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Group-occurring loess falls are common catastrophic geological hazards on
the Loess Plateau, typically triggered by heavy rainfall, excessive irrigation, or
earthquakes. However, group-occurring loess falls induced by sustained sewage
discharge are exceedingly rare. To better understand the failure mechanism of
group-occurring loess falls caused by persistent domestic sewage scouring in
Liudian Village, Qingyang City, Gansu Province, multi-temporal remote-sensing
images and UAV-derived DEMs, together with field investigations, were used to
track slope evolution. ERT and drilling were used to characterize subsurface
moisture and stratigraphy. A flume test was set up using analogous materials,
and water infiltrated from the constant-level tank at the slope toe. Displacement
and inclination were monitored. The results show that basal loess saturation
increased progressively and caused collapsible settlement. Once the basal layer
became fully saturated, the slope toe gradually softened, and capillary action
promoted the upward migration of moisture, saturating the upper slope. This
hydrological process induced plastic deformation and slow creep, eventually
resulting in an overall slope fall and sliding. The entire failure process can be
divided into three stages: steady-state deformation, accelerated deformation,
and final failure, each displaying distinct characteristics. These observations
indicate an erosion-controlled, time-dependent cumulative failure pattern with
recurrent collapses under sustained toe water supply. In the future, mitigation can
focus on sewage diversion and toe flow interception, together with localized toe
protection, to reduce long-term scouring and infiltration.
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flume experiment, group-occurring loess falls, constant-level toe infiltration, seepage-
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1 Introduction

Group-occurring landslides are among the most destructive
geological hazards, ofen causing river blockages and village burial
(Gariano and Guzzetti, 2016). In the Chinese Loess Plateau,
fractured strata, concentrated rainfall, and frequent earthquakes
make the region highly susceptible to landslides and gully erosion
(Wang, 2025). Moreover, anthropogenic activities such as irrigation
leakage, slope cutting, and farmland reclamation signifcantly
accelerate gully expansion and erosion, undermining the stability
of conservation projects (Zhu et al., 2021; Meng et al., 2021;
Dingetal., 2025; Hu et al., 2025; Wang et al., 2025). However, group-
occurring loess landsides induced by domestic sewage discharge are
rarely reported and this issue is ofen overlooked in loess landslide
research. Long-term sewage discharge and leakage can continuously
modify the hydrological regime and also alter the local chemical
environment. Tese changes weaken loess structure and reduce
soil strength.

In loess regions, previous studies on triggering mechanisms of
loess landslides have primarily focused on three scope categories:
rainfall, irrigation, and earthquakes. Rainfall infltration increases
soil water content and decreases matric suction. Elevated pore-
water pressure near the slip surface reduces efective stress and
sofens the loess, leading to failure (Li et al., 2018; Sun et al., 2021;
Zheng et al., 2024; Nie et al., 2025). Irrigation seepage difuses
through fssures, weakening shear strength and increasing
self-weight, thereby reducing slope stability (Ma et al., 2019;
Lian et al., 2020; Peng et al., 2025). Earthquake-induced landslides
are closely associated with magnitude and fault distance, with
tangential acceleration identifed as a key triggering factor
(Li et al., 2023b; Su et al., 2024; Hong et al., 2020; Jing et al., 2025).
T ese drivers are usually short-lived or seasonally controlled. T eir
impacts ofen occur during intense storms, irrigation periods, or
seismic events. By contrast, sewage discharge provides a sustained
water supply, and the forcing can last for months to years. It is
not constrained by seasonal variations. T erefore, the mechanism
considered here is distinct from rainfall-triggered sofening,
irrigation-induced preferential fow, and acid-leaching—related loess
weakening (Sha et al., 2025; Xie et al., 2025). Te formation and
evolution of group-occurring loess landslides driven by sustained
sewage discharge remain unclear.

Compared with sudden triggers such as rainfall or earthquakes,
long-term seepage and erosion also play vital roles in loess
slope evolution. River undercutting alters the stress—strain state
of slopes, and higher erosion rates markedly increase failure risks
(Yuan et al., 2018; Xie et al., 2021). Persistent toe scouring and
continuous infltration progressively weaken the loess structure
through preferential fow and prolonged seepage-induced sofening
(Li et al., 2023a). T is structural degradation lowers shear strength
at the saturated toe, eventually triggering a sequence of local sliding,
creep cracking, and overall collapse (Zhuang et al., 2021). Coupling
between groundwater and surface runof further accelerates slope
failure (Pan et al., 2019). For sewage-induced landslides, weakly
acidic or saline efuents disrupt loess cementation and pore
structures, causing particle migration and basal sofening (Zhang
and McSaveney, 2018; Di et al., 2025). Laboratory investigations have
also shown that repeated wetting and pore-fuid migration accelerate
sofening and reduce efective strength (Ahmad et al, 2021,
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Ahmad et al., 2025b). Related studies in other engineering
contexts also report progressive deterioration under sustained fuid
action or long-term exposure, which supports a time-accumulating
weakening perspective (Haroon et al., 2017; Rizvi et al., 2020;
Ahmad et al., 2025a). However, in gully-type loess terrains, the
mechanism of landslide evolution driven by combined sewage
leakage, toe erosion, and seepage remains poorly understood
(Ma et al., 2025; Fang et al., 2025; Xu et al., 2026). Tis gap is
particularly relevant in sewage-afected gullies. Steep gully walls
and an incised channel concentrate fow at the toe. T ey maintain
a persistent free face and enhance undercutting, which promotes
toe-controlled progressive instability under sustained seepage.

To address the above questions, this study focuses on the Liudian
Village North Slope in Qingyang City, China, as a representative
case of seepage-erosion-induced loess landslides. High-density
electrical resistivity tomography (ERT), unmanned aerial vehicle
(UAV) photogrammetry, and borehole data are integrated with
historical imagery to analyze the landslide’s evolution. Based on
similarity principles, a physical fume model is constructed to
simulate the slope’s saturation, deformation, and failure processes
under controlled fow erosion. Te study emphasizes the stress-
displacement evolution and failure mechanisms during progressive
destabilization. T e fndings provide a scientifc basis for identifying
and mitigating gully-type loess landslides. T ey also ofer guidance
for optimizing slope stabilization in plateau regions.

2 Study area
2.1 Topography and landform

Testudy area is located on the lef bank of a loess residual gully
east of Xifeng District in Qingyang City, Gansu Province, within
the Longdong loess hilly region of the Chinese Loess Plateau. Te
fat loess platform at the crest ranges in elevation from 1,284 to
1,295 m, while the gully bottom lies between 1,180 and 1,236 m. Te
vertical diference between the front and back edges varies from 59
to 63 m, with slopes ranging from approximately 45°—65° (Figure 1).
Te region has a semi-arid to semi-humid continental monsoon
climate characterized by low precipitation, high evaporation, and
low humidity.

2.2 Geological setting

Te study area comprises three geomorphological units: loess
plateau geomorphology, loess residual plateau gully geomorphology,
and erosion accumulation river valley geomorphology (Xu, 2024).
On-site borehole results indicate that the upper portion of the loess
residual deposit where the landslide occurs consists of Malan loess,
while the lower portion is composed of Lishi loess. T e stratigraphic
layers are shown in Figure 2.

Te Malan loess layer is 11.3-12.0 m thick and is characterized
by a yellowish-brown color and a loose to blocky silt structure with
slightly higher compactness. Moist Malan loess can be molded into
a ball but readily disintegrates, and the dry loess shows relatively
low strength. Te Lishi loess layer is 35.5-40.5 m thick. Standard
penetration tests indicate that the upper 5m is generally loose,
whereas the 5-12 m interval is slightly dense.
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FIGURE 1

Location map of the study area. (a) DEM of Qingyang City; (b) Satellite image of the study area.

FIGURE 2
Geological profile derived from UAV data along the section line
(Location as shown in Figure 1).

Tis medium-sized progressive loess landslide is situated
on the lef bank of a gully along a loess residual plateau.
Historical images indicate limited landslide activity during
2014-2018. However, afer the sewage treatment plant
was established in 2019 and discharge began, persistent
erosion increased landslide frequency. Te landslide mass
predominantly consists of Malan loess, with an average thickness
of 5.28 m.

2.3 Hydrological context

Qingyang City lies within the Yellow River Basin, with the Pu
River and the Malian River as its primary tributaries. Groundwater
in the area is divided into Quaternary pore-fssure water and
Cretaceous confned water. T e perched loess groundwater is mainly
recharged by precipitation, characterized by vertical infltration.
Locally, lateral fow occurs along stratigraphic interfaces or within
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gullies. In contrast, the deep confned aquifer in the Cretaceous
strata fows slowly along the bedding direction. It fnally discharges
into the Malian River valley, forming a typical confned basin
Tfow feld.

3 Materials and methods

3.1 Multi-temporal remote-sensing images
and DEMs

A series of high-resolution satellite images between 2014 and
2018 (Airbus, Sentinel-2, Gaofen-1, Ziyuan-3, etc.) was acquired to
track the evolution of the landslide. Unmanned aerial vehicle (UAV)
photogrammetry in 2022 was employed to capture topographic
imagery and generate a digital elevation model (DEM), providing
a basis for subsequent analysis (Figure 3). T e sources of the data
are summarized in Table 1.

3.2 Field investigation

To examine the groundwater distribution, an Electrical
Resistivity Tomography (ERT) survey line was laid out along the
northern terrace margin. Te survey line was 600 m long, with
a maximum investigation depth of 87 m. Resistivity variations
refected subsurface moisture, as higher water content enhanced
conductivity and decreased resistivity. Combined with drilling and
geological survey results, resistivity decreases gradually from the
slope crest to the toe, indicating increasing moisture toward the
slope base. A distinct low-resistivity zone is developed at the slope
toe. Tis zone is laterally continuous below a depth of about 60 m
and extends downward to 87 m, indicating a persistent water-
enriched layer. Within this zone, beneath the H2-H3 segment,
the upper boundary becomes shallower, suggesting a locally
uplifed saturation belt. On the right side near H4, a clear near-
surface low-resistivity patch is present, indicating higher water
content at the ground surface (Figure 4). Tese results confrm
that ERT efectively characterizes subsurface water distribution
and provides a reliable basis for subsequent hydrogeological
analysis.
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FIGURE 3

3D model of the landslide area. (a) 3D model of the slope; (b) Local point cloud view.

TABLE 1 Details of datasets used in this study.

Data type Acquisition date ’ Resolution
2022.02.21 042m
UAV images
2022.06.29 031m
2014.02.20 03m
2018.10.27 03m
Satellite images
2019.11.25 03m
2022.10.17 03m
ERT 2022.09.06 5m

3.3 Flume experiments
3.3.1 Experimental device and design

Indoor fume experiments were conducted to investigate
the formation mechanism of loess slopes. Te fume measured
800 mm x 500 mm x 800mm (length x width x height).
Transparent resin panels were installed on both sides to clearly
observe the uniform compaction and failure process of fume slopes.
A constant 10 cm water level was maintained at the slope toe to
mimic soaking and sofening caused by the sewage treatment plant
discharge (Figure 5).

T egeometry of the loess fall model was designed to replicate the
fundamental morphological features of the landslides in the study
area, featuring a slope gradient of 55°, dimensions of 700 mm x
500 mm (length x height), and a horizontal base. In the process
of constructing the stacked fume slope, automatic displacement
meters and multi-parameter sensors were embedded, and the
manual slope surface was covered with uncompacted loess for
fxation. Subsequent to the completion of the stacked fume slope,
verifcation of both the geometry and sensor functionality was
conducted before installation of the microseismic sensors at the
rear of the platform. Subsequently, a 400-mm-wide water-barrier
plate was installed at the front of the fume, and a 160 kg iron
block was placed on the upper surface of the model to simulate the
overburden load. Te load was uniformly transmitted to the slope
surface through a rigid fat plate beneath the iron block.
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3.3.2 Experimental materials

Te Q3 Malan remolded loess samples are used in fume
experiments (Figure 6). Concurrently, particle size of samples
were assessed using the laser particle size analyzer. Te physical
properties and specifc parameters of the representative samples
are listed in Table 2. Te dry density of the material is 1.25 g/cm®,
and its water content is 5%. T e soil specimens in fume tests are
compacted in layers following a predetermined model to maintain a
soil weight similarity coeFcient of approximately 1:1.

3.3.3 Data acquisition

Two cameras recorded the slope deformation from front
and side views (Figures 7a—c). A multi-parameter sensor and
microseismic sensors monitored internal responses (Figures 7d,e).
All sensors were linked to a portable multi-channel acquisition
system (N19188) with a maximum frequency of 1,024 Hz. Te
system synchronously recorded displacement, inclination, and
microseismic activity throughout the deformation and failure
processes. Continuous monitoring was conducted until the model
reached complete failure.

3.3.4 Scaling rationale and field-model
correspondence

T e fume test is mechanism oriented. Itis designed to reproduce
the staged deformation and failure process driven by long term
sewage discharge at the slope toe, and to examine the controlling
mechanisms. Due to the practical operability constraints of a
laboratory fume and the model scale, the experiment cannot achieve
complete similitude of geometric, stress, and hydraulic processes at
the prototype scale. T e test therefore emphasizes reproducing the
dominant boundary controls and the resulting failure pattern under
sustained toe infow.

Te prototype gully margin in Liudian Village is steep, with
slope angles ranging from 45° to 65°. Based on the feld conditions
and the main distribution range of slope angles, a model slope
angle of 55° was selected as a representative value to form a steep
slope surface similar to the feld morphology. Te model height
is 500 mm, while the feld vertical diference is 59-63m. Tis
yields a geometric similarity ratio of about 1:120 based on slope
height. T"e model soil was reconstituted using Malan loess collected
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FIGURE 4

Resistivity cross-section of the landslide area. (a) Field layout of the ERT survey; (b) ERT inversion result.

FIGURE 5
Flume experiment setup. (a) Side view; (b) Front view.

from the study area and compacted in layers to keep unit weight
close to the feld condition, achieving a unit weight similarity of
approximately 1:1.

Te dominant hydraulic forcing in the feld is long duration
point source sewage discharge emerging at the slope toe. To
mimic this boundary type, a constant water level of 10 cm was
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maintained at the slope toe through a fxed outlet supply, forming
a constant head boundary. Tis setup reproduces persistent toe
discharge, long duration toe wetting, and sustained infltration
from a fxed outlet. Tis setting is consistent with the water
enriched zone near the toe inferred from electrical resistivity
imaging.
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FIGURE 6
Undisturbed cubic loess sample collected in the field.

4 Results

4.1 Development progress of
group-occurring loess falls

High-resolution satellite images from early 2014 revealed a
notable concentration of loess falls at the top of the terrace, covering
an area of approximately 8,334 m? with limited overall impact
(Figure 8a). Between 2014 and 2018, the number of landslides
decreased from seven to three, whereas the total afected area
increased slightly by 11.02% (Figure 8b). T is indicates that several
pre-existing landslides reactivated or expanded, despite the overall
reduction in landslide frequency. However, the sewage plant was
built in 2019 and continuously discharged treated domestic sewage
into the trench, resulting in extensive loess falls occurring on the
terrace (Figures 8c,d). Despite a decline in landslide number, the
total afected area surged by 432.70% from 2018, reaching 49,291 m?.
In the 3 years afer completion, the loess falls continued to evolve,
with their area expanding by a cumulative 127.11% (Table 3). With
repeated slope failures, the gradient progressively increased, and
some local slope angles exceeded 60°.

4.2 Loess slope failure progress revealed by
flume experiments

Te slope failure process was divided into two stages. In the

initial stage, the slope is characterized by small-scale slope failure,
representing the localized failure with limited afected areas. In the
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second stage, the slope underwent total failure, representing the
large-scale fall stage. Subsequently, the system gradually stabilized.

4.2.1 Initial localized failure stage

During the initial stage of the fume test, a steady infow was
supplied from a fxed water level at the slope toe. Basal saturation
developed progressively from the front to the rear. Tis resulted
in a slight wet subsidence in the slope mass (Figure 9a). As the
infltration continued, complete saturation occurred at the base of
the slope, causing the front edge to sofen. Subsequently, capillary
forces facilitated the upward movement of moisture, saturating
the upper section of the slope. During this process, the slope
underwent plastic deformation and began creeping at a rate of
approximately 0.57 mm/h.

During the initial stages of small-scale slope failure, pore water
pressure rose and efective stress decreased, the loess at the base
of the leading edge gradually evolved into a mudfow. Under the
action of gravity, the overlying loess produced a tensile crack at
the slope toe, which propagated laterally and triggered sliding
of the leading edge (Figure 9b). Te slope toe underwent a fall
of approximately 4 cm, and the displaced material accumulated
at the slope front. A newly exposed slope face developed on
the slope. Under continued scouring, mudfow reappeared at the
base, triggering another fall accompanied by evident unloading
fssures, with the slope toe retreating by 5cm (Figure 9¢). Both
falls were minor, and the landslide mass did not contain any
Sensors.

4.2.2 Ultimate large-scale fall stage

In the ultimate large-scale fall stage, the slope failure showed a
prolonged duration, larger scale, and a distinct creep deformation
process. T is particular stage of slope failure was selected for detailed
analysis in this study. Afer the transverse fssure on the slope surface
fully developed (Figure 10a), a fall occurred at the slope toe. Tis
fall was accompanied by pronounced creep deformation and lasted
approximately 22.5 min. Subsequently, due to the gravitational force
infuence exerted by overlying load, the slope shoulder underwent
global sliding, causing the upper loess mass to descend as a
unifed block (Figures 10b,c).

Under continuous infltration at a constant water level at the
slope toe, the loess at the bottom progressively became saturated
from the front to the back. Te self-weight of the front portion
of the slope increased and unloading occurred toward the newly
exposed slope face. T ese combined efects, including soil sofening
and strength reduction due to infltration, resulted in the formation
of the initial tensile crack in the middle of the slope (Figure 11a). Due
to gravity, the overlying loess experienced the frst and second falls
at the foot of the slope (Figures 11b,c). T ese two failures created a
cavity at the bottom of the lef side. Meanwhile, the residual slope
mass on the right side slowly crept toward the free face, with cracks
initiating on the right side of the central slope and propagating
toward the middle (Figure 11d). Afer prolonged soaking, the front
portion of the slope toe became nearly fully saturated, resulting in a
signifcant reduction in soil shear strength. T e soil mass could no
longer support the overlying load, causing cracks to gradually extend
laterally and eventually form a transverse connection (Figures 11e,f).
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TABLE 2 Basic physical properties of soil.

Permeability Percentage of particle-size distribution (%)

Natural dry coefficient Specific gravity  Void ratio

density (g-cm™) 104 em-sY) >0.075mm  0.075-0.005 mm | <0.005 mm

FIGURE 7
Photographs of slopes with collecting instruments. (a,b) Test flume as a whole; (c) Camera picture; (d) Multi-parameter sensor; (e) Microseismic sensor.

FIGURE 8
Historical image of the northern terrace of Qingyang. (a) Image map taken in February 2014; (b) image map taken in October 2018; (c) image map
taken in November 2019; (d) image map taken in October 2022.
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TABLE 3 The area and quantity of landslides changed between 2014 and 2022.

10.3389/feart.2026.1742001

Number of landslides Total area of landslide (m?) Percentage increase in
landslide area over previous
year
2014 7 8,334 —
2018 3 9,253 11.02%
2019 2 49,291 432.70%
2022 4 111,944 127.11%
FIGURE 9
The incipient loess falls processes. (a) After test water injection; (b) Fall initiation; (c) Subsequent fall.

FIGURE 10

Process of ultimate loess fall. (a) Onset stage; (b) Progressive stage; (c) Final failure stage.

Afer the cracks coalesced, they rapidly propagated (Figure 11g),
ultimately leading to a fall at the slope toe (Figure 11h).

During the test, displacement and inclination data were
continuously recorded by a multi-channel acquisition system at
1,024 Hz. Tese data support subsequent deformation analysis.
As shown in Figure 12, the crack gauge data revealed the detailed
temporal evolution of deformation. From 22:25:30 to about 22:42,
the crack width remained low and nearly stable. It increased only
slightly from about 0.80 mm to about 1.00 mm, which corresponds
to an average opening rate of about 0.01 mm/min. Tis interval
represents a creep-like deformation stage. Te deformation rate
stayed near a low baseline. At about 22:42, the crack width
began to increase progressively, with the intervals between each
increment gradually shortening. T is marks the onset of accelerated
creep. Damage accumulated continuously and the crack-opening
rate increased persistently. From about 22:42 to 22:48, the crack
width rose from about 1.00 mm to about 9.70 mm, and the
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average opening rate increased to about 1.54 mm/min, marking
an accelerated deformation stage. At approximately 22:48, the
crack curve rose sharply, signaling that the slope had suddenly
entered a state of large-scale instability accompanied by extensive
tensile cracking. Between 22:48:32 and 22:49:06, the crack width
jumped rapidly from about 9.70 mm to about 35.04 mm, and the
average opening rate reached about 44.7 mm/min, representing
rapid failure. T is jump marks the transition from accelerated creep
to catastrophic failure. It also indicates that cumulative deformation
reached a critical threshold, which is consistent with the observed
failure in the physical test.

Meanwhile, the inclination sensor data revealed signifcant
angular changes along the X, Y, and Z axes at the same
time, indicating that as cracks propagated, the slope underwent
pronounced rotational or tilting movements. From 22:48:30 to
22:48:59, over 29, AngleX decreased from about 4.83° to about
2.42°, AngleY increased from about 1.64° to about 6.16°, and AngleZ
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FIGURE 11
Process of slope crack development. (a) Initial crack formation; (b,c) Localized falls; (d—f) Cracks initiate and progressively intersect; (g) Rapid crack
propagation; (h) Final slope fall.

increased from about 78.22° to about 82.82°. Te corresponding
average rates were a decrease of about 4.99° per minute for AngleX
and increases of about 9.35 and 9.52° per minute for AngleY
and AngleZz, respectively. AngleX and AngleY changed in opposite
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directions. T is indicates rapid tilting at the onset of failure. Te
inclination shif coincided with the abrupt crack opening afer 22:48.
It suggests that local deformation evolved from progressive tensile
opening to a tilt-dominated instability process.
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FIGURE 12
Destruction process of slope shoulder.

Displacement and inclination parameters demonstrated high
sensitivity to these progressive changes, highlighting their value for
early landslide warning applications. In practice, these parameters
can be used to establish threshold-based criteria for identifying
acceleration prior to failure. For example, thresholds can be defned
near the onset of sustained crack growth around 22:42-22:43 and
verifed by a synchronous inclination deviation in this test.

High-defnition images of slope deformation were obtained
from a camera positioned at the slope front. Te MATLAB
toolbox PIVIab was used to identify feature points at each
deformation stage, to extract motion trajectories and velocities, and
to derive corresponding velocity vectors. T e resulting patterns were
consistent with the monitoring data discussed earlier (Figure 13).

Figures 13a,b illustrate the steady-state deformation stage. Te
slope’s front edge primarily creeps slowly in the vertical and lef-
oblique directions. Te lef side remains relatively stable attributed
to its smaller residual volume and lower self-weight. In contrast, the
right residual slope mass is larger, exhibiting a signifcantly higher
deformation rate toward the newly exposed slope face.

Figures 13c,d illustrate the initiation of the accelerated
deformation stage. Compared to the steady-state deformation
phase, the velocity vectors become noticeably denser and longer.
Te right portion of the slope body unloads vertically over a
certain distance. A diagonal crack develops in the middle of the
unstable soil block, quickly propagating and forming a new unstable
segment at the lef front. Meanwhile, due to the slope body being
saturated, the front soil block exhibits plastic behavior with strong
interparticle cohesion. Tis condition enables the right block to
drive the lef block downward together, causing the lef block to
display a similar deformation rate. Additionally, because of the
plastic state and substantial cohesion, the right block exerts force on
the lef block, triggering its displacement and generating signifcant
velocity vectors.

Figures 13e,f illustrate the fnal failure process and subsequent
stabilization of the slope. Te right slope section descended into
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the water before the new soil block fully detached, driven by the
lef block. Residual soil on the platform then continued collapsing,
generating additional velocity vectors. Te breakdown of these
residual soils fundamentally contributed to restoring the slope to
a stable state. Gradually, the soil settled in the water, and velocity
vectors nearly disappeared.

Slope deformation rate cloud maps, generated using MATLAB
for each stage (Figure 14), reveal that slope displacement evolution
closely aligns with the observed experimental phenomena. Initially,
the lef side of the slope begins to exhibit deformation creep
(Figure 14a). At this stage, the velocity feld is dominated by low
values, mainly within 0—4 x 10™* m/s. Continued water infltration
leads to a fall on the lef side. Subsequently, the right side
begins to deform and creep toward the newly exposed slope face
(Figures 14b—d). During this period, higher-velocity zones develop
and expand, and typical velocities increase to about 4 x 107 to 1 x
107% m/s in the active area. T'is deformation causes the right soil
mass to exert force on the lef, resulting in another fall (Figure 14E).
During the fall-related motion, localized velocities reach about
one—2 x 1073 m/s, refecting the peak deformation rate in the
sequence. Eventually, the system stabilizes as the soil entering the
water gradually settles (Figure 14F). In the fnal stage, the velocity
feld returns to predominantly low levels, and the active zones shrink
markedly, consistent with post-failure settling and stabilization.

4.3 Failure mode of loess falls induced by
domestic sewage discharge

Field investigation, experiments, ERT results, and multi-
temporal images together clarify the slope’s progressive failure
process, with the images documenting persistent toe undercutting,
retrogressive retreat, and recurrent collapses. Sustained sewage
discharge maintains a drainage channel at the slope toe. T is channel
drives persistent scouring and infltration. Toe-fed saturation
progressively expands within the basal loess, as reproduced in
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FIGURE 13
Velocity vector diagrams of slope velocity. (a,b) Steady-state deformation stage; (c,d) Accelerated deformation stage; (e,f) Post-failure stage.

the fume test. As erosion continues, saturation extends upslope,
consistent with ERT. Due to the pronounced collapsibility and water
sensitivity of loess, saturation markedly reduces soil strength. It
promotes the initiation of a potential sliding surface at the slope
base. T e main pathways include higher pore water pressure, lower
efective stress, and reduced toe sliding resistance (Figure 15a). Te
sofened toe undergoes plastic fow, resulting in tensile cracking
and disintegration upslope, and the soil enters a stage of plastic
deformation with slow creep. Tis slow creep response can be
aligned with the steady deformation stage identifed in the fume
test. T e lower slope then evolves into a mudfow, further weakening
the structure and triggering the initial fall; the detached material
is subsequently eroded and transported by runof (Figure 15b).
Tis onset of toe mudfow and the initial fall corresponds to
the accelerated deformation stage in the fume test. Following
this basal failure, a newly exposed slope face forms, causing the
unsupported upper slope to develop a secondary sliding surface
under continued erosion and to fail again (Figure 15c). T is repeated
exposure of a fresh face and renewed failure is also captured in
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the fume test. T rough this cyclic process of erosion, sofening,
and failure, the slope experiences multiple stages of instability,
ultimately culminating in large-scale falls and sliding (Figure 15d).
Tis ultimate collapse corresponds to the fnal failure stage in the
fume test.

5 Discussion

5.1 Erosion-controlled group-occurring
landslide pattern in loess terrace

Numerous landslides have been reported in the literature, most
of which are primarily induced by rainfall (Chen et al.,, 2024,
Wang et al., 2024), irrigation (Li et al., 2024; Hao et al., 2025),
earthquakes (Zhang and Wang, 2007), or excavation
activities (Peng et al.,, 2019). Te failure mechanisms of these
landslides are well understood, and they generally occur as single-
body slides triggered by external disturbances. In contrast, the
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FIGURE 14
Slope velocity field maps. (a) Initial stage; (b—e) Deformation creep stage; (f) Final stability stage.

FIGURE 15
Failure model of loess falls induced by the persistent scouring of domestic sewage. (a) Erosion at the slope toe and saturation process of the upper soil

layer stage; (b) Initial localized failure stage; (c) Ultimate large-scale fall stage; (d) Final slope fall stage.
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Liudian landslide in Qingyang represents a typical case of group-
occurring landslides. T e loess mass is characterized by collapsibility
and water sensitivity, resulting in a complex instability mechanism
with pronounced recurrence, which fundamentally difers from
conventional landslide types.

In rainfall-induced and irrigation-induced landslides, external
disturbances ofen rapidly elevate groundwater levels and sharply
increase pore pressure, reducing soil shear strength and triggering
slope failure (Wu et al., 2017; Zhang et al., 2023; Zhang et al., 2024).
In contrast, the Qingyang landslide exhibits a fundamentally
diferent mechanism, dominated by long-term sewage-induced
erosion and scouring rather than short-term hydrodynamic
fuctuations. Here, groundwater levels rise gradually, progressively
sofening the toe soil and leading to a slow evolutionary process
with recurrent failures. Tis erosion-controlled landslide follows
a time-dependent cumulative failure mechanism, with instability
developing over years under persistent stress and seepage. Field
observations indicate a landslide cluster instead of a single event,
characterized by periodic instability due to prolonged gully erosion.

5.2 Limitations of current work

Tis study integrated remote sensing, ERT, drilling, and fume
model experiments to analyze landslide processes under long-
term seepage-erosion conditions in the loess tableland, revealing
the signifcant impact of continuous external water supply on
slope stability. But due to some practical constraints, this study
still has several limitations. For example, domestic sewage has a
complex chemical composition, and its potential chemical efects
on loess weakening were not considered. Te fume experiment
reproduced the steep-slope geometry and the long-duration toe
discharge boundary. Yet the model could not fully satisfy similarity
requirements for stress, hydraulic gradients, and time evolution at
the Feld scale, so the replication accuracy cannot be quantitatively
evaluated. Future work can integrate multi-phase monitoring with
seepage-stress coupled numerical modeling and scaling analysis to
clarify the spatiotemporal evolution of hydromechanical processes
and improve process-based prediction and mitigation design for
typical loess landslides. In parallel, targeted water-quality sampling
and geochemical tests are needed to evaluate potential sewage-loess
reactions and their contribution to long-term weakening.

5.3 Mitigation and prevention measures

Te recurrent nature of the Qingyang landslides suggests a
pronounced self-enhancement efect. Each failure exposes the
slope toe and deepens the gully, making subsequent erosion
easier and forming a positive feedback process. Without efective
mitigation, future landslides are likely to occur with greater scale,
intensity, and frequency. Accordingly, routing sewage through
enclosed pipelines or lined ditches and intercepting fow at the
slope toe are recommended to limit toe scouring and gully
erosion. Integrated measures, including vegetation restoration,
selective reinforcement, and drainage optimization, can further
reduce long-term water erosion, lower groundwater levels, and
improve overall slope stability (Ding et al., 2025; Sun et al., 2025b;
Wang et al., 2025). Where feasible, the conveyance system should
be separated from surface runof to avoid direct gully scouring
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and toe infltration. To further limit toe erosion under long-
duration fow, energy dissipation structures can be installed at
gully heads and near the slope toe. Localized toe protection
can also be applied to suppress undercutting and toe retreat
(Liu et al., 2024; Sun et al, 2025a). Where seepage remains
active, shallow interception drainage and toe drainage can reduce
near-toe pore pressure and slow time-dependent deformation.
Regular inspection and rapid repair afer each long-duration fow
period are needed to prevent reactivation of the erosion-failure
feedback.

6 Conclusion

Tis study uses feld investigations and fume model tests
to examine the failure patterns and formation mechanisms of
loess landslides under human disturbance. Before conducting
the fume model tests, soil samples were collected and analyzed
for their physical properties. Based on these results, similar
materials representing the target soils were prepared with
diferent mix proportions for model construction. A fume
model of the Qingyang landslide is then constructed, followed
by water injection and loading tests to investigate its failure
patterns and formation mechanisms. Te main fndings are as
follows.

1. Based on the analysis of site geomorphology, historical
landslide evolution, ERT survey results, and borehole data, this
study reveals that continuous drainage from the sewage plant
has caused persistent seepage and erosion at the slope toe.
T e resulting long-term saturation and sofening progressively
weaken the loess, leading to instability. T is failure mechanism
difers fundamentally from that of typical rainfall-triggered
landslides.

2. Te physical model experiments demonstrate that a constant
water level at the slope toe drives basal saturation from
front to back, inducing collapsible settlement. Once the
bottom becomes fully saturated, the front edge of the slope
progressively sofens, and capillary action drives moisture
upward, causing the upper part of the slope to also become
saturated. T is process is accompanied by plastic deformation
of the soil, resulting in creeping at a rate of approximately
0.57 mm/h. Eventually, this leads to an overall falls and sliding
of the slope.

3. Velocity-vector analyses at each stage indicate three

phases: a steady-state deformation stage, an accelerated

deformation stage, and a fnal failure stage. Each phase
exhibits clear deformation patterns and well-defned
regularities.

Based on the toe-controlled weakening mechanism driven

by sustained sewage discharge, it is recommended to

divert sewage through enclosed pipelines or lined ditches.

Toe interception drainage and localized toe protection

are also needed to reduce scouring and undercutting.

Integrated measures, including vegetation restoration,

selective reinforcement, and drainage optimization, should

be maintained with routine inspection to improve long-
term slope stability.
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