only allow fully dynamic
analyses under plane-strain conditions, but also consider the
significant influence of discontinuities on the stability of a
rock slope. Dai et al. (2002) also suggested that the discrete
element method is an invaluable tool for understanding the
failure mechanics of landslides through back-analysis. The
commercial universal discrete element code (UDEC) is con-
sidered to be an informative approach for modeling jointed
rock slopes, especially when large-scale deformation and ro-
tational movements are involved (Itasca 2004). Previous stud-
ies have demonstrated that the UDEC can effectively simulate
the dynamic behaviors of jointed rock slopes. Bhasin and
Kaynia (2004) assessed the stability of a 700-m-high rock
slope in static and dynamic stages and estimated the
potential landslide volumes. Kveldsvik et al. (2009) analyzed
the seismic stability of the Aknes rock slope in western
Norway, and the dynamic input was based on earthquakes
with return periods of 100 and 1000 years. Cao et al. (2011)
reproduced the deformation accumulation and sliding process
of the Tangjiashan rockslide triggered by the Wenchuan
earthquake in 2008. Zhou et al. (2013) simulated the earth-
quake response and mass movement and accumulation pro-
cesses of the Donghekou landslide-debris flow. However, pre-
vious studies mostly focused on analyzing stability or the
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dynamic response of slopes. To our knowledge, there has been
no attempt to back-analyze the PGA of a paleoseismic land-
slide using the UDEC.

In the present study, a detailed investigation was conducted
on the Tahman landslide, a large-scale paleoseismic landslide
in eastern Pamir, northwestern China (Fig. 1). The landslide is
a rock avalanche owing to the landslide volume and runout
(Keefer 1984). Firstly, the tectonic and geologic settings of the
study area were analyzed and a brief description is provided to
better understand possible seismic origins. Then a detailed
field investigation was conducted for field mapping to provide
geological evidence and to reconstruct the pre-failure land-
scape. Finally, UDEC software was then applied to back-
analyze the peak ground acceleration (PGA) of the earthquake
triggering the Tahman landslide and to reproduce the kinemat-
ic process of the Tahman landslide.

Regional geological and tectonic setting

The Tahman landslide is in the southwest of the Tarim Basin,
south of the Muztag Ata peak, in eastern Pamir, northwestern
China. Climatologically, the region is situated at the intersec-
tion of the Indian summer monsoon and mid-latitude west-
erlies, and has an arid climate (Seong et al. 2009). The average
annual temperature is 3.6 °C, and the mean annual precipita-
tion is 76 mm (Sun et al. 2006; Patar et al. 2016). Regional
rock strata comprise the Paleozoic felsic gneisses, metamor-
phic rock (amphibolite-granulite facies) and Triassic—-Lower
Jurassic granite. The rock outcrops around the landslide are
mainly Paleozoic felsic gneisses and Late Pleistocene mo-
raines. A geological map of the Tahman landslide is shown
in Fig. 2a. The study area is seismically active and has expe-
rienced several large earthquakes of M 8.0-8.9 in recent years
(Fig. 1b). This is evidenced by the surface rupture and fault
scarp being extensively distributed in the study area.

As shown in Fig. 1b, tectonic activity is intensive in the
study area, and the Kongur Shan extensional system is the
main active deformation in the eastern Pamir (Arnaud et al.
1993; Brunel et al. 1994; Robinson et al. 2004, 2007). It is
about 250 km long, generally striking NW-SE and dipping to
the W. From north to south, this extensional system comprises
the Muji fault, the Kongur Shan normal fault, the Tahman
normal fault and the Tashkorgan normal fault. The northern-
most is the 60-km-long and S—-SW-dipping Muji fault. At the
eastern terminus of the Muji fault, the strike changes abruptly
from W-NW to N, connecting with the Kongur Shan normal
fault. The Kongur Shan normal fault is generally N-striking,
continuing for about 20 km south of the Tagamansu Valley
and terminating at the Tashkorgan River. The Tahman normal
fault is about 20 km long, dipping steeply to the W-NW. As a
transformation fault, it links the north to the Kongur Shan
normal fault and the south to the Tashkorgan normal fault
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Fig. 1 Location and tectonic setting of the study area: a location of the study area (white dashed box showing b); b Shuttle Radar Topography Mission
(SRTM) color-shaded relief map showing the location of the Tahman landslide, historic earthquakes and the major faults in the study area

(Robinson et al. 2004). The Tashkorgan normal fault is about
75 km long at the southernmost part of the Kongur Shan
extensional system. This fault strikes N to N-NW and dips
steeply to the E.

Methods
Field mapping

A field investigation was conducted in August 2016 to iden-
tify the characteristics of the Tahman landslide and collect
some fundamental data for numerical modeling. The
1:50,000 digital geological map was used to locate the faults
and to identify the lithological features of the bedrock.
Parameters including slope angle, deposit thickness and area,
and initial landslide volume were obtained from a digital to-
pographic map and field measurements using GIS.

Numerical simulations

The commercial UDEC software was used for back-analysis
in the present study, and the dynamic calculation was conduct-
ed after the static calculation. To simulate the earthquake trig-
ger, a simplified harmonic sinusoidal wave was applied to the
base of the UDEC model as input excitation:

V = Vipaesin(2-m-f1) (1)

where V. is the peak ground velocity in m/s, f'is the domi-
nant frequency in the study area in Hz, and ¢ is the effective
duration in second. The peak particle velocity, V., is calcu-
lated as follows:

where PGA is the peak ground acceleration. Then the PGA
can be back-analyzed by adjusting the value of V...
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Fig. 2 Geological condition of the landslide: a 1:50,000 geological map
of the Tahman landslide, where the brown dashed line (B-B’) denotes the
main section line for numerical modeling, the yellow dashed line (C—C’)

According to GB 18306 (2015), the dominant frequency in
the study area is 2.2 Hz, which agrees with the observation of
Bhasin and Kaynia (2004) that the dominant frequencies at
rock slope sites are normally in the range of 2-5 Hz. The
effective duration was determined using the following equa-
tion proposed by Bommer and Martinez (1999):

@ Springer

Distance from B to B’ (m)

denotes the section line for velocity estimation, and the black boxes are
the sampling positions by Yuan et al. (2012); b cross-section B-B’ in (a)
showing reconstructed pre-failure topography and geology

Log(Dg) = 0.69-M,,~3.7 (3)

where My, is the earthquake magnitude ranging from 5.0 to
8.0. Therefore, the effective duration (DE) is 0.6-66 s. And
the average DE of 35 s was adopted in the section “Discrete
element modeling”. Following the guidelines of Itasca (2004),
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the critical damping was set to a small value, 0.005, in the
present study.

Characteristics of the Tahman landslide
General characteristics

The panoramic satellite image of the Tahman landslide was
taken from Google Earth (Fig. 3). Field investigation revealed
that the elevation difference between the highest and the fur-
thest point of the landslide is about 1500 m. The maximum
runout is about 5420 m horizontally with an equivalent fric-
tion coefficient of about 0.28. As shown in Fig. 2a, the land-
slide track was curved instead of straight. Initially, the land-
slide mass was dislodged from the source area and moved SW.
However, the avalanche debris turns 10° to the south at about
2.43 km from the source because of an obstruction in the
terrain to the west of the mountain. The difference in height
between the deposits at two sides can be observed in cross-
section C—C’ (Fig. 4b). It is apparent that the deposits on the

Fig. 3 Aerial photograph
showing a panoramic view of the
Tahman landslide (map produced
with the kind permission of
Google Earth)

right side are 74 m higher than the deposits on the left side.
Therefore, the velocity of the sliding materials at this position
is estimated to be about 50 m/s using the following
superelevation-based equation, where superelevation is de-
fined as the elevation difference in a channelized deposit in-
side and outside of a curve (Hungr et al. 1984; Boultbee et al.
2006; Dai et al. 2011):

V = (r-g-tanf-cosar)’” 4)

where g is the gravitational acceleration, r is the radius of
curvature in meters, 0 is the transverse slope, and « is the
longitudinal slope. This equation was developed based on
the assumption that the gravitational force balances the cen-
trifugal force that causes a flow to climb the outside wall of a
curved channel. The parameters used in Eq. (4) are shown in
Fig. 4. Additionally, the wave-like features of the deposits at
the landslide toe also indicated that the landslide had moved
rapidly (Fig. 3).

The field investigation showed that both sides of the land-
slide body were deeply eroded by the gullies, and the

A Landslide scarp
| 7/ Deposits
2 Fault

@ Springer



5800

Y. Zhu et al.

Fig. 4 Schematic diagram
showing the superelevation of the
avalanche debris: a plan view; b
cross-section C—C' (transverse di-
rection); ¢ cross-section D-D’
(longitudinal direction). Location
of cross-section C—C' is shown in
Fig. 2

landslide deposits

thickness of accumulated rock varnish reached 2—5 mm. It
was difficult to determine the exact occurrence time of the
Tahman landslide due to the lack of historical documents
and aerial photographs. To estimate the landslide occurrence
time, six gneiss boulders were collected from the slope surface
for '°Be exposure dating by Yuan et al. (2012). The sampling
points are shown in Fig. 2a. The '°Be dating results indicate
that the landslide occurred 6.8 £0.2 ka B.P., and therefore can
be classified as a paleolandslide.

Characteristics of the source area

The source area was a ridge at elevation (EL) 3900-4800 m
before landsliding. Initial failure involved a rock slope angled
at 27-29°, forming a chair-shaped topographic feature and a
steep backscarp with a slope angle of ~42° (Fig. 5a). The
1:50,000 geological map (Fig. 2a) shows that the source rock
was mainly composed of Paleozoic felsic gneiss, with a foli-
ation plane dipping 50—60° to the SW. The landslide scarp was
steep, rugged and almost parallel with the foliation plane,
above which was a steep slope covered by snow. Two sets
of dominant discontinuities were observed: a persistent bed-
ding plane (JS1) with spacing of 1-5 m parallel to the slope,
and a persistent cross-cutting joint set (JS2) with spacing of 5—
15 m and dipping 60—65° into the slope (Fig. 5b). In addition,

SE

0=10.58

two sets of subordinate discontinuities were observed: a non-
persistent joint set (JS3) with spacing of 4-5 m and dipping
85-90° away from the slope, and a non-persistent joint set
(JS4) with spacing of 5-8 m and dipping 65° away from the
slope. At about EL 4012 m, the landslide was traversed by the
Kongur Shan normal fault. The hanging wall was mainly
composed of moraines (Figs. 2a and 3). It could be speculated
from some of the remaining moraine outcrops that many mo-
raines were scraped and entrained by gneiss fragments during
the landslide.

Characteristics of the deposits

The deposits were generally distributed from EL 3290 to
4230 m in an area of about 4.6 x 10° mz, estimated using
Google Earth, and with an average height of 25 m as estimated
by digital elevation model (DEM) and field observation. Thus,
the volume of the deposits was approximately 115 x 10° m>.
A 25% volume increase was assumed based on the fragmen-
tation of the detached mass and entrainment during transport
(Hungr and Evans 2004). The pre-failure volume of the
Tahman landslide was then estimated to be about 92 x 10° m>.

The field survey found that the deposits were generally
tongue-shaped like a lava flow, and walking on the surface
of deposits was very difficult because of the scattered large

Fig. 5 Photographs of source area and the two dominant joint sets: a Backscarp and Toreva block; b bedding plane and cross joint
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blocks. The top of the deposit was a Toreva block (Fig. 5a),
with an elevation ranging from EL 3900 to 4060 m. Its top
surface was a gently sloping platform about 560 m long and
about 150 m wide, and its downward escarpment was up to
130 m with a 45° slope angle. The materials in this part were
mainly colluvial deposits and moraines. The exposed mo-
raines indicate that some materials were entrained and scraped
during avalanche debris transportation (Fig. 6a and b). Grain-
size distribution was continuous across a broad range, from
fine-grained soil-like materials to well-rounded moraine to

PEB S RSP TS n_ SRS T o

angular gneiss blocks. Some individual large blocks measured
more than 16 m in this part (Fig. 6¢).

The middle of the deposits was the thinnest of the three
parts with an average thickness of 10 m. Interestingly, a gneiss
boulder with a diameter of 3 m was inserted into the ground
and covered by soil and gravel of 5-30 cm diameter (Fig. 6d).
It was evidently not made by humans. It is likely that the large-
size boulder stopped moving first because it ran out of mo-
mentum, but the soil and gravel continued moving and
climbing up on the surface of the boulder, with some

A SRR

Fig.6 The deposits of Tahman landslide: a the outcrop of remaining moraines in the west margin of the slide mass; b the scraped moraines in the middle
of the landslide; ¢ large block at the top of the deposits; d the phenomenon of “hill climbing”; e left lateral ridge; f toe lobe
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Fig. 7 Numerical models and
monitoring points: a model A for
simulation of the mass movement
and accumulated process; b
model B for analysis of the
seismic response
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accumulating on the surface of the boulder and some crossing
the boulder and landing on the ground. In addition, well-
defined lateral ridges formed during the landslide, as shown
in Fig. 6e.

At the toe of the landslide deposit, a toe lobe was observed
in the field, which reflected the fluidization characteristic of
the landslide (Fig. 6f). Materials comprised angular gneiss
boulders from the source area and entrained moraines during
landsliding. The average thickness of deposits in this part is
about 37 m. The distal rim at the leading edge of the landslide
toe was several meters higher than the immediate surround-
ings, and looked like a low earth dam when observed from a
certain distance.

Speculation of triggering mechanism

Owing to the lack of historical documentation, the formation
mechanism of landslides is uncertain. Based on the geological
and tectonic settings in the study area and the detailed field

Distance from B to B’ (m)

investigation, we consider that the Tahman landslide was most
likely induced by a paleoseismic event. There are various
reasons for this. First, large-scale and long runout landslides
are generally considered to have been triggered by earth-
quakes or rainstorms (Tsou et al. 2011). However, according
to Patar et al. (2016), the mean annual rainfall in this region is
76 mm. It is obvious that the annual rainfall is very low in this
region because of the arid climate (Sun et al. 2006). Therefore,
heavy rainfall is an unlikely explanation. Second, tectonic
activity was intensive, and there were many large-scale rock
landslides spatially clustered around the fault zones in this
region. In addition, ancient earthquakes were frequent in this
area (Fig. 2a). Seong et al. (2009), based on a systematic
investigation, also considered that major rockslides or ava-
lanches (including the landslide under study) in this area were
triggered by earthquakes. Finally, Seong et al. (2009) reported
two glacial events (Karasu and Subaxh) in our study area,
aged from 151 to 367 ka and 53-67 ka, respectively.
However, the '°Be dating results revealed that the landslide

Table 1 Physical and mechanical

parameters of rock mass used in Lithology Density (kg/  Young’s modulus Poisson’s ratio  Cohesion Friction
the UDEC models m’) (GPa) ) (MPa) ©
Gneiss (in the slide 2700 25 0.25 7 48
mass)
Gneiss (in the slide 2700 35 0.22 9 51
bed)
Moraine 2200 3 0.28 0.109 30
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Table 2 Mechanical parameters
of structural planes used in the

UDEC models

Categories Normal stiffness (GPa/m) Shear stiffness (GPa/m) Cohesion (MPa) Friction (°)
Bedding planes 2 1 0.4 32
Joints 2 1 0.1 35

occurred 6.8 £0.2 ka B.P., which suggests that this landslide
was not connected to these glacier events. In addition, it is also
evident from the geomorphologic features of the deposits that
the landslide was not caused by freeze—thaw events, because
no evidence of periglaciation was found in the deposits, while
the backscarp was rough, and the rock masses in the source
area were intensely fractured, which are typical features of a
source area for an earthquake-triggered landslide (Jibson
1996). Therefore, we conclude that this landslide was the re-
sult of an ancient seismic event.

As described by Evans et al. (2006), the mode of initial
failure in bedrock slopes is strongly controlled by slope ge-
ometry and geologic structure. For the Tahman landslide,
when the earthquake occurred, the top of the slope experi-
enced high acceleration due to topographical amplification
and then failed along the bedding planes. Along with earth-
quake excitation, the deformation extended to the toe of the
slope, leading to the formation of shear fractures. When the
top of the tensile fractures connected with the toe of the shear
fractures, the sliding surface was formed, and the slope slid
along the sliding surface. The field investigations showed that
the upper sliding surface was deep and almost parallel with the
bedding plane, and the lower sliding surface was only slightly
inclined, which was consistent with the failure mode. Given
the prehistoric nature of the slide, the exact pre-failure geom-
etry remains unclear. However, the geometry was reconstruct-
ed based on the 1:50,000 geological map and our field data, as
shown in Fig. 2b.

Discrete element modeling
Numerical models

To more directly verify the likelihood of seismic or aseismic
triggering of the Tahman landslide, numerical modeling was
conducted in this section. As shown in Fig. 7, two pre-failure
slope models (model A and model B) were established. The
simplified and idealized 2D discrete element models were
developed according to the topographic and geological cross
section taken along the main sliding direction (B-B' in Fig.
2b). Model A was used to simulate the mass movement and
accumulation process. According to our field data, two dom-
inant joint sets (JS1 and JS2) with average joint spacing of 3 m
and 10 m, respectively, were considered in the slide mass. The
joint spacings were increased five-fold to improve

computational efficiency. Therefore, the average block size
of the sliding mass was 15 m x 50 m. The Voronoi blocks
under the sliding mass were used to simulate the moraines to
investigate entrainment during landslide propagation (Fig.
7a).

In model A, the slide bed was treated as deformable mate-
rial, and the slide mass was treated as a rigid material because
of its negligible deformation compared with its runout. The
Mohr—Coulomb criterion was used for the deformable mate-
rials, and the Coulomb slip criterion was used for all structural
planes. Model B was established to analyze the seismic re-
sponses of the slope whilst limiting the influence of the joints
as much as possible. In this model, both the slide mass and the
slide bed were treated as continuous deformable materials,
and the Mohr—Coulomb criterion was used for the material
model of the rock mass.

Determination of mechanical parameters

Rock mass characteristics were assessed using a modified
geological strength index (GSI) (Sonmez and Ulusay 1999).
The GSI values of the gneiss obtained from field estimation
ranged from 75 to 80. Referring to the China Institute of Water
Resources and Hydropower Research (1991), the uniaxial
compressive strength of the intact rock ranges from 80 to
110 MPa, and Young’s modulus ranges from 30 to 40 GPa.
Our field observations showed that the rock masses were
weakly to moderately weathered in the slide mass and fresh
in the slide bed. Therefore, the lower value was used for the
slide mass and the higher value was used for the slide bed. The
strength parameters of the rock mass were calculated using the
generalized Hoek—Brown failure criterion (Hoek and Brown
1997). The parameters used for the moraine and structural
planes followed those of previous studies (Yuan et al. 2009;
Zhou et al. 2013) and empirical judgment. The material pa-
rameters used in the simulation are listed in Tables 1 and 2.

Boundary conditions

The boundary conditions for static and dynamic analyses are
different. For the static analysis, the lateral sides of the model
were fixed in the X direction, and the base was fixed in the Y
direction (Bhasin and Kaynia 2004). The dynamic analysis
was performed after the static analysis. Free-field conditions
were used for the lateral boundaries, and the bottom boundary
was changed to a viscous boundary, which is non-reflecting
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and can absorb waves reflected from the slope. In the UDEC
simulation, the dynamic load in the form of the velocity curve
could not be added directly to the viscous boundary; instead,
the load had to be transformed to a stress curve. The excitation
was applied to the base of the model in the form of shear
stress, as specified by Itasca (2004):

T =2(pVs)*Vinax (5)

Vs =(G/p)" (6)

where T is the shear stress, p is the rock mass density, V; is the
shear wave velocity propagating through the rock mass, Vi,ax
was defined in Eq. (2), and G is the shear modulus. The shear
stress calculated from Eq. (5) was doubled to compensate for
the viscous boundary.

Simulation results under static condition

The results of the static analysis indicated that the slope
was in equilibrium under natural conditions. Figure 8
illustrates horizontal displacement over time for the
monitored points (1, 4, 7) and indicates that the slope
was in equilibrium in model A (Fig. 7a). This stage is
considered to represent the existing in-situ stage, in
which the rock mass conditions are stable (Bhasin and
Kaynia 2004). Owing to the arid climate and water
shortage in the study area, the influence of water can
be ignored. Furthermore, considering the estimated oc-
currence time of the landslide and geomorphologic fea-
tures of the deposits, the landslide was not caused by
glacier activity. Therefore, the landslide must have been
caused by the ground shaking during an earthquake.
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Fig. 8 The displacement of monitored points (points 1, 4, 7) in the X
direction indicating equilibrium conditions
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Simulation results under dynamic conditions
Kinematic process of slide mass

After several trials of dynamic analysis using model B (Fig.
7b), it was found that the PGA of 0.55 g was a critical value to
trigger a landslide. In other words, when the PGA was less
than 0.55 g, the rock slope was stable and no landsliding
occurred. That is, the landslide has difficulty sliding under
other external conditions. To represent the failure process of
the Tahman landslide, PGA was gradually increased to 0.76 g,
and a best-fitting simulation result was obtained by calibrating
the simulation results to the current geomorphological features
of the deposits (Figs. 2a and 9h). The actual landslide deposit
area was slightly different to that represented in the model
owing to the influence of local microtopography, which could
not be reflected in the simulation.

Figure 9 presents the landsliding process in a short time
interval obtained by dynamic modeling. The landsliding pro-
cess can be divided into three stages, namely deformation,
sliding and accumulation. When dynamic excitation lasts for
10 s, the top of the slope becomes loose and tensile cracks
form (Fig. 9a), but the relative location of most blocks remains
unchanged. Thus, the process from 0 to 10 s can be considered
to be the deformation stage.

As shown in Fig. 9b, sharp sliding took place at the head of
the slide mass at about 25 s. From 10 to 110 s, the slide mass
experienced a sliding stage in which the slide mass
disintegrated into fragments, which was due to collisions
and fragmented rock blocks sliding rapidly along the steep
terrain of the slope. After about 110 s, the slide mass gradually
stopped and finally deposited on the gentle slope surface.

Variation in velocity during landsliding

As shown in Figs. 10 and 11, velocity along the X (horizontal)
and Y (vertical) directions were recorded to interpret the ki-
nematic process of the slide mass.

In the X direction (Fig. 10), the velocity of the toe of the
slide mass initially increased rapidly owing to a lack of ob-
structions. At about 37 s, the velocity reached the peak value
(about 28 m/s). Subsequently, the collisions and interactions
in the toe of the slide mass caused temporary deceleration.
However, secondary acceleration occurred in the slide mass
toe (at about 60 s) as a result of pushing from blocks behind,
and the peak velocity was about 52 m/s. Finally, this part
stopped moving at about 150 s. As for the body of the slide
mass, the velocity was stable with few fluctuations before
20 s. After 20 s, the velocity fluctuated intensively, especially
for surface blocks, and reached the peak value (55 m/s) at
about 70 s. After these intense fluctuations, the velocity de-
creased gradually until movement stopped. As for the head of
the slide mass, the velocity was relatively low before 60 s as a
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Fig. 9 Landsliding process obtained by dynamic modeling: a 10 s; b 25s;¢50s;d 60s;e905s;f110s;g130s; h 170 s

result of obstruction from the body of the slide mass. After
about 60 s, the velocity rapidly increased and reached the peak
value (about 46 m/s) at about 90 s. Then the velocity quickly
decreased, reaching zero at about 160 s. The maximum veloc-
ity was consistent with the estimation in the section “General
characteristics”, which indirectly verifies the rationality of the
numerical simulation.

In the Y direction (Fig. 11), negative velocity indicates the
downslope motion of the slide mass, while positive velocity
indicates the upward motion (bounce behavior) of the slide mass
(Lo et al. 2011). It is obvious that the velocity was mostly neg-
ative, which implies that the landslide had a steep terrain leading
to significant downward motion of the slide mass. The velocity
curve of the slide mass toe was hump-like, and the peak velocity
was about 23 m/s. As for the body of the slide mass, the velocity
fluctuated intensively, which indicates a strong collision between
the blocks. The velocity reached the peak value (50 m/s) at about
90 s. As for the head of the slide mass, the velocity of the blocks
close to the slope surface (point 7) fluctuated more intensively
than that of the blocks inside the slope (points 8 and 9), which
indicates that blocks near the surface experience vertical
jumping’ during the sliding process due to seismic loading.

The velocity in this part reached peak value (about 36 m/s) at
98 s. In general, the whole trend of velocity variations in the Y
direction was similar to that of the X direction.

PGA amplification related to topography

Wave amplification is a common phenomenon, which has
been investigated in detail by many researchers (Harp and
Jibson 2002; Havenith et al. 2003a, b; Meunier et al. 2007,
2008; Gaudio and Wasowski 2011; Wolter et al. 2016). Strong
ground motion and topographic amplification of a slope were
emphasized as causes of rock avalanches during earthquakes
(Huang 2009; Yin et al. 2009). Therefore, to investigate PGA
amplification related to the topography of the Tahman land-
slide, two sets of monitoring points were set in model B (Fig.
7b). The point B6 was used to normalize the amplification
coefficient, because the point B6 was at considerable depth
within the bedrock (3000 m, model base), and this was an
arbitrary amplification coefficient devised to indicate the rel-
ative difference of the amplification at the other reference
points (B1-B5 and S1-S7). As shown in Fig. 12a, the hori-
zontal PGA amplification coefficients tended to increase with
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Fig. 10 Velocity in the X direction during landsliding: a toe of the slide
mass; b body of the slide mass; ¢ head of the slide mass

elevation both on the slope surface and inside the slope, and
PGA was most amplified at the top of the slope. This also
suggested that at the beginning of the earthquake, slope failure
began at the top. In addition, by comparing the horizontal
PGA amplification coefficients of three sets of points S4-B2
(Fig. 12b), S6-B3 and S7-B4 at the same elevation, the mass
acceleration at the slope surface was found to be higher than
that inside the slope.

@ Springer

Fig. 11 Velocity in the Y direction during landsliding: a toe of the slide
mass; b body of the slide mass; ¢ head of the slide mass

Discussion
Influence of effective duration on PGA back-analysis

Parameters related to earthquake motion include the amplitude
and duration of seismic shaking and the seismic spectrum.
Commonly, seismic response is strongly dependent upon not
only the amplitude, but also the duration of seismic shaking.
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When peak acceleration is constant, higher magnitude means
longer duration of the earthquake (Bommer and Martinez
1999; Welkner et al. 2010). Therefore, different durations
should be used for dynamic simulation to study their effect
on the PGA back-analysis. According to Eq. (3), the effective
duration varying from 15 to 55 s was used in the present study
(Table 3). The results indicate that PGA decreases with in-
creasing duration. As for the critical PGA, for the shortest
duration (15 s), a PGA of 0.63 g is required to trigger sliding,
but for the longest duration (55 s), a PGA of 0.53 g is suffi-
cient to trigger sliding.

Mobility of the long-runout Tahman landslide

Previous studies have attributed the long runout of landslides
to the presence of a fluidizing medium such as air, water,
vapor or volcanic gases. However, for the present study, no
relevant evidence could be found in the field. Comparison
with other subaerial, non-volcanic landslides suggests that a
plot of runout distance versus landslide volume results in a
stronger correlation (Fig. 13). This result is in accordance with
that of Davies (1982) and Legros et al. (2000). Similarly, other
researchers (Scheidegger 1973; Corominas 1996) have found

Table 3  Back-analysis of peak ground acceleration (PGA) under dif-
ferent effective durations

Effective duration (s) Critical PGA (g) Best-fitting PGA (g)

15 0.63 0.86
25 0.6 0.77
35 0.56 0.76
45 0.54 0.74
55 0.53 0.72

Duration (s)

and H is the total height difference of the landslide; b time-history of the
horizontal acceleration for the monitoring points S4, B2 and B6

a linear correlation between landslide volume and angle of
reach, which clearly suggests that the angle of reach decreases
with increasing landslide volume.

In addition, the moraines are well-developed in this land-
slide. To investigate the influence of moraines on the moving
distance of landslide debris, we simulated two scenarios, one
with and one without moraines. The results showed that the
presence of moraines is conducive to long distances of land-
slide movement (Fig. 14). This can be explained by the round-
ness of the moraines reducing the friction of the landslide
debris during movement and increasing the runout distance.
Therefore, based on our field investigation, numerical simula-
tion and previous studies, the long runout of the Tahman land-
slide is considered to be caused by its large volume coupled
with its interaction with moraines.

104
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Fig. 13 Relationship between runout distance (Lmax) and landslide vol-
ume (V) (after Legros et al. 2000)
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Conclusions

The present study provides a detailed investigation on the
Tahman paleolandslide. The field survey showed it to be a
large-scale rock avalanche with a volume of about 92 x
10° m?, with a vertical drop of 1500 m from EL 4800—
3300 m, over a horizontal distance of 5420 m, and yielding
a friction coefficient of about 0.28. Qualitative evidence rele-
vant to earthquake seismic triggering was acquired by regional
geological and tectonic backgrounds and the field investiga-
tion, which can provide some basis for quantitative numerical
analyses. The conclusions drawn from the present study are as
follows:

(1) Under an average effective duration, landsliding oc-
curred when PGA reached 0.55 g, which is suggested
to be the critical PGA from triggering landslides. When
the PGA increased to 0.76 g, the best-fitting result was
obtained by calibrating the simulation results with the
current geomorphological feature of the deposits.
Although the accuracy of the PGA value may be limited
by discrepancies between the natural seismic wave and
sinusoidal wave used in our study, it is considered to be
within an acceptable range.

(2) The amplification of PGA in the Tahman rock slope was
related to topography. According to the monitoring re-
sults from profiles S1-S7 and B1-B6, the horizontal
PGA amplification coefficients tended to increase with
elevation both on the surface of the slope and inside the
slope, and the top of the slope was amplified the most. At
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Distance (m)

the same elevation, the PGA was amplified to a greater
degree at the slope surface compared with inside the
slope.

(3) The effective duration of the seismic wave has a signif-
icant effect on the back-analyzed PGA value, which de-
creases with increasing effective duration.

(4) The long runout of the Tahman landslide is mainly
caused by its large volume and the interaction of the slide
mass with moraines.
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