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Abstract

Rainfall-induced shallow landslides are typically attributed to short-term meteorological triggers such as rainfall intensity
and duration. However, the influence of antecedent hydrological conditions, particularly prolonged dry spells, has received
limited attention despite their potential to alter soil behavior significantly. This study investigates the role of antecedent
dry spells on landslide occurrence in the clay-rich terrains of the eastern Black Sea region of Tiirkiye. Four intense rainfall
events from two study sites were examined. At both sites, the later event followed a prolonged dry period and produced a
substantially larger mapped landslide inventory despite lower landslide-day rainfall than the earlier event, which occurred
under wetter antecedent conditions. To investigate the mechanisms underlying this behavior and evaluate whether it
was evident across the event inventories, we combined mechanistic numerical simulations with a data-driven statistical
analysis. Numerical simulations indicate that a configuration representing crack-related hydraulic and mechanical changes
enhances infiltration and reduces matric suction, resulting in strength reduction and lower slope stability. Additionally, a
Generalized Additive Model incorporating landslide-day precipitation, the 30-day Standardized Precipitation Index (SPI-
30), local relief, slope steepness, and aspect reveals that landslides are more likely to occur when intense rainfall coincides
with drier antecedent conditions rather than under persistently wet conditions. The model showed consistent discriminatory
performance under grouped tenfold cross-validation, with an overall ROC AUC of 0.836 based on combined validation-
fold predictions. These findings suggest that in clay-rich environments, conventional rainfall thresholds used in predictive
models may underestimate landslide occurrence probability when preceded by dry spells. Incorporating antecedent drought
indicators into forecasting frameworks may improve the representation of landslide probability, although validation across
additional events and locations is required.
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Introduction

Early warning systems are an essential part of the near-real-
time communication of natural hazard threats to society
(Piciullo et al. 2018). This is also valid for landslides, where
such systems should ideally account for the susceptibility
of a given landscape, which is mainly controlled by mor-
phometric, geologic, climatic, and anthropogenic character-
istics (Guzzetti et al. 2020; Stanley et al. 2021; Ahmed et
al. 2023). In practice, however, most landslide early warn-
ing systems rely on two parameters: rainfall intensity and
duration (Mondini et al. 2023). These are often expressed as
the total accumulated rainfall over a specific time window
prior to a landslide event (e.g., Crosta 1998; Baum and Godt
2010; Segoni et al. 2018). Intensity-duration relationships
are then used to define rainfall thresholds that inform the
public about the potential hazard levels (Segoni et al. 2015).
However, beyond rainfall intensity and duration, the ante-
cedent conditions play a role in the initiation of landslides
(Bhadiyadra and Ong 2024; Greco et al. 2023; Jayakody et
al. 2023).

Recently, there has been a growing recognition of the
critical role of antecedent hydrological conditions, leading
to the development of predictive landslide models and early
warning algorithms that leverage full precipitation time
series or the temporal clustering of rainfall events (Mondini
et al. 2023; Nocentini et al. 2023; Banfi et al. 2023; Fang et
al. 2023; Lim et al. 2024; Moreno et al. 2025). These studies
suggest that such an approach can improve landslide predic-
tion accuracy compared to models relying solely on scalar
meteorological proxies, as it also captures the influence of
dry periods preceding the event.

Fredlund et al. (1978) and Vanapalli et al. (1996)
extended Terzaghi’s (1950) effective stress framework to
account for unsaturated soil conditions. Their studies incor-
porated the contribution of matric suction to shear strength,
providing a more comprehensive description of the rela-
tionship between effective stress and pore water pressure.
This extension allows for a better understanding of how
infiltration and changing suction conditions influence slope
stability. However, another crucial factor influencing the
relationship between rainfall intensity and slope stabil-
ity is the antecedent dry spell preceding the rainfall event
(Tichavsky et al. 2019).

Dry spells may play a significant role from a geotechnical
and hydrogeological perspective by inducing crack forma-
tion in clay-rich soils, which increases the secondary perme-
ability of the upper layer of the soil (Dos Santos et al. 2016).
This process could lead to an increase in pore water pressure
and a decrease in soil shear strength and reduce surface run-
off especially during intense rainfall events, consequently
increasing the probability of landslide (Damiano et al. 2017;

@ Springer

Cheng et al. 2021; Zhang et al. 2021). Furthermore, wetting-
drying cycles can induce material deterioration and can lead
to increased failures (Stirling et al. 2021). Gao et al. (2024)
observe that when desiccation cracks significantly increase,
forming additional flow paths for water infiltration leads to
a substantial rise in the soil’s hydraulic conductivity, which
may in turn contribute to slope instability. Similarly, Apri-
yono et al. (2025) report that in prolonged dry seasons, crack
intensity could increase up to 15%, leading to an increase
in the soil’s saturated hydraulic conductivity by over 85%.
Understanding these mechanisms under extreme climate
scenarios is crucial for improving current methods aimed at
mitigating landslides attributed to intense rainfall.

This study examines the role of antecedent dry spells in
modulating landslide occurrence preceding major rainfall
events. The analysis focuses on two sites located in the east-
ern Black Sea region of Tiirkiye, where landslide inventories
were compiled in association with distinct rainfall episodes
(Comert et al. 2025). At both sites, the later event followed a
prolonged dry period and was associated with a substantially
larger mapped landslide inventory despite lower landslide-
day rainfall than the earlier event, which occurred without a
pronounced antecedent dry spell. Although absolute inven-
tory counts may also be influenced by differences in mapped
area, imagery characteristics, and minimum detectable land-
slide size, this repeated contrast motivated an investigation
of whether antecedent drying could amplify slope response
to subsequent intense rainfall. To investigate the underlying
behavior, two complementary but independent approaches
are used. The numerical analysis examines a plausible local-
scale hydro-mechanical mechanism, whereas the statistical
analysis evaluates whether a corresponding association
between triggering rainfall and antecedent precipitation
conditions is evident across the event inventories. It is
emphasized, however, that this contribution is not expected
to be uniform across all settings. It is likely most relevant
for clay-rich hillslope materials exposed to intense rainfall
following prolonged dry periods, rather than a general fea-
ture of rainfall-induced landsliding.

Building on the repeated contrast observed at both study
sites, we hypothesize that antecedent drying amplifies the
response of clay-rich residual soils to subsequent intense
rainfall. We examine this hypothesis by combining numeri-
cal simulations of crack-related changes in near-surface
permeability and cohesion with a statistical analysis of the
four event inventories to assess whether landslide probabil-
ity increases when intense rainfall follows drier antecedent
conditions, after accounting for terrain controls. The two
analyses are interpreted as complementary lines of evidence
rather than as formal cross-validation of one another.
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Study area

This study focuses on sites within the Black Sea region, an
area where approximately 55.5% of all reported fatal land-
slides in Tiirkiye occurred between 1929 and 2019 (Goriim
and Fidan 2021). According to reported events between
1995 and 2014, this also refers to a region with the highest
number of landslide-related fatalities in Europe (Haque et
al. 2016). And yet, no rainfall early warning system exists
in the study area (Goriim and Fidan 2021). The location map
of the study is shown in Fig. 1, and the climatological fac-
tors underlying the region’s markedly high rainfall totals
(Fig. 1a) are discussed later in this section.

Four rainfall-induced shallow landslide events that
occurred in Hopa and Kaptanpasa, located in the provinces
of Artvin and Rize, respectively, in the eastern Black Sea
region of Tiirkiye, were analyzed. The study areas are char-
acterized by steep and rugged topography (Fig. 1b), where
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Fig. 1 Location map of study area (a) grids of long-term annual aver-
age rainfall estimated by the climate hazards group InfraRed precipita-
tion with station data (CHIRPS) model (Funk et al. 2015) based on
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the maximum elevation reaches up to 1,513 m. Although
the Kaptanpasa and Hopa domains are separated by a geo-
graphical distance of approximately 70 km, they belong to
the similar morpho-climatic and lithological corridor of the
eastern Black Sea coastal zone. Topographically, both sites
are characterized by steep, deeply incised valleys driven by
the same orogenic framework of the Eastern Pontides. Fur-
thermore, they are subjected to the same severe orographic
precipitation regime, governed by the parallel alignment
of the mountain range to the coastline, which exposes both
areas to similar extreme summer rainfalls.

Rainfall data for the selected sites were obtained from
the General Directorate of State Meteorological Works and
temperature information was obtained from ERAS5-Land
satellite (Fig. 2). The September 23, 2012 Hopa event, asso-
ciated with approximately 340 mm of rainfall in a single
day, triggered 26 landslides. In contrast, the August 24, 2015
event in the same area resulted in 1,367 landslides (Fig. 1b),
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measurements between 1990 and 2025 of Tiirkiye and (b) location and

landslide distribution map of the study area
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Fig. 2 60-day long rainfall and temperature time series generated for
landslide events occurred in a) Hopa (September 23, 2012, and August
25,2015) and b) Kaptanpasa (November 12, 2015, and September 27,
2017)

Table1 Summary of the four rainfall-induced shallow landslide events
analyzed in this study (event inventories from Comert et al. 2025)

Region Event Daily Antecedent Land- Role in this study
date rain- condition slides
fall trig-
(mm) gered
Hopa 23 ~340 No pro- 26 GAM (statistical)
Sep nounced only
2012 antecedent
dry spell
Hopa 24 ~220 Preceded by 1,367 GAM (statistical)
Aug a prolonged only
2015 dry period
Kaptanpasa 11 ~170 No pro- 67 Numerical
Nov nounced model (uni-
2015 antecedent modal)+GAM
dry spell
(“wet”
scenario)
Kaptanpasa 27 ~130 Preceded by 1,142 Numerical model
Sep a prolonged (bimodal)+ GAM
2017 dry period

despite a lower daily rainfall total of around 220 mm. Nota-
bly, the 2015 event was preceded by a prolonged dry period
during the 60 days prior. A similar pattern was observed
in Kaptanpasa. The November 11, 2015 event, with
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approximately 170 mm of rainfall in a day caused 67 land-
slides, whereas the September 27, 2017 event, which was
preceded by a dry period and triggered by around 130 mm/
day of rainfall, led to 1,142 landslides (Fig. 1b). The key
characteristics of the four analyzed events, including the
daily rainfall totals, antecedent conditions, and number of
landslides triggered, are summarized in Table 1.

The spatial distribution of the Kaptanpasa and Hopa
landslides was carefully mapped and verified using multi-
temporal, high-resolution optical imagery across the entire
study region by Comert et al. (2025). As a representative
example of this mapping process of Kaptanpasa 2017
landslides, a small sub-area is presented in Fig. 3. The
pre-event topographical and land cover conditions for this
specific section were established using Google Earth imag-
ery acquired on October 3, 2016, with a spatial resolution
of 50 cm (Fig. 3a). Following the landslide events, exten-
sive post-event morphological changes were captured via
Unmanned Aerial Vehicle (UAV) flights on October 2, 2017.
The resulting post-event images generated at an ultra-high
spatial resolution of 12 cm, distinctly illustrate the wide-
spread shallow landslides and exposed soil masses across
the slopes (Fig. 3b). Using this detailed UAV imagery, the
precise boundaries of the landslide source and runout areas
were manually digitized to construct a highly accurate,
event-based landslide inventory for the subsequent data-
driven modeling (Fig. 3c).

In the Black Sea region, anthropogenic and meteoro-
logical disturbances are identified as the primary factors
of landslide occurrences (Comert et al. 2025; Reis et al.
2009; Nefeslioglu et al. 2011; Tanyas et al. 2022). As for
the meteorological conditions, extreme summer rainfalls
occurring between July and September are reported as the
main triggering factor for shallow landslides in the region
(Yalcin 2007; Gorim and Fidan 2021). As illustrated by
the long-term climatological data of the eastern Black Sea
region (Fig. 4), this specific temporal window is critical, the
region simultaneously experiences peak annual tempera-
tures (averaging~22 °C) and sustained high-intensity rain-
fall (maintaining monthly averages above ~ 160 mm).

Climatically, the region displays humid subtropical char-
acteristics at low altitudes and temperate oceanic conditions
at higher elevations, resulting in year-round precipitation
and a relatively low likelihood of drought, mostly confined
to the summer months (Yiiksek et al. 2013). The long-
term annual average rainfall in the study area reaches up to
~1990 mm especially in coastal parts (Fig. 1a).

Geological outline

The study area lies within the Eastern Black Sea Basin, a
tectonic component of the Eastern Pontides characterized
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Fig. 3 A representative small section of the high-resolution optical
imagery utilized for landslide identification and inventory mapping
in the broader Kaptanpasa region. a) Pre-event Google Earth imagery
(50 cm resolution) captured on October 3, 2016, showing intact slope
conditions. (b) Post-event UAV-based orthomosaic (12 c¢cm resolu-
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tion) illustrating the widespread shallow landslides following the 2017
extreme meteorological event captured on October 2, 2017. (¢) The
corresponding UAV images with manually digitized landslide bound-
aries (red dashed lines) used to construct the spatial inventory

Fig.4 Long-term (1990-2025)
monthly average precipitation
and temperature distribution for
the eastern Black Sea region. The 200
climatological data were derived
from the ERA5-Land dataset,
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by a Mesozoic—Cenozoic volcano-sedimentary and gran-
itoid sequence overlying a Paleozoic crystalline basement
(Alan et al. 2019; Tuysuz et al. 2008; Gedik et al. 1992).
Locally, the stratigraphy comprises Upper Cretaceous
to Middle Eocene volcano-sedimentary units (Catak,
Caglayan, Cayirbag, and Cankurtaran Formations), intruded
by the Kagkar Granitoids and capped by the Yesilce Forma-
tion (Fig. 5). This predominantly volcanic and volcaniclas-
tic lithology is the parent material for the fine-grained, clay/
silt-rich residual soils described in Sect. 2.2, whose miner-
alogy, rather than the underlying bedrock stratigraphy itself,
directly governs the desiccation and shrink—swell behavior
central to the mechanism investigated in this study.
Uyeturk et al. (2020) investigated the geotechnical prop-
erties of residual soils associated with rainfall-triggered
landslides in the same area, using X-ray diffraction (XRD)
and Scanning Electron Microscopy (SEM) analyses to
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characterize the soil composition. Their results showed that
the “total clay+mica” content in bulk samples ranges from
21.7% to 89.9%, with an average value of 66%. Specific
analyses of the clay fraction demonstrated that halloysite is
the most prevalent mineral, identified in 23 out of the 29
samples tested. In addition to halloysite, the clay fraction
was found to commonly contain illite, kaolinite, vermicu-
lite, and montmorillonite, alongside other minerals like gyp-
sum and laumontite. Semi-quantitative analyses provided
detailed insight into the clay composition, with one repre-
sentative sample exhibiting 26.9% halloysite, 21.1% ver-
miculite, 11.2% montmorillonite, and 10.9% illite (Uyeturk
2019). Their study ultimately concludes that these residual
soils are significant for their halloysite content, which can
reach up to 27% within the clay fraction.

The desiccation behavior of halloysite is fundamen-
tally dictated by its specific hydration state, as the mineral

@ Springer
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Fig. 5 Geology map and generalized cross-section (not-to-scale) of the study area

exists primarily in two distinct phases: the fully hydrated
10 A form (Halloysite- 10 A) and the dehydrated 7 A form
(Halloysite-7 A) (Joussein et al. 2005). The phase transition
from a hydrated to a dehydrated state represents a critical
and irreversible process characterized by the expulsion of
interlayer water molecules.

Engineering geology

The morphological characteristics of the 2017 Kaptanpasa
landslides were investigated in detail by Durmaz (2022) and
Durmaz et al. (2023), who reported a mean failure depth of
1.05 m. The geotechnical parameters utilized in their study
were adopted from Uyeturk et al. (2020) and subsequently
used to perform model calibrations specific to the 2017
Kaptanpasa landslides. Following the calibration of hydrau-
lic and slope stability parameters, these studies established
an effective cohesion (c’) of 4 kPa, an internal friction angle
(¢") of 30°, and a hydraulic conductivity (k) of 10~ m/s.

@ Springer

The index properties of the soil samples provided by
Uyeturk et al. (2020) were utilized to evaluate their swell-
ing potential through a comparative analysis of the Holtz
and Gibbs (1956), Dakshanamurthy and Raman (1973), and
Skempton (1953) methodologies. The assessment frame-
work prioritized Skempton’s Activity index to identify
mineralogical expansiveness, while relying on the conver-
gence of high Liquid Limit (LL>50%) and Plasticity Index
(PI>20%) values for samples lacking clay fraction data.
The cumulative analysis reveals that approximately 51.5%
of the specimens exhibit a Medium to High swelling poten-
tial, a behavior predominantly associated with the active
clay minerals and organic constituents observed in the high-
plasticity silt and organic clay (please see the Supplemen-
tary Materials, Table S1).

A literature review examined 30 geotechnical reports
prepared by the Rize Provincial Disaster and Emergency
Management Directorate (Altigen Planlama & Zimer Miih-
endislik, 2024, please see the Supplementary Materials for
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details). The results of the geophysical studies and labora-
tory experiments conducted within this scope are summa-
rized in Table S2.

Porosity and saturation ratios were calculated using
natural form weight and water content and included in the
table (assuming a specific gravity (Gs) of 2.65). The char-
acterization data reveals a heterogeneous soil profile pre-
dominantly composed of fine-grained, low to high plasticity
clays (CL, MH) and silts (ML), with localized intercalations
of granular silty sands (SM) and gravels (GM) according to
the Unified Soil Classification System. Mechanical assess-
ment through Standard Penetration Tests (SPT) indicated a
wide range of in-situ stiffness, varying from loose deposits
to refusal, which correlates with the observed increase in
shear wave velocities (Vs) at greater depths. According to
Vs measurements, a weathered residual soil with a veloc-
ity of 215-385 m/s was detected up to a depth of 5—10 m.
Similar findings were also obtained with multi-electrode
seismic tomography. Another study conducted by Keles
and Nefeslioglu (2021), in which resistivity measurements
along several profiles in the Rize province revealed that the
soil thickness varied between 5 and 10 m.

Furthermore, phase relationship analyses derived from
measured natural unit weights (yn), which ranged between
1.62 and 1.96 g/cm?® and yielded porosity values (n) between
0.31 and 0.49. Consequently, the calculated degrees of sat-
uration (Sr) varied from approximately 32.5% to 84.3%,
suggesting that the near-surface soil layers are primarily in
a partially saturated state, a critical factor for subsequent
effective stress and settlement analyses (Table S2).

Geotechnical reports in the region consistently character-
ize the geological setting of landslide zones as a complex
assemblage of basalt, andesite, and pyroclastic units inter-
calated with sedimentary layers. Consistent with these find-
ings, the study area exhibits a similar volcanic-sedimentary
lithology. Reports also indicate that shallow slope slips are
common within these geological units.

By synthesizing the comprehensive dataset compiled for
the Rize region, a conceptual model has been developed to
elucidate the failure mechanisms of shallow landslides trig-
gered by high-intensity rainfall following prolonged drought
periods in Kaptanpasa. The proposed model and the govern-
ing parameters are detailed in the subsequent sections.

Materials and methods

A dual-method framework consisting of two independent
but complementary approaches was adopted (Fig. 6): (1) a
physically based numerical model used to investigate the
local hydro-mechanical effects of antecedent drying on
slope stability, and (2) a multi-event data-driven model used

to evaluate whether a corresponding association between
antecedent precipitation conditions and landslide occur-
rence was evident across the event inventories. The numeri-
cal and data-driven analyses were conducted as independent
parallel frameworks because they operate at different spatial
scales and rely on different data structures and assumptions.
The numerical model simulated local transient hydro-
mechanical responses, whereas the statistical model evalu-
ated associations between landslide occurrence, triggering
rainfall, antecedent precipitation conditions, and terrain
characteristics. The two analyses were therefore interpreted
as complementary lines of evidence for the hypothesized
amplifying effect of antecedent drying rather than as a for-
mal cross-validation of one another.

Numerical analyses were conducted using meteorologi-
cal data from the Kaptanpasa region and focused on the
60-day period preceding the 2015 and 2017 landslide events.
This site was selected because the geotechnical parameters
required for slope-stability modeling were available from
previous studies in the area (Uyeturk et al. 2020; Durmaz et
al. 2023). A transient seepage analysis was first conducted,
after which the factor of safety was calculated throughout
the 60-day period using the resulting pore-water-pressure
distributions. The analysis was performed in two stages.
First, a standard unimodal soil-water characteristic curve,
representing an intact soil matrix, was applied to both the
2015 event, which occurred under wetter antecedent condi-
tions, and the 2017 event, which followed a prolonged dry
period. This provided a common hydro-mechanical base-
line. The 2017 event was then reanalyzed using a bimodal
soil-water characteristic curve and reduced near-surface
cohesion to represent plausible crack-related hydraulic and
mechanical changes associated with antecedent drying.

The data-driven analysis used four landslide-event
inventories compiled for the Kaptanpasa and Hopa regions
(Comert et al. 2025). The inventories were produced
through systematic manual interpretation of high-resolution
optical datasets, including RapidEye imagery at 5 m resolu-
tion, Google Earth imagery at approximately 0.5 m resolu-
tion, PlanetScope imagery at 3 m resolution (Planet Team
2017), and UAV-derived orthomosaics at 0.12 m resolution.
Most mapped landslides were classified as shallow-seated
slides occurring within the soil cover and were delineated
as polygons (Comert et al. 2025). Using these inventories,
a binomial generalized additive model was developed at the
slope-unit level to relate landslide occurrence to landslide-
day precipitation, antecedent precipitation conditions rep-
resented by the 30-day Standardized Precipitation Index,
local relief, slope steepness, and aspect. Model performance
was evaluated using grouped tenfold cross-validation, with
observations from the same physical slope unit retained
within a single fold.

@ Springer
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Numerical modeling

The conceptual model was constructed using the SEEP/W
and SLOPE/W modules of GeoStudio (Seequent 2022),
which have been widely used in the relevant literature (e.g.,
Erdag and Isik 2022; Gasmo et al. 2000; Li et al. 2016; Qi
and Vanapalli 2015; Rahardjo et al. 2007; Tsaparas et al.
2002).

Seepage model through SEEP/W

SEEP/W simulates water flow and pore-water pressure in
both saturated and unsaturated soils using Darcy’s Law:

qg=k.i (1)

Where q refers to the specific discharge, k denotes the satu-
rated hydraulic conductivity and i represents the hydraulic
gradient. The transient seepage is governed by:

5] 0H 5] 0H 08
ﬂ("ﬂ) + a_y(kya_y) tQ =37 @

Where ki and k, denote the hydraulic conductivity in the
x and y directions, respectively, H represents the hydraulic
head, Q is the source or sink term, 0 stands for the volumet-
ric water content and t refers to time.

In unsaturated conditions, volumetric water content
changes depend on matric suction (u,—u,,) since pore-air
pressure (u,) is assumed constant. This leads to:

06 =m, 0uw (3)

Where m,, is the slope of the soil-water characteristic curve
/ compressibility coefficient of water.

The final governing seepage equation includes the unit
weight of water, y :
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For slope stability analysis, the effective stress principle
(Terzaghi 1950) and its extensions to unsaturated soils are

applied. The shear strength 7 is expressed as (Fredlund et
al. 1978; Vanapalli et al. 1996):

T=c' +(0 —ug)tand’ + (ug — uy)tang® %)

T =c' + (0 —uy)tang’

+(ug — uy) [:;_69’; ] tang’ (6)

Where ¢’ is the effective cohesion; o represents the total
normal stress, u, is the pore-air pressure, u,, is the pore-
water pressure, ¢'refers to the effective angle of inter-
nal friction and ¢® indicates the rate of increase in shear
strength with matric suction. Additionally, 6 is the volu-
metric water content, 0 g is the residual water content and
6 s is the saturated water content.

SEEP/W can simulate soil-vegetation-atmosphere trans-
fer processes across the ground surface by employing the
land—climate interaction (LCI) boundary condition. It pro-
vides a robust framework for evaluating water balance
components and quantifying net percolation through system
(Seequent 2022). At the LCI boundary condition, the water
balance is calculated by conservation of mass:

(gp +am)cos (@) +qp +qr = qp (N

Where the superscripts used for water fluxes (q) represent
different conditions; P is precipitation, M is snowmelt, I is
infiltration, E is evapotranspiration, R is surface runoff and
o is slope angle. Potential evapotranspiration (ET0) values
were estimated using the Thornthwaite model (Thornth-
waite 1948) and inserted into SEEP/W as user-defined val-
ues. Root water uptake and canopy interception have not
been considered in this study.

Precipitation, temperature, wind speed, relative humid-
ity, and potential evapotranspiration data for the 60-day
periods preceding the landslide events in 2015 and 2017
in Kaptanpasa were gathered from the Cayeli/Kaptanpasa
meteorological station, provided by the General Directorate
of State Meteorological Works (Fig. S1).

The conceptual model used in this study is given in Fig.
S2. The left and right boundaries were defined as hydraulic
head boundaries (red lines with dots), the upper boundary
as a LCI boundary, and the lower boundary as an imper-
meable boundary. The slope angle was taken as 45°. To
minimize the influence of boundary conditions, the model
boundaries were extended by 25 m. The soil thickness was
determined based on studies as mentioned in engineering
geology section, a soil thickness of 10 m was adopted in
the model. Also, an initial water table (dashed blue lines),
compatible with topography was used to define the initial
conditions. The depth of the groundwater table was deter-
mined based on field investigations and water-level mea-
surements obtained from nearby wells located north of the
study area in the Cayeli district (15 km to northwest of study
area). Observations revealed that the groundwater level
remains close to the ground surface, and during the rainy
season, water discharge occurs through fissures and cracks.
In the conceptual model developed for this study, the aver-
age groundwater table is represented at a relatively shallow
depth, typically between 2 and 4 m, to simulate more critical
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conditions for slope instability. The initial pore-water pres-
sure distribution for each transient simulation was defined
as hydrostatic with respect to the assumed initial water table
position (Fig. S2). Pore-water pressures below the water
table increased linearly with depth, while pressures above
the water table were assigned negative values consistent
with the initial position on the adopted SWCC.

Due to absence of direct measurement, saturated hydrau-
lic conductivity is estimated based on the studies of Uyeturk
et al. (2020), Durmaz et al. (2023) and reports of Altigen
Planlama & Zimer Miihendislik (2024). The results of soil
classification from different landslide sites at Rize show
that in general the soil samples are fine-grained, low to high
plasticity clays (CL, MH) and silts (ML), with localized
intercalations of granular silty sands (SM) and gravels (GM)
according to the Unified Soil Classification System. Based
on this information, appropriate saturated hydraulic con-
ductivity values were selected from appropriate range in the
literature follows of 2 m/d (2.32 x 107> m/s) for the single-
layer model, while for the bimodal SWCC case, values of
3 m/d (3.47 x 10> m/s) and 2 m/d (Freeze and Cherry 1979)
were used for the upper and lower layers, respectively.

Due to the absence of direct measurements, saturated
hydraulic conductivity is estimated based on the studies of
Uyeturk et al. (2020), Durmaz et al. (2023) and reports of
Altigen Planlama & Zimer Miihendislik, (2024). The results
of soil classification from different landslide sites at Rize
show that in general the soil samples are fine-grained, low
to high plasticity clays (CL, MH) and silts (ML), with local-
ized intercalations of granular silty sands (SM) and gravels
(GM) according to the Unified Soil Classification System.
Based on this information, appropriate saturated hydraulic
conductivity values were selected from appropriate range in
the literature follows of 2 m/d (2.32 x 107> m/s) for the single-
layer model, while for the bimodal SWCC case, values of
3 m/d (3.47 x 10~ m/s) and 2 m/d (Freeze and Cherry,1979)
were used for the upper and lower layers, respectively. This
value was derived by cross-checking the soil classification
reported by Uyeturk et al. (2020), the permeability behavior
of fissured clay described by Qi and Vanapalli (2015) and
falls within the plausible literature range for silty clay/silt
soils (Freeze and Cherry, 1979). It is noted that this value is
somewhat higher than the single back-calculated conductiv-
ity reported by Durmaz et al. (2023) for the same landslide
(~107° m/s). This is consistent with the expectation that the
near-surface, weathered and secondarily porous residual
soil exhibits higher permeability than the more homoge-
neous, deeper conditions typically represented in a single
back-analysis calibration.

To represent the SWCC under wet and dry seasonal
conditions, different modeling approaches were adopted.
For the wet season, the soil was modeled as a single
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homogeneous layer using a unimodal SWCC (e.g., Gasmo
et al. 2000; Tsaparas et al. 2002; Rahardjo et al. 2007
Erdag and Isik 2022). Under prolonged dry conditions, the
conceptual model was divided into two layers: a cracked
upper (surface) layer modeled with a bimodal SWCC, and
an intact lower layer represented with a unimodal SWCC.
To ensure methodological rigor and to verify whether this
specific configuration is essential to explain the observed
field phenomenon, the 2017 dry scenario was systematically
tested using both the standard single-layer unimodal and the
two-layer bimodal SWCCs. It is hypothesized that the phys-
ical characteristics of the cracks (e.g., density, aperture, and
connectivity) govern the resulting increase in soil perme-
ability, and that this effect can be represented by modeling
the cracked layer as a high-permeability zone described by
a bimodal SWCC.

Prolonged dry spells, particularly in clay-rich soils, can
lead to the formation of desiccation cracks. These cracks
increase the saturated hydraulic conductivity (Apriyono
et al. 2025) while reducing the shear strength parameters
of the affected zone (Pineda et al. 2014; Qi and Vanapalli
2015). Therefore, with these configurations, the effects of
desiccation cracking were simulated with a bimodal SWCC
(Fredlund et al. 2010; Li et al. 2011; Qi and Vanapalli 2015),
as cracks function as macropores, allowing rapid drainage
between the first air-entry value (Ist AEV) and the onset
of residual suction. After this point, drainage progresses
through micropores, governed by the second air-entry value
(2nd AEV).

Since there are no direct measurements of SWCCs for
the study area, bimodal and unimodal SWCCs (Fig. S3)
were generated according to the studies of Qi and Vana-
palli (2015). In this context, all necessary information about
bimodal SWCC can be found in the study of Qi and Vana-
palli (2015).

The adoption of the Qi and Vanapalli (2015) SWCC is
grounded in a comparable classification of shrink—swell
behavior rather than an assumption of mineralogical iden-
tity. Qi and Vanapalli (2015) characterized a heavily over-
consolidated, montmorillonite-dominated expansive clay
(Regina clay, Saskatchewan, Canada), selected specifically
because its pronounced desiccation cracking and dual-
porosity behavior made it a well-documented reference case
for bimodal SWCC modeling. The residual soils examined
in the present study (Uyeturk et al. 2020) differ in domi-
nant clay mineralogy, halloysite rather than montmorillonite
but exhibit a comparable expansive classification. Approxi-
mately 51.5% of the tested specimens were rated as having
Medium to High swelling potential based on Skempton’s
Activity index and Liquid Limit/Plasticity Index criteria
(Sect. 2.2; Table S1), and montmorillonite was identified as
a minor but present clay-fraction constituent (up to 11.2%)
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alongside halloysite. Qi and Vanapalli (2015) SWCC was
therefore adopted as a representative analogue for a soil of
comparable shrink—swell classification and crack-forming
behavior, rather than as a quantitatively calibrated match to
the study area.

In the numerical model, the representation of incorpora-
tion crack development is based on experimental evidence
from the literature. Tang et al. (2010) reported that initial
cracks can appear in soil samples within just two days under
22 °C laboratory conditions. Furthermore, Luo et al. (2025)
observed that crack depths progressively increase and sta-
bilize over extended drying—wetting cycles. During the
prolonged antecedent dry spell preceding the Kaptanpaga
2017 event, the field conditions similar to these experimen-
tal environments, the soil was exposed to sustained mean
temperatures of ~22 °C coupled with infrequent, extremely
low-intensity rainfall (1-10 mm). Based on these conditions,
significant cumulative structural degradation was assumed.
The 2017 pre-failure conditions were directly characterized
using a bimodal SWCC (a two-layer cracked medium) to
accurately represent the severely desiccated state of the soil
matrix at the onset of the triggering extreme rainfall.

In the literature, desiccation crack depths have been
reported up to approximately 50 cm (Sander and Gerke
2007; Zhang et al. 2014; Pouya et al. 2019; Hassanikhah
et al. 2022). However, it has also been mentioned that infil-
tration driven by preferential flow may extend to depths
4-5 times greater than the crack depth (Zhang et al. 2021).
Accordingly, the upper layer representing cracks in the
numerical model of the 2017 Kaptanpasa landslide event
(under dry conditions) was defined as 1 m.

Slope stability model through SLOPE/W

Slope stability was analyzed in SLOPE/W using limit equi-
librium approach based on Spencer’s method. The shear
strength parameters were obtained from Uyeturk et al.
(2020) (Table 2). The effective cohesion of the surface layer
in dry conditions at the surface layer was assumed to be zero
due to the degradation of shear strength parameters caused
by desiccation cracks (Pineda et al. 2014; Qi and Vanapalli
2015). General assumption of the angle of shear strength
contributes from matric suction (¢?) is to be the two-
thirds of the effective internal friction angle (¢') (Aversa
et al. 2016; Erdag and Isik 2022). The values tested ranging
between 18° and 23° for ¢°.

Table 2 The shear strength parameters used in the numerical model
(Qi and Vanapalli 2015; Uyeturk et al. 2020)

Material Strength parameters

c’(kPa) @  y(kN/m’) ®
Cracked surface clay layer 0 27 18 18°-23°
Intact lower clay layer 4.4 27 18 18°-23°

Data-driven modeling

The data-driven analysis was performed using a binomial
generalized additive model fitted with the mgev package
(version 1.9-4; Wood 2017) in the R programming envi-
ronment (version 4.6.1; R Core Team 2026). Binomial
GAMs are suitable for modeling a binary landslide-pres-
ence response and allow nonlinear relationships between
landslide occurrence and the explanatory variables (Bren-
ning 2008). The model was fitted to the combined dataset
derived from the four landslide event inventories in Hopa
and Kaptanpaga (Comert et al. 2025).

Slope units delineate individual hillslopes characterized
by broadly similar geomorphological development and ter-
rain orientation (Alvioli et al. 2016). Each slope unit was
evaluated separately for each rainfall event. Therefore, each
observation in the statistical dataset represents a specific
slope unit under the meteorological conditions of a specific
event. An observation was classified as a landslide presence
when at least one mapped landslide intersected the cor-
responding slope unit during that event and as an absence
when no landslide was mapped.

The combined dataset comprised 9,560 observations,
including 1,203 landslide-presence observations and 8,357
landslide-absence observations. All available absence
observations were retained, and no class balancing, overs-
ampling, undersampling, or random absence selection was
applied.

To evaluate the combined influence of triggering rainfall
and antecedent precipitation conditions while accounting
for spatial variability in terrain susceptibility, the model
included a joint nonlinear term between landslide-day pre-
cipitation and the Standardized Precipitation Index calcu-
lated for the 30-day period preceding each event (SPI-30).
The 30-day accumulation period was used to represent
short-term antecedent precipitation conditions during the
month immediately preceding each event. Landslide-day
rainfall was excluded from the antecedent 30-day accu-
mulation and modeled jointly with SPI-30 as a nonlinear
interaction. Local relief, mean slope steepness, and aspect
were additionally included as terrain-related explanatory
variables. Aspect was represented using sine and cosine
transformations to account for its circular nature.

Antecedent precipitation conditions were quantified
using the Standardized Precipitation Index (SPI) developed
by McKee et al. (1993) and further documented by Edwards
and McKee (1997). SPI-30 was calculated from daily pre-
cipitation records. For each landslide event, precipitation
was accumulated over the 30 days immediately preceding
the event date. Rainfall recorded on the landslide day was
excluded from this accumulation because it was included
separately in the GAM as the short-term triggering-rainfall
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predictor. Thus, SPI-30 was used to characterize anteced-
ent precipitation conditions independently of the triggering
rainfall.

For each event, the accumulated precipitation during the
antecedent 30-day window was compared with precipita-
tion totals calculated for the corresponding 30-day calendar
period in each available year of the station record. The refer-
ence precipitation record extended from 1 January 1962 to
31 May 2020 for Hopa and from 11 December 2012 to 31
May 2020 for Kaptanpasa. A gamma probability distribu-
tion was fitted to the historical 30-day precipitation totals,
and the resulting cumulative probabilities were transformed
into standard normal variates following the SPI framework
of McKee et al. (1993). The calculations were performed
using the SPI Generator software (National Drought Mitiga-
tion Center 2018). Negative SPI-30 values represent drier-
than-normal antecedent conditions, whereas positive values
represent wetter-than-normal conditions according to the
classification presented in Table S3. The 30-day interval
represents the antecedent timescale evaluated in this study
and is not intended to constitute a universally optimal SPI
timescale for rainfall-induced landslides.

Rainfall measurements were obtained from meteoro-
logical stations located within a 50-km buffer around each
study area. For each event, landslide-day precipitation and
SPI-30 were interpolated separately using inverse-distance
weighting to generate spatially varying explanatory layers
at a 30-m resolution. The corresponding values were sum-
marized for each slope unit and combined with slope-unit
measures of local relief, mean slope steepness, and mean
aspect to construct the statistical analysis dataset.

The joint effect of landslide-day precipitation and SPI-30
was modeled using a tensor-product P-spline smooth speci-
fied with the t2() constructor in the mgev package (Wood
et al. 2013), allowing the relationship between triggering
rainfall and landslide occurrence to vary nonlinearly with
antecedent precipitation conditions. Zero-order difference
penalties were applied to the P-spline coefficients, corre-
sponding to ridge-type regularization, and smoothness was
estimated using restricted maximum likelihood. Local relief
and mean slope steepness were represented using ridge-
penalized P-spline terms, whereas aspect was included
through its sine and cosine components to preserve its
circular nature. Landslide-day precipitation, SPI-30, local
relief, and mean slope steepness were standardized before
model fitting. During cross-validation, the means and stan-
dard deviations were estimated from each training subset
and then applied to the corresponding validation subset.
During cross-validation, the means and standard deviations
used for standardization were estimated from the training
subset and then applied to the corresponding validation sub-
set. The fitted rainfall-SPI-30 interaction was visualized as
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a two-dimensional predicted-probability surface, with local
relief and mean slope steepness held at their median values
and aspect held at its circular mean. For this visualization,
the final model was fitted to the complete dataset after com-
pletion of cross-validation.

Model validation was performed using stratified grouped
tenfold cross-validation. The grouping variable combined
the study area and slope-unit identifier, ensuring that
repeated observations of the same physical slope unit from
different events were assigned to the same fold. Slope-unit
groups were stratified by study area and by the number
of event inventories in which the slope unit contained a
mapped landslide. Consequently, the same physical slope
unit could not occur in both the training and validation sub-
sets of a given iteration. In each fold, approximately 90% of
the observations were used for model fitting and the remain-
ing 10% for validation. This procedure was repeated across
all ten folds so that each observation received one valida-
tion prediction from a model in which it had not been used
for fitting. All validation metrics were calculated from the
combined predictions from the ten validation folds. Because
observations from all four events were represented across
the ten folds, this procedure evaluated slope-unit discrimi-
nation within the observed event set rather than transferabil-
ity to an entirely unseen rainfall event.

Model performance was evaluated using receiver operat-
ing characteristic analysis and the area under the receiver
operating characteristic curve (ROC AUC). An ROC AUC
of 0.5 indicates discrimination equivalent to random classifi-
cation, whereas a value of 1 indicates perfect discrimination
(Fawcett 2006). Because the dataset contained substantially
more absence than presence observations, performance was
also evaluated using the area under the precision—recall
curve, which is informative for imbalanced binary datasets
(Saito and Rehmsmeier 2015), and the Brier score, which
measures the accuracy of probabilistic predictions (Brier
1950). The overall ROC AUC was calculated from the com-
bined validation-fold predictions. Its 95% confidence inter-
val was estimated using 2,000 grouped bootstrap resamples,
in which physical slope units were sampled with replace-
ment separately within each study area. Fold-specific ROC
AUC values were also retained to assess variation in model
performance across the ten validation folds.

Results and discussion
Numerical analysis results
The numerical analysis was conducted over a continuous

60-day period preceding the landslide events that occurred
in Kaptanpasa in 2015 and 2017. This extended timeframe
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allowed us to accurately capture the transient hydrological
conditions and the cumulative effects of the meteorologi-
cal variables leading up to the failure. During the 60-day
window preceding the 2015 event, temperatures progres-
sively dropped below 20 °C, reaching approximately 8 °C
by the landslide date on November 12 (Fig. 2b). This period
was also characterized by several days of continuous rain-
fall exceeding 10 mm/day, with peaks reaching~50 mm/
day. In contrast, the 60-day period prior to the 2017 event
experienced sustained temperatures around 20 °C, with
only a single day of rainfall above 10 mm/day occurring
approximately 20 days before the landslide (Fig. 2b). Con-
sequently, the 2015 event was classified as occurring under
relatively wet antecedent conditions, which maintained an
intact soil matrix. Conversely, the 2017 event was preceded
by a prolonged dry spell, providing the exact environmental
conditions necessary for severe structural degradation and
the presence of desiccation cracks prior to the triggering
extreme rainfall.

To examine the influence of dry spells on landslide
behavior, slope stability analyses were conducted using
a single-layer unimodal SWCC and a two-layer bimodal
SWCC under wet (2015) and dry (2017) conditions, respec-
tively. In both cases, ¢? was taken as 23 degrees (Table 2).

The temporal variation of the FS over the continuous
60-day period revealed distinct hydro-mechanical responses
among the 2015 wet conditions and the 2017 dry conditions
(Fig. 7). Throughout the simulation, the two-layer model
representing the 2017 dry conditions with a bimodal SWCC
maintained a consistently lower FS than both the 2015
and 2017 single-layer unimodal counterparts. This lower
FS reflects the faster infiltration enabled by the enhanced
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Fig.7 Variation in the factor of safety over the 60-day period preceding
the landslide events. The 2015 event represents wet antecedent condi-
tions (unimodal SWCC, intact cohesion). The 2017 event is shown
for three configurations used to isolate the role of cohesion loss in the
desiccation-cracking hypothesis: unimodal SWCC with intact cohe-
sion (¢’ = 4.4 kPa), unimodal SWCC with zero cohesion (¢’ = 0 kPa),
and bimodal SWCC with zero cohesion (the configuration adopted as
the working representation of the 2017 dry scenario in this study)

permeability of the cracked upper layer. At the end of the
simulation period, coinciding with the triggering major rain-
fall event, the FS dropped abruptly across all models. How-
ever, the reduction was most critical in the 2017 bimodal
model (dropping from approximately 1.10 to 0.84), indicat-
ing severe and sudden instability. In contrast, the 2015 wet
conditions unimodal model, representing an initially intact
and near-saturated soil matrix, experienced a more moder-
ate decline (dropping from approximately 1.20 to 1.01).
Similarly, when the 2017 dry conditions were simulated
using a standard unimodal SWCC with intact cohesion (¢’
= 4.4 kPa), FS decreased only to about 1.06 and remained
above the failure threshold throughout the 60-day period,
indicating that meteorological forcing alone, without any
assumed structural degradation, is insufficient to reproduce
the observed failure.

To isolate the contribution of the mechanical (cohesion)
component of the desiccation-cracking hypothesis, a decom-
posed configuration was additionally evaluated: a unimodal
SWCC combined with zero surface cohesion. This configu-
ration produced FS values below unity throughout the entire
60-day antecedent period, a pattern inconsistent with the
absence of any observed landsliding during that window.

Only the fully combined configuration bimodal SWCC
together with zero surface cohesion in the cracked layer
reproduced a pattern consistent with field observations. FS
remained above unity throughout the antecedent dry period,
with a sharp reduction coinciding specifically with the trig-
gering rainfall event. This comparison indicates that cohe-
sion loss alone is necessary but not sufficient to reproduce
the correct timing of failure without the accompanying
change in SWCC, the model predicts persistent instability
inconsistent with the observed absence of landsliding dur-
ing the dry period. The enhanced macropore drainage rep-
resented by the bimodal SWCC appears to buffer the slope
against premature failure during the antecedent period while
still permitting rapid destabilization once intense rainfall
occurs, consistent with the proposed dual-porosity infiltra-
tion mechanism.

Figure 8 shows the resulting pore water pressure distribu-
tion and critical slip surfaces, along with the corresponding
FS on the day of the landslide occurrences. The results indi-
cate that the 2015 Kaptanpasa event, which occurred dur-
ing a wet period, approached the critical stability threshold
by day 60 (FS60=1.01). In contrast, the 2017 Kaptanpasa
event, which occurred under drier conditions, remained well
below the critical level (FS<1) by the end of the 60-day
period (FS60=0.84). It is also notable that the critical slip
surfaces identified for the two scenarios differ substantially
in geometry (Fig. 8). The 2015 (wet) critical surface is
deeper and spans a larger portion of the slope, whereas the
2017 (dry, bimodal) critical surface is confined to a shallow
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Fig. 8 Numerical analysis results for the Kaptanpasa landslide events designed based on the conditions observed in (a) 2015 (wet conditions) and

(b) 2017 (dry conditions/bimodal SWCC)

zone near the surface, consistent with the 1-m-thick cracked
layer represented in the model. Because FS reflects the sta-
bility of a specific slip surface rather than the size of the
resulting failure, a lower FS does not necessarily imply a
larger or more hazardous landslide. This is, however, con-
sistent with the empirical inventories. The 2017 dry event
produced a far greater number of landslides (1,142) than the
2015 wet event (67), but these were predominantly shallow,
small-volume failures, consistent with the shallow critical
surface identified in the bimodal model. This is interpreted
as a shift in failure mode from fewer, deeper failures under
wet antecedent conditions to more numerous, shallow fail-
ures under dry antecedent conditions rather than a simple
increase in the severity of a single failure mode.

The pore water pressure—time profiles are shown in Fig. 9
for four depths; the slope surface (0 m, purple), —0.5 m
(red), — 1.0 m (green), and — 1.5 m (blue) with line style dis-
tinguishing the 2015 wet event (solid) from the 2017 dry
event (dashed). Throughout most of the 30-day window, the
2017 (dashed) profile lies below its 2015 (solid) counterpart
at every depth, reflecting the more negative pore water pres-
sure (greater matric suction) sustained under antecedent dry
conditions. At shallower depths, surface (purple) and —0.5 m
(red), the 2015 profiles show two transient peak-and-decline
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Fig.9 The pore water pressure—time profiles at the middle of the slope
surface and depths of —0.5 m, —1.0 m, and — 1.5 m in 2015 wet condi-
tions and 2017 dry conditions

cycles, consistent with intermittent rainfall pulses during the
otherwise wetter 2015 antecedent period. These cycles are
largely damped in the corresponding 2017 (dashed) curves,
whereas the deeper profiles (—1.0 m, — 1.5 m) remain com-
paratively smooth in both events. The most prominent fea-
ture of Fig. 9, however, is the sharp pore water pressure rise
recorded at all four depths in the final days before failure
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(day 0). Although this rise is qualitatively similar in both
events, the 2017 (dry) curves ascend from a substantially
lower pre-event baseline, so that the soil enters the trigger-
ing rainfall from a more negative suction state despite com-
parable final-day increments consistent with the lower FS60
obtained for 2017 relative to 2015 (Fig. 8).

Although the transient seepage simulations were con-
ducted over a continuous 60-day period, the pore water
pressure—time profiles presented in Fig. 9 deliberately focus
on the final 30 days leading up to the landslide events. This
narrowed temporal window was chosen to provide a higher-
resolution visualization of the transient pore water pres-
sure fluctuations, capturing the intricate hydro-mechanical
responses at various depths immediately prior to failure.

Data-driven model results

The binomial generalized additive model showed consistent
discriminatory performance under stratified grouped tenfold
cross-validation. Based on the combined predictions from
the ten validation folds, the overall ROC AUC was 0.836,
with a 95% confidence interval of 0.826-0.845. The fold-
specific ROC AUC values had a mean of 0.836+0.018 and
ranged from 0.810 to 0.873, indicating limited variation in
discriminatory performance among the validation folds.
The precision—recall AUC was 0.384. Because landslide
presences accounted for 12.6% of the observations, the no-
skill reference level for precision—recall performance was
approximately 0.126. The observed value was therefore sub-
stantially higher than the class-prevalence baseline, indicat-
ing that the model distinguished landslide presences more
effectively than a non-informative classifier despite the
class imbalance (Saito and Rehmsmeier 2015). The Brier
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Fig. 10 Cross-validated performance and fitted rainfall-SPI-30 inter-
action of the binomial generalized additive model. (a) Receiver oper-
ating characteristic curves for the ten grouped validation folds, with
observations from the same physical slope unit retained within a single
fold. Gray curves represent the individual validation folds, the solid
black curve represents the pooled out-of-fold predictions, and the
dashed diagonal represents random classification. The pooled ROC
AUC was 0.836 with a 95% confidence interval of 0.826-0.845, while

-1

score was 0.091, representing the mean squared difference
between the predicted probabilities and the observed binary
outcomes (Brier 1950). The fold-specific receiver operating
characteristic curves and the curve calculated from the com-
bined validation-fold predictions are presented in Fig. 10a.

The fitted rainfall-SPI-30 interaction surface showed
that predicted landslide probability depended jointly on
landslide-day precipitation and antecedent precipitation
conditions (Fig. 10b). Under negative SPI-30 values, repre-
senting drier-than-normal antecedent conditions, predicted
probability generally increased with landslide-day precipi-
tation. In contrast, predicted probabilities remained com-
paratively low under near-normal to positive SPI-30 values
across most of the rainfall range shown. The modeled effect
of triggering rainfall was therefore not uniform but varied
according to the antecedent precipitation conditions.

These results are consistent with the hypothesis that ante-
cedent drying can amplify slope susceptibility to subsequent
intense rainfall within the four analyzed event inventories.
However, the fitted surface represents a statistical associa-
tion and should not be interpreted as establishing a universal
rainfall or SPI-30 threshold or as independently demon-
strating a specific causal mechanism. Furthermore, because
observations from all four events were represented across the
validation folds, the reported performance describes slope-
unit discrimination within the observed event set rather than
transferability to an entirely unseen rainfall event.

Discussion

Many regional scale landslide assessment examples in the
literature showing a strong correlation between soil mois-
ture and landslide occurrences (e.g., Zhao et al. 2019; Zhuo

Predicted

landslide

probability
1.00
0.75
0.50
0.25
0.00

100 150 200 250 300 350

Landslide—day precipitation (mm/day)

the mean fold-specific ROC AUC was 0.836+0.018. (b) Predicted
probability of landslide occurrence as a function of landslide-day pre-
cipitation and SPI-30. Local relief and mean slope steepness were held
at their median values, and aspect was held at its circular mean. The
fitted surface represents the broad joint association between trigger-
ing rainfall and antecedent precipitation conditions and should not be
interpreted as defining universal rainfall or SPI-30 thresholds
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et al. 2019; Marino et al. 2020; Wicki et al. 2020). In this
context, it is important to emphasize that results do not con-
tradict existing literature but rather underscore a more spe-
cific condition in which extreme precipitation events may
lead to more extensive landsliding when they are preceded
by a dry period. Such dry periods could alter the shrinking-
swelling response of clay-rich materials and if they are fol-
lowed by an intense precipitation event, they could cause
instabilities (Schulz et al. 2018). This means dry spells may
not play a major role in landslides in all cases, but it is likely
for clay-rich hillslope materials exposed to extreme sum-
mer rainfalls. In such cases, the rainfall thresholds estimated
from intensity-duration relationships may also change. For
instance, prolonged dry days may reduce the soil moisture
content (Biniak-Pierdg et al. 2020) and increase the suction
(negative pore water pressure) (Luo et al. 2023). Thus, the
incoming rainfall could find surface conditions where the
infiltration is promoted, favoring the sudden lubrication of a
potential sliding surface at depth.

The traditional paradigm in landslide hazard assessment
typically assumes that high antecedent soil moisture driven
by prolonged pre-event rainfall is the primary prerequisite
for slope failure, as it gradually raises the groundwater
table and pore water pressures. However, this conventional
hydrological explanation fails to account for the rapid fail-
ure mechanics observed during the 2017 Kaptanpasa event,
which occurred following an extended dry spell. An alter-
native explanation could be the presence of highly perme-
able relict joints, root decay channels, or animal burrows;
however, these localized factors alone cannot explain the
spatially distributed nature of the failures. Instead, the criti-
cal evaluation of the dual-method framework suggests that
mechanical structural degradation (desiccation cracking)
provides a more consistent explanation for the abrupt, dry-
triggered failures observed in this study than the traditional
hydrological pre-wetting mechanism alone. Desiccation
cracking is not, however, proposed as the sole or domi-
nant cause of the observed regional differences in landslide
occurrence; rainfall intensity, slope and drainage conditions,
land use, and other site-specific factors documented in the
broader literature (e.g., Zhao et al. 2019; Zhuo et al. 2019;
Marino et al. 2020; Wicki et al. 2020) are also expected to
contribute, and the present results should be interpreted as
evidence for an additional, previously underexplored con-
tributing mechanism rather than a replacement for these
established factors. The cracks effectively bypass the
low-permeability soil matrix, fundamentally altering the
infiltration boundary conditions from matrix flow to prefer-
ential dual-porosity flow. It is crucial to clarify the specific
environmental and geotechnical boundaries within which
this drought-cracking-infiltration mechanism is dominant.
This phenomenon is strictly governed by the presence of
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fine-grained residual soils with significant clay/silt content
and high swelling/shrinking potential. Furthermore, the pro-
posed mechanism is dominant primarily within the shallow
vadose zone (typically the upper 1.0 to 1.5 m), where thermal
forcing and evaporation are most intense. Consequently, the
applicability of this conceptual framework is strongly tied to
regions experiencing seasonal climatic extremes, character-
ized by prolonged summer droughts immediately followed
by convective, high-intensity rainfalls. It is emphasized
that the desiccation-cracking mechanism investigated here
is intrinsically linked to the shrink—swell behavior of clay/
silt-rich soils and is not, by itself, expected to operate in
coarse-grained or non-plastic materials lacking this mineral-
ogical characteristic. This does not preclude the existence of
analogous antecedent-drought effects in other soil types, for
example, through drought-induced soil-water repellency,
structural collapse, or root-decay-related macropore forma-
tion but such mechanisms would involve different physical
processes and thresholds that fall outside the scope of the
desiccation-cracking hypothesis tested in this study.

Under wet conditions (2015 event), rainfall infiltration
led to rapid but limited increases in pore water pressure, with
FS decreasing only marginally to the threshold of instabil-
ity (FS=1.0). This reflects a system that was already near
saturation, where additional infiltration was constrained by
reduced permeability and lower matric suction variability.
Conversely, under the drier preconditions of 2017, even a
moderate rainfall event induced a significant reduction in
FS (from ~1.1 to ~0.84), indicating a more abrupt destabi-
lization mechanism. The lower initial moisture contents in
the upper soil layer, along with the development of desicca-
tion-induced macropores, likely enhanced preferential flow
pathways, accelerating infiltration toward the potential slip
surface. Also, for dry conditions, an analysis was conducted
using only the SLOPE/W package, excluding precipitation
events. The analysis results (Fig. 11) showed the model to
be stable (FS=1.028). This indicates the extent to which
precipitation, especially following a dry period, affects the
system.

The comparison between unimodal and bimodal SWCCs
further supports this interpretation. The bimodal model,
representing a two-layer system with macro and micropore
domains, consistently yielded lower FS values, particularly
during rapid infiltration phases. This is consistent with the
intended dual-porosity behavior of the bimodal SWCC for-
mulation, whereby enhanced upper-layer hydraulic con-
ductivity promotes faster saturation of deeper layers under
cracked conditions.

These findings align with emerging global observations
emphasizing the legacy effects of climate extremes on
geotechnical infrastructure. The numerical and statistical
outputs mutually confirm that severe summer desiccation
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Fig. 11 Numerical analysis results for the 2017 Kaptanpasa landslide events designed based on the conditions without precipitation
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Fig. 12 Comparison of FS from a) the single-layer model (uni-
modal) and b) the two-layer model (bimodal) for different saturated
permeabilities

fundamentally pre-conditions the soil for failure (Bogaard
and Greco 2016; Luo et al. 2025; Smethurst et al. 2012).
While previous studies have extensively documented the
laboratory behavior of desiccation cracks under controlled
drying-wetting cycles, this study contributes complemen-
tary site-scale numerical evidence and regional-scale statis-
tical evidence that together are consistent with this localized
physical mechanism contributing to landslide occurrence
coupled with extreme meteorological forcing.

Due to the absence of direct measurements from the study
area, saturated hydraulic conductivity values were adopted
from the literature based on the soil classification by Uye-
turk et al. (2020). Specifically, the k values taken as 2 m/day
(2.32x107° m/s) for the single-layer model, while for the
bimodal case, values of 3 m/day (3.47 x 107° m/s) and 2 m/
day were used for the upper and lower layers, respectively.
To further evaluate the parameter choices, different satu-
rated hydraulic conductivity (k; Eq. 1) values were tested
for both the single-layer model (Fig. 12a) and the two-layer
model (Fig. 12b). For the single-layer (unimodal SWCC)
case, k values were explored around the conceptual-model
setting. For the two-layer (bimodal SWCC) case, k was var-
ied only in the upper layer to represent enhanced permeabil-
ity due to desiccation cracks, which are expected to affect
the near-surface zone.

For all sensitivity analyses, the computational models
were specifically executed for the final 30-day period pre-
ceding the landslide events to enhance the resolution of the
graphs, allowing for a more detailed examination of the sub-
tle FS fluctuations and the critical slope stability responses
immediately preceding the landslide events on last day of
the analysis.

Figure 12a shows that all three single-layer configura-
tions exhibit similar overall FS behavior; stability decreases
during rainfall and recovers during dry periods, but the
fluctuation amplitude depends on k. The k value of 0.5 m/d
(5.78 x 107° m/s; red line) produces the largest and most fre-
quent FS drops, including multiple episodes with FS<1.0.
In contrast, the k value of 2 m/day (2.32x10~° m/s; black
line) best reproduces the 2015 Kaptanpasa observations,
where only a few landslides occurred on the day of intense
rainfall. This supports our conceptual-model choice.

In the two-layer case (Fig. 12b), FS remains relatively
stable across all three k tests, fluctuating narrowly around
~1.1, with a pronounced decline at the end of the simulation.

@ Springer



418 Page 18 of 23

Environmental Earth Sciences (2026) 85:418

a) 1,3 -
R\ r————"~r——¢
v
1;1 T N
\/——— T T T T TN
1 4
——_— =~ [———————
£09 1 \/
0,8 4
0,7 { — -¢b =23 degrees (unimodal)
——¢b =23 degrees (bimodal)
0.6 1 — ~$b =18 degrees (unimodal)
? — -¢b =18 degrees (bimodal)
0,5 r T T T T S
30 25 20 15 10 5 0
Time (day)
c) 1,3 -
12{ T N T
M ~—""\ T = ~ \\
1,1 1
w N \
w
1 1
—— Reference water table
0,9 1— -water table +1m depth
— - Water table +2m depth
0,8 T T T T T )
30 25 20 15 10 5 0

Time (day)

Fig. 13 Sensitivity of the factor of safety to key uncertain parameters
in the two-layer (bimodal SWCC) model for the 2017 Kaptanpasa dry-
conditions scenario. (a) angle of shear strength increases with matric

Even the lowest-permeability test (red line) shows only
slightly lower FS during minor infiltration, which indicates
that the bimodal SWCC reduces FS sensitivity to k. This
behavior is consistent with dual-porosity dynamics: macro-
pores drain rapidly while micropores retain moisture, limit-
ing pore-pressure buildup. All simulations display a sharp
FS drop on last day in response to the major rainfall event.
Although k still modulates the depth of this drop, the effect
is subtler than in the unimodal system. Overall, the black-
line k settings are taken as representative of the conceptual
models. Similar results have been seen in the relevant litera-
ture for multilayer systems (Abbasov et al. 2024).

Another variable that we carried out a similar sensitiv-
ity analysis as above is ¢P. As mentioned in methodology
section, the general assumption for ¢P is to be two-thirds
of the effective internal friction angle (¢’) (Aversa et al.
2016; Erdag and Isik 2022). Here, this choice was tested
with different values of @ between 18°, which corresponds
to two-thirds of the ¢’ (27°) used in the numerical model,
and 23° (Fig. 13a). Although the general trend remains con-
sistent across both models, a higher ¢? results in increased
unsaturated shear strength, thereby more impactful on FS.
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In the case of the bimodal SWCC model with ¢?=18°, FS
values remain below the critical threshold from the outset.
Conversely, assigning ¢? a value of 23° yields FS estimates
more consistent with the timing and occurrence of observed
landslide events. Therefore, ¢pP= 23° appears to be a more
appropriate representation for the model.

In addition to the hydraulic conductivity and ¢b sensi-
tivity analyses presented above, the sensitivity of the com-
puted FS to the assumed ¢’ of the cracked surface layer was
evaluated, since this parameter cannot be independently
measured for the study area. Holding the bimodal SWCC
and all other parameters fixed at their reference values
(Table 2), the 2017 dry-conditions model was re-run for ¢’ =
0, 1, 2, and 4.4 kPa, spanning the full range from complete
loss of cohesion to the intact value reported by Uyeturk et
al. (2020) (Fig. 13b).

FS increased monotonically and smoothly with ¢’
throughout the 60-day simulation period with all four
curves converging to a common, sharp reduction at the
time of the triggering rainfall event. At that point, FS
reached~0.84, ~1.02, ~1.05, and ~1.09 for ¢’ =0, 1, 2,
and 4.4 kPa, respectively. Two observations follow from
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this analysis. First, the qualitative outcome. FS approach-
ing or falling below the critical threshold specifically at the
triggering event, holds across the entire range of plausible
cohesion degradation (02 kPa) considered here, and is not
an artifact of the specific choice of ¢’ = 0 kPa, even a partial
loss of cohesion is sufficient to bring the slope close to its
stability limit under the same hydro-meteorological forcing.
Second, the transition from a clearly stable configuration (c’
=4.4 kPa, FS~1.10) to a marginally stable or failed one (¢’
<1 kPa, FS=1.0-1.02) occurs within a narrow, low range
of cohesion values, underscoring that the computed fac-
tor of safety is highly sensitive to a parameter that is pres-
ently constrained only by qualitative literature evidence for
crack-induced strength degradation (Pineda et al. 2014; Qi
and Vanapalli 2015) rather than by direct measurement at
this site.

Because the initial groundwater table used in the con-
ceptual model was inferred from well observations located
approximately 15 km from the study area rather than mea-
sured directly at the site, the sensitivity of the computed FS
to this assumption was further tested by uniformly lower-
ing the reference water table by 1 m and 2 m while holding
all other parameters at their reference values (Fig. 13c). FS
increased monotonically with water table depth throughout
the 60-day simulation, from a baseline of ~1.10 (reference
table) to ~1.15 (+1 m) and ~1.22 (+2 m), consistent with
the expected reduction in pore-water pressure and corre-
sponding increase in matric suction as the phreatic surface
is lowered. At the time of the triggering rainfall event, FS
reached~0.84, ~1.04, and ~1.10 for the reference, +1 m,
and +2 m water tables, respectively.

This result indicates that the predicted failure (FS<1) is
specific to the shallow, reference water table configuration,
lowering the table by as little as 1 m is sufficient to keep
the slope nominally stable throughout the entire simulation
period, including during the triggering rainfall. Because
the reference table depth is not directly constrained by site-
specific measurements, this sensitivity underscores that the
reported numerical result depends critically on an assump-
tion that currently rests on regional rather than local hydro-
geological evidence.

To evaluate the sensitivity of the computed FS to the
assumed thickness of the cracked surface layer, the 2017
dry-conditions model was additionally re-run with the crack
depth set to 2 m (+1 m relative to the reference) and 0.5 m
(—0.5 m relative to the reference), holding the bimodal
SWCC and all other parameters fixed at their reference val-
ues (Fig. 13d). FS remained relatively stable through most
of the time window, reaching approximately 1.10, 1.13, and
1.23 by day 30 for the reference (1 m), +1 m, and —0.5 m
configurations, respectively, before dropping sharply at the
triggering rainfall event to approximately 0.84, 1.02, and

1.10. The response to crack depth was non-monotonic: both
the thicker (2 m) and thinner (0.5 m) configurations yielded
a higher FS than the 1 m reference depth. Inspection of the
critical slip surfaces indicates that this pattern reflects a shift
in failure geometry rather than the volume of weakened
material alone: for the +1 m and —0.5 m configurations, the
critical surface identified by the limit-equilibrium search is
deeper than for the reference case, engaging a larger pro-
portion of higher-cohesion intact soil and thereby yielding
greater resisting strength along the slip surface. In the 1 m
reference configuration, by contrast, the critical surface
remains largely confined to the low-cohesion cracked layer,
producing the lowest computed stability of the three.

Taken together, these sensitivity analyses indicate that
the qualitative conclusion of this study is comparably sen-
sitive to the assumed cohesion degradation, groundwater
table depth, and cracked-layer thickness, each capable of
shifting the computed FS at the triggering event by a similar
magnitude (A=0.25), all of which currently rely on regional
or literature-based rather than site-specific data. The model
is also sensitive to the assumed ¢P though in a qualitatively
different way: while both tested values (18° and 23°) pro-
duce a sharp FS decline at the triggering rainfall event, the
lower bound ( ¢? = 18°) yields a bimodal-model FS trajec-
tory that remains below the critical threshold for most of
the antecedent period, inconsistent with the observed tim-
ing of the 2017 landslide; the upper bound ( ¢? = 23°) was
therefore adopted as the more consistent representation
(Sect. 4.1). The results are comparatively robust only to
the assumed hydraulic conductivity within the tested range.
The complete set of adopted parameters, their sources, and
sensitivity status are summarized in Table S4.

While this study provides quantitative insights into the
role of antecedent dry spells, several limitations should
be acknowledged. First, and most fundamentally, no pre-
failure or post-failure geotechnical survey data, slip-surface
geometry, crack mapping, or site-specific soil profiles exist
in the published literature or in the records of the relevant
governmental disaster-management agencies for the land-
slide events examined here, precluding a site-calibrated
back-analysis of any individual failure. The numerical
framework was therefore designed, using a conceptual,
regionally representative slope geometry, to evaluate the
physical plausibility of the hypothesized drought—cracking—
infiltration mechanism rather than to reproduce the specific
failure conditions of an individual, field-documented land-
slide; the resulting factor-of-safety trends should therefore
be interpreted as consistent with this hypothesis rather than
as independent proof of it.

Second, no direct field evidence for desiccation crack-
ing was available for this study: no pre-failure photo-
graphs, crack width/depth surveys, or infiltration tests were
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conducted to confirm the presence, geometry, or hydraulic
effect of surface cracks during the 2017 dry period. The
bimodal SWCC, enhanced upper-layer hydraulic conductiv-
ity, and reduced surface cohesion adopted for the 2017 sce-
nario therefore represent a conceptual, literature-informed
hypothesis rather than a field-calibrated representation of
the actual soil state, built on independent, indirect evidence,
the sustained~22 °C temperatures and near-absence of
rainfall during the antecedent period, comparable to labora-
tory conditions under which desiccation cracks have been
experimentally observed to initiate within days (Tang et al.
2010) and progressively deepen over drying-wetting cycles
(Luo et al. 2025), combined with published relationships
between crack formation and strength/permeability degra-
dation in similar fine-grained soils (Pineda et al. 2014; Qi
and Vanapalli 2015).

Third, the specific parameter values adopted to represent
the cracked layer including saturated hydraulic conductiv-
ity, crack depth, and the degree of cohesion loss are based on
literature values rather than site-specific measurements. The
sensitivity analyses (Fig. 13b—d) indicate that the model’s
conclusions are particularly sensitive to the assumed cohe-
sion loss and, to a lesser extent, crack depth and ground-
water table position, whereas the results are comparatively
robust to hydraulic conductivity within the tested range.

Fourth, the current model simplifies ecohydrological
interactions; processes such as root water uptake and can-
opy interception were not considered. Plant root systems
significantly alter soil permeability by creating natural
preferential flow paths (macropores) while simultaneously
providing mechanical root reinforcement. During prolonged
droughts, the decay or shrinkage of roots may leave addi-
tional voids, further exacerbating rapid infiltration when
intense rainfall occurs. Future studies should aim to incor-
porate these dynamic root-soil-water interactions into the
coupled hydro-mechanical models.

Looking forward, extending this localized concep-
tual model to a regional scale presents a highly promis-
ing research direction. Utilizing Interferometric Synthetic
Aperture Radar (InSAR) time-series analysis could allow
for the large-scale monitoring of pre-failure deformations
and the seasonal shrinking-swelling dynamics of clay-rich
slopes. Observing these millimeter-scale surface displace-
ments during dry-wet cycles would provide invaluable
remote-sensing validation for the dual-porosity infiltration
mechanics proposed in this study. Ultimately, coupling
InSAR-derived deformation metrics with real-time field
monitoring (e.g., tensiometers) and drought indices (such as
SPI) could pave the way for a new generation of dynamic,
spatially distributed landslide early warning systems.
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Conclusions

This study provides compelling evidence that antecedent
dry spells can significantly modulate the occurrence and
magnitude of rainfall-induced shallow landslides, in clay
size environments such as those found in the eastern Black
Sea region of Tiirkiye.

By integrating physically based numerical simulations
with data-driven statistical modeling, it was demonstrated
that the timing and hydro-meteorological context of rainfall
events play a critical role in slope instability.

The numerical results reveal that desiccation-driven
changes in soil hydraulic properties, particularly increased
permeability and reduced shear strength, can accelerate
infiltration and reduce slope stability during subsequent
rainfall events. The use of bimodal soil-water characteristic
curves effectively captures the influence of surface crack-
ing and offers a more realistic representation of infiltration
dynamics in desiccated soils.

Complementing the physical model, the data-driven
analysis using a GAM further underscores the importance of
antecedent conditions. Specifically, the interaction between
low values of the SPI and high rainfall intensity emerged as
a strong predictor of landslide occurrence.

These findings imply a critical limitation of conven-
tional rainfall-threshold-based landslide predictive models
that often neglect the antecedent dryness of the soil. Taken
together, these findings emphasize that dry spells preceding
intense rainfall events are not merely passive background
conditions but active contributors to landslide hazard.
Future landslide early warning systems would benefit from
incorporating drought metrics alongside traditional rain-
fall thresholds. Given the increasing frequency of extreme
weather patterns driven by climate change, such an inte-
grated approach is not only timely but essential for improv-
ing the predictive capacity and resilience of landslide-prone
regions.
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