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In this work, a method for the fast evaluation of seismically-induced landslides is
applied at regional scale in the Granada Basin (southern Spain). The methodology
is based on the concept of rigid block but takes into account the variability in input
data (geotechnical properties, failure depth and saturation state of the materials)
through the use of a logical tree scheme. Input data were combined and evaluated
using five different Newmark displacement empirical relations, which are
automatically weighted to obtain a final co-seismic landslide susceptibility
map. A Geographic Information System system was used to obtain the
resulting maps considering the different branches and weights of the logic tree
through an specifically developed automatic code written in Phyton. The
landslides induced by the 2021 Mw 4.4 events of the Santa Fe seismic series
have been used to validate the methodology. This is later used as input along with
the road network to analyze the distribution of areas of different susceptibility
level. The results obtained show that 1.73% of the total area is characterized by
moderate to high susceptibility, being the southern and eastern sections of the
Granada basin were more vulnerable slopes are found. When considering only
zones around the road network (50 m buffer), it is found that 2.11% of slopes
around highways and 1.33% of road slopes have moderate to high susceptibility,
especially the A-92 highway and the A-338 road. These roads traverse areas with
steep slopes and a combination of hard and soft materials, which increases the
susceptibility of disrupted landslides. On the other hand, in more densely
populated areas such as the metropolitan area of Granada, the susceptibility is
lower due to their location on terrain with low to negligible slopes. The results are
of interest for authorities managing slope stabilities because they allow
establishing effective and locally-based seismic forecast works in order to
minimize the damage of future events.
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1 Introduction

One of the main problems that arise because of earthquakes is
their impact on roads (Bird and Bommer, 2004; Daniell et al., 2017).
The appearance of cracks and fissures on the roads is possible even
due to low to moderate magnitude events. These failures can pose a
potential danger to road safety, especially if they are not detected and
repaired in time, as well as the possible occurrence of ground
movements that can affect their stability. This problem is
particularly relevant in mountain areas, where roads are often
built on unstable and earthquake-prone slopes (Martino et al., 2019).

There are different methodologies aimed at producing
susceptibility maps to delimit areas prone to landslides induced
by earthquakes. A first group of methodologies is based in
delineating the areas where ground motion is severe enough to
overcome shear strength of shallow materials found on slopes (Del
Gaudio et al., 2003; Peldez et al., 2005; Marc et al., 2017). Threshold
values of ground motion are usually defined to identify areas were
slopes may fail due to earthquake shaking. Wilson and Keefer (1985)
suggested the use of Arias Intensity values for this purpose. Later,
Keefer and Wilson (1989) proposed values of 0.11 m/s as the
threshold for triggering incoherent landslides (sensu Keefer,
1984), 0.32 m/s for coherent landslides and 0.54 m/s for lateral
spreads and flows. These values were used by Peldez et al. (2005)
in their hazard study in terms of Arias Intensity to delineate areas
susceptible to suffer instabilities of different types in the Betic
Cordillera (Spain). It is also frequent a combination of seismic
hazard studies (in terms of Arias Intensity, peak ground
acceleration, efc.) with empirical relationships to estimate the
corresponding rigid block displacement across a region (Rathje
and Saygili, 2009; Chousinitis et al., 2016; Jafarian et al., 2019),
being this displacement a parameter that is commonly used as a
guide for evaluating the performance of slopes during earthquakes
(Newmark, 1965). It is widely accepted that displacements of 2 and
10 cm are threshold values for widespread occurrence of incoherent
and coherent failures, respectively (Keefer and Wilson, 1983).
Chousianitis et al. (2016) prepared a coseismic landslide hazard
map for Greece based on these values. They mapped the spatial
distribution of minimum acceleration needed to exceed fixed values
of displacement (2 and 10cm) in a 50 years period. These
methodologies do not consider the strength of materials and
their performance during shaking, so they are useful for
delineating wide areas where the seismic part of the problem is
reached (or exceeded), but not for identifying which slopes within a
given area are comparatively more prone to suffer instability.

Another group of methodologies is based in the statistical
analysis of predictor factors (topographical data, distance to
specific features like active faults or rivers, lithology, ground
motion, etc.) and the inventory of instabilities triggered by one or
several earthquakes (Lee et al., 2008; Nowicki et al., 2014; Kritikos
et al,, 2015; Bagheri et al., 2018; Chowdhuri et al., 2022; Nath et al.,
2022). Such inventories are becoming more available in the recent
times (Tanyas et al, 2017) although they have very different
characteristics and their level of completeness and uncertainties is
very variable (Tanyas and Lombardo, 2020), so they should be used
with caution. Several kinds of statistical functions have been used for
this purpose (logistic, fuzzi methodologies, artificial neural
etc.). have been tested against

networks, These models
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inventories of recent earthquakes and are currently used for
preparing near real-time coseismic landslide maps (Nowicki
et al, 2014). The results obtained are promising but they still
need further improvement for making them useful for emergency
response planning, showing overpredicted landslide occurrences
(Allstadt et al., 2018; Robinson et al., 2018).

However, the methodology proposed by Jibson (1993) and
Jibson et al. (2000) has been the most widely used in recent
times to assess seismically-induced susceptibility of slopes (Luzi
etal., 2000; Nifio et al., 2014; Caccavale et al., 2017). It is based on the
concept of rigid block sliding model (Newmark, 1965). At the same
time, Jibson et al. (2000) and Jibson and Michael (2009) also state
that this methodology is useful in the study of small, shallow and
disrupted landslides, which are the most common types induced by
earthquakes (Keefer, 1984; Delgado et al., 2011a). Rodriguez-Peces
et al. (2020) stated that the true success of this methodology lies in
the quantitative combination of the main factors of the problem,
such as the geometry and the geotechnical parameters of the slopes
and the severity of the seismic ground motion, implemented in a
Geographic Information System (GIS) environment. This allows for
the fast production of maps assisting in the assessment of the seismic
vulnerability of infrastructures.

However, the earliest Newmark sliding block methodology
related to the difficulty of
incorporating variability and uncertainty of the different variables

presents several limitations
used in the analyses. For instance, the size of slope instabilities can
vary greatly depending on the spatial resolution of the digital
elevation model used in the analysis (Rodriguez-Peces et al,
2011),
properties of geological materials another source of uncertainty
too. The problem is related to the inability to include the spatial

being the inherent variability of the geotechnical

variability of strength parameters within the same geological
formation (Dreyfus et al., 2013). Different studies compared the
results of susceptibility maps with inventories of seismically-induced
landslides (McCrink, 2001; Dreyfus et al., 2013; Rodriguez-Peces
etal., 2013;2020) concluding that these maps only capture a portion
of the observed landslides. In addition, reducing the strength
parameters of materials increased the proportion of captured
slope failures, but also increased the susceptibility category,
making the map more pessimistic than expected. The challenge
facing the scientific community is to propose a methodology whose
results are as accurate as possible, that does not overestimate the
susceptibility of the territory, and thus serving as support in
decision-making for the construction and maintenance of
infrastructures.

The Granada Basin, S Spain (Figure 1), is characterized by a low
to moderate seismic hazard in a global context, although it has
experienced several strong magnitude earthquakes causing extensive
damage (Madarieta-Txurruka et al., 2021). More recently, in 2021,
the western part of this basin suffered a long seismic series, known as
the 2021 Santa Fe seismic series (Madarieta-Txurruka et al., 2022),
that raised concerns among local authorities regarding its impact on
the roads in the area and the safety of drivers.

In this work, the logic-tree methodology proposed by
(2020)
seismically-induced landslide susceptibility of slopes around the

Rodriguez-Peces et al. is implemented to evaluate

road network in the Granada Basin. The aim of this work is to
know the level of susceptibility (on a regional scale) of the slopes to
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FIGURE 1

Location map of the study area. The map includes the lithological groups and roads considered in this work. Stars A, B and C correspond to January
23rd, 26th and 28th, 2021, events analyzed. Black points show rockfalls triggered by these events.

seismic-induced landslides around the main road network, and to
recognize those areas and roads in which this problem could be
more important if a severe earthquake occurs in the study area. First,
a study was conducted in an area near the epicenters of the largest
earthquakes recorded during the 2021 Santa Fe seismic series using a
deterministic approach. The results were then compared with the
location of instabilities triggered by these earthquakes to assess how
appropriate the obtained maps were. Later, the same methodology
was used for an assessment consisting in the probabilistic expected
horizontal peak ground acceleration (PGA) and Arias Intensity (AI)
values for a 475 years return period. Given the scale of the work, the
results show a general picture of the problem in the study area,
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although they cannot be considered accurate enough for detailed
studies about the dynamic stability of a given specific slope.

2 Geological and seismological setting

The study zone is the Granada basin. This is a intramountain
basin located in the central part of the Betic Cordillera (Sanz de
Galdeano et al,, 2005). The basement is constituted by Mesozoic
sedimentary rocks of the External Zones of the Cordillera to the
north and west borders, and by Palaeozoic to Triassic metamorphic
rocks of the Internal Zones in the south and eastern borders. Basin
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Map showing the crustal instrumental earthquakes above magnitude 4.0 (data provided by the Spanish Instituto Geogréfico Nacional), the main
known faults (Garcia Mayordomo et al., 2012; Sanz de Galdeano et al,, 2012), and the computed reduced stress tensor in the study area, the northeastern

Granada Basin (Madarieta Txurruka et al., 2021). Relative uplifting and subsidence areas are also showed.
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FIGURE 3

Coseismic landslides triggered by the 2021, Santa Fe, seismic series. (A) Map showing the location of instabilities; (B—D) Rockfalls triggered.

fill comprises sedimentary rocks from Burdigalian (Miocene) up to ~ conglomerates and sandstones occurred, and alluvial sediments

Quaternary (Braga et al., 1990). Sedimentary fill consists mainly on  are found in relation to present rivers (Ferndndez et al., 1996).
conglomerates, sandstones, marls and limestones during the The Granada Basin is limited on its northern and eastern edges
Miocene. Since Pliocene and Pleistocene, thick deposits of by a set of normal faults that have been active since the Pleistocene
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TABLE 1 Road network analyzed within the study area. The total length of roads and highways is 319.1 and 316.4 km, respectively.

Roads

Length (km) Length (km) Code Length (km) Length (km)
A-336 8.6 A-338 34.1 A-385 23.1 A-4002 13.6
A-4006 6.9 A-4075 22 GR-3102 8.9 GR-3103 7.1
GR-3209 4.6 GR-3301 5.0 GR-3303 7.0 GR-3304 10.7
GR-3305 46 GR-3306 3.8 GR-3311 33 GR-3312 3.1
GR-3313 5.0 GR-3401 118 GR-3402 18.4 GR-3403 05
GR-3404 2.1 GR-3405 9.0 GR-3406 15 GR-3417 145
GR-3418 4.8 GR-3421 1.8 GR-3424 14.1 GR-3425 23
SM-37 23 N-323A 37.6 N-432 355 N342A 1.9

Highways

Length (km) Code Length (km) Code Length (km) Length (km)
A-44 129.1 A-44A 15.2 A-92 95.7 A-92G 31.0
GR-30 24.4 GR-43 212 ‘ ‘

and there also exist active faults in the central sector of the basin
(Sanz de Galdeano et al., 2003; 2012; Figure 2). Seismicity generated
by these faults is characterized by shallow earthquakes of moderate
intensity (epicentral intensity, Io, in the range VII to VIII) and
occasionally strong and damaging earthquakes (Io > IX) (Martinez
Solares y Mezcua, 2002; Sanz de Galdeano and Peldez, 2012).

In 2021, a seismic series affected the study zone. It is
characterized by very low to low magnitude events from January
to November 2021 (Lozano et al,, 2022). The series started on
23 January, reaching up to 200 events during a 3-days period
(26-29 January). These earthquakes were all located at a depth of
3-5km. This work has used the largest seismic events occurring
during three different days in late January 2021 (days 23, 26 and 28),
reaching a magnitude Mw 4.4.

During the 2021 Santa Fe seismic series, rockfalls involving
blocks of metric volume were identified (Figure 3). These
earthquake-induced landslides were located isolated in the
northern part of the study zone, in an area were abandoned
quarries exist (Figure 1). They occurred in areas where jointed
carbonates outcrop on steep slopes. Rock blocks have clean cuts and
rolled several hundred meters from their origin point. They were
recognized shortly after the occurrence of main events studied. The
state of slopes and debris associated to instabilities ensured they were
very recent features in the slopes but most likely induced by some
event of the series, although it was not possible to discern which
of them.

3 Methodology
3.1 Data source

The used data come from different sources of information,
which have been verified and cross-checked. Geological data

Frontiers in Earth Science

came from the Spanish Instituto Geoldgico y Minero (Lupiani
Moreno and Soria Mingorance, 1985). Geotechnical data were
obtained from the projects of construction of main roads in the
area (highways A92, A44, etc.), dams (Béznar and Rules reservoirs)
and complemented with soil samples taken in the south-western
area of the Granada Basin, where less information was available, and
tested in the Laboratory for Applied Geology of the University of
Alicante. Climatological data correspond to those provided by the
Spanish Agencia Estatal de Meteorologia (AEMET, 2023) from the
closest weather station of the Granada Airport. The Digital Elevation
Model (DEM) with a grid of 5 m and the digital version of the road
map in shapefile format (Table 1) were also obtained from the
Spanish Instituto Geografico Nacional (IGN, 2023a). Ground
motion data related to 2021 Santa Fe seismic events were
recorded by the Spanish Strong Motion Network, managed by
the Spanish Instituto Geogréfico Nacional. Fortunately, the
seismic stations located in the area where the seismically-induced
landslides occurred were able to record accelerograms from which
the horizontal peak ground horizontal acceleration (PGA) and Arias
Intensity (AI) values were computed.

3.2 Logic-tree approach

According to Dreyfus et al. (2013), the ability of the
methodology proposed by Jibson (1993) and Jibson et al. (2000)
to accurately predict coseismic landslides depends more on the
uncertainty in the strength properties assigned to materials and less
in ground motion derived parameters. The procedure followed in
this work try to incorporate such uncertainty based on the logic tree
approach, following the procedure proposed by Wang and Rathje
(2015), and used by Rodriguez-Peces et al. (2020). The probabilistic
logic-tree approach is used in hazard and risk analyses and involves
creating a logic tree model representing the different plausible
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FIGURE 4

Logic tree used in the analysis for moderate to high magnitudes. The used weight (w) is below the branch: t, depth of the failure surface (m); m, soil
saturation level; ¢, cohesion; and @, friction angle for the 10th, 50th, and 90th percentiles; see Table 3 for empirical relationships for computing Newmark
displacements.

TABLE 2 Values of strength parameters for the considered lithological groups. Y: unit weight (kN/m>); c: cohesion (kPa); ®@: friction angle (°).

Conglomerates Calcareous sandstones Metamorphic rocks and
carbonates
)
Low (p10) 491 17.00 6.87 11.00 4.02 19.00 0.00 30.00
Best (p50) 18.13 33.35 ‘ 26.00 15.89 36.30 20.00 ‘ 16.19 17.17 24.00 26.88 13.73 36.00
High (p90) 90.12 ‘ 35.00 ‘ 101.73 30.00 ‘ 51.89 30.00 ‘ ‘ 247.02 49.00

scenarios. Each branch of the tree represents a plausible option or ~ weighted sum of the results obtained in each branch of the model
outcome and is assigned a weight reflecting its relative credibility.  (Kulkarni et al., 1984; Bommer and Scherbaum, 2008).

The sum of the weights of all branches that originate from a certain In this work, the structure of the logic tree was divided into four
node is equal to one. The result of the analysis is obtained as the  parts: depth of the failure surface, geotechnical data (cohesion,
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TABLE 3 Newmark displacement models used in this study. Newmark displacement (Dy) is in cm, PGA and k, are in g units, Al (I,) is in m/s, and M is the moment

magnitude.
Model Relation
J07_3 log Dy = 2.401log 14 —3.481logk, — 3.230
Jo7_4 log Dy = 0.561log Iy — 3.833l0g sy — 1.474
SRO8_1 In Dy = 5.52 — 443 (;2) — 20.39 () + 42.61 ()’ - 28.74 (22" +0.72In PGA
SR08_2 In Dy = 2.39 — 5.24 () — 18.78 (1) + 42.01 (52)° - 29.15 ()" — 1.56 In PGA + 1.38In I 4
HLI1 log Dy = 0.847log I, — 10.62 k,, + 6.587 ky log I, + 1.84
Dj20 log Dy = 1.416 - 11.110 (42)* + 20421 (42)° - 13.303 ()" - 0.279 log PGA + 1.056 log I,

References
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friction angle), degree of saturation of soil column and the empirical
equation of Newmark displacement. For the first branch section of
the logic tree (Figure 4), the variability of the failure depth was
considered. The results found by Alfaro et al. (2012) and Rodriguez-
Peces et al. (2013) about depth to failure surface of seismic-induced
landslides during recent earthquakes occurred in south Spain were
introduced in this branch. Consequently, depth of failure surface
was set to 1, 2 and 3 m. These values are in agreement with the fact
we are studying only shallow landslides, which are the best suited
type of failure for the used methodology.

The second branch of the logic tree (Figure 4) corresponds to the
geotechnical data of each lithological unit (Table 2). This branch is
double because it includes both friction angle (one branch) and
cohesion of materials (a second branch). Materials present in the
study zone were grouped based on their nature and similarity of
geotechnical properties. The defined groups were: a) poorly
cemented conglomerates and alluvial sediments, b) marls, ¢)
sandstones, and d) metamorphic and carbonate rocks. To include
the variability of the shear strength parameters in the logic-tree
procedure, Wang and Rathje (2015) used the estimation of three
points of the normal distribution retaining the mean and standard
deviation of the data distribution (Keefer and Bodily, 1983). In
addition, these authors assumed different coefficient of variation
values due to the lack of enough data for an adequate statistical
analysis. In the present study, the required data to obtain the most
likely values for each geotechnical parameter are available, taking the
corresponding values at the 10th, 50th and 90th percentiles, which
allow describing a normal distribution (Keefer and Bodily, 1983).

The third branch corresponds to the saturation state of materials
when seismic event occurs. This parameter controls the stress acting
along the failure plane, reducing the effective stress and the safety
factor of slope when the soil column is completely saturated. In our
study, we have considered two situations: dry materials (m = 0),
representative of the state of shallow materials during warm periods
with no rain, and complete saturation (m = 1), to account for days of
rain that may saturate the shallow part of soil columns.

The fourth branch of the logic tree (Figure 4) corresponds to the
empirical relationships used for computing the Newmark
displacement (Dy) from the critical acceleration of slopes
(obtained in previous branches) and the seismic data of the
considered scenario (peak ground acceleration, Arias intensity,
etc.). For low magnitude seismic scenarios, specific empirical
equations have been proposed, such as those developed by
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Delgado et al. (2020). This equation was obtained from events
occurred in the Betic Cordillera, having magnitudes (Mw 3.5-5.5)
in the range of the events here analyzed. For other scenarios
considered in this work, the common equations for moderate to
high magnitudes are used (Table 3). Specifically, we focused only on
relationships involving horizontal peak ground acceleration and
horizontal Arias Intensity as independent factors. The inclusion of
different Newmark displacement regression equations is an effort to
cover the widest variety of Newmark displacements.

The study zone is divided into pixels of 5 x 5 m in size. For each
pixel, the computation of Newmark displacement is done according
to the following sequence: static safety factor of slope is computed
from slope steepness, depth to failure surface (branch 1) and
geotechnical properties of materials existing in the pixel (friction
angle-branch 2, and cohesion-branch 3), and considering that plane
failure in an infinite slope occurs, as proposed by Jibson et al. (2000).
After that, critical acceleration of slope is computed from safety
factor following the relation proposed by these authors. The
resulting value of critical acceleration is then used together with
the ground motion expected in the seismic scenarios (Arias intensity
or peak ground acceleration, branch 4 of logic tree) to compute the
final Newmark displacement.

The weights applied to each branch (Figure 4) are based in the
results obtained by Rodriguez-Peces et al. (2020) about landslides
triggered by the 2011, M,, 5.1, Lorca earthquake, whose validity was
verified with the data obtained from the Ossa de Montiel earthquake
(Delgado et al, 2015). Regarding the weights applied to the
saturation state branch, they were obtained from climatic data
from the Spanish Meteorological Agency (AEMET, 2023), using
the criterion of the average annual number of days with precipitation
greater than 10 mm as the limit between both states. According to
this agency, the whole study zone falls within the range 10-25 days
(per year) of rain during the period 1981-2010. Considering the
upper value in the bin, 25 days, this means that there are 340 days
with insufficient rain (or simply no rain) to saturate soil column
(93% of days in a year), and only 7% of days rain may saturate the
shallow soil column. Consequently, these are the weights applied to
this branch (0.93 and 0.07, respectively).

To obtain the seismically-induced landslide susceptibility maps
in terms of Newmark displacement considering the different
branches and weights of the logic tree, an automatic code was
developed written in Python and using a geographic information
system (ArcGIS 10.3).
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Logic tree schemes used for the assessment of the probabilistic PGA values (up) and Al values (down). Both models include two different seismicity
models, seismicity parameters computed from two alternative methods, and different ground motion prediction equations.

The susceptibility of slopes to seismically-induced landslides is
based in the final Newmark displacement computed. Sites are
classified as no susceptible (DN < 1 cm), low (1-5cm), moderate
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(5-15 cm) and highly susceptible (>15 cm) according to criteria set
by Jibson and Michael (2009). In the analysis, a buffer of 50 m
around each road was considered, and the Newmark displacement
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and a Vg3 value equal to 760 m/s.

computed for each pixel within this distance was classified according
to the previously described criteria. This distance was chosen
because it is greater than run-up observed during instabilities
triggered by 2021 events (Figure 3), a set of low magnitude
events, or during the 2011 Lorca earthquake (Alfaro et al., 2012).

3.3 Deterministic scenarios: the 2021 Santa
Fe events

The deterministic study carried out, i.e., the considered seismic
scenarios, aims to evaluate the susceptibility of the terrain and the
vulnerability of the road infrastructure in the Granada Basin area.
This is developed based on the largest magnitude events recorded
during the 2021 Santa Fe seismic series (Lozano et al, 2022).
Acceleration data recorded by the Strong Motion Network
managed by the Spanish Instituto Geografico Nacional, as
previously quoted, were used. Through the interpolation of these
data, maps of peak horizontal ground acceleration and horizontal
Arias Intensity were obtained, which were used in the logic tree
scheme. The maximum acceleration value was recorded during the
January 28th event, with a value of 0.15 g, followed by 0.14 g on
January 26th and 0.13 g on January 23rd. The horizontal Arias
Intensity values ranged from 0.02 m/s (events of January 26th and
28th) to 0.01 m/s (January 23rd event).

3.4 Probabilistic scenarios: seismic hazard
analysis

Any probabilistic seismically-induced landslide susceptibility
computation needs a previous seismic hazard analysis. Then, to

Frontiers in Earth Science

develop our study, a joint and unified seismic hazard computation in
terms of both peak horizontal ground acceleration and horizontal
Arias Intensity values has been conducted in the region.

A decade ago, a comprehensive seismic hazard analysis focused
to an update of the Spanish building code was appraised (CNIG,
2013). In this analysis, new seismicity models combined in a logic
tree frame were developed and used, providing PGA values, among
other outputs, for different return periods. Previously, Peldez et al.
(2005) computed probabilistic AI values in this region using the
spatially smoothed seismicity approach. Given that these two results,
PGA and AI values, cannot be considered homogeneous because
they used different databases, seismicity models and soil
characteristics, they are not valid for our analysis. In addition, for
the current study, specific values determined for each computation
point are needed. For our goal, all data and models developed and
used in the previous assessment (CNIG, 2013), the most recent ones
developed in our study region, have been considered anyway. As in
this previous assessment, the database of active Quaternary faults
(Garcia Mayordomo et al, 2012) has not been included either
because the available information on these faults is not detailed
and reliable enough to include it in a hazard analysis like this one.

The code CRISIS 2015 (Ordaz et al., 2015) has been used in the
current assessment, a verified software (Aguilar et al., 2017) widely
used. The computation area is that limited by the coordinates 4.5"W
- 3.0°'W and 36.5°N - 38.0°N, and the assessment was also conducted
using a logic tree scheme (Figure 5). We have used two seismicity
models considered in the CNIG (2013) analysis, called GM12 and
ByA12, with the same weight. The GB12 model includes both
shallow (h < 30km), and intermediate and deep seismicity
sources in the Alboran Sea and Gulf of Cadiz - Atlantic regions.
On the contrary of ByA12 model only includes shallow sources
(CNIG, 2013). All sources, regardless its depth, were included in our
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assessment. An updated seismic catalog was compiled and processed
to obtain the seismicity parameters for the defined sources. This
catalog was obtained from an update of the Spanish Instituto
Geografico Nacional catalog (IGN, 2023b), a review of the
seismicity from data coming from other institutions and specific
studies, a catalog unification to the moment magnitude, and a final
declustering.

For the GM12 model, given the big size of the defined sources, it
was possible individually to compute the exceedance rate of
magnitude Mw 4.0, 1(4.0), being this magnitude value the
threshold magnitude in the assessment, the P value of the
Gutenberg-Richter
Richter, 1944) and its uncertainty value Ops and the mean value

recurrence relationship (Gutenberg and
of the maximum magnitude MM, and its uncertainty oppm,
computed from both seismicity and fault data. 1(4.0), p and op

values were obtained using two different methodologies, the least
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square and the maximum likelihood approaches (Aki, 1965), being
included both sets of values in our logic tree scheme with the same
weight (Figure 5).

For the ByA12 source model, with a lesser size of the sources,
and therefore fewer earthquakes at each source, only 1(4.0) and
MM pean and its uncertainty value oy have been computed
specifically for each source (CNIG, 2013). B and its uncertainty
value o were computed for tectonic regions embracing different
sources. These parameters have been also computed using the least
square and the maximum likelihood methods, and both sets of
results have been included in our logic tree scheme with the same
weight (Figure 5).

A remaining significant question is the ground motion
prediction equation (GMPE) considered in the seismic hazard
assessment. Concerning the assessment in terms of PGA, the
GMPE models by Abrahamson et al. (2013) and Campbell and
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Histograms of Newmark displacement values obtained for scenarios of the January 2021 seismic series at sites where rockfalls occurred.

Bozorgnia (2013) have been considered in this computation. The
model by Abrahamson et al. (2013) is an update of the previous
model by Abrahamson and Silva (2007). They were based on the
acceleration database PEER NGA-West2 (Ancheta et al., 2013), and
can be used for a magnitude range Mw 4.0-8.5, and for distances up
to 300 km. Both models consider the faulting mechanism and the
soil conditions via Vg3, values. These two models have been included
in the logic tree with the same weight (Figure 5) when computing
hazard in terms of PGA.

Concerning the assessment in terms of Al the selection process
of the GMPE:s is not straightforward. The smaller number of these
models makes it difficult to find compatible models to be used in a
logic tree scheme. In our assessment, the models by Travasarou et al.
(2003), Lee et al. (2012) and Laurendeau (2013), the latter developed
in Causse et al. (2014), have been considered, all of them with the
same weight (Figure 5) when computing hazard in terms of AL The
three considered models used different acceleration databases. These
models consider the type of soil, but in a different way, and the one
of Laurendeau (2013), does not consider the faulting mechanism.
None of these models are included in the CRISIS 2015 code as built-
in models, then it was necessary to include them as attenuation
tables developed and furnished by the user (Ordaz et al., 2015).

As quoted above, the CRISIS 2015 code was used to compute
the seismic hazard results. Results were obtained using a grid of
0.05°, that is, about 5 km. Concerning seismic sources, 5 km was
the considered depth for the shallow sources of the ByA12 model,
and 0 km for the shallow sources and 30 km for the intermediate
sources of the GM12 model. In all cases, the Wells and
Coppersmith (1994) model among the rupture surface and the
magnitude has been considered. Concerning GMPEs parameters,
a conventional Vg;o value equal to 760 m/s (B/C NEHRP
boundary soil; BSSC, 2003) and an unspecific rupture type
have been selected in all cases. Finally, results have been
computed for a return period of 475 years, ie., for a 10%
probability of exceedance within 50 years.

When comparing the obtained results with previous results in
the same area (Peldez et al., 2005; CNIG, 2013), a great agreement is
observed, both in shape and value. For PGA results, maximum
values of 0.28-0.30 g are obtained in our assessment (Figure 6),
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while values of 0.24-0.25 g are obtained in CNIG (2013 ) for the same
return period but computed for ‘rock site’ conditions. In the current
Spanish seismic building code (NCSE-02, 2002), maximum values of
0.25 g are considered in the same region for a return period of
500 years, also for rock site conditions. Concerning Al results,
maximum values of 0.36-0.38 m/s are obtained in our assessment
(Figure 6). Previously, only the work by Peldez et al. (2005)
computed the hazard in terms of this parameter, obtaining
maximum values equal to 0.38 m/s for shallow soils and 0.30 m/s
for deep soils, for the same return period.

4 Results and discussion

A first part of our study was to verify the ability of the
methodology used to predict the occurrence of landslides
induced by the events of the considered seismic series of 2021.
Given that instabilities were of small size, values of some variables in
the logic tree were fixed and differ to those used in the probabilistic
scenario. Concretely, Newmark displacements were computed
through the empirical relation proposed by Delgado et al. (2020),
appropriate for low magnitude events, depth to failure surface was
set to 1 m because all instabilities triggered by the studied events had
small size and no one had size above 1 m in thickness, and all
materials are considered in saturated state. This is because it was
raining since 19 January, about a week before the first event
considered and 2 weeks for the remaining ones. Cumulative rain
was 19.4 mm, 21.9 mm and 35 mm for the events of 23, 26 and
28 January, respectively.

The results of the deterministic approach show that expected
Newmark displacements for these earthquakes were low, in
agreement with the low peak values of ground motion measured
during them. In the worst scenario, the 28 January event, maximum
displacements hardly exceed 2 cm (Figure 7). Such values would
explain the low number of instabilities triggered by these events.
Focusing in the areas around the instabilities triggered by the seismic
series (Figures 7, 8), displacements are very low during the
23 January (<1 cm), and a bit larger during the other two events
(more than 40% of sites had Newmark displacements in the 1-2 cm
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range), with similar values for both events. These results seem to
point out that instabilities were more likely triggered by one of these
two last events. Although these values are low, instabilities are
known to occur for such values during low magnitude events
(Rodriguez-Peces et al, 2013; 2020). Occurrence of these
instabilities is also more probable if we consider the cumulative
effect of the seismic series: initial events weaken the slopes, reducing
their shear strength until failures occur after another earthquake,
even of low magnitude (Delgado et al., 2011b).

In the case of the probabilistic scenario, a total of 270 maps were
computed, resulting from 3 values of depth to failure surface,
3 values of cohesion, 3 values of friction angle, 2 values for the
degree of saturation of soil column and 5 empirical relations for
computing Newmark displacements. Table 3 presents relationships
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between variables, specifically focusing on moderate-high
magnitude events. It is important to note that the relation
proposed by Delgado et al. (2020) is not considered for
probabilistic scenario because it is only applicable to low to
moderate magnitudes. Figure 9 shows the weighted final map
obtained. Because the ground motion values are more severe
(Figure 6), displacements computed are also high in some areas
of the study zone, and Newmark displacements greater than 15 cm
are found in areas with high slopes and the presence of both soft and
hard materials. Examples of the results obtained in some sections of
the A-92 highway and road A-338 are presented in Figure 10.
Multiple slopes around these roads are characterized by high
displacement values (high susceptibility to suffer seismic-induced
instabilities).
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Newmark displacements obtained with the logical tree methodology, probabilistic scenario for a return period of 475 years, for two sections of
roads: (A) A-338 road (kilometric points 8-11); (B) A-92 highway (kilometric points 240-244). See location in Figure 9.

TABLE 4 Newmark displacement values according to the final weighted probabilistic map for both the Granada basin and the infrastructure buffer (50 m).

Newmark displacement Susceptibility

% Surface predicted (whole basin)

% Surface predicted for road
infrastructure

Roads (%)

Highways (%)

Dy <1 | Negligible 96.85 96.79 97.97
1<Dy<5 Low 1.42 113 0.77
5 < Dy <15 | Moderate 1.04 1.16 0.77
Dy > 15  High 0.69 0.92 0.49

The susceptibility analysis in the Granada basin reveals that the
majority of the basin’s surface, approximately 96.85%, exhibits a null
susceptibility, indicating low Newmark displacements (Table 4).
This zone is in the central part of the basin, characterized by very low
to negligible slopes, and the presence of poorly cemented
conglomerates and alluvial sediments. However, it is identified
that 1.42% of the surface has a low susceptibility level, while
1.04% shows a moderate susceptibility, and 0.69% indicates high
susceptibility to disrupted landslides (Table 4). It is important to
note that the category encompassing moderate and high
susceptibility levels accounts for 1.73% of the surface, which is
higher than the low susceptibility level. Areas with moderate and
high susceptibility levels tend to be in steep slope areas and a
combination of hard and soft materials, as observed in the
eastern zone of the basin with the presence of poorly cemented
conglomerates and alluvial sediments.

Regarding the road infrastructure in the Granada basin, it has
been determined that many highways and roads pass through low-
slope areas, which explains why, on average, 97.38% of the analyzed
infrastructure’s alignment (corresponding to a 50 m buffer around
it) has a null susceptibility level (Table 4, second and third columns).
When comparing the predicted susceptibility levels for each type of
infrastructure, it is observed that the different susceptibility intervals
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are, on average, 62% higher for highways compared to roads. By
analyzing the predicted susceptibility in roads (Figure 10), moderate
and high susceptibility levels tend to cluster more compared to
highways (Figure 10), where they are more scattered. This can be
explained by the more winding alignment of roads compared to
highways. However, it is forecasted that 1.67% of the road
infrastructure’s alignment exhibits moderate to high susceptibility
levels, with the A-92 highway being the infrastructure with most
slopes in the higher categories of susceptibility, with 1.25% of its
entire alignment affected by moderate to high vulnerability
Newmark displacements. The A-338 road also shows moderate to
high vulnerability, affecting approximately 0.65% of its entire
alignment.

Rodriguez-Peces et al. (2014) studied the performance of slopes
in the western sector of Sierra Nevada Range. That zone corresponds
to the eastern limit of the area here studied. They computed
Newmark displacements for the case of occurring an Mw
6.6 event in the western limit of the Sierra Nevada Range. They
concluded that rock falls and slides were the most probable slope
instabilities caused by this scenario. These instabilities were likely
triggered by Newmark displacements of 2 cm or less. These findings
are in agreement with results presented in this study. In addition,
their results show a similar distribution to those obtained in this
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study, since the highest Newmark displacement values occur in
equivalent mountainous zones (particularly related to the incision of
rivers), given the control that the relief has on the stability of terrain
(lower safety factor and critical acceleration).

5 Conclusion

In this study, a logic tree scheme has been used to evaluate the
susceptibility of slopes in the Granada basin to shallow seismic-
induced landslides. The study accounted for variability in the
geotechnical properties of the materials, degree of saturation of
soil column and depth to failure surface. Additionally, several
empirical relations for estimating the Newmark displacement
were implemented in the scheme to account for uncertainties in
the computation of this key result of the analysis.

This methodology was first applied to verify its capabilities to
evaluate a real case study, the seismic series of January 2021, that
affected the study zone. The results obtained show that only two events
were able to induce the instabilities known during this series. At the
same time, these results confirm the capabilities of the methodology to
obtain valuable results, useful for estimating complex scenarios. In this
case, maximum expected horizontal acceleration and Arias Intensity for
a 475 years return period were considered.

The study has revealed that most of the surface area in the basin
exhibits negligible susceptibility (Newmark displacements <1 cm).
Consequently, most of road network in the basin largely traverses
low-slope areas and shows no susceptibility. However, areas with
low, moderate, and high susceptibility have been identified,
primarily in steep slopes and a combination of hard and soft
materials. It is important to point out that A-92 highway and A-
338 road are roads with more slopes susceptible to suffer seismic-
induced landslides, with significant portions of their alignments
affected by moderate (5-15cm) to high (>15cm) Newmark
displacements. These findings highlight the importance of taking
preventive and mitigation measures in the southern and western
sections of the Granada basin, where the roads would be most
affected. However, it is observed that in densely populated areas such
as the metropolitan area of Granada, the effects of earthquake-
induced landslides would be less severe in comparison. The
information provided by this study is valuable for resilient
infrastructure planning and risk management strategies in the
Granada basin.

The results presented show that the combined use of logic tree and
rigid block methods allow the study of different scenarios: deterministic
and probabilistic. The use of probabilistic scenarios could be used for
designing new lineal infrastructures and for planning preventive
measures in road networks. Besides, the proposed methodology
could be used for co-seismic landslide studies in other areas where
the required information is available. In this regard, it will be applied to
other active zones where seismicity is characterized by moderate to low
magnitude earthquakes.
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