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The Baishi landslide was located in the western part of Beichuan County, Sichuan Province, China.

The landslide experienced multiple minor collapses at the front part, accompanying with numerous
tensile cracks. To comprehensively grasp the stability conditions and predict the moment of failure of
the landslide, deformation monitoring of the landslide has been carried out from the moment that the
landslide was reported until it failed. This study analyzed the different phases of landslide deformation
and its failure mechanism through the analysis of monitoring data. The result showed that the failure
manifests both the retrogressive and advancing features. The landslide was divided into several zones
based on the spatial variation of the deformation characteristics. Moreover, the improved tangential
angle criterion is applied to categorize the deformation phases of a landslide. Investigating the surface
displacement vectors and vector angles of landslides plays a significant role for ascertaining the failure
and sliding mechanism. The monitoring results revealed that the front part of the landslide played a
key role in the stability of the landslide. Therefore, the monitoring data from this zone were crucial for
predicting the moment of complete landslide failure.

The Baishi landslide is located in the western part of Beichuan County, Mianyang, Sichuan Province (Fig. 1).
The landslide became apparent due to multiple minor collapses and falls at the front of the landslide as well as
numerous tensile cracks in the slope in December 2006 (Figs. 2 and 3). The part of the slope that was affected was
approximately 300 m long, 260 m wide, and 25 m thick on average, and about 2 x 10° m? in total volume (Figs. 2a
and b and Fig. 4). If the overall landslide had collapsed, a barrier lake would have formed in the Baishui River,
and more than 1400 people would be endangered. To give an accurate forecast of the deformation process of the
Baishi landslide, a comprehensive deformation monitoring program has been implemented on the landslide.
Monitoring started in January 2007 and was continued until the landslide failed at the end of July 2007.

The deformation of slopes can be elucidated through three stages of creep behavior2. The classical creep
curve delineates the three stages, forming the basis for the majority of time-of-failure predictions’®. Geotechni-
cal engineering frequently faces slope stability challenges, and early warning systems can reduce risks in a vast
range of fields, including landslides*. The accuracy of time-of-failure predictions primarily relies on the chosen
parameters and methods. The parameters of the slope are ascertained through a combination of monitoring and
testing processes. Various prediction methods influence the outcomes of landslide assessments. Fukuzono® pro-
posed the inverse velocity method, an empirical formula. The formula, derived from large-scale laboratory tests
simulating rain-induced landslides in soil, embodies a time-dependent failure relationship. Empirical parameters
within the formula are linked to the occurrence conditions of landslides. The empirical parameter values pro-
posed by Fukuzono demonstrate greater effectiveness in predicting landslides influenced by rainfall. It is crucial
to optimize empirical parameters and methods according to specific landslide situations to align with real-world
conditions®™. Further, the semi-empirical methods were proposed through a mathematical generalization of the
solution proposed by Fukuzono'*-!2, The empirical methods exhibit the unstable prediction accuracy, lacking
theoretical support. The semi-empirical methods have only been applied to predict rock-specimen tests and
volcanic eruptions. The methods for defining warning thresholds can provide reliable predictions according to
different phenomena. Because methods are based on the physical behavior of the environment.
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Figure 1. Location of the Baishi landslide in Beichuan County.

Nowadays, scholars have proposed many threshold methods according to different phenomena'*-'°. For exam-
ple, rainfall-induced slope failure is a common form of landslide, so determining rainfall thresholds of landslide
can predict landslide failure'*~"°. Prediction methods rely solely on a single landslide-triggering factor as the
threshold frequently overlook other potential triggering factors. Accurate judgment of the deformation phase of
a slope is pivotal for early warning, and the comprehensive analysis of temporal-spatial deformation evolution is
crucial for precise slope prediction. Displacement is considered as the most straightforward indicators to recog-
nize instability and to characterize different deformation stages®**!, and the displacement can be categorized into
two groups including deep displacement and surface displacement. The deep displacement monitoring method
has been extensively employed to track deformation characteristics of a sliding body?**. However, this method
cannot be easily employed for full landslide phase division since that the inclinometer can be sheared off during
the process of landslide. Surface monitoring data are widely used for landslide phases division due to the fact
that surface monitoring can reveal the full phases of landslide movement*. Xu et al.”” extensively analyzed
the characteristics of displacement curves, velocity curves, and acceleration curves in numerous landslide cases.
In the literature, they proposed a new method to describe the tangential angle of the displacement-time curve,
and a new criterion based on the angle was used to divide the tertiary creep (accelerated) phase into three sub-
phases: initial acceleration, medium acceleration, and the critical failure. Moreover, applying the prediction
method that establishes parameter thresholds according to the deformation mechanism and characteristics of
landslides proves more effective across various practical engineering scenarios. Researchers discussed a method
for forecasting the time of failure by establishing an alert acceleration threshold value, which has been applied to
investigate numerous landslides®**-*. Adequate monitoring data were obtained through monitoring during the
movement of the Baish landslide. Scholars have studied the Baishi landslide, including analyzing the deformation
mode and predicting the sliding time by analyzing the surface monitoring data of the Baishi landslide*"*, and
analyzing the dynamic evolution characteristics of the landslide by studying the remote sensing data®.

The objective of this study was to find out if a careful analysis of the surface displacement data could lead to
a definition of the development of the landslide deformation phases and failure mechanism and a realistic early
warning of the moment of failure.

Characteristics of the Baishi landslide

Manifest evidence of deformation was first observed in December 2006, after which the deformation features
developed rapidly. In January 2007, the main scarp had extended to more than 390m, with a vertical displace-
ment between 2 and 30m (Figs. 2c and 3). Four collapses occurred along the boundary of the landslide. RF1
and RF2 (in green in Fig. 2¢c) were located in zone 11. RF3, which occurred first, was located at the front of zone
I, numerous bulging cracks developed behind it, and its size expanded with increasing rock fall (Figs. 2c and
4b). RF4 was developed towards a gully beyond the western boundary of zone I, while numerous tension cracks
developed behind it (Fig. 2c). The area between monitoring points TP10 and TP12 was another most severely
deformed region. The ground surface there was torn into pieces by cracks (Figs. 2c, 4c, and d).

Monitoring methodology

Certain related literature suggests that field monitoring plays a pivotal role in analyzing the failure mechanism
of large-scale landslides**~*®. Monitoring items include the following; surface horizontal and vertical displace-
ments, rainfall, and relative displacements of cracks. The horizontal and vertical displacements were measured
by a robotic total station, whose angle measurement accuracy was 0.5” and the range measurement accuracy
was lmm + 1ppm. The monitoring stations were fixed in two stable locations on the opposing hill where the
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Figure 2. (a) Digital terrain model of Baishi landslide; (b) remote sensing imagery (Sichuan Provincial Remote
Sensing Center, January 29, 2007); (c) displacement monitoring points layout and surface deformation features
in January 2007.

b|| Location of Fig.3, 4

altitude was close to the landslide and the horizontal distance to the landslide was about 900 m. Forced centering
reinforced concrete piles were used for the robotic total station with a height of 1.2 m above the ground and 0.8
m below the ground (Fig. 5a). The monitoring points on the landslide were made by small square concrete piles
with a triangle prism fixed in, making a crosshair across the center of the prism (Fig. 5b). The datum network
was calibrated by GPS once in three months. After the first field survey and mapping, 17 surface displacement
monitoring points were installed on the landslide successively (Fig. 2c).

Analysis of the deformation monitoring data and deformation features

Division of the landslide into subareas

The Baishi landslide was divided into two subareas, Zone I and Zone II (Fig. 2c) for the following three reasons,
(1) Zone I showed more intense macroscopic deformation features than Zone II. (2) The average surface slope
angle of Zone I (more than 40°) was much larger than that of Zone II (around 27°). (3) There were major differ-
ences in moving direction and moving velocity between Zone I and Zone II. The overall displacement direction
in Zone I was 160° to 170°, in Zone II 140° to150°; the average velocity in Zone I was around 78 mm/day, and
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Figure 3. Main scarp of Baishi landslide: (a) western boundary; (b) central point of zone I; (c) eastern slide
boundary in zone II.

in Zone II was around 20 mm/day. Zone I was the main body of the Baishi landslide, so the monitoring data of
Zone I are the main objects of our analysis.

Division into different stages of deformation

A large number of landslide monitoring data shows that a creep slope always goes through three phases from
the beginning to the final failure. Namely, primary creep (“decelerated”), secondary creep (“steady-state”), and
tertiary creep (“accelerated”)? Xu et al.”’ based on a statistical analysis of a considerable number of landslide
cases, proposed criteria named “improved tangential angle criterion” to divide the three deformation phases
depending on a displacement-time curve, furthermore, the criteria was used to divide accelerated phase into
three sub-phases. That is, when the improved tangential angle >45°, the slope deformation enters the initial
deformation sub-phase (primary stage); when the improved tangential angle > 80°, the slope deformation enters
the medium accelerated deformation sub-phase (intermediate stage); when the improved tangential angle > 85°,
the slope deformation enters the highly accelerated (the critical slide) phase.

The definition made as follows:

TG) = 2yl (1
v

Here, s(i) is the cumulative displacement of time ¢; v is the average velocity of the secondary creep phase; T(i)
is the relative time corresponding to monitoring time ¢, with the same dimension and unit as time.

An improved expression of the tangential angle ai can be obtained?”:

T —TG—1) AT
«; = arctan ———— = arctan — (2)
ti —ti At
where q; is the tangential angle of the T-t curve; ¢; is the ith of monitoring time; At is the monitoring period, such
as 1 day, 1 week, etc.; AT represents the change in volume per unit time.

Traditional field investigation of landslide deformation and the evaluation based on the monitoring data of
landslides were used for landslide phases division. However, the results based on the traditional method highly
depend on the researcher®. As a quantitative method, the improved tangential angle criterion is employed for
analyzing landslide phases division, which can acquire the accurate determination of the deformation phases
of landslides based on the data obtained from monitoring*’. Based on the improved tangential angle criterion
(Fig. 6a), and in combination with the surface deformation features observed, the deformation process was
divided into three phases, 1: a constant velocity deformation (“steady-state”) phase (from January 8 to April
5), 2: an accelerated deformation phase (from April 5 to July 17), 3: the critical slide phase (from July 17 to July
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Figure 4. Deformation features of Baishi landslide: (a) Tension cracks in zone II; (b) RF3 collapse; (c) Cracks
behind monitoring point TP12; (d) Cracks near monitoring point TP11.

Figure 5. (a) Forced centering pile in monitoring station; (b) monitoring point on the landslide.

29), where the second phase can be divided into two sub-phases, a primary stage(April 5 to May 20) and an
intermediate stage (May 20 to July 17) (Fig. 6b).

Numerous landslide monitoring processes show that the accelerated deformation phase is leading to the
failure of the landslide. Therefore, this phase plays a major role in the forecasting of the moment of occurrence
of a landslide.
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Figure 6. (a) T-f curve of Baishi landslide (reproduced after Xu et al.””); (b) Deformation phases of Bashi
landslide based on the displacement and velocity curves from TP1.

Constant velocity deformation phase
At the beginning of monitoring, we assumed that the Baishi landslide had already entered into the primary

accelerated deformation phase because the velocity of the landslide had reached 40mm/d to 100mm/d in the
first week, which was higher than most landslides. Meanwhile, the terrain surface deformation features were
severe. However, after analyzing the displacement and velocity curves, we concluded that the landslide was still
in the constant velocity deformation phase*!, for the velocity did not continuously increase during the first two
months (Fig. 7).

During the constant velocity deformation phase, the landslide showed a characteristic way of advancing: the
velocities of the monitoring points in the middle and upper part of the landslide (TP2, TP3, TP10, TP11, TP12,
TP13, TP6) are higher than in the toe area (TP1, TP5, TP14) (Table. 1). The front part heaved up, and many
bulging cracks occurred in the toe area near the RF3 collapse (Fig. 2¢). This means that the frontal part of the
landslide was pushed by the middle and upper part of the landslide.

The entry of the accelerated deformation phase is the premise of slope failure®?’. That means, at the previ-
ous two deformation phases, no matter how high the velocity was or how severe the microscopic deformation
features were, for a creeping landslide, a sudden, extremely rapid failure will not happen normally. According to
the analysis above, the landslide was still in secondary creep (“steady-state”), so the overall landslide will not col-
lapse in the short term. The Baish landslide mass might induce the formation of a barrier lake within the Baishui
River, potentially culminating in exacerbated consequences. Consequently, there arises a necessity to excavate
a drainage tunnel on the mountain opposite the slope to mitigate disaster risks through drainage. The drainage
tunnel started construction on March 14, 2007, completed on June 16, 2007, with a length of 678 m (Fig. 2b).
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Figure 7. Velocity curves during the constant velocity deformation phase.
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M ing point | Constant phase | Accelerated phase (primary) | Accelerated phase (intermediate) | Critical slide phase
TP1 71 mm/d 170 mm/d 274 mm/d 971 mm/d
TP2 84 mm/d 188 mm/d 296 mm/d 1402 mm/d
TP3 79 mm/d 183 mm/d 236 mm/d 2004 mm/d
TP5 51 mm/d 123 mm/d 168 mm/d 386 mm/d
TP6 65 mm/d 148 mm/d 213 mm/d 483 mm/d
TP10 91 mm/d 176 mm/d 251 mm/d 1176 mm/d
TPI11 83 mm/d 168 mm/d 261 mm/d 1364 mm/d
TP12 90 mm/d 190 mm/d 348 mm/d destroyed
TP13 94 mm/d 186 mm/d 291 mm/d 729 mm/d
TP14 52 mm/d 118 mm/d 192 mm/d 591 mm/d

Table 1. Velocities of the monitoring points during each deformation phase.

Primary accelerated deformation stage

Around April 5, 2007, the landslide entered into the primary stage of the accelerated deformation phase. Com-
pared with the constant velocity deformation phase, a distinct change occurred. The velocity curves show the

rising shape (Fig. 8), and the averaged velocity increasing sharply (Table 1).

The RF3 collapse area became larger, and the cracks near the top of RF3 and RF4 extended and became con-
nected (Fig. 9). The cracks between the monitoring points TP11 and TP12 (Fig. 10a) further developed, some

of them up to several meters deep.

Intermediate stage of the accelerated deformation phase

Around May 20, 2007, the landslide entered into the intermediate stage of the accelerated deformation phase. The
RF3 collapses occurred every day, and its area expanded rapidly; cracks near the RF3 and RF4 zones connected;
the RF5 collapse appeared in the toe area near the TP5 monitoring point, and the deep cracks between TP11
and TP12 became scarps. During this phase, the landslide started to show some characteristics of retrogressive

mode. (Fig. 10b).
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Figure 8. Velocity curves during the primary stage of the accelerated deformation phase.
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Figure 10. Displacement vectors and cracks during the accelerated deformation phase: (a) primary stage; (b)
intermediate stage.

The velocity curves of the monitoring points along Sects. 1-1” were rising and falling greatly (Fig. 9), caused by
three large mass rock fall events in the toe area, which happened on May 29, June 7, and July 7. Each large mass
rock fall that occurred in RF3 had an unloading effect on the toe area, after which the velocity of the landslide rose
sharply (Fig. 9). The response of the deformation velocity to the decrease of load became more and more violent,
which showed that the landslide was reaching a critical phase. Different parts of the landslide responded differ-
ently. The velocity of TP1, TP12 and TP13, which are situated in the middle and toe area, increased severely on
the day the rock fall 1 event happened, but the velocities of TP10 and TP11, which are situated near the back scarp
of the landslide, increased only the next day (Fig. 9). After the rock fall 2 event, the velocity of TP12 increased
on the third day, the other monitoring points responded one or two days later. After the rock fall 3 event, the
curve of TP12 rose sharply but then was destroyed because of excessive deformation. Retrogressive deformation
features are evident due to unsynchronized deformation velocities. The curves of the other monitoring points
rose only slowly (Fig. 9). These deformation characteristics show that the slide body below TP12 was separated
from the part above TP12. So the toe area controlled the failure of the landslide. It all depended on how much
the resisting force due to the toe area was able to resist the land sliding. The monitoring data of point TP1 in the
toe area played a significant role in the possibility of early warning for the start of the sliding phase.

Critical sliding phase

After July 7, 2007, the volume of rock fall mass was increasing considerably in the toe area, until July 26 the vol-
ume was about 200m*/d. The velocity of the displacement of every monitoring point was continuously increasing
(Fig. 13a), to much higher values than in the previous stage. On July 17, the velocity of the TP1 monitoring point
became larger than that of other points (Fig. 13a) which proves that the toe area had almost lost its resisting force
capacity. This can be regarded as the signal of entering the critical sliding phase.

The acceleration-time curve for the Baishi landslide can be found in Fig. 11, the figure shows that before the
landslide entered into a critical sliding phase, the acceleration values kept fluctuating around 0; even if it was in
an accelerated deformation phase. Compared with displacement and velocity curves (Fig. 6b), which increased
gradually during the accelerated deformation phase. Figure 11 also indicates that a sharp rise occurs right after the
entry of the critical sliding phase. The acceleration shows completely different characteristics before and after the
slope enters the critical failure phase, showing significant catastrophic characteristics at the entry of the critical
failure phase?”. The acceleration-time curve of TP1 and TP2 after the entry of the accelerated deformation phase
can be found in Fig. 12, the figure shows the acceleration varying amplitude was confined in a certain range,
which can be regarded as the threshold value, around 160mm/d> After considering engineering experience and
response time to disasters, the given value of the pre-warning criterion that led to the overall failure was 200mm/
d?, which is a little larger than 160 mm/d?.

On July 26, the acceleration value of most monitoring points became larger than the pre-set warning thresh-
old of 200mm/d?, except TP5 and TP6 (Fig. 13b). On that day the overall failure warning was issued. On July
28, 2007, the overall landslide started to collapse, till July 30, 2007, the sliding mass blocked the Baishui River
to form a barrier lake (Figs. 14a and b). The water in the barrier lake was successfully drained downstream by
the tunnel (Fig. 14c); the slope failure did not cause life and property losses to the local and upstream residents.
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Figure 14. (a) Full view of Baishi landslide when sliding on July 30, 2007; (b) landslide dam and barrier lake;
(c) drainage tunnel releasing the water of barrier lake.

Formation mechanism and failure mechanism of the landslide
Formation mechanism of the landslide
Our field investigations showed that the landslide was developed in highly weathered Maoxian group phyllite
rock, on a typical anti-dip slope (Figs. 15 and 16). Slopes with this kind of structure are prone to deform in the
modes of tensile bending and toppling**.

Based on former topographic data, we inferred the initial topography of Sect. 1-1’ before the bending defor-
mation started (Fig. 15a).
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Figure 15. Development of the Baishi landslide: (a) topography before bending deformation started; (b)

bending deformation of strata near the terrain surface; (c) bending deformation progressing deeper inside; (d)
sliding surface formed from the top-scarp downwards.
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Figure 16. Bending deformation phenomena: (a) highly weathered phyllite near main scarp with a dip angle
of 40° ~ 45°; (b) weathered phyllite near TP11 with a dip angle of 30°-40°, (c) Weathered phyllite outcrop in
the lower part with a dip angle 20°-25° (d) highly weathered phyllite outcrop with a dip angle 20°~25°; (e)
weathered phyllite outcrop in the lower part with a dip angle 20°-25°.

First bending deformation occurred in a shallow near surface zone due to gravity, and the toe area started
to uplift (Fig. 15b). Then, the bending deformation extended from the surface zone to deeper inside the slope
(Fig. 15¢). The initial topography can be divided into two parts (Fig. 15a), the average slope angle of the upper
part was about 35°, and the average slope angle of the lower part was about 45°. The shape of the upper part of
the slope was slightly concave on section, the lower part almost has no fluctuation. The shape and slope angle
of the upper part slope go against to bending deformation developing, instead, for the lower part, the bending
deformation was easier to go deeper comparatively. The variation in bending deformation depth between the
upper part and the lower part, influencing the geometry of the sliding surface, were shown through the dip angle
of the highly weathered rock on the surface of the landslide. The dip angle of bedrock ranges from 60°—70°, in
the upper part, at the foot of the main scarp, the dip angle varies from 40° to 45° (Fig. 16a), in the deep fissures
near TP11, the dip angle varies from 30° to 40° (Fig. 16b), and in the lower part, several outcrops show the dip
angle of weathered rock varied from 20° to 25° (Figs. 16¢, d, and e),

As the deformation increased, the lower part of the slope gave the upper part more deformation space, while
tensile cracks developed at the top of the upper part, and an intermittent failure plane, composed of individual
joint planes oriented parallel to the slope surface, was generated, which separated the zone of strongest bending
deformation from the less disturbed inner rock mass. This intermittent plane developed afterward into the slid-
ing surface. The first severe deformation occurred at the top of the slope in the summer of 2003, based on the
description of the local villagers, the main scarp was formed suddenly with a height of several meters, and then
the height increased and extended every year. In the summer of 2006, the bulging cracks appeared in the toe area,
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after that, RF3 started to collapse, and at the end of 2006, RF1, RF2, and RF4 started to collapse. Consequently,
the sliding surface was developed from the upper part of the slope to the lower part of the slope (Fig. 16d).

Failure mechanism of the landslide
Surface displacement vectors and vector angles
The displacement vector angle can reflect the dynamic condition and the sliding mechanism of a landslide, which
is a very useful parameter for failure mechanism analysis. The displacement vector angle is defined as the arctan
(accumulative vertical displacement/horizontal accumulative displacement).

Suppose x; are the horizontal displacement measured each time and y; are the vertical displacement measured
each time; X; and Y; are the accumulative horizontal and the accumulative vertical displacement since monitoring
started to time (t;). The X}, Y, X;,; and Y}, can be calculated as follows:

i i+1
Xi=) m=xi+x+x+- x5 X1 =Y X
n=1 n=1 3
i i+1 3)
Yi=Y yn=y+ntrto 4y Yier=)
n=1 n=1
?1 is the surface displacement vector during time () to time (t;,;); V and V are the accumulative surface
i+ IR N i i+1
displacement vectors at time (#;) and time (¢,,,). The V and V can be calculated as follows:
i i+1

i

—

V=) ysydyayhety

L i (4)
a4 :Y+i11:n_1 (AR A S S
The 6, and6,, , are the angles of \? and iz;ﬂi,QH ; and A6 can be defined as follows:
0; = arctan(Y;/X;)
Oi+1 = arctan(Yi+1/Xit1) (5)

AO =011 —6;

The change of this vector angle shows the stress state inside the slope. The landslide body as a whole can
be subdivided into a) active sliding zones, b) passive sliding zones, and c) flat sliding zone (Fig. 17). Previous
research and experience**~*” have shown that the active sliding zone, in which the vector angle decreases, i.e.
A6<0, controls the overall deformation of the landslide (Fig. 17). The passive sliding zone is a compressive area
that resists movement, and in this zone, the vector angle increases, i.e. AG>0 (Fig. 17). In the flat sliding zone,

Active sliding zone

Flat sliding zone

Passive sliding zone

Y 0.,—0=40<0 Y 0.,-0-00>0

Active sliding zone Flat sliding zone Passive sliding zone
(Tensile area) (Compressive area)

Figure 17. Displacement vectors angle in different sliding portions of a landslide (reproduced after He et al.*).
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the vector angle does not change basically; the slope slides along the planar plane almost meet no resistance in
its movement, i.e. A9=0 (Fig. 17).

This method only analyzes two-dimensional plane of the landslide, and the profile should be selected in the
vertical direction of minimize deformation. By analyzing the dynamic features of surface displacement vector
angles in different deformation phases, the stress state of each part of the landslide in different phases can be
roughly obtained. Figure 18 shows the accumulative surface displacement vectors angle-time curve of each
monitoring point, and Table 2 shows the dynamic features and stress state of each monitoring point based on data
from Fig. 18, considering the measurement error, we set the valuation standard as follows: if A6 <-0.5° itisina
state of active sliding; if A@>0.5°, it is in a state of passive sliding; if 0.5°> A0>-0.5°, it is in a state of flat sliding.

Constant deformation phase
According to the description from local villagers, the head of the landslide macroscopically deformed since the
summer of 2003. The height of the main scarp was several meters at that time. Till the second half year of 2006,

-20 - 7
Constant deformation|

Accelertated Critical sI?de

- —TP1 def i
TP eformation
95 | —TP14 ,
—TP5 Primary Intermediate
w—=TP13 stage stage

Displacement vector angle (°
W
o
|

'

w

w
1

-40 ! ! ! — |

-30 1 Constant deformation 1 Accelertated Critical slide
~ : deformation : '
L 35 4 i
= Primary Intermediate
© stage
. stage
o
§ 0
>
€
[

E a5 |
o
©
g
e 50 4
-55 ; ; : — . —

T T T
2007 Jan-08 Jan-28 Feb-17 Mar-09 Mar-29 Apr-18 May-08 May-28 Jun-17 Jul-07 Jul-27

Figure 18. Displacement vector angle curves of the monitoring points.

Accelerated
Accelerated phase

Constant phase | phase (primary) | (intermediate)
Monitoring point | AB(°) | State AO(°) | State AO(°) | State
TP1 8.1 Passive | -2 Active | 0.3 | Flat
TP2 —-5.8 | Active |03 Flat —1.1 | Active
TP3 1.2 Passive | 0.5 Flat —0.2 | Flat
TP5 -0.1 | Flat 2.1 Passive | 2.5 Passive
TP6 0.5 Flat -0.1 | Flat —1.3 | Active
TP10 -7.8 | Active |0 Flat 0.5 Flat
TP11 -5.5 | Active | 0.4 Flat 2.6 Flat
TP12 0.4 | Flat 0.5 Flat -3.2 | Active
TP13 —0.5 | Flat 0.4 Flat —-0.1 | Flat
TP14 10.7 Passive | —0.1 | Flat 0.7 Passive

Table 2. Displacement vector dynamic features and stress state of each monitoring point in different
deformation phase.
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the height of the main scarp reached 30 m, before which, the foot of the landslide didn’t show any macroscopic
deformation features. That means the accumulative displacement of the head of the landslide was much big-
ger than the foot before monitoring started. The TP10, TP11 (installed at the head of the landslide), and TP2
(installed in the middle part of the landslide) were in a state of active sliding, based on Fig. 18 and Table 2.
However, the velocities recorded at these three monitoring points were not the highest among the ten total
monitoring points (Table 1). The most probable reason is that the overall sliding body was going through the
process of compaction when the monitoring started. This can be proved by analyzing the dynamic features of
TP1 and TP14. The vector angle curves of these 2 monitoring points were quite different from other monitoring
points in this deformation phase (Fig. 18), there was a sharp rise at the beginning and a slow decrease after that.
This feature can be regarded as a strongly anti-sliding part (locked patch), where shear stress is concentrated and
shows dilatancy behavior. As the potential sliding surface was in irregular geometry, which is composed of many
individual joint planes, the vector angle curves were rising like steps (Fig. 18). The macroscopic deformation
features show that where bulging cracks were distributed was the anti-sliding part (Fig. 19a). The anti-sliding part
was divided into 2 parts, the I-2 zone (RF3 collapse) and the I-3 zone (TP5 and TP14), because of the difference
in deformation features afterward. According to Fig. 18 and Table 2, in this deformation phase, the stress state
of each part was similar to the ideal condition described in Fig. 17. The head part was the active sliding zone; the
main body was the flat sliding zone; the foot part (toe area) was the passive sliding zone (Fig. 20).

The primary accelerated deformation stage

After the landslide entered the primary accelerated deformation stage, the locked patch in the I-2 zone started
to be broke through, the anti-sliding part in the I-2 zone was narrowed during this deformation stage (Fig. 19b),
shown by the expansion of RF3 collapse boundary, the volume of rock fall happened in RF3 increased day by day,
so TP1 who near RF3 collapse was in a state of active sliding (Table 2). Meanwhile the macroscopic deformation
of I-3 zone (Fig. 19b) almost remained the same. Upon comparing Figs. 19a and b, the expansion of the I-2 zone
happened on the right side, the left side where contact with I-3 zone basically did not change. These two features

; I-1: Main body ; I-1: Main body
1-2, I-3: Anti-sliding part ) 1-2, I-3: Anti-sliding part
[ Zone Zone I Zone 1 | zone 1
(a) Constant deformation phase (b) Primary accelerated deformation stage

L I-1: Upper part of main body . I-1: Upper part of main body
: I-2: Lower part of main body 1 ) I-2: Lower part of main body
Zone | ‘ J/mwl] I-3: /\mi-sliding part ‘ Zone | |/mcll
(c) Intermediate accelerated deformation stage (d) Critical sliding deformation phase

Figure 19. Division and deformation features of Baishi landslide in each phase: (a) constant deformation phase;
(b) primary accelerated deformation stage; (c) Intermediate accelerated deformation stage; (d) critical sliding
deformation phase.
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Figure 20. Landslide portion distribution along cross-Sect. 1-1" during the constant velocity deformation
phase: (a) constant deformation phase; (b) intermediate accelerated deformation stage.

show the strongest anti-sliding effect in the I-3 zone of the landslide. So TP5 installed in the I-3 zone was in a
state of passive sliding (Table 2). Other monitoring points were in a state of flat sliding (Table 2).

Intermediate accelerated deformation stage

Comparing to the boundary variation of RF3 in last deformation stage (Fig. 21a), RF3 expanded more rapidly
after the entry of this deformation stage (Figs. 21b, and c). After 3 large-scale rockfall events occurred in RF3,
the locked patch structure was completely destroyed, the anti-sliding part in that area (I-2 zone in Fig. 19b) lost
its effect. The whole sliding surface was almost developed, except the I-3 zone still played an anti-sliding role
(Fig. 19¢), which can be proved by TP5, TP14 was in a passive state (Table 2). But the occurrence of RF5 collapse
at the beginning of this stage showed the locked patch in I-3 zone started to be broke through. After the sliding
surface was almost developed, the deformation features and mechanism were controlled by the geometry of the
sliding surface. After the overall failure of the landslide, the exposed sliding surface was measured. According
to the measured data, on Sect. 1-1) from the main scarp to TP11, the sliding surface was almost planar; the dip
angle of sliding surface between TP11 and TP12 was decreased; at the place of TP12, the sliding surface became
steep, then became gentle at the TP13; from TP13 to the shear outlet, the sliding surface became almost a planar
(Fig. 20). The special shape of sliding surface leads to the retrogressive deformation features during this defor-
mation stage. Two fissures near TP12 and TP11 expanded rapidly and finally formed two scarps, which can be
observed in Figs. 21b and c. The main body was divided into two parts by scarps, the upper part I-1 zone and
the lower part I-2 zone (Fig. 19¢). Three rock fall events in RF3 caused the collapse and unloading of the lower
part, resulting in the formation of the lower part. The activity of the middle part of the landslide was enhanced,
illustrated by TP2, TP6, and TP12 were in a state of active sliding (Table 2). The flat sliding zone was defined as
moving with no resistance, so where the sliding surface was totally formed, the sliding body was in a state of flat
sliding, including TP1, TP3, TP10, TP13 (Table 2, Fig. 20).

Critical sliding deformation phase

In the critical sliding deformation phase, RF5 collapsed and deformed rapidly, when the locked patch of there
was totally broken through, the boundaries of RF3 and RF5 became one (Fig. 19d, Fig. 21d). The movement of
the landslide was primarily influenced by unloading in the toe area of the landslide. The shear outlet was totally
exposed, and the overall failure began. From Figs. 21e and f, the scarps dividing I-1 zone and I-2 zone can be
observed during the overall sliding process.

Conclusions

Based on the deformation phases obtained from the improved tangential angle criterion, and combining these
with the macroscopic deformation features, we could conclude that the failure mechanism of the Baishi land-
slide didn’t deform in one fixed mode. During the constant velocity deformation phase, the whole landslide
body showed characteristics of advancing mode, where the upper part was the active sliding zone which was
pushing the middle and the front part. During the accelerated deformation phase the landslide showed some
characteristics of retrogressive mode, analysis of the monitoring data shows that the middle part was then the
active sliding zone and the most dynamic part of the landslide. The upper part acted as a passive sliding zone.
Due to the differences in velocities, the main body was separated into two parts.

The failure mechanism analysis indicates that the toe area of the landslide plays a key role in controlling the
stability of the Baishi landslide during the critical slide phase. Therefore, the monitoring data of this zone were
significantly important for the prediction of the moment of failure of the whole landslide. Identifying the signs
of the stability change of this key part in due time by a careful analysis of the monitoring data turned out to be
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Figure 21. Full view of Baishi landslide in different deformation phases: (a) Mar 29, 2007, in constant
deformation phase; (b) Jun 4, 2007, in intermediate accelerated deformation stage; (c) Jul 16, 2007, right before
the entry of critical sliding deformation phase; (d) overall slide body started to collapse on Jul 28, 2007; (e)
overall slide body was collapsing on Jul 29, 2007; (f) overall slide body was collapsing on Jul 30, 2007.

the right approach for a realistic early warning. Correct recognition of the evolution phases of a landslide is the
basis for accurate landslide early warning, by identification of the accelerated deformation phase as the start
of a landslide failure. During the constant velocity deformation phase the landslide will not fail entirely under
normal circumstances, no matter how high the deformation velocity and displacement are, and how severe the
macroscopic deformation is.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.

Received: 9 January 2024; Accepted: 10 July 2024
Published online: 30 July 2024

References
1. Saito, M. & Uezawa, H. Failure of soil due to creep. In Proc. 5th Int. Conf. on SMFE. 315-318 (1961).
2. Saito, M. Forecasting time of slope failure by tertiary creep. In Proceedings of the 7th International Conference on Soil Mechanics
and Foundation Engineering, Mexico City, Mexico. 677-683 (1969).
3. Tavenas, E & Leroueil, S. Creep and failure of slopes in clays. Can. Geotech. J. 18, 106-120 (1981).
4. Intrieri, E., Carla, T. & Gigli, G. Forecasting the time of failure of landslides at slope-scale: A literature review. Earth Sci. Rev. 193,
333-349 (2019).
5. Fukuzono, T. A method to predict the time of slope failure caused by rainfall using the inverse number of velocity of surface
displacement. Landslides 22, 8-13 (1985).
6. Rose, N. D. & Hungr, O. Forecasting potential rock slope failure in open pit mines using the inverse-velocity method. Int. J. Rock
Mech. Min. Sci. 44, 308-320 (2007).
7. Mufundirwa, A., Fujii, Y. & Kodama, J. A new practical method for prediction of geomechanical failure-time. Int. J. Rock Mech.
Min. Sci. 47, 1079-1090 (2010).
. Manconi, A. & Giordan, D. Landslide failure forecast in near-real-time. Geomatics Nat. Hazards Risk 7, 639-648 (2016).
9. Zhou, X, Liu, L. & Xu, C. A modified inverse-velocity method for predicting the failure time of landslides. Eng. Geol. 268, 105521
(2020).

=

Scientific Reports |

(2024) 14:17482 | https://doi.org/10.1038/s41598-024-67402-1 nature portfolio



www.nature.com/scientificreports/

10. Voight, B. A method for prediction of volcanic eruptions. Nature 332, 125-130 (1988).

11. Voight, B. A relation to describe rate-dependent material failure. Science 243, 200-203 (1989).

12. Crosta, G. B. & Agliardi, F. How to obtain alert velocity thresholds for large rockslides. Phys. Chem. Earth, Parts A/B/C 27,
1557-1565 (2002).

13. Cruden, D. M. & Masoumzadeh, S. Accelerating creep of the slopes of a coal mine. Rock Mech. Rock Eng. 20, 123-135 (1987).

14. Crosta, G. B. & Agliardi, F. Failure forecast for large rock slides by surface displacement measurements. Can. Geotech. J. 40, 176-191
(2003).

15. Peruccacci, S., Brunetti, M. T., Luciani, S., Vennari, C. & Guzzetti, F. Lithological and seasonal control on rainfall thresholds for
the possible initiation of landslides in central Italy. Geomorphology 139-140, 79-90 (2012).

16. Hong, M., Kim, J. & Jeong, S. Rainfall intensity-duration thresholds for landslide prediction in South Korea by considering the
effects of antecedent rainfall. Landslides 15, 523-534 (2018).

17. Pradhan, A. M. S, Lee, S. & Kim, Y. A shallow slide prediction model combining rainfall threshold warnings and shallow slide
susceptibility in Busan. Korea. Landslides 16, 647-659 (2019).

18. Zhao, B. et al. Probabilistic thresholds for landslides warning by integrating soil moisture conditions with rainfall thresholds. J.
Hydrol. 574, 276-287 (2019).

19. Lee, W. Y,, Park, S. K. & Sung, H. H. The optimal rainfall thresholds and probabilistic rainfall conditions for a landslide early
warning system for Chuncheon Republic of Korea. Landslides 18, 1721-1739 (2021).

20. Booth, A. M., Lamb, M. P,, Avouagc, J.-P. & Delacourt, C. Landslide velocity, thickness, and rheology from remote sensing: La
Clapiére landslide. France. Geophys. Res. Lett. 40, 4299-4304 (2013).

21. Kwan, J., Chan, M. & Shum, W. A review of slope-specific early-warning systems for rain-induced landslides. Geo. report (2015).

22. Carla, T. et al. Guidelines on the use of inverse velocity method as a tool for setting alarm thresholds and forecasting landslides
and structure collapses. Landslides 14, 517-534 (2017).

23. Chen, H,, Li, G., Fang, R. & Zheng, M. Early warning indicators of landslides based on deep displacements: Applications on Jinping
landslide and Wendong landslide. China. Front. Earth Sci. https://doi.org/10.3389/feart.2021.747379 (2021).

24. Casagli, N. et al. Spaceborne, UAV and ground-based remote sensing techniques for landslide mapping, monitoring and early
warning. Geoenviron. Disasters 4,9 (2017).

25. Kavoura, K., Konstantopoulou, M., Depountis, N. & Sabatakakis, N. Slow-moving landslides: kinematic analysis and movement
evolution modeling. Environ. Earth Sci. 79, 130 (2020).

26. Miao, E, Xie, X., Wu, Y. & Zhao, F. Data mining and deep learning for predicting the displacement of “step-like” landslides. Sensors
22,481 (2022).

27. Xu, Q., Yuan, Y., Zeng, Y. & Hack, R. Some new pre-warning criteria for creep slope failure. Sci. China Technol. Sci. 54, 210-220
(2011).

28. Xue, L. et al. New quantitative displacement criteria for slope deformation process: From the onset of the accelerating creep to
brittle rupture and final failure. Eng. Geol. 182, 79-87 (2014).

29. Nie, L., Li, Z,, Lv, Y. & Wang, H. A new prediction model for rock slope failure time: A case study in West Open-Pit mine, Fushun.
China. Bull. Eng. Geol. Environ. 76, 975-988 (2017).

30. Xue, L., Qin, S., Pan, X., Chen, H. & Yang, B. A possible explanation of the stair-step brittle deformation evolutionary pattern of
arockslide. Geomatics Nat. Hazards Risk 8, 1456-1476 (2017).

31. Tang, R,, Deng, R. & An, S. Deformation monitoring and failure mechanism analysis of Baishi landslide in Beichuan County. J.
Eng. Geol. 23, 760-768 (2015).

32. Miao, S., Hao, X., Guo, X., Wang, Z. & Liang, M. Displacement and landslide forecast based on an improved version of Saito’s
method together with the Verhulst-Grey model. Arabian J. Geosci. 10, 53 (2017).

33. Liang, J., Ma, Z., Zhao, C., Yang, L. & Zhang, S. The research of early identification of landslide and dynamie evolution of slope
mierotopography in deep valley of southwest China-a case study of the landslide in the Aneient sreet of Baishi township Beichuan
County. J. Catastrophol. 35, 122-126 (2020).

34. Fan, X, Xu, Q, Zhang, Z., Meng, D. & Tang, R. The genetic mechanism of a translational landslide. Bull. Eng. Geol. Environ. 68,
231-244 (2009).

35. Macfarlane, D. E. Observations and predictions of the behaviour of large, slow-moving landslides in schist, Clyde Dam reservoir.
New Zealand. Eng. Geol. 109, 5-15 (2009).

36. Barla, G., Antolini, F. & Barla, M. Slope stabilization in difficult conditions: the case study of a debris slide in NW Italian Alps.
Landslides 10, 343-355 (2013).

37. Carla, T. et al. Combination of GNSS, satellite InSAR, and GBInSAR remote sensing monitoring to improve the understanding of
a large landslide in high alpine environment. Geomorphology 335, 62-75 (2019).

38. Ma, S., Xu, C,, Shao, X, Xu, X. & Liu, A. A large old landslide in Sichuan province, China: Surface displacement monitoring and
potential instability assessment. Remote Sens. 13, 2552 (2021).

39. Petley, D. N., Mantovani, E, Bulmer, M. H. & Zannoni, A. The use of surface monitoring data for the interpretation of landslide
movement patterns. Geomorphology 66, 133-147 (2005).

40. Chen, Q., Huang, W. & L, J. Landslide early warning based on improved tangential angle and displacement rate: A case study of
the leijiashan landslide in Shimen county, Hunan province. The Chinese Journal of Geological Hazard and Control 34, 1-8 (2023).

41. Xu, Q., Tang, M., Xu, K. & Huang, X. Research on space-time evolution laws and early warning -prediction of landslides. Chinese
Journal of Rock Mechanics and Engineering, 1104-1112 (2008).(In Chinese)

42. Adhikary, D. P, Dyskin, A. V., Jewell, R. J. & Stewart, D. P. A study of the mechanism of flexural toppling failure of rock slopes.
Rock Mech. Rock Eng. 30, 75-93 (1997).

43. He, K. & Wang, S. Constituents and features of displacement vector angle of colluvial landslide. Environ. Geol. 45, 279-285 (2003).

44. He, K. & Wang, S. Double-parameter threshold and its formation mechanism of the colluvial landslide: Xintan landslide. China.
Environ. Geol. 49, 696-707 (2006).

45. Yin, Y., Wang, H., Gao, Y. & Li, X. Real-time monitoring and early warning of landslides at relocated Wushan Town, the Three
Gorges Reservoir. China. Landslides 7, 339-349 (2010).

46. Du,J.,, Yin, K. & Lacasse, S. Displacement prediction in colluvial landslides, Three Gorges Reservoir. China. Landslides 10, 203-218
(2013).

47. Yin, Y. et al. Reservoir-induced landslides and risk control in Three Gorges Project on Yangtze River. China. J. Rock Mech. Geotech.
Eng. 8, 577-595 (2016).

Acknowledgements

This research was supported by the National Science Fund for Distinguished Young Scholars of China (Grant
No0.42125702), the National Natural Science Foundation of China (Grant n0s.42293350, and 42293353), Open
Fund of Sichuan Engineering Research Center for Mechanical Properties and Engineering Technology of Unsatu-
rated Soils (No. SC-FBHT2024-06) and the Open Research Subject of Key Laboratory of Hydraulic and Waterway
Engineering of the Ministry of Education, Chongqing Jiaotong University (SLK2023A02).

Scientific Reports|  (2024) 14:17482 | https://doi.org/10.1038/s41598-024-67402-1 nature portfolio


https://doi.org/10.3389/feart.2021.747379

www.nature.com/scientificreports/

Author contributions

R.T. put forward the main research ideas of this paper, and wrote the main content of this paper. S.R., J.L. and
PF. refined the research content of this paper and drew the corresponding chart files. PF. and H.L. were mainly
responsible for the typesetting of this article. R.D. and D.L. was mainly responsible for guiding theoretical knowl-
edge. K.K. was mainly responsible for checking the typesetting and logic of this article.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to PE.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports|  (2024) 14:17482 | https://doi.org/10.1038/s41598-024-67402-1 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	The failure mechanism of the Baishi landslide in Beichuan County, Sichuan, China
	Characteristics of the Baishi landslide
	Monitoring methodology
	Analysis of the deformation monitoring data and deformation features
	Division of the landslide into subareas
	Division into different stages of deformation
	Constant velocity deformation phase
	Primary accelerated deformation stage
	Intermediate stage of the accelerated deformation phase
	Critical sliding phase

	Formation mechanism and failure mechanism of the landslide
	Formation mechanism of the landslide
	Failure mechanism of the landslide
	Surface displacement vectors and vector angles
	Constant deformation phase
	The primary accelerated deformation stage
	Intermediate accelerated deformation stage
	Critical sliding deformation phase


	Conclusions
	References
	Acknowledgements


