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Abstract

Accurately characterizing the internal deformation evolution of landslides is crucial for early landslide
warning. However, traditional deep displacement monitoring mainly relies on displacement in a single
direction and its derivative, which is insufficient to reflect the evolution of landslide deformation
direction. Therefore, this paper proposes the displacement vector angle, a parameter calculated from the
horizontal and vertical displacements simultaneously acquired by distributed deep displacement three-
dimensional measurement sensor, used to characterize the evolution of the internal deformation direction
of landslides. To verify the usability of this parameter, a 51-hour landslide model experiment was
conducted using a self-built landslide simulation experimental platform, and the displacement vector
angle was compared and analyzed with traditional kinematic parameters such as displacement,
displacement velocity, and displacement acceleration. The results show that in the main deformation zone,
the displacement vector angle can respond earlier to the evolution of landslides from compression
deformation to accelerated creep. Based on the evolution law of the displacement vector angle, a
preliminary four-stage landslide warning framework was established. Overall, the displacement vector
angle can continuously characterize the evolution of the internal deformation direction of landslides from
vertical compression to horizontal sliding, providing a new indicator with clear physical meaning and

engineering application potential for early landslide warning.

Key words: landslide warning; deep displacement monitoring; deep displacement three-dimensional

measurement sensor; displacement vector angle; deformation evolution

1. INTRODUCTION
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Landslide is one of the world's major natural disasters, typically triggered by rainfall, earthquakes,
and human engineering activities, posing a serious threat to the lives of residents and infrastructure in
mountainous areas(Nadim et al. 2006; Prasad et al. 2016; Jaafari 2024). With the increasing frequency
of extreme rainfall events globally, the probability of landslide disasters is constantly rising, making the
establishment of accurate and reliable landslide monitoring and early warning methods a crucial topic in
current geological disaster prevention research(Alcantara-Ayala 2025). Landslide instability is a gradual
evolutionary process(An et al. 2026), usually accompanied by a series of precursory phenomena such as
internal deformation, crack propagation, and slip surface formation before final failure (Ding et al. 2025).
Therefore, timely acquisition of information on the internal deformation of landslides is of great
significance for improving early warning capabilities.

Landslide monitoring parameters include stress, displacement, rainfall, and groundwater (Pecoraro
et al. 2019), among which displacement directly reflects the slope deformation process and is currently
the most widely used monitoring indicator (Alam et al. 2024). Depending on the monitoring location,
displacement monitoring is mainly divided into surface displacement monitoring and deep displacement
monitoring (Shentu et al. 2011). Currently, surface monitoring technologies such as GNSS (Yasyukevich
et al. 2024), 3D laser scanning(Bi et al. 2021), and InSAR (Osmanoglu et al. 2016)are relatively mature,
offering advantages such as high measurement accuracy and automation. However, because surface
displacement usually lags behind internal slope deformation, its monitoring results often fail to reflect
the internal failure process during the landslide's incubation stage in a timely manner(Wei et al. 2026).
In contrast, deep displacement can directly reflect the internal shear deformation and slip surface
development process of a landslide, allowing for earlier detection of landslide instability precursors, and
has therefore received widespread attention in recent years(Alonso 2021; Ma et al. 2023) .

Currently used methods for deep displacement monitoring include borehole inclinometers (Ha et al.
2018), time-domain reflectometry (TDR) (Cho et al. 2024; Lee et al. 2024), and fiber optic grating
sensing (Yang and Xu 2023; Theodosiou 2024). However, these methods still have certain limitations:
most monitoring methods mainly acquire displacement information in a single direction (usually the
horizontal direction), making it difficult to simultaneously acquire the three-dimensional deformation
process of landslides; furthermore, they still have shortcomings in terms of measurement range, long-
term stability, installation and maintenance, and engineering adaptability, making it difficult to meet the
needs of long-term continuous monitoring of complex landslides (Zangerl et al. 2009). To address these
issues, our research team previously developed a distributed deep displacement three-dimensional
measurement sensor based on the dual-mutual-inductance equivalent voltage method (Shentu et al. 2023).
This sensor adopts a mechanically unconstrained series structure, which can simultaneously acquire
information such as horizontal displacement, vertical displacement, and tilt angle at different depths of
the landslide, providing a data foundation for three-dimensional deformation monitoring.

However, improving measurement capabilities alone cannot guarantee effective early warning;
multidimensional data must also be transformed into interpretable response indicators. Existing methods
typically use displacement, displacement velocity, and displacement acceleration, which describe the
magnitude and rate of change of deformation, but provide limited information on changes in deformation
direction (Pang et al. 2024; Strnad et al. 2025). During the transition from compression-dominated
deformation to downslope sliding, the relative contributions of horizontal and vertical displacements can
change. Furthermore, displacement amplitude varies with landslide type, burial depth, and monitoring
location, complicating the conversion of amplitude-based thresholds across different sites. Therefore,

response parameters describing the relative relationship between horizontal and vertical deformation can
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complement traditional kinematic parameters (Lv et al. 2026).

To address the aforementioned issues, this study proposes displacement vector angle as an indicator,
calculated from the horizontal and vertical displacements measured by a distributed deep displacement
three-dimensional measurement sensor. The displacement vector angle can be used to describe changes
in deformation direction and stage. This study conducted experiments using an artificially constructed
landslide simulation test site, comparing the displacement vector angle with displacement, displacement
velocity, and displacement acceleration, and establishing a preliminary four-stage early warning
framework for specific tests. In addition, the angle threshold proposed in this study is not universally

applicable at present; repeated simulation experiments and field verification are needed.

2. EQUIPMENT AND METHODS

2.1. Landslide Simulation System

To verify the accuracy and effectiveness of the displacement vector angle, we designed an artificial
landslide simulation experimental device to simulate the landslide process. The entire device consists of
three parts: a simulated rainfall and groundwater system, a sensor monitoring system, and a data

acquisition system, as shown in Figure 1.
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Figure 1. Schematic diagram of landslide experimental equipment frame.

As shown in Figure 2, the landslide simulation test chamber is lifted by a hydraulic support rod, and
the door of the test chamber can be opened automatically by gravity. Therefore, it will not hinder the
displacement of the soil and rock inside the landslide test chamber. The slope can be freely adjusted

between 0° and 60°.The tilt angle in this experiment was 30°.
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Figure 2. Details of the landslide simulation test chamber.

In order to induce the transition of the soil and rock mass from a stable state to an unstable state,
this study employed methods such as simulated rainfall and simulated groundwater seepage, as shown
in Figure 3. The rain system consists of 10 rows and 10 columns of rain nozzles, while the groundwater
system consists of a 4-meter-long porous ceramic pipe that allows water to leak slowly and will not be

clogged by dirt.

)
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Figure 3. Rainfall and groundwater equipment.

Table 1 shows the settings for rainfall and groundwater flow.

Table 1 Rainfall and groundwater parameter settings

Parameter Setting value Explanation
Rainfall intensity 10 mm/h Maintain high rainwater infiltration
efficiency
Groundwater flow 2-5 mm/h To prevent excessive soil loss due to

subsurface runoff.

The deep displacement three-dimensional measurement sensor is then embedded in the landslide
simulation experimental chamber. Figure 4 shows the sensor installation and side view of the

experimental equipment.
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Figure 4. Side view of sensor and experimental equipment.

2.2. Introduction to Distributed Deep Displacement 3D Measurement Sensor

Figure 5 shows the distributed deep displacement three-dimensional measurement sensor
independently developed by our research team. It mainly consists of a control terminal (master) and a
sensor array (slave) connected in series via a power line and an RS-485 communication line. The master
and slave units use a one-master-many-slave communication method. The master is responsible for
sending measurement commands to slaves at different addresses and processing the data returned by the
slaves using a deep displacement measurement model. Each slave is responsible for receiving
measurement commands from the control terminal and executing corresponding operations. In practical
engineering applications, the control terminal is located at the surface of the soil and rock mass, and the
sensor array is vertically embedded into the soil and rock mass through boreholes. The sensor array
consists of multiple identical sensing units, each with a completely identical structure and no mechanical
constraints between them, ensuring synchronous deformation with the soil and rock mass. The working

principle of the measurement system is shown in Figure 5.
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Figure 5. Measurement system working principle diagram

Any two adjacent sensing units constitute a measurement unit, and N sensing units can form N-1
measurement units. When the soil and rock undergo deep displacement, each sensing unit will tilt at a
certain angle and relative displacement along different directions. By analyzing the collected data
through the measurement model, the relative displacement distance between two adjacent sensing units
can be calculated. Therefore, N-1 displacement measurement units can measure N-1 relative
displacement values; by adding these values, the total displacement of the soil and rock mass can be

obtained, as shown in (1).

R= Z AR
-

Z=Y Az,

i=1

(M

The sensing unit adopts a columnar structure design, consisting of a PVC tube, an air-core coil, a
magnetic core coil, and a PCB board. During installation, it is necessary to ensure that the air-core coil
and the magnetic core coil are coaxial. Both ends of the sensing unit are sealed with potting compound,

which effectively protects the internal structure of the sensing unit from damage.
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Figure 6. Physical diagram of the sensing unit structure design.

The sensor is based on the dual mutual inductance equivalent voltage method, calculating the
displacement distance using the mutual inductance voltage generated by two coils with different
parameters. The tilt angle and azimuth angle are measured by the internally integrated attitude sensing
module. The distribution of the excitation and response ends of the measurement unit is shown in Figure
7. During measurement, sinusoidal voltage signals u, with constant frequency and amplitude are
sequentially applied to the air-core coil C;, and magnetic core coil C,, atthe excitation end. According
to the electromagnetic induction theory, two sinusoidal signals with the same frequency but different
amplitudes, denoted as u, and u,, , will be sequentially induced in the air-core coil C,, at the response
end, corresponding to type I and type II mutual inductance voltages, respectively. When the coil

impedance is sufficiently large, the mutual inductance electromotive force can be expressed as:

2

Where L,and L, are the self-inductance coefficients of the air-core coil C,, and the magnetic core
coil C

1, » respectively. M, and M, are the mutual inductance coefficients between the air-core coil

C,, and the air-core coil C

L » and between the magnetic core coil C,, and the air-core coil C

21>

respectively.

Magnetic core coil C»

Air core coil

Magnetic core coil C),

Air core coil C; Excitation end

Figure 7. Schematic diagram of measurement unit principle.
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u, and u, are amplified, filtered, and converted to their effective values by the mutual inductance
voltage measurement module built into the sensing unit to obtain DC voltages U, and U, . Theoretical
analysis and experimental results show that as the relative distance or tilt angle between two adjacent
sensing units increases, the measured type I and type II mutual inductance voltages both decrease.
Therefore, the entire measurement model can be transformed into the relationship between mutual
inductance voltage and the relative horizontal displacement R, relative vertical displacement Z, ,and
relative tilt angle ¢, between two adjacent sensing units, as shown in (3).

{UI =f(R.Z,a) )
U,=f(R.Z,a,)

Subsequently, U, and U, were calibrated at multiple tilt angles for different horizontal and

vertical displacements. After calibration, two sets of voltage surfaces were obtained, namely Type I and

Type Il mutual inductance voltage surfaces ( 4, and A, ), each containing 17 surfaces corresponding to

different tilt angles. Figure 8 shows the voltage surfaces at some of these tilt angles.
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Figure 8. Three-dimensional surface diagram of double mutual inductor voltage.(a) U, mutual
inductance voltage surface- 4, . (b)U,, mutual inductance voltage surface- 4,, .

In the measurement model, the voltage value at any given point may be identical to that at multiple
other points. We plot these points of equal voltage yields U, and U, contour lines, as shown in Figure
9(a) and 9(b) below. Since the mutual inductance coefficients between the coils differ, the trends of the
U, and U, contour lines are different. Therefore, there must be a specific displacement at which the
U, and U, contour lines intersect, as shown in Figure 9(c) below. We will use a tilt angle of 15° as

an example.
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182 Figure 9. Type I and type II mutual inductance voltage contour at 15°. (a) Voltage Contour of Type 1.
183 (b) Voltage Contour of Type I1. (¢) voltage contour intersection.

184 Given the current tilt angle, the magnitude of the displacement can be uniquely determined by the

185  coordinates of the intersection points of the U, and U, contour lines. In this case, the coordinates of
186 these intersection points represent the magnitude of the relative displacement between adjacent sensing

187  units.
188  2.3. 3D Status Display of the Sensor

189 To verify the effectiveness of the deep displacement three-dimensional monitoring sensor in
190 mapping soil and rock displacement, our research team conducted a verification of the mapping
191  relationship between the sensor entity and the digital twin through a client application. As shown in
192 Figure 10 and Figure 11, when displacement, tilting, and other motion operations are applied to different
193 sensing units in the sensor, the corresponding digital twin in the client application can synchronously

194  display the corresponding angle and displacement changes.

195
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Figure 10. 3D status interface display when no displacement occurs.

Figure 11. 3D status interface display when displacement occurs

2.4. Displacement Vector Angle

Existing landslide early warning methods based on deep displacement mainly rely on deep
horizontal displacement and its time derivative indices (such as displacement velocity and displacement
acceleration) for instability detection. However, single deformation parameters generally suffer from
problems such as response lag, sensitivity to noise, and difficulty in characterizing the deformation
direction inside the landslide; at the same time, their thresholds are also difficult to apply to different
working conditions.

To overcome the above limitations, it is necessary to construct an early warning index that can
simultaneously reflect the amplitude and direction of landslide deformation and adapt to various working
conditions. The displacement vector angle is synthesized from the horizontal and vertical displacement
vectors, and its direction angle can characterize the deformation state of the slope. Before the landslide
becomes unstable, the smaller the displacement vector angle, the more obvious the deviation between
the direction of movement and the vertical direction, and the higher the degree of instability of the
landslide.

Now assume that the three-dimensional displacements of the response end relative to the excitation
end in any measurement unit are AX,, AY,, and AZ,, respectively, where AX, and AY, can be
expressed by equations (4) and (5), and ¢, is the azimuth angle between two adjacent sensing units.

Then the displacement vector angle ) can be calculated by equation (8):

AX; = AR, cos ¢, 4)

AY, = AR, sing, &)
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X=)AX, Y=)AY, Z=)AZ (6)

H=~X>+Y? (7)

y=atan2(Z,H) ®)
When H =Z =0, the displacement vector angle y is not calculated. Therefore, the range of

values for y is defined as: 0" < ¥ <90°.
2.5. Physical Interpretation of Displacement Vector Angle

Figure 12 shows on-site images of the initiation, expansion, and landslide of rock and soil cracks
during the experiment. Figure 13 is a schematic diagram of the evolution mechanism of displacement
vector angle during landslide deformation. Figures 12 and 13 reveal the changing trend and law of
displacement vector angle during the evolution of landslide disaster from experimental and theoretical
perspectives, respectively. (1) In the early stage of the landslide simulation experiment, the sensing units
inside the rock and soil will generate vertical displacement due to soil compression, while the horizontal
displacement is almost zero, resulting in a displacement vector angle slightly less than 90°. At this time,
the shear strength inside the rock and soil is relatively large, and only a small amount of soil slides due
to gravity caused by the tilt of the box. The landslide is in a relatively stable stage. (2) As the experiment
progresses, cracks gradually appear on the surface and inside the soil due to the influence of rainfall and
groundwater. The sensing units exhibit a certain horizontal displacement, and the displacement vector
angle decreases slowly. The landslide body evolves to the slow deformation stage. (3) As the cracks
continue to expand and connect with each other, a potential sliding surface is formed. At this time, the
cracks cause a larger area of soil to enter an accelerated creep state, and cause the buried deep
displacement three-dimensional measurement sensor to generate horizontal and vertical displacements.
However, the rate of increase in horizontal displacement will temporarily exceed the rate of increase in
vertical displacement, so the displacement vector angle will decrease rapidly. Afterwards, as the landslide
is about to become unstable, both vertical and horizontal displacements will increase significantly,
resulting in a slow increase in the displacement vector angle. (4) When the crack penetrates the entire
rock and soil mass, a relatively obvious sliding surface will be formed. The soil will slide along the
sliding surface, which will also cause the sensor to generate large horizontal and vertical displacements.
The displacement vector angle will continue to rise, indicating that the landslide has entered the stage of

complete instability.

Under the influence of gravity, loose
soil clods will slide down from the
front.

Cracks appeared in the soil and the  The landslide occurred, and the
cracks continued to expand from sensor was completely exposed.
the outside in.

Figure 12. Visualized on-site images of the initiation and propagation of cracks in the soil and rock
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252 Figure13. Mechanism of displacement vector angle evolution during landslide deformation.
253 As can be seen from the above, this parameter has three advantages: (1) By utilizing a deep

254  displacement three-dimensional measurement sensor that integrates bidirectional displacement

255 information, the deformation process can be described more comprehensively; (2) Unlike displacement

256 amplitude, displacement vector angle reflects the relative relationship between horizontal and vertical

257 displacement, rather than the absolute displacement magnitude. Therefore, it is less affected by landslide

258 scale, monitoring depth, and measuring point location, making it more suitable for establishing a unified

259 early warning threshold applicable to different landslide types and working conditions; (3) By reducing

260  the influence of inherent random errors in unidirectional measurements, signal stability and anti-

261  interference capabilities can be improved.

262 3. RESULTS

263  3.1. Experimental Data Presentation

264 The landslide simulation experiment lasted for 51 hours. Figure 14 shows the cumulative horizontal

265 and vertical displacements measured by the sensing units. A total of ten sensing units were used. The

266 bottom sensing unit was only used as the excitation end and not as the response end, so no data was
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269 Figure 14. Cumulative deformation curves. (a) Relationship between cumulative horizontal
270 displacement and time. (b) Relationship between cumulative vertical displacement and time.
271 As shown in Figure 14, from a spatial distribution perspective, different sensing units may
272 correspond to different deformation regions. The cumulative displacement changes in the regions where
273 sensing units 14 are located are drastic, which can be identified as the main sliding zone or strong
274  deformation zone of the soil and rock mass; the cumulative displacement changes in the regions where
275 sensing units 7-9 are located are very small, usually less than 50 mm, belonging to a relatively stable
276 zone; sensing units 5—6 are located in the weak deformation zone. Therefore, the displacement changes
277  of sensing units 1-6 should be the focus, as shown in Figure 15.
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279 Figure 15. Horizontal displacement and vertical displacement curves. (a) Horizontal displacement.
280 (b) Vertical displacement.
281  3.2. Displacement Vector Angle of Sensing Units 1-6
282 The figure below shows the change in displacement vector angle of sensing units 1-6, obtained from
283  the horizontal and vertical displacements of sensing units 1-6.
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Figure 16. Displacement vector angles change curve. (a) No. 1-4 sensing unit. (b) No. 5-6 sensing
unit.

As shown in Figure 16, in the main deformation zone, the displacement vector angle decreases
rapidly before the overall sliding, indicating a shift in the deformation mode towards horizontal
dominance. In relatively stable regions, the displacement vector angle remains relatively large, and the
rate of decrease is slower. Therefore, in this experiment, the displacement vector angle can distinguish

the spatial deformation behavior of the landslide.

4. DISCUSSION

4.1. Comparison with Traditional Early Warning Indicators

Displacement velocity and displacement acceleration are essentially obtained by taking the
derivative of displacement data. In experimental monitoring, we usually obtain discrete displacement-
time data points, so numerical differentiation is needed for approximate calculation. Here, we use the
central difference method for calculation. For data sampled at equal time intervals, the central difference
method is the most commonly used and highly accurate method. Its principle is to use the displacement
values of a target point at two moments before and after it to calculate the instantaneous velocity or
acceleration of that point. Since the noise is significantly amplified after the first and second numerical
differentiations of the displacement, the Savitzky-Golay filtering method is used here to filter the
differentiated result. Suppose you measure displacement s, attime ¢, and the sampling time interval
is At, then:

Displacement velocity:

Si1 ~Sin
V= 9
i oA (€))
Displacement acceleration:
=28+,
ai — SH—] Slz SI—] (10)
(Ar)

The central difference method requires data before and after the target point, so the first and last
points of the data sequence cannot use this formula. For these two endpoints, we can use:

Displacement velocity starting point (forward difference):
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Displacement velocity endpoint (backward difference):
s, =S,

b= ST 12

f Ar (12)

Displacement acceleration starting point (forward difference):

—2s, +
g =227 (13)
(A1)

Displacement acceleration endpoint (backward difference):

_ Sn _zsnfl +Sn72

=TT ey (14)

Taking sensor unit 1 as an example, the displacement vector angle was compared with the horizontal
and vertical displacements, the horizontal and vertical displacement velocities, and the horizontal and

vertical displacement accelerations.

——H 1 Displacemct

eration(mm/h?)

60
e o
Figure 17. Comparison of results for four parameters.(a) Comparison of horizontal displacement,
horizontal displacement velocity, horizontal displacement acceleration, and displacement vector angle.

(b) Comparison of vertical displacement, vertical displacement velocity, vertical displacement

acceleration, and displacement vector angle.

Figure 17 illustrates the evolution of displacement, displacement velocity, displacement
acceleration, and displacement vector angle during landslide deformation over the same time period.
Even before the other three kinematic parameters show a significant response to landslide deformation,
the displacement vector angle is sufficient to capture the information that horizontal displacement is
gradually becoming dominant, quickly identifying changes in the landslide state. We can then use this
change to provide early warning of landslide.

4.2. Landslide Warning Level Classification

Based on the above exploration and simulation of displacement vector angle and landslide

dynamics evolution, we can roughly divide landslides into four stages, as shown in the figure below.
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Figure 18. Schematic diagram of landslide deformation stages based on displacement vector angle.
The proposed classification method considers both the value of the displacement vector angle and
its time trend. In a relatively stable phase, the value of the displacement vector angle fluctuates within a
range of approximately 5°. In the slow deformation phase, the value of the displacement vector angle
gradually decreases and typically remains above 70°. In the accelerated creep phase, the value of the
displacement vector angle decreases rapidly, reaching a minimum value close to 10° in this experiment.
After sliding begins, large-scale horizontal and vertical displacements occur, and the value of the
displacement vector angle increases. As the displacement continues to rise, it may reach the upper limit
of sensor measurement, at which point the horizontal displacement equals the vertical displacement, and

¥ 18 45°. The boundary values of 85°, 70°, 10°, and 45° in Table 2 are all from this experiment; therefore,

they should be considered as preliminary standards for specific experiments, rather than general warning

thresholds. Since the same value of » can occur in both the rising and falling phases, we introduce y T

to represent the rising phase and y { to represent the falling phase, in order to eliminate ambiguity in
phase identification.

Table 2. Landslide warning level classification

Alert Level Level I: Normal Level II: Advisory —

¥ range 90°>y >85° 85>y >70° 70°> 7 4 >10° 10°<y T <45
Landslide It mainly moves in | Gradually deviating . . Landslide occurs,
L . . Increasingly horizontal . .
movement direction the vertical from the vertical . direction not determined
N L deformation
direction. direction
Stage division Relatively stable Slow deformation Accelerated creep stage Complete instability
stage stage stage
Typical Soil compression, Surface cracking, Interconnected cracks, | Continuous slip surface,
characteristics vertical movement slight displacement potential slip surface large-scale sliding
351 Note: These angle boundaries and trend conditions are derived from a simulation experiment and
352 are preliminary, experiment-specific standards, not general warning thresholds.
353  4.3. Limitations
354 This study still has certain limitations. The proposed stage boundaries are based on artificial
355 simulation experiments, they cannot be considered universal indicators until verified with actual field
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data. Subsequent studies will be conducted under different slopes, rainfall and groundwater conditions,
and soil properties to evaluate their robustness and generalizability.

5. CONCLUSIONS

(1) This paper proposes a landslide response parameter based on a distributed deep displacement
three-dimensional measurement sensor—the displacement vector angle. This parameter is calculated
from both horizontal and vertical displacements, reflecting not only the deformation amplitude within
the landslide but also the evolution of the deformation direction within the landslide.

(2) Based on a self-built landslide simulation experimental platform, a distributed sensor consisting
of ten sensing units was continuously monitored for 51 hours. The experimental results show that as the
landslide gradually evolves from soil compression to crack propagation, accelerated creep, and overall
sliding stages, the displacement vector angle exhibits an evolutionary pattern of "slow decrease—rapid
decrease—slow recovery." This change corresponds to the transformation of the landslide's internal
deformation mechanism from vertical compression to horizontal shear sliding, and has clear physical
significance.

(3) Compared with traditional kinematic parameters such as displacement, displacement velocity,
and displacement acceleration, the displacement vector angle can more continuously describe the
evolution of the deformation direction within the landslide and exhibits more obvious response
characteristics during the accelerated creep stage. This is because the displacement vector angle reflects
the change in the relative contribution of horizontal and vertical displacements, while traditional
parameters mainly describe the deformation amplitude and its rate of change. Therefore, the displacement
vector angle can more effectively reveal the transformation of the deformation mechanism within a
landslide.

(4) Based on the evolution law of the displacement vector angle, this paper establishes a four-stage
landslide early warning framework, providing a new approach for landslide stage identification and early
warning threshold determination. Currently, the relevant thresholds are mainly derived from indoor
landslide simulation experiments. Further verification and optimization of the evolution law of the
displacement vector angle and the early warning threshold will be conducted using long-term monitoring
data from 200 deep displacement three-dimensional measurement sensors deployed in Fuxian County,
Yan'an City, Shaanxi Province, to improve its engineering applicability and universality.

In general, the displacement vector angle is not a displacement amplitude index in the traditional
sense, but a novel response parameter reflecting the evolution of the deformation direction within a
landslide. It can reveal the development process of a landslide from vertical compression to horizontal
sliding from the perspective of deformation mechanism, providing a new approach with clear physical

meaning for deep displacement monitoring and early landslide warning.

Funding: This work was supported in part by the Natural Science Foundation of Zhejiang
Province(LY22F010011) and the National Natural Science Foundation of China (No. 61701467).
Conflicts of Interest: The authors declare no competing interests.

Author contributions: N.S. provided guidance and conceptualization for this study. Z.S. conceived the
research, built the simulation experimental platform, and conducted the experiments. Data processing

and analysis, and chart creation were then performed. Q.L., G.Q. and R.T. participated in experimental



397
398

399
400
401
402

403

404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438

design and data interpretation. Y.L. assisted in revising the manuscript. All authors reviewed and

approved the final manuscript.

Acknowledgements: The authors would like to thank postgraduate students Yiming Lei, Meng Zhenpu,
Leyuan Meng and others for their assistance during the early stages of the experiment. We would also

like to thank Professor Li Qing for his support with the landslide simulation system.

REFERENCES

Nadim F, Kjekstad O, Peduzzi P, et al. (2006) Global landslide and avalanche
hotspots. Landslides 3(2):159-173. https://doi.org/10.1007/s10346-006-0036-1

Jaafari A (2024) An overview of triggering and causing factors of landslides. Landslides in the
Himalayan region: risk assessment and mitigation strategy for sustainable management 25-45.
https://doi.org/10.1007/978-981-97-4680-4 2

Prasad A S, Pandey B W, Leimgruber W, et al. (2016) Mountain hazard susceptibility and livelihood
security in the upper catchment area of the river Beas, Kullu Valley, Himachal Pradesh,
India. Geoenvironmental Disasters 3(1):3. https://doi.org/10.1186/s40677-016-0037-x

Alcantara-Ayala 1 (2025) Landslides in a changing world. Landslides 22(9):2851-2865.
https://doi.org/10.1007/s10346-024-02451-1

An P, Deng Q, Yin Y, et al. (2026) Temporal-spatial characteristics of surface cracks during landslide
evolution. Engineering Geology 108723. https://doi.org/10.1016/j.enggeo0.2026.108723

Ding Z, Feng X, Wang E, et al. (2025) Fault slip mechanics and seismic source characteristics considering
fracture zone anisotropy. Acta Geotechnica 20(7):3411-3437. https://doi.org/10.1007/s11440-025-
02679-8

Pecoraro G, Calvello M, Piciullo L (2019) Monitoring strategies for local landslide early warning
systems. Landslides 16(2):213-231. https://doi.org/10.1007/s10346-018-1068-z

Alam M J B, Manzano L S, Debnath R, et al. (2024) Monitoring slope movement and soil hydrologic
behavior using IoT and AI technologies: A systematic review. Hydrology 11(8):111.
https://doi.org/10.3390/hydrology11080111

Shentu N, Zhang H, Li Q, et al. (2011) A theoretical model to predict both horizontal displacement and
vertical displacement for electromagnetic induction-based deep displacement
sensors. Sensors 12(1):233-259. https://doi.org/10.3390/s120100233

Yasyukevich Y V, Zhang B, Devanaboyina V R (2024) Advances in GNSS positioning and GNSS remote
sensing. Sensors 24(4):1200. https://doi.org/10.3390/524041200

Bi S, Yuan C, Liu C, et al. (2021) A survey of low-cost 3D laser scanning technology. Applied
Sciences 11(9):3938. https://doi.org/10.3390/app11093938

Osmanoglu B, Sunar F, Wdowinski S, et al. (2016) Time series analysis of InSAR data: Methods and
trends. Isprs journal of photogrammetry and remote sensing 115:90-102.
https://doi.org/10.1016/j.isprsjprs.2015.10.003

Wei Z, Zhao J, Liang Y, et al. (2026) Hydrological Response Characteristics and Deformation—Failure
Processes of Loess—Mudstone Landslides Under Rainfall Infiltration: Insights from a Physical Model
Test and Long-Term SBAS-InSAR Validation. Applied Sciences 16(3):1619.
https://doi.org/10.3390/app16031619

Alonso E E (2021) Triggering and motion of landslides. Géotechnique 71(1):3-59.



439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470

https://doi.org/10.1680/jgeot.20.r1.001

Ma S, Qiu H, Zhu Y, et al. (2023) Topographic changes, surface deformation and movement process
before, during and after a rotational landslide. Remote Sensing 15(3):662.
https://doi.org/10.3390/rs15030662

HaD W, KimJ M, KimY, et al. (2018) Development and application of a wireless MEMS-based borehole
inclinometer for automated measurement of ground movement. Automation in Construction 87:49-59.
https://doi.org/10.1016/j.autcon.2017.12.011

Cho H, Jung J, Yang B, et al. (2024) Curing process monitoring of cementitious grout using time domain
reflectometry (TDR) system. Construction and Building Materials 438:136729.
https://doi.org/10.1016/j.conbuildmat.2024.136729

Lee D,Kim D J, Lee J S, et al. (2024) Evaluation of electrical resistivity of cement-based materials using
time domain reflectometry. Measurement 236:115166.
https://doi.org/10.1016/j.measurement.2024.115166

Theodosiou A (2024) Recent advances in fiber Bragg grating sensing. Sensors 24(2):532.
https://doi.org/10.3390/s24020532

Yang M, Xu H (2023) Application of fiber Bragg grating sensing technology and physical model in
bridge detection. Results in Physics 54:107058. https://doi.org/10.1016/j.rinp.2023.107058

Zangerl C, Prager C, Chwatal W, et al. (2009) Process-based investigations and monitoring of deep-
seated landslides. In: Sustainable Natural Hazard Management in Alpine Environments. Springer Berlin
Heidelberg, Berlin, Heidelberg, pp 135-178. https://doi.org/10.1007/978-3-642-03229-5 5

Shentu N, Yang J, Li Q, et al. (2023) Underground displacement measurement method based on double
mutual inductance voltage contour model of optimized dual kriging. IEEE Sensors J 23(12):12963-
12977. https://doi.org/10.1109/jsen.2023.3265031

Strnad D, Mongus D, Horvat S, et al. (2025) A multi-task deep learning approach for landslide
displacement prediction with applications in early warning systems. Scientific reports.
https://doi.org/10.1038/s41598-025-29084-1

Pang S, Sun X, Wang S, et al. (2024) A multi-parameter monitoring system and early warning model for
rainfall-induced landslides. Bulletin of Engineering Geology and the Environment 83(8):312.
https://doi.org/10.1007/s10064-024-03808-5

Lv Q, Zhang Z, Zhang T, et al. (2026) The destabilization mechanism of loess landslides induced by
intermittent rainfall: from laboratory tests and field application. Bulletin of Engineering Geology and the
Environment 85(1):65. https://doi.org/10.1007/s10064-025-04727-9



