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Abstract This study explores the potential of integrating state-of-
the-art physically based hydrogeological modeling into slope sta-
bility simulations to identify the hydrogeological triggers of land-
s l ides . Hydrogeological models consider ing detai led
morphological, lithological, and climatic factors were elaborated.
Groundwater modeling reveals locations with elevated pore water
pressures in the subsurface and allows the quantification of tem-
poral dynamics of the pore water pressures. Results of the
hydrogeological modeling were subsequently applied as boundary
conditions for the slope stability simulations. The numerical
models illustrate that the hydrogeological impacts affecting hill-
slope stability are strongly controlled by local groundwater flow
conditions and their conceptualization approach in the
hydrogeological model. Groundwater flow itself is heavily influ-
enced by the inherent geological conditions and the dynamics of
climatic forcing. Therefore, both detailed investigation of the
landslide’s hydrogeology and appropriate conceptualization and
scaling of hydrogeological settings in a numerical model are es-
sential to avoid an underestimation of the landslide risk. The study
demonstrates the large potential in combining state-of-the-art
computational hydrology with slope stability modeling in real-
world cases.

Keywords Landslides . Numerical modeling . Hillslope
hydrogeology . Preferential flow

Introduction
Elevated precipitation rates are typically associated with high pore
water pressure and an increased risk of landslides (Knighton 1998;
Uchida et al. 2001; Fox and Wilson 2010). Therefore, empirical
relations between precipitation rates and landsliding or between
the dynamics of the pore water pressure in landslide-affected
slopes and slope ruptures have been established (Harp et al.
1990; McDonnell 1990; Knighton 1998). However, to consider the
influence of groundwater on hillslope stability, a detailed under-
standing of the physical mechanisms on how groundwater affects
the hillslope stability is required. Lourenço et al. (2006) conducted
tests with artificial slopes in the laboratory which showed that
increased pore water pressures are the main cause of slope rup-
tures, rather than internal erosion caused by the drag of slope
particles (Lourenço et al. 2006).

Increase of the pore water pressures in hillslopes can be related
to diverse hydrogeological mechanisms such as preferential flow,
seasonally dependent perched water tables, and groundwater table
fluctuations caused by rainfallor snowmelt. These effects are cru-
cial for predicting the exact time and location of a landslide event.
Several recent studies have focused on preferential flow, which can
have a significant impact on hillslope stability by increasing the
velocity and rate of groundwater flow by several orders of magni-
tude (Uchida et al. 2001; Anderson et al. 2009). No straightforward
relation between preferential flow and slope stability has been
established (Pierson 1983; Uchida et al. 2001). Local morphological,

lithological, and climatic factors determine how hillslope stability
is affected by preferential flow. Preferential flow can improve slope
stability by draining groundwater and consequently reducing pore
water pressures, but if due to rapid infiltration the transmissive
capacity of a preferential flow path is exceeded or the groundwater
conduit is blocked, preferential flow can also cause a rapid in-
crease in the pore water pressures in the adjacent soil or rock
matrix (Pierson 1983). When linking preferential flow with land-
slide activity, many studies focus on shallow landslides in the
regolith cover of slopes (Sorbino and Nicotera 2013; Formetta
et al. 2014; Kim et al. 2014). However, it has been shown that
bedrock fractures can reduce hillslope stability as well (Padilla
et al. 2014; Furuya et al. 2006; Gerscovich et al. 2006; Kukemilks
et al. 2018).

Summarizing the main hydrogeological mechanisms affecting
hillslope stability, Fox and Wilson (2010) propose the influence of
pore water pressure on soil shear resistance, hydraulic gradient
forces developing in steep slopes, and slope internal erosion
caused by seepage flow. Additional effects of groundwater on
hillslope stability are the surcharge of soil weight due to water
infiltration and the increase of cohesion due to a negative pore
water pressure (Lu and Godt 2013).

Slope stability models can in principle consider the aforemen-
tioned physical processes. Two inherently different approaches are
available for the slope stability analysis. Firstly, the finite element
method allows the determination of the distribution of the local
safety factor in the hillslope (Griffiths and Lane 1999; Lu and Godt
2013). The alternative second approach, the limit equilibrium
method, is a method that has been developed over the span of
decades (Lu et al. 2012). Limit equilibrium approaches assume a
rigid mass that is subject to implicit normal and shear stress
distributions dictated by geometry. The use of finite elements
provides an insight into the internal stresses between slices, which
may or may not have a significant influence on stability.

Both 2D and 3D slope stability models have been elaborated for
slope stability analysis (Baligh and Azzouz 1975; Kalatehjari and
Ali 2013). In a 2D simulation, a three-dimensional landslide’s
geometry is reduced to a 2D slope section. The 2D analysis fre-
quently results in an increased value of the safety factor (Gens
et al. 1988), because the additional shear resistance of the sliding
body, resulting from the end effects of the rupture surface, is
neglected (Baligh and Azzouz 1975). 3D slope stability models are
extended from 2D stability analysis by converting slices to col-
umns (Kalatehjari and Ali 2013) or by applying 3D finite element
simulators (Chen and Chameau 1983). For instance, a 3D analysis
based on Fellenius’ (Hovland 1977), Bishop’s (Hungr 1987), or
Morgenstern-Price’s methods (Sun et al. 2012) is available. Typi-
cally, 3D slope stability methods assume a symmetrical failure
surface with a predetermined shape (Kalatehjari and Ali 2013) such
as a cylinder with conical or ellipsoidal ends (Baligh and Azzouz
1975), or a conical, wedge-shaped (Hovland 1977), or spherical
(Cheng and Yip 2007) rupture surface. Moreover, the majority of
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the 3D slope stability analysis methods are limited to symmetrical
slopes where the landslide body is expected to move along the
plane of symmetry (Kalatehjari and Ali 2013).

Despite a rapid increase of the accuracy of slope stability
simulators, the impact of the preferential flow is neglected by most
of the slope stability estimates (Shao et al. 2016). Slope stability
models are able to consider various physical effects of groundwa-
ter affecting slope stability; however, the main problem remains in
a correct identification of groundwater bodies in hillslopes. Ob-
servations of the groundwater table in borehole or simplified 2D
groundwater simulators are not sufficient to analyze the effect of
preferential flow or climatic impacts on the hillslope hydrogeology.
Fully coupled, physically based hydrogeological models are tools
which can provide insight into the dynamics of preferential flow
processes. Shao et al. (2015, 2016) used a coupled hydrogeological-
slope stability model to estimate the effect of preferential flow on
hillslope stability. Preferential flow was conceptualized through a
dual-permeability approach (Shao et al. 2015). The modeling
showed no pronounced overall effect of groundwater on hillslope
stability; however, preferential flow increased pore water pressures
in the foot of slope, an effect which can contribute to landslides
(Shao et al. 2015). Kukemilks et al. (2018) compared the effect of
two preferential flow conceptualization approaches on hillslope
stability. Dual-permeability and discrete fracture conceptualiza-
tion approaches were used in a coupled hydrogeological and slope
stability modeling (Kukemilks et al. 2018). When applying the
dual-permeability conceptualization approach, no significant ef-
fect on the hillslope stability was determined (Kukemilks et al.
2018). However, when the groundwater flow in the discrete frac-
ture was considered, groundwater discharging from the fracture
caused elevated pore water pressures and a significant decrease of
slope stability was observed (Kukemilks et al. 2018).

The literature above highlights the importance of preferential
flow as well as flow conceptualization. While physically based
models provide the quantitative framework to simulate such flow
processes, they rarely have been applied to real-world studies. This
study uses the latest advances in hydrogeological modeling to
investigate the hydrogeological triggers of landslides and applies
them to a slope stability simulation. Fully integrated,
hydrogeological-slope stability modeling was conducted in a
real-world study site of the Turaida castle mound (see Fig. 1).
The 3D geological model was elaborated using the GeoModeller
software and integrated into the hydrogeological simulations,
where a large- and a small-scale hydrogeological model were
compiled. The purposes of the large-scale model were to attain a
general understanding of the groundwater distribution in the
castle mound and to further apply in the slope stability estimate,
model calibration, and delivering boundary conditions for a small-
scale model. The small-scale model was applied for modeling of
groundwater spring discharge on the hillslope which results from a
discrete preferential flow path. Furthermore, the effects of a pref-
erential flow path on hillslope stability were modeled. The
hydrogeological simulations allowed the determination of the ex-
act location and timing of critical groundwater heads causing the
highest pore water pressures. The pressure heads from 3D
hydrogeological modeling were imported in the slope stability
model and the slope stability was estimated.

The study is structured in six sections. The BIntroduction^
section is followed by a study site description where the main

geological settings and occurrence of previous landslides in the
study area are described. The BMethodology^ section explains
parameter estimation procedure and subsequent model building
and groundwater modeling. In the BResults^ section, the
hydrogeological responses are related to their climatic forcing
functions. The triggers of landslides are identified. In the
BDiscussion^ and BConclusions^ sections, in applying the results
of numerical modeling, a detailed understanding of the hillslope
hydrogeology and stability of the study site is attained.

Study area
The study site is located in the ancient Gauja River valley in central
Latvia, on the western side of the Vidzeme Upland. During the last
glacial age, the territory was covered by Scandinavian glaciers
(Zelčs et al. 2011). Pleistocene glaciations, particularly the last
Weichselian event, have formed the present-day relief (Zelčs and
Markots 2004). As ice sheets retreated northwards during the end
phase of the glacial age, glacier meltwaters were trapped between
the retreating glacier margin and the Vidzeme Upland forming ice-
dammed lakes. The drawdown of the ice-dammed lakes caused
catastrophic flooding events (Zelčs and Markots 2004). Meltwater
streams incised deep proglacial spillways forming the basis of the
Gauja River valley and several of its tributary valleys (Zelčs et al.
2011). In the vicinity of the study area, the river valley reaches its
maximal depth of up to 70 m (Zelčs and Markots 2004).

The climate in the study area is temperate, humid, and semi-
continental, with an average annual temperature of − 5.5 °C in
January and + 17 °C in July and an average annual precipitation
of 700–800 mm (Kalniņa 1995). In the cold season, snowfall is
frequent and can reach over 50 cm (Latvian Environment, Geology
and Meteorology Centre 2013). Precipitation amounts can vary
significantly in the study area. A recent extreme precipitation
event occurred on 29 July 2014, when 122.8 mm of precipitation
fell within 6 h (Latvian Environment, Geology and Meteorology
Centre 2014).

In the Gauja River valley, an extensive gully erosion network,
suffosion caves, and landslides are present (Āboltiņš 1995; Āboltiņš
et al. 2011; Kukemilks and Saks 2013). In Latvia, landslides have
mainly occurred on the slopes of river valleys (Veinbergs 1975;
Mūrnieks 2002; Soms 2006; Āboltiņš et al. 2011; Kukemilks and
Saks 2013). The Turaida castle mound is located in a landslide-
susceptible area (Āboltiņš et al. 2011; Kukemilks and Saks 2013) on
the bank of the Gauja River valley, separated by two gullies.

The Turaida medieval castle (see Fig. 1) in the Turaida Museum
Reserve is an archeological and architectural monument and a
popular tourist destination in the Baltic region (Turaida Museum
Reserve 2012).

In February 2002, two dangerous landslides occurred in quick
succession on the slopes of the Turaida castle mound. Landslides
buried the local motor road and threatened the historic building.
No people were injured or killed.

The first landslide (see Fig. 2) stretched about 90–95 m in
length and was 35–38 m wide (Mūrnieks et al. 2002). This landslide
constituted a severe threat to the historic building because its
rupture surface was located only a few meters from the founda-
tion. The second landslide followed the first approximately after
1 day and blocked the motor road at the foot of the castle mound.
This landslide was only 25–27 m wide, but it extended 110 m
downslope. The depth of the landslide reached 2–4 m. A third
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and much smaller landslide started forming at approximately the
same time as the aforementioned two and continued for several
weeks. Morphologically, it was similar to an earthflow (Mūrnieks
et al. 2002).

In all three landslide cases, sliding occurred mostly in the
uppermost soil layers and anthropogenic deposits. Pre-
Quaternary deposits were only slightly affected (Mūrnieks et al.
2002). These landslide events were attributed to hydrogeological
triggers, confirmed by several indications: landslides occurred
after a long winter and intense snow melting leading to a high
saturation of the sediments. Moreover, the landslides occurred at
short intervals in different locations of the castle mound without
any elevated seismic activity (Āboltiņš et al. 2011).

A section of the 3D geological model (see Fig. 3) illustrates the
sediment sequences applied in the modeling. A detailed explana-
tion of the 3D geological model building is described in the
methodology section.

Under Quaternary deposits consisting mainly of glacial till and
anthropogenic deposits, Middle and Upper Devonian sandstone,
siltstone, and clay bedrock deposits form the geological basis of
the castle mound (Āboltiņš et al. 2011). Quaternary series are
located in the uppermost part of the mound reaching a maximum
depth of 5 m. The upper layer in the Quaternary series consists of
highly heterogeneous anthropogenic deposits. This sandy layer
with an admixture of clay, organic compound, and construction
materials was formed during different stages of the castle’s con-
struction and was relocated later during archeological excavations.
Anthropogenic deposits can also be found on the slopes of the
castle mound. The second Quaternary series in the stratigraphy of
the castle mound is glaciogenic sandy loam with gravel and pebble
admixture. The layer’s thickness varies, reaching maximally 3 m,
but in some locations it is not present (Mūrnieks et al. 2002).

The Devonian series mainly consists of alternating clay, silt, and
poorly cemented sandstone layers. Thin clayey interlayers often
dissect the sediment sequence (Mūrnieks et al. 2002).

Methodology
This study uses integrated hydrogeological and slope stability
modeling to evaluate the landslide risk in a real-world study site.
Initially, a 3D geological model using the GeoModeller software

was compiled. A 3D geological model is necessary as a geological
basis for the hydrogeological and slope stability simulations. The
geological model was elaborated using boreholes, soundings, and
results of geoelectrical and ground-penetrating radar investigation
from the previous studies (Mūrnieks et al. 2002). LiDAR data
compiled by Metrum (2013) were used to define the model’s
topography.

The layer surfaces from the 3D geological model were subse-
quently imported into the hydrogeological model. Groundwater
modeling was conducted in two different spatial scales. A large-
scale (surface area, 0.1 km2) model was employed for calibration
and investigating general hydrogeological settings of the whole
castle mound, and a small-scale model (surface area: 0.04 km2)
was elaborated to simulate the local effects of preferential flow on
a separated hillslope section. For groundwater modeling, the
HydroGeoSphere (HGS) code was used (Aquanty Inc. 2013). HGS
is a 3D fully coupled hydrological and hydrogeological simulator
which allows to model surface, subsurface (for both saturated and
unsaturated conditions), and fracture flow. This model has been
used for solving complex problems concerning groundwater flow
in the vadose zone (Banks et al. 2011; Schilling et al. 2014; Xie et al.
2014). Climatic forcing functions such as changing precipitation
amounts, snowmelt, freezing, and thawing of soil are available in
the model (Aquanty Inc. 2013; Brunner and Simmons 2012). A
detailed description of the governing equations applied in the
HGS code is discussed by Brunner and Simmons (2012) and is
listed in the HGS user manual (Aquanty Inc. 2013).

In this study, integrated modeling of surface, subsurface, and
fracture flow is conducted. Daily rainfall and snowmelt rates are
implemented as boundary conditions.

The results of the hydrogeological simulation were used as
boundary conditions for the limit equilibrium slope stability anal-
ysis. Critical pressure heads from hydrogeological simulation were
imported in the slope stability model and safety factor of the
selected hillslope sections determined.

Parameter estimation
The main hydrogeological modeling parameters in all domains are
summarized in Table 1.

The hydraulic conductivities of the upper five layers were
optimized using parameter estimation software (see detailed ex-
planation in the BHydrogeological Modeling^ section). For the
parameter estimation procedure, initial estimates of the hydraulic
conductivities of the sediments were determined through pumping
tests (Mūrnieks et al. 2002).

Additionally, for the hydrogeological simulation of the unsatu-
rated zones α and β, the coefficients in the Van Genuchten
saturation-pressure relation were estimated from the volumetric
water content function applying the van Genuchten method (van
Genuchten 1980). Rill storage height allows the consideration of
the impact of ground surface microtopography in the surface/
groundwater interaction. No surface flow can occur if the depth
of surface water is smaller than the rill height. As the spring in the
study site is covered by the regolith cover, no direct measurement
of fracture aperture was available. Therefore, the characteristic
groundwater bearing fracture aperture observed in the outcrops
of sandstone deposits in the vicinity of the study area was applied
in the model. It should be mentioned that the fracture apertures in

Fig. 1 Overview of the Turaida medieval castle from north (The Turaida Museum
Reserve 2012)
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the weak sandstone deposits in the outlet locations are enlarged by
flowing water and can reach a width of several centimeters.

For the slope stability calculations, soil shear strength parame-
ters determined through shear-box tests from the previous inves-
tigation (Mūrnieks et al. 2002) were applied. Additional tests were
conducted in the soil mechanical laboratory of the University of
Trier for determining previously unknown parameters of sand-
stone (see Table 2). Soil densities were determined applying the
linear measurements method according to the ISO/TS 17892-
2:2004 standard (Mūrnieks et al. 2002). The soil mechanical char-
acteristics are summarized in Table 2.

Table 2 shows that the soil mechanical characteristics strongly
depend on the place of sampling and the method of their estima-
tion. Therefore, attempts were made to choose the most represen-
tative soil mechanical parameters (see Table 3). If several tests were
conducted with the samples of a single layer, an average value was
calculated from the available measurements. During the previous
studies, the friction angle of sandstone was determined using the
soil penetration test which provides only a correlated shear
strength based on undrained measurements. To attain more reli-
able values, additional shear box tests were conducted with the

sandstone samples to determine the drained friction angle. As
the Devonian sandstone in the study site is very poorly
cemented, it was not possible to obtain undisturbed samples,
instead remolded samples were used. Applying a shear box test
to such remolded samples results in a zero-cohesion value which
is, however, very likely inaccurate. Consequently, the cohesion
values from the in situ soil penetration test of the 3rd sandstone
layer were preferred.

It should be added that the information concerning the soil
mechanical parameters of the deepest layers was insufficient and
consequently, identical values of friction angle and cohesion for
the 4th, 6th, 8th and 10th clay layer and the 5th, 7th and 9th
sandstone layer were applied.

According to the investigation results (Mūrnieks et al. 2002),
the cohesion of the sediment layers is increasing in the core of the
mound (Mūrnieks et al. 2002), probably due to lack of influences
weakening cohesive bounds between soil particles, such as freezing
and thawing or vegetation. However, no comparative measure-
ments of the soil mechanical properties in the core and surface
zone of the castle mound are available.

Hydrogeological modeling
Borders of the hydrogeological model domain were set along the
talweg of two gullies on the eastern and western sides and the
floodplain of the Gauja River in the southern part (see Fig. 1).
Along the northwestern border, where a road is connecting the
castle with the mainland, no significant groundwater exchange is
to be expected (Mūrnieks et al. 2002).

Coupled modeling of groundwater flow in surface, subsurface,
and fracture domains was conducted. Small- and large-scale
hydrogeological models were elaborated to simulate hydrogeological
conditions of the castle mound (see Fig. 4). The large-scale model
was employed for the model’s calibration and for investigating the
general hydrogeological responses to climatic and geological factors.
A small-scale model simulated the hillslope section where the dis-
charge of a groundwater spring occurs.

Daily rainfall and snowfall amounts from the period between 1
January 2014 and 31 December 2015 were available from a meteo-
rological observation station which is located approximately 2 km
southwards from the study site in the town of Sigulda.

In the large-scale model, precipitation was conceptualized
through first-type rainfall rate and snowmelt boundary condition.
The depth of snow is controlled by the rates of snowfall, sublima-
tion, and melting. Snowmelt rate is proportional to the snowmelt
constant (η) and the difference between actual air temperature and
threshold temperature equals 0 °C. If the actual air temperature ≤
0°, η = 0 and no snow melting can occur (Aquanty Inc. 2013).

Fig. 2 Location of the landslides in the study site (compiled using (Mūrnieks et al.
2002; Metrum 2013))

Fig. 3 Geological section no. 1 (see Fig. 1) illustrating the sediment layers (1–10) applied in the modeling
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The rainfall rate and the snowmelt boundary allowed to sustain
groundwater recharge in the model’s domain. A critical depth
boundary condition was set along the edge of the model’s domain
allowing water to leave the domain without changing the upstream
groundwater heads or surface-water depths.

The small-scale model was elaborated to conduct detailed sim-
ulations for the hillslope section with the groundwater spring. A
discrete fracture was introduced in the sandstone deposits to
reproduce concentrated water discharge on the slope. The model
was employed to attain a detailed insight into hillslope hydroge-
ology affected by preferential flow.

Without the rainfall rate and critical depth boundaries, the
boundary condition of the prescribed groundwater head was
set along the discrete fracture in the small-scale model. Elevation
of the prescribed head was taken from the large-scale simulation
when the maximum groundwater head in the location of the
fracture was attained. This allows the consideration of the critical
groundwater conditions in the hillslope stability modeling as it is
expected that the maximal groundwater head will cause the
highest saturation of hillslopes and maximum pore water pres-
sures. A model containing discrete fractures allows the examina-
tion of the possible influence of groundwater discharging from
groundwater conduits on the hillslope stability. Furthermore, both

small- and large-scale models were applied to generate detailed
hydrogeological boundary conditions for the subsequent slope
stability modeling.

The hydraulic conductivities of the upper five layers were
optimized using PEST (Doherty 2015). The PEST software uses
Gauss Marquardt Levenberg parameter estimation with
Broyden–Jacobian updating (Doherty 2015). The initial hydraulic
properties were optimized in a steady-state simulation using av-
erage groundwater levels in the piezometers and the average pre-
cipitation rate. For a 2-year calibration period, piezometer
observations in nine piezometer wells were provided by the
Turaida Museum Reserve. Manual measurements with an average
measurement frequency of 2 weeks were available. After the pa-
rameter optimization, a correlation coefficient of 0.82 between
observed and modeled heads was attained.

The maximum and mean difference between observed and
modeled groundwater heads is explicitly illustrated in Table 4. It
should be considered that the homogeneous layer model for a
hydrogeological simulation has limited applicability as the hetero-
geneity is emphasized in the castle mound. For instance, buried
underground structures such as the foundations of former castle
walls and another buildings are obviously affecting the groundwa-
ter flow conditions.

Table 1 Parameters of the hydrogeological modeling

Domain Parameter Anthropogenic
deposits (1st layer)

Glacial till
(2nd layer)

Sandstone (3rd/5th,
7th, 9th layer)

Clay (4th, 6th,
8th, 10th layer)

Subsurface Hydraulic conductivity, K (m/s)
(estimated, PEST)

2.34 × 10−6 1.0 × 10−6 9.85 × 10−6/1.2 × 10−5 1.50 × 10−10

Van Genuchten α, (m−1) 1 2 10 1

Van Genuchten β 2 2 2.5 2

Surface Manning’s roughness
coefficients, nx and ny
(m−1/3s)

0.6/0.6

Rill storage height, Dt (m) 0.005

Fractures Aperture (m) 0.005

Table 2 Soil mechanical characteristics for slope stability modeling

Stratigraphy
(m)

Depth of
sampling
(m)

Unit weight
(kN/m3)
(Mūrnieks
et al. 2002)

Cohesion (kPa)
(shear box,
Mūrnieks
et al. 2002)

Cohesion (kPa)
(soil penetration
test, Mūrnieks
et al. 2002)

Friction angle
(°) (shear box,
Mūrnieks
et al. 2002)

Friction angle (°)
(soil penetration
test, Mūrnieks
et al. 2002)

1.
Anthropogen-
ic deposits

0.6–0.85 26.72 23.17

2. Glacial till 0.85–1.00 21.65 18.30 44.80 28.80 21.00

2.60–2.90 13.30 31.00

3. Sandstone 3.00–4.40 4.89 32.44

4. Clay 5.00–5.30 20.77 146.70 64.10 11.30 24.90

9.20–9.70 123.30 29.90

5. Sandstone 13.30–17.20 20.70 0* 29.55*

6. Clay 21.55–24.80 21.30

*Determined in geotechnical laboratory of the University of Trier
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Slope stability modeling
Several sections of the castle mound were selected for a slope
stability analysis. A preliminary study with synthetic models was
conducted to identify the most relevant factors affecting hillslope
stability in the study site (Kukemilks et al. 2018). The synthetic
hydrogeological model represents the typical lithological sequence
with alternating conductive sandstone and less conductive clay
layers at different slope angles. A discrete fracture network was
applied in the sandstone layer to simulate the impact of water
discharging from a fracture network on the hillslope stability
(Kukemilks et al. 2018). The pore water pressures from the
hydrogeological simulation were imported into the slope stability
model. The modeling shows that slope angle is the factor affecting
slope stability the most; however, pore water pressures, when
discharging water from discrete fractures is considered, can reduce
hillslope stability significantly as well (Kukemilks et al. 2018).

Consequently, sections of the Turaida castle mound with an
elevated slope angle were selected for slope stability analysis. The
small-scale model with groundwater discharging from the discrete
fracture was elaborated. All the soil mechanical parameters in the
small-scale analysis were kept identical as in the large-scale model.
This allowed the isolation and measurement of the effect of dis-
crete fracture discharge on hillslope stability. Pressure heads from
the hydrogeological simulations were imported in the slope stabil-
ity models. For each profile, two hydrogeological scenarios con-
sidering maximum and minimum groundwater heads of the whole
simulation period were created. The minimum and maximum
simulated groundwater heads were observed in June and August
2014 (see also Fig. 5).

The limit equilibrium analysis was applied to estimate the
global safety factor of slopes. When using the limit equilibrium
analysis, the landslide body is segmented in vertical slices and the
force and moment equilibrium for each slice is determined. The
failure plane with the minimum safety factor is determined
through an iterative procedure (Lu and Godt 2013). In this study,
the Morgenstern-Price method was applied, being one of the most

complete limit equilibrium formulations (Lu et al. 2012; GEO-
SLOPE International Ltd. 2015). Simplified methods such as
Fellenius’ or Bishop’s formulations neglect some of the interslice
forces that results in incomplete static equilibrium (Lu et al. 2012;
GEO-SLOPE International Ltd. 2015). The Morgenstern-Price
method satisfies both moment and force equilibrium principles
and determines interslice normal and shear forces (Morgenstern
and Price 1965). When Morgenstern-Price method is employed, a
user-specified interslice shear to normal force function can be
selected. In this study, half-sine function was applied which in-
creases the interslice shear forces towards the middle of the land-
slide body (GEO-SLOPE International Ltd. 2015).

The entry range of the landslide in the slope stability model was
specified over the plateau of the castle mound until the outcrop of
first sandstone layer on the slope. The exit range extends starting
from the first sandstone layer downslope until the foot of the
slope. Because the entry range is significantly shorter as the exit
range, 10 increments were selected over the entry range and 40
increments were specified over the exit range. The entry and exit
ranges were selected to predict the formation of dangerous land-
slides which would reach the plateau of the castle mound and
therefore could damage the structures of the Turaida castle. No
formation of superficial landslides in the regolith cover of slopes
or successive landslides starting at the foot of the slope and
propagating upslope were considered in the modeling.

For section F, where the impact of groundwater discharging
from the discrete fracture was considered (Fig. 9a), the entry range
was set similarly as in the previous cases above the outcrop of the
first sandstone layer, and the exit range below the sandstone. For
the case when no preferential flow was considered (Fig. 9b), the
entry and exit range of the landslide was constrained to one point
to force the formation of slip surface in the same location as in
Fig. 9a. This was necessary to compare the impact of preferential
flow on hillslope stability when all other factors, such as slip
surface entry and exit, and soil mechanical characteristics, were
kept constant.

Table 3 Soil mechanical properties applied in the simulation

Stratigraphy (m) Unit weight (kN/m3) Cohesion (kPa) Friction angle (°)

1. Anthropogenic deposits 21.65 26.72 23.17

2. Glacial till 21.65 15.80 29.90

3. Sandstone 20.70 4.89 29.55

4. Clay 20.77 135.00 20.60

5. Sandstone 20.70 4.89 29.55

6. Clay 21.30 135.00 20.60

Fig. 4 Large (4a)- and small- (4b) scale hydrogeological models (white polyline indicates the boundary of the small-scale hydrogeological model)
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In the landslide simulation, initially a circular failure surface
with 30 slices was applied and further optimized by incrementally
altering separated segments of the slip surface (Greco 1996; GEO-
SLOPE International Ltd. 2015). In the optimization process, the
slip surface was divided into straight segments and the end points
of each segment were moved randomly in an elliptical search area
based on the Monte Carlo method. This procedure was applied for
all points along the slip surface until the lowest safety factor was
determined. Furthermore, the longest slip surface segment was
divided into two parts and the optimization procedure was applied
to the midpoint of the line segment (GEO-SLOPE International
Ltd. 2015). This process was repeated until the factor of safety
difference between two optimization iterations 1 × 10−7 was
reached or 2000 optimization iterations were performed.

The SLOPE/W module allows the estimation of various effects
of groundwater on hillslope stability such as buoyant and hydrau-
lic gradient force, increased soil weight due to water infiltration,
and the influence of negative pore water pressures (GEO-SLOPE
International Ltd. 2015). The buoyant and hydraulic gradient
forces are among the forces that decrease slope stability the most
(Fox and Wilson 2010). The influence of increased soil weight due
to infiltration varies depending on the location of the additional
surcharge in the landslide profile. Negative pore water pressure or
suction may improve slope stability by increasing the cohesion of
soil; however, after heavy rainfall, the negative pore water pressure
decreases rapidly (Lu and Godt 2013). Negative pore water pres-
sure was not considered in the hillslope stability analysis because
its effect strongly depends on changing climatic conditions. As its
stabilizing effect decreases after precipitation events, stability in-
crease due to negative pore water pressures was not applied for the
estimation of slope safety.

Results

Hydrogeological modeling
To attain a general overview of the distribution of groundwater in
the whole castle mound and model’s calibration, the large-scale
model was used. Further results from the large-scale modeling
were applied as boundary conditions for a slope stability estimate
of various hillslope sections in the castle mound. The small-scale
model was employed to simulate preferential flow discharges on
the hillslope. Furthermore, a separated slope stability model con-
sidering groundwater discharging from a preferential flow conduit
was also used.

The climatic impact on the groundwater table changes gener-
ated in the large-scale simulation is explicitly illustrated in Fig. 5.
The figure shows the daily simulated groundwater heads over a 2-
year period from four observation points (corresponding with
piezometer wells). The period of simulation from 1 January 2014
to 31 December 2015 was chosen due to the occurrence of severe

precipitation events, these being namely: an extreme rain event on
29 July 2014, when the precipitation amount in 6 h attained
122.8 mm and in the beginning of 2015 when snow cover reacheded
up to 32 cm on the study site (Latvian Environment, Geology and
Meteorology Centre 2015).

A comparison of the dynamics of the modeled groundwater
heads on the four observation points reveals that a rapid increase
of the hydraulic heads follows the extreme precipitation of 29
July 2014. However, the highest groundwater heads are reached
only approximately 1 month after the 29 July event.

The results of the small-scale hydrogeological modeling are
illustrated in Fig. 6b. Water follows the fracture plane in sandstone
deposits, because the less conductive clay layer prevents vertical
infiltration and discharges from the groundwater conduit on the
slope. After passing the thin clay interlayer, it infiltrates and
rapidly saturates the lowermost sandstone and clay sediments.

Slope stability modeling
Six slope sections were chosen for the stability analysis (see Fig. 7).
The sections A, B, C, D, and E were selected in locations with a
relatively high slope angle as an indicator of potential landslide
risk. Section F was set along the outlet of the spring to evaluate the
possible slope instability caused by groundwater discharge on the
slope of the castle mound.

Two large-scale hydrogeological scenarios were applied to the
hillslope stability modeling in sections A, B, C, D, and F (see
Fig. 7), comparing slope safety factor at the maximum and mini-
mum groundwater heads during the modeling period (see Fig. 8).
It should be added that, in the slope stability analysis, such im-
pacts of groundwater on hillslope stability as increased weight due
to soil saturation, buoyancy, and seepage forces were considered.
The analysis did not consider an increase of cohesive strength due
to negative pore water pressures.

Figure 8 illustrates the stability of four hillslope sections of the
Turaida castle mound. In the figures, the rotation center of the
most critical slip surface and its safety factor is shown. If the safety
factor is less than or equal to one, slope rupture is to be expected.

Consequently, sections A and C are the most prone to landslides,
as themodeling reveals a safety factor that indicates a high likelihood
of slope rupture (see Fig. 7). An additional risk factor for section A is
its proximity to the castle, exerting surcharge load in the top part of
the hillslope section. The estimated weight of the castle’s defense
tower as equal to 1248 kN per meter was considered in the slope
stability estimate. Section A in Fig. 7 shows the possible failure
surface extending under the defense wall of the castle.

Figure 8 shows that, for scenarios A–D, very slight differences
of slope stability calculated with the maximum and minimum
groundwater heads can be observed.

The small-scale hydrogeological modeling was conducted to
simulate the saturation of the hillslope by a discharging

Table 4 Maximum and mean difference between observed and modeled heads in nine observation wells

Piezometer No. 4 5 6 7 8 9 12 14 15

Depth (m) 3.43 2.78 3.90 5.40 2.15 3.85 5.65 2.50 2.82

Maximum difference (m) 1.06 0.53 0.84 0.85 1.65 1.53 1.23 1.99 1.48

Mean difference (m) 0.61 0.08 0.34 0.39 0.74 1.28 0.83 1.23 1.01
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groundwater spring. The reduction of the model’s size has several
advantages such as shorter simulation time, finer discretization of
the model’s geometry, and better convergence especially when
simulating numerically challenging discrete fracture networks. In
this scenario (Fig. 4b), a discrete fracture was introduced into the
hydrogeological model, discharging in the outlet of the groundwa-
ter spring (see also Fig. 6).

Section F (see Fig. 7) was drawn through the outlet of the
groundwater spring located on the southern side of the castle
mound. In Fig. 9b, the entry and exit range of the landslide was
set identical to that in Fig. 9a to determine the effect of prefer-
ential flow when all other factors were kept constant. In the
scenario with preferential flow, a considerably lower slope sta-
bility (FS = 1.548) than without discrete fracture (FS = 2.162) can
be observed.

Discussion
When analyzing the landslide-related factors, synthetic models
have been employed to isolate separated related factors and eval-
uate their importance in hillslope stability. However, in a synthetic
case, typically a limited number of factors are considered resulting
in significant differences when compared to real-world conditions.
This study attempted to integrate both hydrogeological and soil
mechanical triggers contributing to landslide development in a
real-world study site. The impact of climatic triggers such as
rainfall and snowmelt was considered to simulate the effect of
temporally variable climatic forcing functions on the landform
development. Apart from a geomorphological viewpoint, the re-
sults of the modeling also illustrated the possible risks to the
historical building after dangerous landslide events in the recent
past.

The 3D geological and hydrogeological modeling allowed the
identification of the most landslide-susceptible sections in the
castle mound. Furthermore, the hillslope stability of the critical

Fig. 5 Temporal changes of the rain, snowfall and groundwater heads in four selected piezometer wells from 1 January 2014 to 31 December 2015

Fig. 6 Location of a discrete fracture in the small-scale model (the black plane in
a) and an intense saturation of the hillslope caused by discrete fracture (marked by
a dashed line in b) Fig. 7 Hillslope sections for the slope stability modeling
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sections was estimated applying the 2D slope stability simulator.
The 2D slope stability model was appropriate because a 3D slope
stability simulation has limited applicability for the study site. The
slopes of the castle mound have highly irregular morphology and
therefore landslides are not expected to follow symmetrical shapes
like cylindrical, ellipsoidal, or spherical failure surfaces as

predicted by the 3D analysis. Moreover, for landslides with a low
aspect ratio (depth to width), a flat 2D failure surface is more
appropriate than a constrained 3D cylindrical or spherical shape.

For identifying the most critical sections for stability analysis, a
preliminary study with synthetic models was conducted (Kukemilks
et al. 2018). The synthetic models showed that slope angle and pore

Fig. 8 The slope stability of four hillslope sections applying minimum and maximum groundwater heads from the large-scale simulation. a, c, e, g, i Slope safety factor
calculated with the minimum groundwater heads. b, d, f, h, j Slope safety factor calculated by applying the maximum groundwater heads. The shaded segment indicates
the landslide’s slip surface with the lowest safety factor and (black circle) the rotation center of landslide
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water pressures caused by groundwater discharging from discrete
fractures are factors that decrease the hillslope stability most. To con-
sider both aforementioned factors, 3D geological and hydrogeological
modeling was conducted on two different scales. The large-scale model
was employed for calibration and the simulation of the hydrogeological
conditions of the whole castle mound. The small-scale model was
employed for one single section of the castle mound to simulate
discharging groundwater from a discrete fracture on the slope.

The steepest slope sections from the large-scale model were selected
and their stability by the minimum and maximum groundwater heads
was determined. In the small-scalemodel, one section through the outlet
of the discrete fracture (spring) was selected and its stability calculated.

The integrated hydrogeological-slope stability modeling of selected
sections shows that slope stability in different locations of the castle
mound varies significantly. Section B on the SW slope (see Fig. 7) was
selected in the location of a previous landslide to prove if a new
landslide can occur in the location of a previous slide. Modeling shows
that the stability in this section is sufficient and the formation of a new
landslide in the previous location is not probable (see Fig. 8). Sections
A and C have the lowest stability. One of the most slope stability
decreasing factors in these sections is the steep slope angle. However,
section C is narrow and located between two relatively flat hillslope
precipices, exerting a stabilizing effect and preventing the formation of
deep-seated landslides. Moreover, no significant structures are located
directly on the upper part of this section, which could have exerted a
surcharge load. However, the formation of shallow earthflow like slides
and gully erosion is very likely. Contrariwise, a slope rupture in section
A would have the most detrimental consequences because the struc-
tures of the Turaida castle are located very close to the slope edge.
Moreover, this hillslope section is located between two previous land-
slides indicating possible landslide risk in the area. Therefore, addi-
tional investigations and possible slope stability improving measures
are necessary. It should be added that the soil-mechanical parameters,
especially of the lowermost layers, were not clear. Therefore, detailed
parameter estimation in the study site would be useful for designing
appropriate slope stabilization measures.

When analyzing the effect of groundwater on slope stability,
geological and climatic forcings were playing an important role in
the study site. An alternating sequence of conductive and less con-
ductive layers leads to the formation of several perched water tables
whose heads significantly depend on climatic conditions. Perching
interlayers prohibit groundwater infiltration vertically, and instead
groundwater follows above the less conductive layer and discharges
on the hillslope. Concentrated groundwater discharge causes a local
pore water pressure increase. Therefore the maximum groundwater
heads were observed directly under the outlet of the upper less
permeable layer which discharges into permeable sandstone

resulting into a bulge of the groundwater table. Consequently, pore
water pressure increases in the hillslope and slope stability is re-
duced. The perched water tables have high temporal variability, and
moreover, the relation between groundwater heads and precipitation
events is not straightforward. In the modeling period from 1 January
2014 to 31 December 2015, the highest modeled pore water pressures
were attained approximately 1 month after the extreme precipitation
event of 29 July. The most likely reason that the groundwater re-
sponse lagged behind the precipitation event, is because the precip-
itationwater was stored in the unsaturated zone. An additional factor
leading to highmodeled groundwater heads could have been the high
overall precipitation amounts in the summer of 2014. As a result of
several intense precipitation events, the groundwater heads were
elevated over a long period of time resulting in water tables that were
higher than from a single extreme precipitation event. No significant
effect on the groundwater heads was observed after the intense
snowfall and subsequent snowmelt at the beginning of 2015.

However, after comparing the slope safety factors of the five
hillslope sections with the lowest and highest groundwater heads
from the large-scale hydrogeological simulation, only a slight
influence was observed. Contrariwise, when preferential flow paths
were considered in the small-scale hydrogeological model, a sig-
nificant effect of groundwater on hillslope stability was estimated.
In the hydrogeological model, preferential flow was conceptual-
ized as a discrete fracture discharging on the slope as a ground-
water spring. Water discharging from the fracture saturated the
lowermost sediments and reduced the hillslope stability. The
aforementioned local scale effects affecting hillslope stability could
not be considered if the generalized groundwater conditions, e.g.,
estimated groundwater table from piezometer wells, were applied.
In geotechnical engineering, generalized groundwater conditions
are frequently employed because small-scale analysis is very re-
source and time consuming. This can result in a slope stability
overestimation. Therefore, in the study site, attention to local
geological and hydrogeological settings should be paid to prevent
unexpected slope failures.

An analysis of the small-scale hydrogeological factors is crucial
from a geomorphological viewpoint as well. Thus, small-scale
modeling considering climatic impacts and specific regional geo-
logical settings delivers an insight into the possible landform
development of the region where the study site is located. Char-
acteristic lithology consisting of weak sandstones dissected by less
conductive clay and silt interlayers could have resulted in a com-
mon presence of erosional and mass wasting processes. Due to
concentrated groundwater discharge above perching interlayers or
from preferential flow paths, slope stability decreases in the affect-
ed zone resulting in landsliding and subsequent retrogressive gully

Fig. 9 The slope stability factor of section F, considering preferential flow from the small-scale hydrogeological simulation (a) and without preferential flow (b)
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incision. In the longer term, this process could result in an abun-
dant gully erosion network which is characteristic for the region of
the study site (Āboltiņš 1995; Kukemilks and Saks 2013).

Conclusions
Recent advances in numerical groundwater simulators allow the
development of detailed models of surface and subsurface flow in
both porous and fractured media which allows the attainment of
better understanding of the hydrogeological triggers of landslides.
An integrated groundwater-slope stability modeling has a com-
mon application in several disciplines, such as geotechnical engi-
neering and geomorphology, e.g., when designing earth buildings
or investigating the climatic triggers of mass movements.

Most of the slope stability models have a focus on the soil
mechanical part and the groundwater conditions are simplified
which can result in a landslide risk underestimation. Moreover,
depending on the modeling scale applied, hydrogeological effects
on hillslope stability can vary significantly. This study is one of the
f irst attempts to simulate the impact of smal l-scale
hydrogeological factors such as fracture flow and extreme precip-
itation events on hillslope stability in a real-world study site.
Additionally, in contrast to synthetic models, the real-world study
site delivers a complete insight into landslide-related factors and
their interact ions . Resul ts of large- and smal l -scale
hydrogeological modeling show that the impact of the
hydrogeological factors on hillslope stability can vary strongly
depending on the local geological and climatic settings and their
conceptualization approach in the numerical model. Choosing an
appropriate modeling scale is crucial for considering local scale
effects in the hydrogeological model.

When applying a discrete fracture preferential flow conceptu-
alization approach in a small-scale model, hillslope stability is
reduced significantly. Perching interlayers prohibit rapid hillslope
drainage and thus the groundwater can accumulate in the
hillslopes over longer time periods and result in elevated ground-
water heads. Consequently, the whole lithological sequence of
alternating conductive, fractured sandstones, and perching clay
layers is susceptible to groundwater induced landsliding and gully
erosion which could have contributed to the development of an
abundant erosional network in the region.

Multiscale 3D hydrogeological modeling on the Turaida castle
mound study site gives a reliable insight into the hydrogeological
conditions of the site and their temporal variation. Moreover, by
considering various scale groundwater conditions, the locations
with the highest pore water pressures in the subsurface can be
identified and applied as a hydrogeological boundary condition
for a subsequent slope stability estimate. 3D hydrogeological
models allow the observation of the reaction of a hydrogeological
system to various climatic scenarios and prediction of possible
landslide risks in the future under climate change.

Consequently, integrated hydrogeological and slope stability
modeling is useful for the exact prediction of landslide events
and understanding their triggers. This prevents an underestima-
tion of landslide risk and allows the investigation of the impacts of
climatic forcings on landform development.
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