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ABSTRACT

Loess areas represent the most susceptible geomorphological settings for geological disasters, thanks to distinctive
soil properties, elevated porosity, and high water permeability. The study provides an updated overview of the mechanisms,
features, and mitigation approaches for geological hazards in loess regions, using Gansu Province as a case study and
comparing it with other loess regions worldwide. This research explores the geomorphological and environmental
characteristics of loess, with an emphasis on the role of hydro-mechanical stress in landslides, debris flows, and collapses.
This review, through the synthesis of case studies and literature, reveals the primary role of water in controlling various
types of hazards, and also highlights the influence of human factors such as irrigation, urbanization, and slope alterations.
Existing prevention and mitigation measures, such as monitoring, engineering, ecology, and policy-making, are assessed,
showing gaps in their piecemeal implementation and long-term sustainability. This review is unique in its multi-scale
and multi-disciplinary approach, which connects soil micromorphology, landscape dynamics, and socio-environmental
interactions. It suggests future work in areas including the use of emerging technologies like artificial intelligence and
multi-source observation, as well as the development of climate-resilient, adaptive management strategies. This research
promotes an integrated strategy of technological, ecological, and social adaptation to improve resilience in loess regions.
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1. Introduction

Inhabiting around 10% of the world’s continental area,
loess deposits are formed mostly by aeolian processes during
the Quaternary period and are found in many different places
all over the world, such as the Loess Plateau of China, Central
Asia, Eastern Europe, and North America!"»?l. Such forma-

tions have a distinctive metastable structure, high porosity,

and low cementation, making them particularly vulnerable to
collapse when exposed to moisture. The distribution of loess
deposits and key study regions around the world is shown in
Figure 1. Although many loess regions have been densely
populated and heavily exploited for agricultural purposes due
to their fertility and easy excavation, they are also among the
most vulnerable geomorphological environments, associated

with a broad range of geological hazards[>=].
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Figure 1. The global distribution of loess deposits and major regions is discussed in this study ).

Gansu Province is one of the more prone regions to
suffer from disasters due to its unique topography, semi-
arid to arid climate, and widespread loess deposits. This
region experiences several geological disasters, such as loess
landslides, debris flows, soil subsidence and gully erosion,
which threaten infrastructure and human lives, and adversely
affect agricultural yields. Over the past few decades, ur-
ban sprawl, the construction of large infrastructure projects,
and intensified agriculture have contributed further to slope
destabilization and hydrologic disturbances. These human
activities, together with growing climate change and extreme
rainfall, have resulted in an increased frequency and intensity
of loess disasters!”:8].

The processes underlying geological hazards in loess

areas are distinct from those in other soil and rock masses.
Collapse, which is induced by moisture changes, is a key
factor in loess slope failures. Infiltration of rainfall, leak-
ing irrigation water, and groundwater level fluctuations all
have the potential to trigger rapid loss of strength, result-
ing in catastrophic slope failures even on slopes that are not
steep. Additionally, loess’s vertical jointing and open struc-
ture promote deep-water infiltration, which increases the rate
of failure and adds to forecasting challenges. These unique
properties require tailored methods for hazard evaluation,
monitoring, and mitigation beyond traditional geotechnical
methods !

Considerable advances have been made in recent

decades regarding the understanding of loess and engineering
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approaches to mitigate hazards. Research has focused on the
hydro-mechanical behavior of loess, triggers for landslide
events, and the performance of slope protection measures.
Simultaneously, there have been significant improvements
in remote sensing techniques, including Interferometric Syn-
thetic Aperture Radar (InSAR) and unmanned aerial vehicles
(UAVs), to monitor surface movements and issue early warn-
ings for potential slope failures. Environmental restoration
measures, including vegetation-involved slope stabilization
and watershed management, have also shown potential to
mitigate erosion and improve slope stability 19121,

However, there are several key gaps in the understand-
ing of loess disasters. First, much of the current research
examines only isolated components of loess dynamics or
specific hazards, without providing an integrated, holistic
view of disaster processes at multiple scales in time and
space. Second, the adaptability of mitigation measures to
other regions with different climatic, geological, and socio-
economic conditions is poorly understood. Third, the imple-
mentation of new technologies (e.g., artificial intelligence,
big data, multi-source monitoring systems) in disaster pre-
vention strategies is still in its infancy. Fourth, the rapidly
changing climate, including the rising frequency of extreme
rainfall, brings uncertainties that affect predictions and haz-
ard mitigation 3161,

In this regard, we urgently need a comprehensive and
integrated review of existing knowledge, experiences from
high-risk areas, and future challenges for research and prac-
tice. This review seeks to provide such a synthesis, with
Gansu Province as a typical case study of loess-dominated
regions, while also including examples from other loess re-
gions around the world. This review will explore the in-
teractions between geological setting, climate change, and
human factors to improve our understanding of geological
hazards in loess regions and to inform mitigation and risk
management strategies.

This review is novel in several respects. First, it takes a
cross-scale approach, linking microstructural characteristics
of loess with landscape-scale processes and regional hazards,
thus bridging the gap between laboratory experiments and
field practice. Second, it stresses the interactions between
natural and human factors, including how changes in land-
use patterns, water irrigation and urbanization affect soil
properties and hazard development. Third, it ties the experi-

ence in Gansu Province to other loess regions, such as in Cen-

tral Asia and Eastern Europe, in order to draw lessons from
experiences common to all regions and challenges unique to
certain regions [>!7:18],

Moreover, this paper builds on previous work by scru-
tinizing current prevention and mitigation measures from
the perspectives of sustainability and resilience. It takes an
integrated view of engineering, ecological, and policy-based
measures, rather than considering them in isolation, and
their integration into risk reduction strategies. This includes
emerging methods, such as data-driven early warning sys-
tems, digital twin technologies and nature-based solutions,
which have considerable potential for improving loess region
resilience. In bringing together these threads of research, this
review offers a vision for the future that resonates with inter-
national agendas for disaster risk reduction and sustainable
development[1°-211,

Overall, this research adds to the existing literature
on loess hazards by providing an overview, integration, and
comparison of geological disaster prevention in loess regions.
It not only synthesizes the current body of knowledge but
also highlights key research gaps and offers practical insights
for future work and practice. In highlighting both past experi-
ences and future possibilities, the review seeks to contribute
to the development of effective, resilient, and sustainable
geological risk mitigation strategies in loess regions around
the world.

2. Geological and Environmental
Characteristics of Loess Regions

2.1. Formation and Distribution of Loess

Loess is a wind-blown (aeolian) sediment, mostly
formed by silt-sized particles, which accumulated during
glacial and interglacial periods. Its origin is closely asso-
ciated with climatic change, glacial erosion, and deflation,
which led to the large-scale generation of material that was
subsequently blown across the continental interiors??l. The
largest and best-studied loess accumulation is on the Loess
Plateau, with thicknesses that reach several hundred meters.
Similarly thick, albeit often thinner, loess sequences exist in
Central Asia, Eastern Europe, and North America, reflecting
generally similar formation processes but subsequent modi-

23,24

fication[?*>241. Table 1 provides a comparative overview of

major loess regions, their features and major hazards.
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Table 1. Global distribution and characteristics of major loess regions.

Region Representative Areas  Thickness (m) Climate Type Characteristics Dominant Hazards
. Loess Plateau, Gansu, Semi-arid to Thwk. dep'o§1ts, St?‘)”g Landslides, debris
East Asia . 50-300+ . vertical joints, high
Shaanxi sub-humid O flows, collapses
collapsibility
. . . . Landslides,
Central Asia Kazakhstan, Uzbekistan 10-50 Arl.d t(? Dlscc?ntlr}u(.)us deposits, seismic-triggered
semi-arid seismic influence .
failures
Ukraine, Romania, Temperate Well-developed Slope instability,
Eastern Europe 5-30 k paleosols, moderate .
Hungary continental . erosion
thickness
. Mississippi Valley, Humid Reworked loess, lower Erosion, shallow
North America Midwest USA 5-20 continental collapsibility landslides

The distribution of loess is heavily influenced by pale-
owind directions, proximity to source and topographic ob-
stacles. In areas like northwestern China, such as Gansu
Province, loess thickness and stratigraphy are highly variable
owing to the interactions between fluvial erosion, tectonic
uplift and localised climate gradients. This variability affects
slope stability and hazard assessment by impacting deforma-
tion and hydrologic properties, including layering, paleosol
horizons, and calcite content.

In a critical sense, conventional theories that stress uni-
form aeolian deposition of loess are being tempered by the
evidence for episodic deposition, soil development, and re-
working. These contribute to high spatial variability that is
frequently neglected in geohazard analyses. As such, the
homogenization of loess profiles can result in simplistic en-
gineering designs and mispredictions of failure mechanisms.
As such, the research focus needs to shift towards detailed
stratigraphy and sedimentological input into geotechnical

models!?27],

2.2. Physical and Mechanical Properties of
Loess

The complex engineering behavior of loess is con-
trolled by its unique microstructure, which features a porous,
metastable structure with loosely connected silt particles ce-
mented together by weak bonding such as carbonates or clay
minerals. The structure gives the material high porosity and
low bulk density, but also makes it prone to collapse if the
binding is destabilized by water. As shown in Figure 2, the 1
m sample has loose packing and weak cementation, leading

to unstable overhead pores and higher collapsibility. These

metastable microstructures allow particles to slip and rear-
range under external loads or moisture, reducing compressive
strength. In contrast, the 25 m sample has a denser, more
stable microstructure with stronger cementation and fewer
overhead pores. This enhances structural stability, resulting
in higher compressive strength and lower collapsibility [28-2%1.

From a mechanical perspective, loess has low cohesion
and average friction angles when it is dry, but its character
deteriorates when it is moist. The loss of matric suction and
dissolution of cementing agents cause a loss of structure,
possibly accompanied by large volumetric strains and a sub-
stantial reduction in shear strength. This unsaturated soil
behaviour sets loess apart from other, more stable soils and
requires targeted constitutive models*?l. The physical and
mechanical characteristics of loess and their importance for
engineering are listed in Table 2.

But one of the challenges is the variability of these
properties in different loess deposits. These include vari-
ations in particle size, mineralogy, cementation, and prior
stress history. For instance, in Gansu Province, loess deposits
commonly show more cementation at greater depths (as a
result of diagenesis) than on the surface (where collapsible
properties may be present). This makes site characterization
and stabilization design complex.

Crucially, the majority of geotechnical research on
loess involves laboratory testing of remolded or small-size
specimens, which may not adequately represent the in-situ
characteristics of loess deposits. Sample disturbance dur-
ing excavation and transportation may affect the fabric of
loess, resulting in an underestimation or overestimation of
the parameters. So, there is increasing recognition of the

importance of more sophisticated testing methods, such
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as in situ testing and microstructural investigations using

scanning electron microscopy (SEM) and X-ray computed

tomography (CT), to understand the behavior of undisturbed
loess 31321,

Figure 2. Microstructural characteristics of samples under SEM: (a) a 1 m sample showing loose particle packing and unstable overhead
pores; (b) a 25 m sample with denser packing, stable cementation, and fewer overhead pores.

Note:

P1, overhead pores; P2, inter-aggregate pores; P3, intra-aggregate pores.
Cl1, point contact; C2, edge contact; C3, face bonding.

B1, weak cementation; B2, strong cementation.

S1, overhead structure; S2, interlocking structure.

Table 2. Physical and mechanical properties of loess and their engineering implications.

Property Typical Range Controlling Factors Engineering Implications = Hazard Relevance
. Deposition conditions . s .
0 L )

Porosity (%) 40-60 compaction High compressibility Collapse risk

Dry Density (g/cm?®) 1.2-1.6 Depth, cementation Low bearing capacity Subsidence

Cohesion (kPa) 1040 (dry) Moisture, structure Rapid ris:;;lgn when Landslides
Internal Friction Angle (°) 20-35 Grain size, structure Moderate shear resistance Slope stability
Permeability (m/s) 107%-107* Structure, cracks Preferential flow paths Deep failures

Collapsibility High Water content, structure Sudden settlement Ground collapse

2.3. Climatic and Hydrological Influences

The weather and water are the critical factors in the sta-
bility of loess slopes. Rainfall, in particular, is the main driver
of many loess hazards. Rainwater infiltration decreases ma-
tric suction, increases the pore water pressure and reduces
the interparticle cohesion, contributing to slope instability.
In semi-arid climates such as Gansu Province, precipitation
tends to be intense and short-lived, resulting in rapid infiltra-
tion and saturation.

Permeability and structure of loess play a crucial role
in its response to rainfall. Although loess is generally moder-

ately permeable, the occurrence of vertical joints and macro-

pores permits preferential flow and enhances the infiltration
of water into the subsurface. This can lead to deep-seated
slope failures that are hard to identify and anticipate. In ad-
dition, the formation of perched water tables and temporary
saturation zones can lead to complex moisture distributions
that are not well represented by simplified hydrologic mod-
els. Other seasonal processes, including freeze—thaw, also
play a role in destabilising loess. Freeze-thaw cycles can
cause microcracks, weaken particle cohesion and increase
permeability, thus increasing the vulnerability of slopes to
rainfall-induced landslides. In areas where temperature fluc-
tuations are marked, this can build over time to decrease
slope stability 33341,
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More broadly, climate change is likely to amplify these
issues through changes in precipitation and more extreme
weather events. More intense rainfall events could surpass
previously established criteria for slope failure, making early
warning systems less efficient. This calls for flexible models
that can account for changes in climate and better predict
hazard events.

2.4. Anthropogenic Modifications and Their
Impacts

Anthropogenic factors now play a major role in loess
slope stability and can both directly trigger and indirectly
contribute to geological hazards. In areas experiencing rapid
urbanization, such as Gansu Province, major engineering
works, such as road and city construction and irrigation,
can lead to significant changes in slope geometry and wa-
ter regimes. Cuts for construction often create overly steep
slopes that exceed the angle of repose of loess. In the ab-
sence of proper reinforcement, this can increase the risk of
slope instability, especially under conditions of intense rain-
fall. Likewise, digging cavities, such as traditional yaodong
dwellings, can also create underground voids that reduce the
stability of the overlying material and trigger collapses 3.

Irrigation is another key anthropogenic influence. Ir-
rigation is vital for crop production, but it can also add
significant amounts of water into the subsurface, thus in-
creasing moisture levels, which in turn increases collapsi-
bility. Leakage from irrigation canals and reservoirs is a
common cause of localized slope failures, particularly in
areas where drainage systems are poorly designed or main-
tained. Urban development also contributes to an increase
in runoff and a disruption of natural infiltration processes.
Increased runoff can concentrate flow and cause erosion,
while poor drainage can cause ponding and infiltration into
unstable slopes. Additionally, the effects of multiple human
activities can have complex and non-linear interactions that
are challenging to quantify in traditional hazard assessment
models.

Most importantly, many existing land-use practices
take insufficient account of loess properties, resulting in
a disconnect between planning and the environment. This
highlights the need to embed geotechnical understanding into
policy and land-use frameworks and encourage a multidis-

ciplinary approach that takes into account both engineering

and socio-economic considerations 2381,

2.5. Integrated Perspective on Loess System
Dynamics

The geomorphic features of loess regions are not inde-
pendent but rather the result of the interaction of geological,
climatic, and human factors across a range of scales. The
metastable properties of loess suggest that small, natural or
anthropogenic triggers can induce disproportionate effects,
such as slope failure or collapses. This underscores the impor-
tance of a systems perspective in hazard and risk mitigation.
A holistic view shows that many geological hazards in loess
landscapes are not caused by a single trigger but rather a
combination of processes. For instance, while a slope failure
might be triggered by heavy rainfall, the probability and scale
of the failure are affected by factors such as soil characteris-
tics, human land use, and drainage networks. Likewise, the
effects of climate change are not fully appreciable without
understanding their interactions with human and geological
processes!7].

This requires, from a technical perspective, the inte-
gration of different data sources and methods such as field
surveys, laboratory experiments, numerical simulations and
remote sensing. The growing fields of data science and
modeling provide opportunities to better represent these in-
teractions and increase the level of confidence in predictions.
But the adoption of such methods depends on both techno-
logical and institutional cooperation and data exchange. To
summarise, the geological and environmental setting of loess
areas poses a challenge as well as an opportunity for disaster
management. Although the intrinsic characteristics of loess
make it vulnerable to instability, a better understanding of
loess behaviour—in addition to interdisciplinary and inte-
grated approaches—can help to manage geological hazards

sustainably 3],

3. Types and Mechanisms of Geologi-
cal Disasters in Loess Areas
3.1. Landslides in Loess Slopes

Landslides are the most prevalent and devastating geo-
logical hazards in loess areas, including the Loess Plateau
and places like Gansu Province in China. Loess landslides
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are distinguished from conventional landslides in hard rock
or cohesive clays by the failure of a metastable soil structure
and the rapid increase in moisture content from unsaturated
to saturated. This leads to different modes of failure and
temporal behaviour!!7],

Loess landslides can be broadly grouped into shallow
and deep-seated landslides. Shallow landslides usually in-
volve the uppermost meters of the slope and are often trig-
gered by intense, short-duration rainfall. These landslides
typically occur rapidly and on a small scale, but may still be
destructive due to their sudden nature and potential to occur
near human infrastructure. On the other hand, deep-seated
landslides can involve larger masses and may initiate along
planes of weakness such as paleosols or wetter areas. Such
failures can develop gradually, but generally have more se-
vere implications, such as large-scale slope deformation and
long-runout movement. A characteristic of loess landslides
is their response to water infiltration. Precipitation, irrigation
leaks, and groundwater rises can all play a role in reducing
matric suction and weakening particle bonds. But the role
of rainfall in triggering landslides is complex. Although em-
pirical rainfall thresholds exist, these may be constrained by
local factors such as slope gradients, soil fabric and rainfall
history. For instance, in Gansu Province, the same rainfall
can trigger landslides under some hydrologic and geologic
settings, but not under others 40411,

Another important mechanism is the progressive devel-
opment of failure surfaces. In many instances, loess slopes
experience a period of precursor deformation before fail-
ure, during which microfractures and shear surfaces develop.
This indicates that landslides are not purely instantaneous
failures but rather the end result of an extended degradation
process. But it can be difficult to identify and track such
early signals in remote or low-resource environments. Im-
portantly, many models of loess landslides assume the soil
is homogeneous and isotropic. This can result in inaccurate
predictions of the failure mechanisms and extent, particularly
in layered or jointed loess. As such, there is a clear need
for more complex models considering structural variability,

preferential flow, and time effects 2],

3.2. Debris Flows and Gully Erosion

Gully erosion and debris flows are interconnected pro-
cesses that are important for both shaping loess landscapes

and producing hazards. They are common in areas with ex-
tensive gully networks, where easily erodible material and
occasional heavy rainfall provide suitable conditions for the
rapid mobilization of debris.

Debris flows in loess landscapes are generally triggered
by the wetting and activation of slope sediments, which are
then transported down channel and across gullies. The silt-
rich nature of loess means that debris flows can display both
liquid and solid-like properties, depending on the amount
of water and sediment present. This aspect makes debris
flows difficult to predict and manage, as they can transition
between fluid and granular behaviours 43431,

By contrast, gully erosion is a longer-term phenomenon
involving the erosion and deepening of channels in the loess
landscape. Although usually not classified as a hazard in and
of itself, gully erosion can create conditions that increase
the risk of slope instability by modifying drainage networks,
steepening slopes, and removing protective layers. In many
cases, gullies act as conduits for debris flows, amplifying
their impact and extending their reach.

The relationship between debris flows and gullies is es-
pecially strong in Gansu Province. The semi-arid climate of
the region results in infrequent but heavy rainfall events that
can produce significant runoff. This water quickly erodes
the loess surface, mobilising sediment and triggering debris
flows that can travel long distances. The potential for debris
flows to interact with human settlements or infrastructure
is also increased by the presence of infrastructure within
or adjacent to gully systems, which are often preferred for
settlement, agriculture and transportation. Mechanistically,
the triggering of debris flows in loess areas is closely related
to pre-conditions, such as moisture, vegetation, and human
activities. For instance, land clearing or overgrazing can
destabilise the surface and lead to increased erosion, while
inappropriate agricultural management can increase runoff

8.46] ' These considerations underline

and sediment supply!
the need to account for both natural and human factors in
debris flow processes.

Despite detailed studies, there is still much to be learned
about the scaling of debris flows and estimating the magni-
tude and frequency of debris flow events. Models developed
for specific locations may not apply to areas with different
environmental settings. This suggests the need for more

transferable models that consider variability across loess
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landscapes 47,

3.3. Ground Subsidence and Collapses

Subsidence and collapses are unique geohazards in the
loess areas, mainly due to the compressibility of the soil and
the presence of voids. These hazards are significant in areas
with traditional underground dwellings (yaodong) or modern
underground spaces and in regions impacted by irrigation
or water leakage. Loess subsidence is usually linked to the
progressive settlement of the land surface resulting from the
collapse of the soil structure from wetting. This may occur
naturally (e.g., due to rainfall) or as a result of human activi-
ties (e.g., irrigation, leakage from water pipes, groundwater
level variations). The deformation can be quite uniform over
large regions or very localised, depending on the moisture
content and soil variability ['3:17],

Collapses, on the other hand, are more rapid and con-
fined events that may involve the collapse of a cavity or
weak zone. This can be particularly dangerous because of
its unpredictability and lack of warning. Collapses linked to
abandoned or poorly constructed Yaodong dwellings have
been reported in Gansu Province, showcasing the role of
cultural activities in geohazards.

Understanding the processes of subsidence and collapse
also involves the role of water infiltration in weakening soils.
Infiltration of water into the loess reduces suction and dis-
solves binding agents, causing a loss of stiffness and strength.
When combined with existing voids, roof collapse and subsi-
dence can occur. Therefore, the coupling of hydrologic and
structural characteristics is a key factor in the occurrence
and magnitude of hazards. From an engineering point of
view, the prediction of subsidence and collapse is difficult
because of subsurface uncertainties and the highly nonlinear
behaviour of loess during wetting. Geophysical techniques,
including ground-penetrating radar and electrical resistivity
tomography, may provide valuable insights for identifying
subsurface anomalies, although their use can be financially
and technically challenging 4341,

Notably, subsidence and collapse hazards are often

overlooked in hazard assessments, as they may not cause
immediate, large-scale effects like landslides or debris flows.
But their impact on infrastructure sustainability and land
degradation may be significant and should be better under-

stood and addressed.

3.4. Case Studies from Gansu and Comparable
Regions

Case studies from Gansu Province offer a wealth of
information on the processes and effects of loess disasters.
This area has seen a series of landslides, debris flows, and
falls with potential loss of life and property damage. Such
disasters reflect the interaction of geological, climatic and
anthropogenic factors.

For example, some reported landslides in Gansu have
been associated with irrigation-induced infiltration, where
the continued input of water resulted in deep-seated satu-
ration and slope failure. Alternatively, heavy rainfall has
been responsible for triggering shallow landslides and de-
bris flows, especially in regions with numerous gullies.
Such findings reveal the roles of water as a natural and
human-induced agent of instability. Comparing these find-
ings across other loess deposits adds to the knowledge base.
In Shaanxi Province, for example, similar rainfall-induced
landslides and gully erosion patterns have been observed,
but the differences in vegetation and land use affect the
occurrence and magnitude of the events. In Central Asia,
loess deposits are frequently exposed to earthquakes, which
can provide an additional trigger for landslides. In Eastern
Europe, loess hazards are often coupled with riverbank ero-
sion and long-term erosion. These case studies highlight
similarities and differences in hazard mechanisms. Table 3
presents a comprehensive overview of major hazards, trig-
gers and mechanisms in loess regions. Although the intrin-
sic characteristics of loess are fairly consistent, regional
climate, topography and human factors are critical in influ-
encing hazard development. This highlights the need for
region-specific hazard evaluation and mitigation strategies

and cross-regional lessons [40-41,5031],

Table 3. Summary of geological disaster types, triggers, and mechanisms in loess regions.

Hazard Type Primary Triggers

Mechanisms

Spatial Scale Typical Impacts

Rainfall, irrigation, slope

Landslides ;
cutting

Loss of suction, structural
collapse, shear failure

Infrastructure damage,

Local to regional .
casualties
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Table 3. Cont.

Hazard Type

Primary Triggers

Mechanisms

Spatial Scale

Typical Impacts

Debris Flows

Intense rainfall, gully

Sediment mobilization,

Catchment scale

Burial, destruction of

erosion channelized flow settlements
Ground Subsidence ~ Water infiltration, leakage Collapse of soil structure Local Structural damage
Ground Collapse Underground voids, wetting failure of cavities Highly localized Sudden ground failure
Gully Erosion Surface runoff, land Progressive incision Landscape scale Land loss, increased

degradation

hazard susceptibility

3.5. Integrated Mechanisms and Interactions

Different forms of geological hazards in loess regions
are not only linked but also share mechanisms and feedback
loops. Debris flows, landslides, and subsidence events can
act in concert or as a preconditioning phase to another event.
For instance, gully erosion might weaken slopes and trig-
ger landslides, and landslides might supply the material for
debris flows.

Underlying these connections is loess’ vulnerability to
water and stress changes. Water provides a common thread
among these different hazards, both in triggering and sustain-
ing failure. But the mechanisms by which water influences
stability vary greatly, depending on factors such as soil struc-
ture, permeability, and external forcing. In terms of systems
thinking, the key to understanding these dynamics is to move
away from single-hazard perspectives to more integrated
models of loess systems. These models will need to con-
sider spatial and temporal variation as well as interactions

between natural and human influences. A comprehensive

conceptual model of the interplay between major hazard
mechanisms in loess regions is presented here for landslides
and debris flows. This model considers variables such as
topography, soil characteristics and climate, which affect the
outbreak and run-out of these hazards. Through the study
of historical satellite data and DEM, a three-dimensional
model of the topography was developed, showing the effects
of slope thresholds and the slope of the arriving mass on
the extent of landslides and the dissipation of their energy.
This model, illustrated in Figure 3, offers a holistic view
of hazard mechanisms and is a useful tool for risk assess-
ment and mitigation of landslides and debris flows in loess
areas 3233,

To sum up, the processes of geological disasters in
loess areas are complex and variable. Recognizing these
mechanisms is crucial for effective disaster prevention and
mitigation, especially in regions like Gansu Province. This
section leverages information from various types of hazards
and locations to lay the groundwork for integrated strategies

described later.
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! electrical test area
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Figure 3. Distribution of landslides in the Laolang gully area, showing the spatial extent of rotational and translational landslides. Panel
(a) illustrates the overall landslide distribution, while panel (b) highlights measurement points for landslide thickness using the standard

penetrometer and the high-density electrical method ®*.

4. Current Prevention and Mitigation
Strategies

4.1. Monitoring and Early Warning Systems

Early warning and monitoring systems represent the
primary defense against geological hazards for loess areas,
especially in high-risk areas like Gansu Province. Because
of the sudden nature and potential for devastating impacts
of loess-related hazards, early recognition of premonitory
signs is essential to mitigate fatalities and property damage.
In recent years, tremendous progress has been made in re-
mote sensing and in-situ monitoring technologies to provide
more systematic and continuous monitoring of slope move-
ments (4331,

Space-based methods, such as Interferometric Syn-
thetic Aperture Radar (InSAR), have provided a means
to detect millimeter-scale deformation across wide areas.
These methods are especially valuable in remote or inac-
cessible regions, where traditional monitoring approaches
are difficult to implement. In loess areas, InNSAR has been
applied to detect creeping landslides and to capture pre-
failure deformation patterns. However, they may suffer
from issues related to vegetation cover, time resolution, and
atmospheric noise, potentially masking subtle deformation
or delaying detection. Unmanned aerial vehicles (UAVs)

have also been deployed to complement InSAR by providing
high-resolution images and the ability to focus on specific
areas of interest. Photogrammetry and LiDAR using UAVs
can capture topographic variations, allowing for the detec-
tion of cracks, scarps, and other signs of deformation. These
are valuable for post-failure assessment and model valida-
tion, but their use in real-time monitoring is limited by costs
and logistics 3¢,

In situ monitoring, using inclinometers, extensometers,
piezometers, and rain gauges, offers essential data on slope
displacement, pore water pressure, and rainfall. These sys-
tems enable the direct measurement of slope stability factors
and can be used in early warning systems. In Gansu Province,
for example, pilot studies have shown that integrating rainfall
thresholds with real-time monitoring can be used to provide
warnings and trigger evacuation procedures (6%,

However, there are still many challenges. Existing
systems are often not integrated at different spatial and
temporal scales. Real-time data processing and interop-
erability are also crucial issues, especially in rural areas.
Additionally, the use of empirical rainfall thresholds may
not fully account for the interactions between soil proper-
ties, antecedent conditions and triggering factors. The loss
of life from these disasters is therefore driving a need for
more information-rich, multi-parameter data-driven early
warning systems.
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4.2. Engineering Measures for Slope Stabiliza-
tion

Engineering measures have traditionally been the main-
stay of disaster prevention in loess areas, largely centred
on slope stabilization and water infiltration. Such interven-
tions include conventional structural methods, like retain-
ing walls and grading, to more modern approaches such
as soil reinforcement and drainage. Retaining walls, such
as gravity walls, reinforced earth walls, and pile-supported
structures, are commonly employed to provide lateral sup-
port and prevent slope failure. However, in loess areas, the
design and construction of such structures must consider
the specific characteristics of loess, such as its collapsibility
and moisture sensitivity. Retaining walls that are not prop-
erly designed can worsen slope instability through changes
in stress concentrations or by disrupting drainage. Slope
stabilization measures, including soil nailing, anchors, and
geosynthetics, have been successfully used to improve the
shear resistance of loess slopes. These techniques increase
the strength and cohesion of the soil mass and resist move-
ment. But their effectiveness relies on proper installation
and durability, especially in areas prone to wetting-drying
cycles.

Water control is probably the most important engineer-
ing mitigation measure in loess areas. Ditches and diversion
channels are used to minimize runoff and flow onto sus-
ceptible slopes. Subdrainage, including horizontal drains
and gravel trenches, seeks to reduce pore water pressure
and increase strength. In Gansu Province, many landslides
have been attributed to the failure of drainage systems (often
due to a lack of maintenance or incorrect design). Check
dams and debris flow barriers are often used in gullies to
catch sediment and slow debris flow. These barriers can
substantially reduce the effects of debris flows, but require
careful placement, design, and maintenance. They can lose
effectiveness over time as they fill with sediment, requiring
maintenance 31:61:62],

Most importantly, engineering interventions are often
applied in isolation without regard to landscape-scale pro-
cesses. This may result in unintended impacts, including
the reallocation of risk downslope or water flow blockages.
We urgently need a more integrated approach, combining
engineering, ecological, and land-use considerations, to sus-

tainably reduce risk.

4.3. Ecological and Nature-Based Solutions

There has been a growing awareness of the importance
of ecological and nature-based approaches to reducing geo-
logical hazards in loess areas in recent years. These solutions
harness natural processes, such as plant growth and soil de-
velopment, to improve slope stability and minimize erosion,
and can be used as an addition to or in place of traditional
engineering interventions. Plants are a key factor in slope
stabilization of loess regions, acting both mechanically and
hydrologically®3]. The root systems of plants impart strength
and cohesion to the soil, enhancing its shear resistance, and
the foliage mitigates the effects of rainfall and surface erosion.
Plants can also affect the moisture regime of the slope by
increasing evapotranspiration and decreasing infiltration. Af-
forestation and grassland restoration initiatives on the Loess
Plateau have had marked positive impacts on soil erosion
control and landscape stability. These programs have con-
verted vulnerable landscapes into more resilient ones, with
benefits for hazard reduction and sustainability. But they
require careful species selection, ongoing maintenance, and
consideration of the local climate and soil (%41,

Nature-based solutions also include watershed manage-
ment. These measures seek to improve water management
at the watershed level by reducing surface runoff, increasing
infiltration in safe areas, and reducing runoff concentration
in hazardous areas. Contour planting, small retention ponds,
and terracing are effective measures to control erosion and
water runoff. While ecological solutions offer many benefits,
they are not without their drawbacks. They may take many
years to have an impact and may not be suitable in regions
where immediate risk mitigation is needed. Also, the dynam-
ics between plants, soil and water are complex and poorly
understood, especially in a changing climate. So, there’s a
need for hybrid solutions that incorporate both ecological
and engineering approaches to draw on the advantages of

each(03],

4.4. Policy, Planning, and Community-Based
Approaches

Preventing disasters in loess regions also requires fa-
vorable legislative, planning, and community involvement
in order to supplement technical solutions. Such socio-

institutional factors are essential for ensuring that technical
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mitigation measures are acceptable, effective, and sustain-
able. Land-use planning and hazard zoning are key strategies
to mitigate geological hazards. Through mapping and zoning
high-risk areas, they can avoid building infrastructure and
habitation in risky areas. Hazard maps have been created
in Gansu Province to inform planning, albeit with compet-
ing social and economic considerations that can limit their
effective use.

Policies such as building regulations and environmental
protection policies can also increase resilience by mandating
that construction activities account for geological hazards.
Slope designs, drainage systems and foundation construc-
tion, for instance, can enhance stability. But compliance
with these measures can be difficult, especially in rural and
rapidly urbanizing regions. Community-based strategies are
also essential for disaster risk reduction, especially in ar-
eas where regulatory monitoring and enforcement are weak.
Public education, training and co-planning can help commu-
nities understand and respond to early signs of imminent risk.
Local indigenous knowledge and practices can also provide
insights into the dynamics of the hazards and work alongside
science-based methods!6¢],

Early warning systems and evacuation plans are also
important elements. These measures rely on both accurate
warnings and rapid and effective action on the part of com-
munities. This includes effective communication, trust in
government and periodic training. Crucially, there is often a
gap between research and policy, which leads to less-than-
ideal outcomes. This includes working across disciplines,
engaging stakeholders and translating scientific knowledge
into guidelines. Additionally, incorporating disaster risk re-
duction into development strategies is paramount for future

preparedness.

4.5. Integration and Emerging Trends in Miti-
gation Strategies

Geological hazards in loess areas are complex and re-
quire a holistic approach to prevention and mitigation, in-
volving technological, engineering, ecological, and socio-
institutional measures. There is a growing trend toward multi-
faceted approaches that address multiple risk factors. The
use of integrated monitoring and decision support systems
that draw on multiple data sources is an encouraging devel-
opment. New sensor technologies, the Internet of Things

(IoT), and cloud computing technologies allow for real-time
data collection and analysis from a range of sources, such as
satellites, ground-based sensors, and weather stations. These
approaches can help to better understand hazard processes
and inform more rapid and precise decisions!®”). A multi-
tiered model of monitoring, engineering, ecological, and
policy responses is shown in Figure 4.

Another emerging approach for hazard and risk assess-
ment is the use of artificial intelligence and machine learning.
These techniques can extract insights from big data to de-
tect patterns and connections not obvious with conventional
methods. For loess, Al-driven models have been applied
to make landslide susceptibility maps more accurate and to
tune rainfall thresholds for early warning systems. But the
accuracy of these models relies on the data used and their
“black box” approach may be difficult to interpret and accept.
A related theory is that of digital twins—yvirtual models of
a physical system that can be used to simulate and forecast
system behavior. For loess hazards, digital twins can com-
bine geological, hydrological, and engineering information
to simulate slope stability processes in real time, allowing for
proactive mitigation. This is an emerging concept with the
potential to increase the accuracy and flexibility of hazard
mitigation 7).

Critically, the adoption of these cutting-edge technolo-
gies requires addressing various challenges related to data,
technology, and institutional arrangements. These challenges
are pronounced in many loess regions, especially in develop-
ing regions. So while there are many opportunities with new
technology, it must be accompanied by capacity building and

résource access.

4.6. Critical Evaluation of Current Practices

Although a broad set of prevention and mitigation mea-
sures has been created, their effectiveness is generally ham-
pered by their fragmentation, inadequate integration, and
poor recognition of local circumstances. Engineering solu-
tions, though useful in the short term, might not be long-term
sustainable without appropriate maintenance and might not
involve dealing with the root causes of instability. The eco-
logical methods are promising, but long-term commitment
is required and might not offer immediate protection. Tech-
nological advances notwithstanding, monitoring systems are

sometimes limited by gaps in data and poor coverage.
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Among the most recent findings and observations is
that there is no single methodology that can be used to man-
age the dynamics and complexity of the loess-related hazards.
On the contrary, a set of measures specific to the environment
and socio-economic factors is needed. A comparative anal-
ysis of key prevention and mitigation measures is outlined
in Table 4. This requires a proactive rather than a reactive

strategy with a heavy focus on prevention, adaptation, and

resilience %701,

In conclusion, current prevention and mitigation strate-
gies in loess regions have achieved notable successes but also
face significant challenges. By critically evaluating existing
practices and embracing integrated, adaptive approaches, it
is possible to enhance the effectiveness and sustainability of
disaster risk reduction efforts, particularly in high-risk areas

such as Gansu Province.
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Figure 4. Integrated prevention and mitigation framework for geological hazards in loess regions
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Table 4. Comparison of prevention and mitigation strategies in loess regions.

Strategy Type Measures Advantages Limitations Applicability
Monitoring & Early InSAR, UAV, sensors, Real-time detection, Data gaps, cost, .
. . . . Regional to local
Warning rainfall thresholds early response integration challenges

Engineering Measures

Retaining walls,
drainage, anchors

Immediate effectiveness,
controllable

High cost, maintenance
required

Site-specific

Ecological Solutions

Vegetation restoration,
terracing

Sustainable, improves
the environment

Slow effectiveness,
climate dependent

Catchment scale

Policy & Planning

Hazard zoning, building
codes

Reduces exposure,
long-term impact

Enforcement challenges

Regional

Community-Based
Approaches

Education, evacuation
plans

Enhances resilience; low
cost

Depends on awareness
and participation

Local
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5. Lessons Learned and Future Direc-
tions

5.1. Lessons from Gansu

The long history of disasters and disaster mitigation
practice in Gansu Province can serve as a strong source of
empirical evidence on the strengths and weaknesses of pre-
vailing strategies in loess land. Among the most important
lessons, the key role that water plays in regulating the stabil-
ity of loess slopes warrants mention. In many documented
events, be it during landslides or collapses or both, or dur-
ing the movement of debris, water infiltration, either due
to rainfall or irrigation or due to infiltration of irrigation or
infrastructure, has always been found to be the first trigger.
This highlights the fact that disaster prevention in loess lands
is essentially a water management issue[*!1.

Nevertheless, the ability to control water in loess soils
is intrinsically complicated because of the dual nature of
the soil: both absorbent and able to quickly send water
through the macropores and through vertical joints. Gansu
has recorded numerous failures, not out of excessive rain-
fall, but as a result of continuous infiltration over time in
conjunction with a lack of proper drainage systems. This
demonstrates a fatal flaw with the conventional methods that
focus so much on short-term precipitation thresholds without
taking into consideration antecedent water conditions and
the flow processes in the underlying soils.

The second important lesson is that one-measure so-
lutions are insufficient. Drainage control has always been
applied along with engineering interventions, without con-
sidering ecological restoration or retaining walls. These mea-
sures have brought short-term stability in many situations but
have collapsed under different environmental conditions or
due to inadequate maintenance. On the contrary, in regions
with a high intensity of hazards or steep slopes, ecological
methods, including the restoration of vegetation, might not
be adequate protection. The Gansu experience shows clearly
that mitigation must be effective, and a combination of struc-
tural, hydrological and ecological measures is needed 17!,

The third key lesson relates to the nature of human ac-
tivities as sources of, as well as magnifiers of, geological risk.
The fast growth of infrastructure, the rise of agriculture, and
urbanization have dramatically changed the natural balance

of loess scenery. Irrigation and slope reworking in Gansu

have often been identified as causes of disasters, indicating
that there is a way to better balance development planning
and geotechnical constraints. This implies that the issue of
disaster prevention cannot be viewed as a strictly techni-
cal problem but rather within the context of much broader
socio-economic and land-use questions! 7!

Last but not least, the role of local knowledge and com-
munity involvement has become more and more apparent. In
much of Gansu, rural life, the denizens have a comprehensive
hands-on knowledge of slope behavior, seasonal cycles, and
pre-disaster indications. This knowledge could supplement
the efficacy of early warning and response techniques when
utilized in conjunction with scientific surveillance. Nonethe-
less, this integration is still limited, and the prospects of more
participatory and inclusive risk management practices were

noted.

5.2. Challenges and Knowledge Gaps

Despite significant advances, several critical knowl-
edge gaps hinder effective disaster prevention in loess re-
gions. First, predictive models remain poorly constrained by
the inherent heterogeneity of loess deposits; variations in par-
ticle size, cementation, paleosol layers, and joint networks
create site-specific behaviors that limit the transferability of
findings across regions. Second, monitoring infrastructure is
sparse and fragmented, particularly in rural Gansu, resulting
in insufficient long-term records of rainfall, soil moisture,
pore pressure, and slope deformation needed to validate early
warning thresholds. Third, the impacts of climate change,
especially intensifying extreme rainfall events, on loess slope
stability are poorly quantified, as most existing models rely
on historical data that may no longer represent future condi-
tions. Fourth, a persistent disconnect exists between scien-
tific research and practical implementation; engineering and
ecological interventions are often evaluated only for short-
term performance, with little documentation of long-term
sustainability under variable environmental conditions *®,

The second big obstacle is the scarcity and quality of
data, especially in remote or less developed regions. The
networks are relatively few, and long-term records of rain-
fall, soil moisture, and slope deformation are unavailable.
This lack of data makes it difficult to detect trends, validate
models, and create trusted early warning methods. Data

integration and interoperability problems can hinder effec-
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tive analysis and decision-making even where the data are
available. Another source of uncertainty is climate change.
There is growing evidence to indicate that instances of ex-
treme rainfall are on the increase, and the severity of extreme
rainfall is increasing in frequency and severity, especially in
semi-arid areas like Gansu Province. Such modifications can
cause shifts in landslide initiation thresholds and increase
pre-existing vulnerabilities. But the exact effects of climate
change on the stability of loess have not been effectively stud-
ied, which is partly because of the somewhat complicated
interactions between climatic, hydrological, and geological
processes! 73],

Future research must prioritize multi-scale, process-
based investigations that link microstructural mechanics (e.g.,
collapse mechanisms under wetting) to landscape-scale haz-
ard dynamics. Priority should be given to expanding and
integrating monitoring networks—combining in-situ sen-
sors, satellite INSAR, and UAV-based surveys—into uni-
fied, real-time early warning systems enhanced by artifi-
cial intelligence and machine learning. Development of
climate-resilient, adaptive management frameworks is es-
sential, including scenario-based modeling that accounts
for non-stationary rainfall regimes. Equally important is
the need for standardized, transferable mitigation protocols
that combine engineering, ecological, and community-based
measures, alongside rigorous long-term performance eval-
uations. Finally, strengthening international collaboration
among loess regions (East Asia, Central Asia, Eastern Europe,
North America) will facilitate data sharing, model validation,
and cross-regional learning, accelerating progress toward

sustainable geological disaster risk reduction.

5.3. Emerging Technologies and Innovative Ap-
proaches

The latest technical progress presents new possibilities
to overcome certain of those difficulties and to improve dis-
aster prevention in loess territories. Among them, artificial
intelligence (Al) and machine learning have proven to be
rather promising in terms of enhanced hazard forecasting
and risk evaluation. Through the analysis of big data across
a variety of sources, these methods can determine intricate
patterns and relationships that conventional models might
not be able to detect. Here are some examples of machine

learning applications to refine landslide susceptibility maps

and to create more precise rainfall thresholds[74!.

But Al use in the area of losses is not a developed con-
cept and is limited in multiple ways. Availability of good
quality data is a major factor in the success of these mod-
els, and in many areas, this is not available. As well, it
may be challenging to gain the trust of practitioners and
decision-makers and to interpret the results due to the black
box nature of certain algorithms. There is therefore a need
for more transparent and explainable Al approaches, as well
as for efforts to improve data collection and standardization.

Another significant change is the integration of multi-
source monitoring systems. The introduction of sensor tech-
nology and the Internet of Things (IoT) has made it possible
to roll out a network of sensors that are dense enough to
offer real-time information about soil moisture, pore wa-
ter pressure, and slope movement. These systems can help
provide a complete picture of hazard conditions and enable
more timely and accurate early warning in combination with
satellite observations and meteorological data.

Digital twin is a relatively new technology with mas-
sive potential in loess hazard management. Digital twins
provide the ability to simulate the behavior of a physical
system by building a virtual representation of the physical
system in a variety of situations, enabling proactive risk as-
sessment and decision-making. In loess areas, digital twins
have the potential to combine geological, hydrological, and
engineering information to simulate the impacts of rain, land
use alterations, and mitigation interventions on-the-fly. Be-
ing still rather experimental, this track shows a direction of
future studies and applications 73761,

Even nature-based solutions are developing, placing a
greater focus on streamlining their design and blending with
engineering solutions. To provide an example, vegetation
used in conjunction with artificial drainage systems may im-
prove both the mechanical stability and hydrological control.
New opportunities to increase the resilience of loess slopes
are provided by improvements in ecological engineering,
including the application of bioengineering methods and soil

amendments.

5.4. Toward Climate-Resilient and Adaptive
Management

The increasing role of climate change requires a tran-

sition to more adaptive and resilient disaster prevention in
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loess areas. Historical-based and design parameters, or other
traditional approaches, might not be adequate in a dynamic
environment. Rather, we need flexible structures that can
adapt to changing risks and uncertainties.

Climate projections are one of the important features
of adaptive management because they are included in hazard
assessment and planning. This goes beyond revising rainfall
thresholds and design standards, but also takes into account
the potential effects of extreme events that are outside the
control of history. Here, scenario-based modeling may be
of significance, enabling the investigation of various future
states and the analysis of mitigation responses in a varied set
of possible future outcomes*. The strength and flexibility
of infrastructure systems also contribute to resilience. In
loess areas, this can entail developing slopes and drainage
systems capable of handling the variability in water input
and capable of tolerating extreme events without catastrophic
collapse. System reliability can be supported by providing
redundancy and fail-safe systems, and long-term reliability
can be ensured by usual system maintenance and monitoring.

It is also vital to community resilience. Disaster pre-
paredness and response should be collaboratively empow-
ered at the local level to enhance the capacity to manage the
vulnerable, especially in rural settings where formal relief
networks might be weak. Communities can be empowered
to take proactive actions and respond to warnings through
education and training and participatory planning. Notably,
adaptive management involves ongoing learning and feed-
back. The collection of data and post-event analysis and
performance evaluations need to be incorporated systemati-
cally into the decision-making process, whereby models and
strategies can be improved over time[”’]. This process is
iterative, and loess systems are complex and dynamic, with

uncertainty and variability built in.

5.5. Future Research Priorities and Strategic
Directions

For the future, there are a number of key directions that
can be taken to improve geological disaster prevention in
loess areas. First, there must be increased multi-scale stud-
ies that address microstructural processes and macro-scale
observations. Multiscale interactions are crucial for improv-

ing models. Second, improving data availability and quality

should be a priority. This includes increasing monitoring
sites, developing consistent data collection protocols, and im-
proving data sharing between institutions and regions. Web-
sites and open databases can help with knowledge sharing
and create opportunities for more universal models. Third,
collaboration should be encouraged. Understanding loess-
related hazards requires inputs from geologists, engineers,
hydrologists, ecologists, and social scientists. This can result
in more integrated approaches that consider both technical
and socio-economic aspects of risk. The fourth point is to
focus more on knowledge transfer. This includes the creation
of guidelines, tools, and decision-making frameworks for
practitioners and decision-makers. Demonstration projects
can be valuable in this regard.

Finally, global partnerships should be strengthened to
share knowledge and lessons among different loess areas.
Although this review has focused on Gansu Province, the
lessons derived from this experience apply to many other
regions around the world. Through international collabo-
ration, progress can be accelerated, and more sustainable
ways to manage geological hazards in loess regions can be
found. The experience in Gansu and other such environ-
ments demonstrates advances and remaining challenges in
the prevention of geological disasters in loess regions. Re-
cent progress has been made in identifying the mechanisms
of hazards and potential mitigation measures, but the diver-
sity of loess environments remains a major challenge.

The key lesson from this assessment is that integration
across disciplines, scales, and sectors is critical. Preventing
geological disasters demands both technological advances
and institutional and societal coordination, participation, and
sustainability. Through adaptive, big data, and crowdsourced
approaches, we can strive for a more resilient future in loess
regions.

Here, Gansu Province is an illustrative case study. It
serves as a reminder that we need to learn from the past,
yet also look ahead to new challenges. The key to prevent-
ing disasters in loess regions will be to combine knowledge,

innovation, and adaptation 2%-78-81],

6. Conclusion

The loess areas are considered to be one of the most

vulnerable geomorphological environments on our planet,
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where interactions between particular loess soil character-
istics, climate and human activities create a dynamic risk
environment. This study has brought together existing under-
standing of the geological and environmental setting of loess
and the mechanisms of major hazards, as well as prevention
and mitigation measures currently adopted in high-risk re-
gions, such as Gansu Province, China, and other parts of the
world.

One key outcome of this research is that the metasta-
bility and collapsibility of loess material are unique among
geological formations and demand dedicated approaches to
hazard analysis and mitigation. Water, whether in the form
of rainfall, irrigation, or groundwater, plays a key role as
a major control factor for almost all types of loess-related
disasters. As a result, mitigation efforts in these settings are
inexorably tied to hydrological knowledge and management,
especially in a changing climatic environment.

The review has identified that, despite significant ad-
vances in monitoring systems, engineering measures, and
ecological treatments, existing approaches to hazard reduc-
tion are scattered and insufficient if used independently. En-
gineering solutions offer immediate stability but can be inef-
fective without coordinated drainage and maintenance. Eco-
logical measures provide long-term solutions, but take time
and need to be carefully tailored. Likewise, monitoring and
early warning systems have become more effective in detect-
ing incidents but still need to overcome issues of data inte-
gration, model development, and implementation. Insight
from Gansu Province highlights the importance of integrated
and multi-sectoral measures that incorporate structural, eco-
logical, technological and policy-based measures. The suc-
cess of these strategies relies on technical considerations,
socio-economic adaptation, land-use integration and social
engagement. In this context, improving the link between
science and policy has a vital role.

Looking ahead, the growing impacts of climate change,
as these affect extreme rainfall events, present a challenge
for future disaster prevention in loess regions. Existing mod-
els and design criteria based on historical data may need
to be replaced by adaptive and resilient approaches. New
technologies such as artificial intelligence, multi-source
monitoring technologies, and digital twins hold the poten-
tial to improve forecasting and decision-making. But their

effectiveness will depend on better data, collaboration, and

capacity building. This review highlights a number of pri-
orities for future research and practice. These include a
greater understanding of loess behavior at multiple scales
and based on processes, expanding and linking monitoring
networks, robust and transferable mitigation measures, and
international cooperation between loess regions. Addition-
ally, it is critical to include community engagement and
local expertise in disaster risk reduction strategies to ensure
that scientific and social considerations are integrated and
sustainable.

In summary, avoiding geological disasters in loess re-
gions requires a shift from reactive “single-measure” re-
sponses to proactive, integrated, and adaptive strategies. By
building on lessons from places like Gansu Province and in
concert with new technologies and ideas, we can achieve bet-
ter risk reduction. Finally, to be resilient in loess regions, we
need to cross-fertilize knowledge across disciplines, scales,
and regions, and ensure that this knowledge translates into
action that protects human communities and their environ-

ment.
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