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ABSTRACT: Earthquake-induced landslides are serious damaging geo-hazards. Therefore
it is essential to include their effects in the seismic risk assessment. The approach proposed by
this study aims to perform a large-scale risk assessment by computing the permanent sliding
displacement. The estimation of the losses requires three main components. The first is the
calculation of the ground motion intensity measures using the scenario-based hazard calcula-
tor of the OpenQuake-engine, supported by GEM Foundation. The second component is rep-
resented by an exposure model, which describes the value, vulnerability class and the spatial
distribution of the elements. The final part comprises the vulnerability function that estab-
lishes the distribution of loss ratio for a range of hazard intensities. The study presented
herein indicates considerable variability in the loss estimates due to the input parameters.
These issues are investigated using the Metropolitan Area of Lisbon and Santarem district
(Portugal) as study areas.

1 INTRODUCTION

Earthquakes with a magnitude greater than 4 can trigger landslides on susceptible slopes near
the epicentre, and earthquakes with magnitude greater than 6 can trigger widespread land-
slides. These landslides can have a significant impact on a region. In some past events, they
even exceeded the losses caused by ground shaking. For instance, losses of around $300-500
million were attributed to earthquake-induced landslides after the 1964 Alaska (Mw = 9.2)
earthquake (Keefer, 1984).
This study focuses on the assessment of the occurrence of landslide and calculation of

ground displacement within a seismic risk analysis framework. In this context, 12 models are
considered to calculate permanent ground displacements. These methodologies are tested
using the Metropolitan Area of Lisbon and Santarem district (Portugal) as study areas.

2 STUDY AREA AND SELECTION OF EARTHQUAKE SCENARIO

The Lisbon and Santarem districts are located in the Eurasian plate. They are characterised
by moderate seismicity and have been shaken by historical earthquakes that caused significant
economic losses (Carvalho et al., 2013). Due to their historical background, the districts of
Lisbon and Santarem are chosen as the case studies.
For this study, one seismic event is considered. The event is located in the Lower Tagus

Valley, with a moderate magnitude (6.0 Mw) at a short distance. The selection of the ground
motion prediction equations can have a significant impact on the seismic hazard (Vilanova
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et al., 2012), and consequently on the resulting risk metrics. However, the selection of
adequate models for Portugal is a complicated task due to the lack of ground motion record-
ings (Silva et al., 2014).
According to the study by Vilanova et al. (2012) and expert opinions, for this study, the

ground motion model from Atkinson (2008) and Travasarou et al. (2003) were used. To
model the uncertainty in the losses a large number of ground motion fields were employed
(Weatherill et al., 2015). Thus, for each seismic event, 1000 ground motion fields were con-
sidered. The ground motion calculation is performed with the scenario hazard calculator from
the OpenQuake-engine (Pagani et al., 2014; Silva et al., 2014).

3 BUILDING LOSS ESTIMATION

The calculation of earthquake losses is performed using the fragility functions from HAZUS.
According to the HAZUS approach, buildings are assumed to be either undamaged or
severely damaged due to ground failure. Since the likelihood of slight and moderate damage
due to ground failure is considered to be small, these are assumed to be captured by the esti-
mation of slight and moderate damage due to ground shaking. Therefore, building damage
due to ground failure is characterised by one combined extensive/complete damage state.
The fragility curves from HAZUS follow a cumulative lognormal distribution with a stand-

ard deviation of 1.2 and a median value of 0.254 m for settlement and 1.524 m for lateral
spreading. P E or CjPGD½ � describes the probability of extensive or complete damage for a
given permanent ground deformation (PGD). The only difference across different building
classes is based on the foundation type, divided between shallow and deep foundations. The
fragility curve from HAZUS is applicable only for buildings on shallow foundations. For the
case of structures supported by a deep foundation, the probability of extensive or complete
damage is reduced by a factor of 10 for settlement-induced damage, and by a factor of 2 for
lateral spreading-induced damage (NIBS, 2003).
To compare the results from the different approaches described herein the HAZUS fragility

curve is combined with all PGD estimation models. For the calculation of the economic
losses, the exposure database from Silva et al. (2014) is used. The latter study proposed an
exposure model covering the entire residential building stock using data from the Building
Census Survey of 2011. Then, depending on the location, the total area of the building and the
costs established by the Portuguese government, an aggregated replacement cost was esti-
mated for the entire building stock.
The HAZUS approach assumes that in areas of extensive or complete damage, 20% of the

buildings have complete damage and the other 80% have extensive damage. Therefore, during
the loss estimation, this information must be considered to avoid an overestimating the eco-
nomic losses.

4 METHODOLOGY

The seismic slope performance can be modelled using the sliding block model, in which the
landslide is represented by a rigid block on an inclined plane. The displacement is computed
for a specific critical acceleration (ac or ky), assumed to cause the initiation of the sliding by
exceeding the shear resistance. Sliding starts when the acceleration-time history exceeds the
critical acceleration. The sliding block model assumes that the sliding mass is rigid and its
dynamic response is ignored. Thus, it is applicable only to shallow failure planes, which com-
monly occurs in natural slopes (Kramer, 1996).
The application of the sliding block model at regional scale requires information regarding

the topography, geology, geotechnical and seismological parameters. Topographic, geologic
and geotechnical data are used to compute the critical acceleration. The combination of the
critical acceleration and level of ground shaking is used to estimate the ground displacement
(Dreyfus et al., 2013).
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As the first step of the seismic slope analysis, computation of the yield acceleration is
required. The yield acceleration is the acceleration that characterizes the resistance of the slope
under seismic conditions. In the regional analysis, the common slope model to compute the
yield acceleration is assumed as an infinite slope model (Wang & Rathje, 2015) (see Equation 1).

ac ¼ FS � 1ð Þ:sinα ð1Þ

where ac is the critical acceleration, FS is the static factor of safety and, αis the slope angle. A
sliding block analysis requires knowledge of the factor of safety, which is the function of slope,
soil strength parameters and the saturation ratio. The percentage of saturated failure thickness
can be calculated as the ratio of the water level above the failure plane to the depth of the failure
thickness (Dietrich and Montgomery, 1998). The input parameters for the ac calculation take
different values, based on the lithological type and it is explained in the further section.
The selection of appropriate ground motion intensities is important in seismic slope stability

analysis (Bray, 2007). To this end, vector approaches that required more than one ground
motion intensity are used. This study uses Atkinson (2008) to estimate the peak ground accel-
eration (PGA), the peak ground velocity (PGV) and Travasarou et al. (2003) for Arias inten-
sity (IA). Besides, the ratio of ky/PGA is also used as an intensity measurement to provide a
direct assessment of displacement occurrence, since D > 0, if PGA > ky (Saygili and Rathje,
2008). The empirical models are developed using worldwide earthquake records and widely
used in regional assessments. Moreover, they are generally suitable for large- scale assessments
in any region (Liang et al.,2018). In this study, the scalar and vector displacement models
from Jibson (2007), Saygili & Rathje (2009) and Fotopoulou & Pitilakis (2015) are used.

4.1 Jibson (2007)

Jibson (2007) developed models using 2270 strong-motion recordings from 30 worldwide
earthquakes. The models of Jibson (2007) are the function of ky, ky/PGA and IA. This meth-
odology is hereafter termed as J, followed by the model number (e.g. J1).

4.2 Rathje and Saygili (2008, 2009)

Saygili and Rathje (2008, 2009) derived both scalar and vector models using the Pacific Earth-
quake Engineering Research (PEER) Center database, which includes earthquakes ranging
from magnitude between 5-7.0 and distances from 0.1 to 100km. The scalar and vector models
of Rathje and Saygili (2008, 2009) use parameters ky, PGA, PGV, IA and M. This method-
ology is hereafter termed as RS, followed by the model number (e.g. RS1).

ln D ¼ a1 þ a2
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ky
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þ a6 ln PGAð Þ þ a7 ln GM2ð Þ þ a8 ln GM3ð Þ ð2Þ
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Table 1. Model parameters of Jibson (2007).

Model Nr. logD σ

1
�2:71þ log½ 1�

ky
PGA

� �2:335
ky

PGA

� ��1:478

þ 0:424M
0.454

2 2:401 log IAð Þ � 3:481log ky
� �

� 3:23 0.66

3 0:561log IAð Þ � 3:833ln
ky

PGA

� �

� 1:474 0.62
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4.3 Fotopoulou and Pitilakis (2015)

Fotopoulou & Pitilakis (2015) developed displacement models based on two dimensional,
fully non-linear numerical analysis by using 40 ground motions recorded on rock taken from
the SHARE (Seismic Hazard Harmonization in Europe) database. The scalar and vector
models of Fotopoulou & Pitilakis (2015) depend on ky, PGV and IA (See Table 3). This meth-
odology is hereafter termed as FP followed by the model number (e.g. FP1).

5 DEFINITION OF GEOTECHNICAL PARAMETERS

Lithology in the study area is obtained from the lithological map, which was extracted from
the Portuguese Environment Agency (APA) portal. The study area is divided into five main
lithological sets. Group A refers to very stiff and consistent materials, that are defined by igne-
ous and metamorphic rocks. Group B is defined by the materials that are quite massive, but
less than the previous group. They consist of Mesozoic and Paleogene sedimentary rocks.
Group C describes the compact materials, which may have a high level of weathering, and
argillaceous material. Finally, Group D is defined by the materials that can be found in a wide
area related to Quaternary deposits.
For each group, some geological and geotechnical parameters were assigned based on the

values proposed by the EC8 and other existing studies (e.g. Stewart et al. (2008); Chousianitis
et al., (2016), Salinas et al., (2017)) (Table 4). The slope angles were derived using a Digital
Elevation Model (DEM) with a resolution of 30 m. The groundwater depth was obtained
from a global dataset of water depth by Fan et al. (2013). If the water table was below the
failure thickness, the analysis was done under dry conditions (m = 0). For locations where the
water depth is above the failure surface, the assessment is done under wet conditions. The
depth of the groundwater table will naturally vary during the year; however, for this study,

Table 2. Model parameters for Rathje and Saygili (2009).

Model Nr. 1 2 3 4

Model
Parameters

GM1: PGA
GM2: PGV
GM3: IA

GM1: PGA
GM2: PGV

GM1: PGA
GM2: IA GM: PGA

a1 -0.74 -1.56 2.39 4.89

a2 -4.93 -4.58 -5.24 -4.85

a3 -19.91 -20.84 -18.78 -19.64

a4 43.75 44.75 42.01 42.49
a5 -30.12 -30.50 -29.15 -29.06

a6 -1.30 -0.64 -1.56 0.72

a7 1.04 1.55 1.38 0.89
a8 0.67 - - -

σ 0:2þ 0:79

�
ky

PGA

� �

0:41þ 0:52

�
ky

PGA

� �

0:46þ 0:56

�
ky

PGA

� �
0:73þ 0:78 �

ky
PGA

� �

�0:53 �
ky

PGA

� �2

Table 3. Model parameters of Fotopoulou and Pitilakis (2015)

Model Nr. lnD σ

1 �8:076þ 1:873ln PGVð Þ þ 0:2ln IAð Þ � 5:964ky 0.61

2 �8:36þ 1:873ln PGVð Þ � 0:347ln
ky

PGA

� �

� 5:964ky
0.64

3 �9:891þ 1:873ln PGVð Þ � 5:964ky þ 0:285M 0.65

4 �2:965þ 2:127ln PGAð Þ � 6:583ky þ 0:535M 0.72
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this variation was neglected. The failure thickness is specified on the observation that shallow
landslides typically occur in the top few meters of soil. For example, Jibson et al., (2000)
assumed 2.43 m to evaluate landslides in natural slope. Therefore, only shallow landslides are
taken into account, and a decision was made to consider a failure thickness (t) value of 3 m.

6 RESULTS

In this study, the calculation of earthquake losses is performed using the fragility function
from HAZUS, which describes the probability of loss ratio for a set of intensity measure
(PGD). After calculating displacements with each model, the building damage states due to
ground displacement are defined through HAZUS fragility function, and the probability of
damage state is multiplied with the exposed building cost.
The distribution of loss per displacement model presents a wide range. To properly appreci-

ate this distribution, the mean (μ) and coefficient of variation (CoV), are provided. Figure 1
illustrates the losses through the displacements computed with each model. The error bars
indicate their standard deviations. According to the results, the RS4 model calculates the high-
est mean losses (4 M€). It is followed by RS2 model (2.6 M€). These two models also show
higher variation in comparison with RS1 and RS3 models. Moreover, the inclusion of more
IMs in the model should improve the displacement prediction (Saygili and Rathje, 2008). This
study also shows that the model of RS including three IMs represented efficient result, in case
of the variation.

Table 4. Soil categories and parameters considered in the
calculations

Soil Categories c (kN/m2) ϕ (°) γ (kN/m3)

A 45 30 27

B 36 28 25

C 38 28 21

D 20 25 19
E 13 18 17

Figure 1. Losses for the scenario of Mw 6 from each model.
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FP1 model predicts the highest mean losses in all FP models (390 thousand €) with the
lowest variation. Furthermore, the difference between the mean losses of the FP models is
smaller than the difference observed between the other models. FP models have lower disper-
sion values than the RS and J models. This could be associated with the modelling assump-
tions, because FP models are derived from log-linear regression analysis using numerical
analysis results, on the other hand, RS and J methods are empirically derived models.
J2 model (which uses IA and ky) has the highest dispersion with a CoV value of 12. On the

other hand, model J3 predicts the highest mean loss (730 thousand €) and the lowest disper-
sion (1.93). The difference between J2 and J3 is related to the acceleration ratio. J2 is a model
without a term representing the absolute value of PGA, and thus J2 model cannot distinguish
the effect of large intensities on the displacement. This observation indicates the importance
of PGA on the calculation of displacement.
Finally, the sensitivity analysis is performed to assess the influence of the failure thickness

parameter in the loss calculation estimated from the different displacement models. One repre-
sentative model from each model is selected, based on their CoV values. Then, for the thick-
ness parameters, a set of values are generated. For instance, the influence is evaluated by
using the original value (3 m), reduced (2 m) and increased (5 m) values.
To assess the influence of t on the resulting losses, the models RS1, FP1 and J3 are selected.

Figure 2 displays the results of the sensitivity analysis for the mean scenario losses using tor-
nado plots. The difference from the base model’s value (model with the original parameter
values) is shown in terms of percentage of variation (x-axis). The results indicate that the fail-
ure thickness has a strong influence on the loss assessment. Especially the FP1 model is the
most affected one. When it is increased, the yield acceleration reduces and consequently the
losses become higher. It is also related to the wetness condition, as groundwater level below
the level of t leads to a dry condition, which consequently reduces the losses.

7 CONCLUSION

This study presented a scenario-based earthquake-induced landslide loss assessment. One
onshore event was explored to calculate losses on the residential building stock in two districts
of Portugal: Lisbon and Santarem. For this purpose, the ground motion prediction equations
of Atkinson (2008) and Travasarou et al. (2003) were used.
The permanent ground deformation was calculated with 11 different models from Fotopo-

lou & Pitilakis (FP), Rathje & Saygili (RS), Jibson (J). The models from RS led to the highest

Figure 2. t sensitivity for models of RS1, FP1 and J2
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losses. The difference between the models is generally associated with the modelling assump-
tions and the selection of the intensity parameters (Fotopoulou & Pitilakis, 2015). For
instance, all four models use different IMs and different combinations: RS4 (PGA, M, ky/
PGA), FP4 (PGA, M, ky) J1 (M, ky/PGA) and HZ (PGA, M, ky/PGA). From this compari-
son, it can be concluded that the FP1 model shows less variation (CoV:0.98). The J2 model
has the highest variation (CoV: 12.3), and it is the only model that does not use PGA. These
results seem to indicate that PGA is one of the most crucial intensity parameters for landslide
loss estimation to have a lower variability.
Eleven empirical displacement models were used in this study. These models estimate the

sliding displacements as a function of ky and combinations of the ground motion parameters
PGA, PGV, IA. The ability of some of these models to predict the landslide were validated
against real observations of landslide occurrence in previous studies (e.g. Dreyfus et al., 2013).
In this study, the large dispersion in the loss estimation is shown with additional empirical
models, such as FP15 and HZ. The results of the sensitivity analysis underlined the impact of
the decision on the failure thickness. The changes in the failure thickness can lead to signifi-
cant variability in the final loss metrics.
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