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Abstract

Recent earthquakes have shown that earthquake-induced landslides and liquefaction can
severely disrupt transportation systems and generate significant direct and indirect losses.
Still, these secondary hazards are rarely incorporated into regional road-network disrup-
tion assessments. This paper presents a scenario-based multi-hazard methodology, imple-
mented in the OpenQuake-engine, for integrating ground shaking, earthquake-induced
landslides, and liquefaction into transportation-network analysis. The workflow combines
hazard modelling, component-level damage and operability assessment, and network-
based performance metrics. The methodology is demonstrated for the major road network
of Southern Portugal using three representative earthquake scenarios. The results show
that ground shaking is the dominant driver of regional disruption, but liquefaction and
landslides can contribute locally to asset non-operationality and connectivity loss, particu-
larly where susceptible ground conditions coincide with critical network links. The results
also show that multi-hazard impacts are not simply additive, because network disruption
depends on the spatial configuration and overlap of affected components. Compared
with ground-shaking-only analyses, the proposed approach provides a more complete
representation of road-network disruption and helps identify locations where secondary
hazards may compromise network redundancy and emergency accessibility.

Keywords: road network; earthquake; landslide; liquefaction; network analysis; Portugal

1. Introduction
While ground-shaking is commonly regarded as the primary cause of structural dam-

age during earthquakes, earthquake-induced ground failures, particularly landslides and
liquefaction, often play a critical role in the disruption of critical lifelines. These processes
can severely affect transportation networks, leading to prolonged service interruptions
and reduced accessibility, especially during emergency response operations [1]. Given the
essential role of road networks in emergency conditions, accounting for secondary hazards
in seismic risk assessments is fundamental for capturing direct damage to the infrastruc-
ture components (e.g., bridges, tunnels, slopes) and for identifying network disruptions
that may subsequently generate indirect losses, such as increased travel times, limited
accessibility, and broader socio-economic impacts [2,3].
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Past events have demonstrated the significant impact of secondary hazards on trans-
portation networks worldwide. For instance, the 1964 moment magnitude (Mw) 7.5 Niigata
earthquake in Japan [4] and the 1995 Mw 6.9 Kobe earthquake [5] caused widespread lique-
faction, resulting in bridge failures and severe disruption to roads and port facilities. In
contrast, the 2008 Mw 7.9 Wenchuan earthquake in China [6–8] highlighted the devastating
effect of earthquake-induced landslides, with tens of thousands of slope failures blocking
roads and railways and isolating entire regions for several days, thereby delaying rescue
operations. More recent events, such as the 2016 Mw 7.8 Kaikōura earthquake in New
Zealand [9] and the 2016–2017 seismic sequence in Central Italy [10], further confirmed the
critical role of landslides in disrupting major transportation corridors.

Despite these observations, the integration of earthquake-induced hazards such as
landslides and liquefaction into transportation network risk assessments remains limited.
Existing studies have primarily focused on ground-shaking effects, while only a few
examples incorporated secondary hazards. For example, Lo et al. [11] developed a joint
probability model combining liquefaction-induced road damage with building collapse
probabilities to evaluate road blockage risk in Taiwan, while Robinson et al. [12] proposed
a geographic information system (GIS)-based framework to assess coseismic landslide
exposure of road networks. Argyroudis et al. [13] and earlier studies by Stergiou and
Kiremidjian [14] and Kiremidjian et al. [15] incorporated liquefaction and landslide effects
within seismic risk assessments using the Federal Emergency Management Agency (FEMA)
HAZUS-based approaches, in which hazard measures are related to infrastructure damage
states through empirical fragility functions, with damage subsequently translated into
component functionality or network consequences. These approaches provide a practical
framework for regional assessment but often rely on simplified infrastructure classifications,
generalized fragility relationships, and simplified representations of secondary-hazard
effects, which can limit their applicability to multi-hazard analyses. Such simplifications
may mask the spatial variability of the hazard and prevent the combined influence of
different hazards on component damage and network connectivity from being evaluated
consistently. An improved regional framework should therefore propagate hazard-specific
intensity measures through component damage and network-performance assessment
within a common workflow.

More broadly, the development of regional-scale, multi-hazard risk assessments for
transportation networks presents several challenges. First, earthquake-induced landslides
and liquefaction are governed by distinct physical processes and occur under different pre-
disposing site conditions, requiring the definition of a wide range of input parameters that
are often unavailable or highly uncertain at large spatial scales. This limits the possibility
of applying highly detailed site-specific models consistently over large areas and requires
transparent regional-scale assumptions and models compatible with spatially distributed
datasets. In addition, fragility relationships for infrastructure components subjected to
secondary hazards remain scarce and are often highly simplified. As a result, uncertainty
arises not only from the hazard estimates but also from the translation of those hazards
into component damage and functionality. For landslides, existing approaches frequently
assume either complete destruction when roads intersect landslide paths [16] or define
damage based on relative slope position [17,18], limiting their applicability at large scales.
For liquefaction, most methodologies rely on intensity measures such as permanent ground
deformation, as in HAZUS [19], or adopt threshold-based assumptions where damage is
inferred directly from the occurrence of liquefaction [15,20].

In addition, transportation networks exhibit complex system behaviour, meaning that
the consequences of damage cannot be adequately assessed through direct losses alone.
Network-level performance can be evaluated using different approaches. Connectivity-
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based metrics capture changes in network topology, accessibility, and redundancy [13,21],
whereas flow-based approaches coupled with traffic-assignment models provide a more
detailed representation of transportation service by accounting for traffic demand, link
capacity, congestion, route choice, and travel-time changes. Flow-based approaches, how-
ever, require additional data and modelling assumptions, including origin–destination
demand, link capacities, and post-event traffic redistribution [22]. In the present study, a
connectivity-based approach was adopted because the primary objective is to investigate
the relative contribution of ground shaking, landslides, and liquefaction to road-network
disruption, rather than to model post-earthquake traffic conditions explicitly. Consequently,
the adopted metrics capture changes in accessibility and network connectivity, but do not
explicitly represent capacity reductions, congestion, or traffic redistribution on links that
remain traversable.

Finally, probabilistic regional risk analyses introduce further computational challenges,
particularly when network performance must be evaluated repeatedly for multiple event
realizations. Several studies have proposed strategies to reduce this burden, including the
selection of representative scenarios [23], the use of reduced event sets [24], and impor-
tance sampling techniques [25]. Despite these advances, the availability of open-source
tools capable of integrating multiple hazards, infrastructure damage, and network-level
performance within a unified framework remains limited.

To address these limitations, this study proposes a scenario-based multi-hazard frame-
work for assessing earthquake-induced disruption to transportation networks. The frame-
work is implemented within the OpenQuake (OQ)-engine [26,27] and integrates ground
shaking, earthquake-induced landslides, and liquefaction into a unified workflow. The
methodology propagates ground-shaking fields into landslide and liquefaction estimates,
translates multi-hazard damage into component operability, and evaluates the resulting
degradation of road-network connectivity using connectivity-based performance metrics.
Alternative landslide and liquefaction models are combined within a conceptual logic-tree
framework to explore secondary-hazard model uncertainty.

The main objective of the study is to evaluate how ground shaking, earthquake-
induced landslides, and liquefaction contribute, individually and in combination, to
road-network disruption at the regional scale, and to assess how their relative importance
varies spatially and across different earthquake scenarios. The proposed methodology
is demonstrated through a case study of the major road network in Southern Portugal,
considering a set of representative seismic scenarios. The analysis therefore aims not
only to compare ground-shaking-only and multi-hazard disruption estimates, but also
to identify which hazards dominate network disruption under different scenarios and
where secondary hazards become particularly relevant for network redundancy and
emergency accessibility.

2. Methodology
2.1. Overview

The methodology described in this section integrates ground shaking, earthquake-
induced landslides, and liquefaction into an infrastructure-network multi-hazard assess-
ment workflow implemented in the OpenQuake-engine. The overall sequence is described
in Figure 1 and discussed in the following paragraphs.
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Figure 1. Methodology. PGA: peak ground acceleration; PGV: peak ground velocity; Sa: spectral
acceleration; Disp: landslide displacement; LsProb: landslide probability; LiqProb: liquefaction
probability; LiqOccur: liquefaction occurrence; LSE: liquefaction spatial extent; WCL: weighted
connectivity loss.

2.2. Hazard Characterization

The initial step in the proposed framework involves the characterization of seismic
hazard. The hazard input can represent a single seismic scenario coming from one rupture,
or a collection of events, which are sampled considering the rates of occurrence of the
different sources of seismicity of the region for a specific timeframe. When a single rupture
is used, the uncertainty in the ground motion models (GMMs) is propagated by creating
multiple realizations of the scenario. For each realization of the event, a GMM is sampled
from a logic tree to propagate the epistemic uncertainty, and random fields of intensity
measures (IMs) that represent the shaking in the affected area are generated.
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The ground-motion fields associated with each realization are then used as inputs to
the earthquake-induced landslide and liquefaction models, together with the corresponding
site-specific parameters required by each model. The secondary-hazard calculations are
therefore conditioned on the same ground-motion realization, preserving the link between
the ground-shaking field and the associated ground-failure estimates. Depending on the
selected models, the resulting secondary-hazard intensity measures may include landslide
displacement and liquefaction probability, occurrence, or spatial extent. These hazard-
specific outputs are subsequently transferred to the exposed network components and used
in the corresponding damage models.

While the proposed methodology is applicable to both event-based probabilistic and
scenario-based analyses, the presented case study is focused on the scenario-based framework.

2.3. Damage and Component Operationality Assessment

The next step in the methodology consists of estimating the damage state and opera-
tional status of each component of the transportation network. This step integrates three
main inputs:

• The intensity measures computed in the hazard module for ground-shaking, landslide
and liquefaction [26,27];

• The exposure model, which defines the spatial distribution, taxonomy, and the at-
tributes required for network characterization, including the representation of nodes
and edges [28];

• The fragility functions, which represent the probability of an asset reaching or exceed-
ing a specific damage state, conditional on a given intensity measure [19].

By combining these inputs, the OpenQuake-engine estimates the probability distribu-
tion of damage states for each exposed component and for each hazard considered. For
ground shaking, damage is estimated from the corresponding shaking intensity measure
and the seismic fragility functions assigned to each asset class. For landslides and lique-
faction, damage is estimated using the hazard-specific intensity measures or occurrence
indicators and the corresponding fragility or threshold-based damage models.

The damage estimates are subsequently translated into operational status, which
determines the component availability for the network analysis, through a consequence
model that relates each damage state to asset functionality [19,28]. In this study, component
operability is represented using a binary state. Assets in slight or moderate damage states
are assumed to remain passable and therefore available within the network, whereas assets
in extensive or complete damage states are considered non-operational/unavailable. This
threshold is consistent with the qualitative distinction between the damage states adopted
in HAZUS [19], where moderate bridge damage may involve structural damage while the
affected components remain structurally sound, whereas extensive damage corresponds to
structurally unsafe conditions.

This binary representation should not be interpreted as implying that components
experiencing slight or moderate damage retain their full pre-earthquake traffic capacity.
Such damage may result in lane closures, reduced speeds, traffic restrictions, or other
reductions in service. These effects are not explicitly represented in the present analysis
because network performance is evaluated in terms of connectivity, using shortest-path
distance as the edge weight, rather than through traffic-flow, capacity, or travel-time
analysis. Consequently, a partially restricted component remains in the network as long as
it is assumed to be traversable. The adopted representation may therefore underestimate
service degradation where moderate damage results in complete closure or substantial
travel-time penalties. Traffic-capacity reductions, traffic redistribution, and time-dependent
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recovery are outside the scope of the present study and represent potential extensions of
the methodology.

When multiple hazards affect the same component, the final operational status is
governed by the most severe damage state obtained across all hazards. Therefore, an asset
is considered non-operational, and therefore unavailable in the network, if it reaches an
extensive or complete damage state due to ground shaking, landslide displacement, or
liquefaction effects. Based on this assumption, the transportation network is updated prior
to the connectivity analysis.

2.4. Network Modelling and Analysis

After identifying how the different assets are affected, the network is analysed as a
system. Unlike building portfolios, where total loss can be obtained by simply aggregating
losses from individual units, the assessment of road networks is more complex due to the
interconnected nature of their components. To evaluate the overall network performance,
network analysis or graph theory [29] is employed. In network analysis, relationships
between entities are modelled using graphs, which consist of nodes and edges. The original
graph is constructed using the nodes and edges defined in the exposure model, and, for
each event, the post-earthquake graph is updated by removing components that are no
longer operational to perform the network analysis.

2.5. Network Performance Assessment

Different network performance metrics can be computed in the OpenQuake-engine,
such as the partial connectivity loss (PCL), complete connectivity loss (CCL), weighted con-
nectivity loss (WCL), and efficiency loss (EFL) [28]. In this study, the analysis focuses on the
WCL metric [13,21], which extends the concept of connectivity loss by incorporating edge
weights. This allows the metric to account not only for whether nodes remain connected,
but also for the quality of the available paths, represented here by shortest-path distance.

WCL was selected because it is sensitive to both complete disconnection and degra-
dation of path quality. This makes it more informative than CCL for dense regional road
networks, where total isolation between demand and supply nodes is relatively rare due to
the presence of redundant paths. Compared with EFL, WCL also provides a balance be-
tween computational efficiency and the ability to capture changes in network functionality.

WCL quantifies the reduction in accessibility within the network by considering both
the number of reachable nodes and the quality of the connections between them. A value
close to 0 indicates that the network remains largely functional, with most nodes still acces-
sible through efficient paths, whereas values approaching 1 indicate severe degradation,
associated with loss of connectivity and/or substantially longer routes. Therefore, WCL
provides an indirect measure of service disruption, reflecting how earthquake-induced
damage affects the ability of users to access different parts of the network. In the context
of this study, WCL is used as a network-level consequence metric, representing loss of
accessibility and connectivity rather than an economic loss. Indirect consequences such as
traffic delays, user costs, and broader socio-economic losses are not quantified.

For each node, WCLi is given by Equation (1),

WCLi = 1 − Ni
sWi

s
Ni

oWi
o

(1)

where Ni
s and Ni

o represent the number of demand nodes connected to the ith source node
after and before the event, and Wi

s and Wo
s represent the weights, which can be calculated

as shown in Equation (2),
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Wi = ∑
j, j ̸=i

Iij.
1

Distij
(2)

where Iij is equal to 1 when the path exists between ith and jth nodes, and 0 otherwise.
Distij represents the weight of the connection between the ith and jth node, which in
this study corresponds to the shortest-path distance between nodes in the road network,
although other metrics such as travel time or cost may also be used. After computing these
metrics for each event realization, the results are averaged to obtain aggregate estimates for
each event.

3. Case Study
This section describes the implementation of the general methodology presented in

Section 2 for the case of Southern Portugal, including the selection of models, input datasets,
and assumptions required for hazard, exposure, and vulnerability characterization.

3.1. Study Area and Seismic Scenarios

The southern part of Portugal is a region characterized by low to moderate seismic
hazard, although it is potentially affected by strong events. Existing studies addressing
secondary seismic hazards in Portugal are relatively limited and mostly focused on hazard
characterization rather than infrastructure impacts. Liquefaction has been investigated
through different approaches, including the development of a national liquefaction poten-
tial map [30], susceptibility assessments based on field tests in Vila Franca de Xira [31] and
in Aveiro [32], as well as numerical simulations conducted in a basin adjacent to the Tagus
River [33]. Earthquake-induced landslides have also been explored, for instance through
susceptibility analyses combining seismic and rainfall-induced landslides in Azores [34].
However, these studies do not explicitly address consequences on built infrastructure.
Research focusing on road networks and incorporating secondary hazards is particularly
scarce. Notable exceptions include the work of Azevedo et al. [35], who evaluated damage
in road and railway networks in the Lisbon Metropolitan Area under seismic scenarios, and
Caiado et al. [36], who analysed seismic vulnerability at a local scale considering building
debris and pavement damage. Other studies, such as Costa et al. [37], address road network
risk but do not account for secondary hazards.

The road network analysis presented here was performed considering ground-shaking,
earthquake-induced landslides, and liquefaction under three seismic scenarios. The scenar-
ios were selected to represent contrasting seismotectonic conditions relevant to Southern
Portugal, rather than as an exhaustive representation of all possible earthquake sources.
Scenarios A and B are based on two major historical earthquakes and broadly reflect the two
types of seismic action considered for mainland Portugal in the Portuguese National Annex
to Eurocode 8: a distant, high-magnitude offshore earthquake and a closer, moderate-
magnitude earthquake, respectively. Scenario C complements these historical cases with a
hypothetical large-magnitude rupture on the Tagus Abyssal Plain Thrust (TAPT), repre-
senting an offshore source closer to Lisbon and the western Portuguese coast than Scenario
A. Together, the three scenarios represent different combinations of earthquake magnitude,
source location, and distance to the exposed network, resulting in contrasting ground-
shaking and secondary-hazard footprints. This provides a suitable basis for evaluating how
the relative contributions of ground shaking, landslides, and liquefaction to road-network
disruption vary between earthquake scenarios.

The main characteristics of the three scenarios are summarized in Table 1, and the
corresponding rupture geometries are illustrated in Figure 2. Scenario A represents a
possible rupture associated with the 1755 earthquake, which severely impacted Lisbon
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and the southern region of Portugal, and was proposed by Duarte et al. [38]. Scenario B is
based on the 1909 Benavente earthquake, which caused extensive damage in the Lower
Tagus Valley and surrounding areas. Its rupture parameters were defined by Stich et al. [39].
Scenario C corresponds to a hypothetical Mw 7.5 event occurring along the TAPT, as
proposed by Matias et al. [40].

Table 1. Properties considered for each scenario.

Scenario Magnitude Latitude Longitude Depth Strike Dip Rake

A (1755) 8.6 35.930 −10.497 30 55 52 63

B (1909) 6.1 38.98 −8.86 10 51 52 83

C (TAPT) 7.5 37.825 −10.161 18.5 30 35 90

Figure 2. Location of the three ruptures considered.

3.2. Hazard Modelling and Site Properties
3.2.1. Grid Size and Filtering

A regional site model for Southern Portugal was developed to compute ground-
shaking, and to assess the occurrence of earthquake-induced landslides and liquefaction.
The required parameters were defined at each node of a regular grid with a spatial reso-
lution of 250 m × 250 m for landslide analysis and 500 m × 500 m for both liquefaction
and ground-shaking calculations [41]. Landslides and liquefaction are governed by distinct
geotechnical processes and are therefore expected to occur under different terrain condi-
tions. For the landslide analysis, sites with slope angles below 10◦ were excluded. This
threshold was adopted as a regional screening criterion based on observations from global
earthquake-induced landslide inventories, which show that the large majority of docu-
mented earthquake-induced landslides occur on slopes above 10◦ [42]. For liquefaction, the
analysis was restricted to areas with slope angles below 5◦, following the criteria adopted
by Allstadt et al. [41]. Liquefaction is predominantly associated with low-slope terrain,
and the adopted model does not explicitly represent flow or spreading processes occurring
on steeper slopes. In addition to being consistent with the typical occurrence conditions
and applicability of the respective models, these filters reduce the computational effort by
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avoiding calculations in areas where the considered processes are substantially less likely
or are outside the intended scope of the models. Ground-shaking estimates, however, were
computed for all grid points. The parameters required for each analysis depend on the
models selected for the respective hazard; these models and their input requirements are
described in the following sections.

For the subsequent damage assessment, hazard intensity measures were spatially
assigned to the individual components of the road network using a nearest-neighbour
approach. The network is represented by nodes and edges; nodes are characterized by
their geographical coordinates, whereas each edge is represented by its midpoint for the
purpose of hazard assignment. For each node and edge midpoint, the closest site in the
corresponding hazard grid was identified and the intensity measure calculated at that site
was assigned to the component.

3.2.2. Ground-Shaking

Ground-shaking was estimated using the ground motion model proposed by
Kotha et al. [43], developed for the European context and incorporating region-specific
attenuation adjustments. This model requires several input parameters, including the
time-averaged shear-wave velocity in the upper 30 m (Vs30), geological era classification,
distance to the volcanic front, and attenuation region coefficients. These parameters were
obtained for specific locations using the site model tool developed by Weatherill [44].

For each scenario, 1000 random ground motion fields of peak ground acceleration
(PGA), peak ground velocity (PGV), and spectral acceleration at 1.0 s (Sa(1.0 s)) were
generated by the OpenQuake-engine, to represent ground-motion variability, considering
both the spatial and inter-period correlation using the correlation models by Jayaram and
Baker [25] and Bradley [45].

3.2.3. Landslide

In OpenQuake, several models are available for the assessment of earthquake-induced
landslide hazard. In this study, two displacement-based models were selected: Rathje
and Saygili [46] and Jibson [47]. Both models are based on the Newmark sliding-block
approach and estimate permanent coseismic slope displacement by relating earthquake
ground motion to the critical acceleration of the potentially unstable slope. The critical
acceleration is derived from the slope geometry and material strength parameters and
represents the acceleration above which permanent sliding is expected to occur. The
Newmark formulation idealizes the potentially unstable mass as a sliding block and is
therefore principally applicable to translational slope failures.

The two models were selected because they are established regional-scale displace-
ment models, can be applied using the regional data available for the study area, and
provide displacement estimates compatible with the adopted landslide fragility functions.
They also use different empirical formulations for estimating displacement, allowing the
influence of model selection on the subsequent disruption estimates to be explored. The
selection was therefore based primarily on their suitability for regional-scale modelling
and compatibility with the damage-assessment framework, rather than on site-specific
calibration for Southern Portugal.

Both models represent permanent displacement at the location of the unstable slope
and do not explicitly simulate other earthquake-induced landslide mechanisms such as
rockfalls, highly disrupted slides, debris avalanches, or post-failure runout. Consequently,
landslide-induced road damage is evaluated where predicted slope displacement coincides
with the road-network assets. Failures initiating upslope and subsequently reaching the
road through runout are therefore not represented. This simplification may underesti-
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mate road disruption, particularly in steep terrain where rockfalls or mobile landslide
masses can affect roads located below the source area. The landslide results should conse-
quently be interpreted as a regional-scale indication of disruption associated with transla-
tional slope displacement rather than as a complete representation of earthquake-induced
landslide impacts.

The selected models require site-specific parameters, including slope angle, thickness
of the sliding mass, unit weight, degree of saturation, cohesion, and friction angle of
the materials. The slope angle was calculated from the 25 m Digital Elevation Model
(DEM) available for Portugal. Because a spatially consistent geotechnical database covering
Southern Portugal was not available, the parameters describing material strength were
defined through a regional lithology-based classification.

The 1:1,000,000 geological map of Portugal available through the LNEG (Laboratório
Nacional de Energia e Geologia) geoportal identifies 61 geological units within the study
area, predominantly associated with metamorphic and igneous formations. These units
were grouped by the authors into the broader lithological classes reported in Table 2
according to their dominant lithology and expected similarity in geotechnical behaviour,
with additional support from the simplified lithological information available through the
LNEG geoportal. Representative values of unit weight, cohesion, and friction angle were
then assigned to each group based on the typical properties of the corresponding materials
and the authors’ knowledge of the regional geological conditions.

Table 2. Geological parameters considered.

Lithology Density (kg/m3) Cohesion (kPa) Friction Angle (◦)

Filling 1733 5 26

Amphibolites/Schists 2446 60 34

Conglomerates 2446 65 34

Phyllites 2446 65 34

Sands 1834 12 32

Arenites, Basalts, Limestones, Gabbros, Gneiss,
Granites, Marbles, Metavolcanics, Peridotites,

Porphyries and Quartzites
2446 100 34

The parameters in Table 2 should therefore be interpreted as regional-scale modelling
assumptions rather than site-specific geotechnical properties.

For parameters with limited available data, conservative assumptions were adopted.
In particular, due to the lack of detailed information to accurately define the thickness of
the sliding mass, a constant value of 5 m was assumed across the study area. This value
should be interpreted as an effective sliding-mass thickness for regional-scale analysis,
not as a mapped soil or regolith depth. Because the estimated factor of safety, critical
acceleration, and resulting Newmark displacement are sensitive to this parameter, the re-
sulting landslide-induced disruption estimates should be considered indicative rather than
site-specific. Similarly, a degree of saturation equal to 1 was also assumed, corresponding
to fully saturated conditions and providing a conservative assumption with respect to
slope stability.

The geotechnical parameters were treated deterministically in the present regional-
scale analysis. Although uncertainty in cohesion, friction angle, sliding-mass thickness, and
saturation may significantly affect the predicted displacement, sufficiently detailed data
were not available to define defensible probability distributions and spatial correlations
for these parameters across the study area. These assumptions contribute additional
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uncertainty to the absolute displacement estimates and reinforce the interpretation of the
displacement estimates as indicative rather than site-specific.

3.2.4. Liquefaction

OpenQuake includes several geospatial models for regional assessment of liquefac-
tion hazard. In this study, two models were selected from those available in OQ: the
United States Geological Survey (USGS) Ground Failure liquefaction model described
by Allstadt et al. [41] and the regional liquefaction occurrence model of Todorovic and
Silva [48]. Both models were developed for regional- to global-scale applications and rely
on ground-motion estimates combined with geospatial proxies for soil susceptibility and
groundwater conditions, rather than on site-specific geotechnical investigations such as
cone penetration test (CPT)- or standard penetration test (SPT)-based liquefaction trigger-
ing analyses. They were therefore considered suitable for the spatial scale of the present
study and for the level of site information consistently available across Southern Portugal.

The Allstadt et al. [41] formulation builds on a parametric geospatial liquefaction
model in which ground shaking is combined with proxies related to soil stiffness and
wetness, including VS30, mean annual precipitation, distance to the nearest water body,
and groundwater-table depth. The implementation also includes constraints intended
to limit extrapolation beyond the range represented in the underlying empirical data.
The model provides estimates of liquefaction probability, occurrence, and spatial extent.
The Todorovic and Silva [48] model follows a different, non-parametric machine-learning
approach, trained using liquefaction occurrence and non-occurrence observations from
more than 40 earthquakes worldwide. Its predictors include PGV and VS30, together
with hydrogeological variables such as distance to water, groundwater depth, and mean
annual precipitation.

The two models were selected because they can be applied using spatially distributed
datasets available at the regional scale while representing substantially different modelling
approaches. Their combination therefore provides a means of exploring model uncertainty
in the liquefaction patterns.

The inputs were derived from publicly available global datasets: precipitation data
were obtained from the WorldClim database, distances to the nearest water bodies were
calculated using OpenStreetMap (OSM) data, and global water table depth was derived
following the methodology and datasets of Fan et al. [49,50].

3.2.5. Logic-Tree Framework and Model Uncertainty

The selected models for ground-shaking, landslide, and liquefaction were combined
within the conceptual logic-tree framework shown in Figure 3. Ground shaking was
represented using the Kotha et al. [43] ground-motion model, from which 1000 spatially
correlated ground-motion realizations were generated for each earthquake scenario. These
realizations represent the variability in the spatial distribution of shaking and provide the
ground-motion input for the subsequent landslide and liquefaction calculations.

For the secondary hazards, the Rathje and Saygili [46] and Jibson [47] models were
used for landslide displacement, while the Allstadt et al. [41] and Todorovic and Silva [48]
models were used for liquefaction. Equal weights were assigned to the two models within
each secondary-hazard branch because no sufficiently strong region-specific evidence was
available to favour one model over the other.

At the time of the analysis, alternative secondary-hazard models could not be sampled
directly as branches of a native OpenQuake logic tree. The models were therefore evaluated
in separate calculations and their resulting damage and network-performance estimates
were subsequently combined using the assigned model weights.
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Figure 3. Conceptual logic-tree framework for the combination of ground-shaking (Kotha et al. [43]),
landslide (Rathje and Saygili [46] and Jibson [47]) and liquefaction (Allstadt et al. [41] and Todorovic
and Silva [48]) models.

The alternative secondary-hazard models were included to represent the sensitivity
of the analysis to model selection rather than to provide an exhaustive characterization
of epistemic uncertainty. The selected models were chosen based on their applicability to
regional-scale analysis, compatibility with the available input data, and ability to provide
outputs that could be consistently linked to the damage models.

3.3. Exposure Model

In this study, the exposure model for the road network was developed using Open-
StreetMap (OSM), a community-based open data project and one of the most widely used
examples of volunteered geographic information [51]. In recent years, the completeness
and quality of global OSM datasets have improved substantially [52,53]. The dataset was
imported using the osmnx library [54], which facilitates the extraction and analysis of
network properties. To optimize computational efficiency and ensure compatibility with
the current implementation of infrastructure risk analysis in OQ, the datasets were refined
and consolidated prior to use.

The road network considered for Southern Portugal is illustrated in Figure 4. The
network comprises 11,771 nodes and 15,305 edges and is modelled as a simple, undirected
graph. Highways and primary roadways are included in the analysis. The analysis was
restricted to these road classes to focus on the major regional network and the connectivity
between the principal demand/supply locations. Secondary and lower-order roads were
therefore not represented as alternative routes. While this choice limits the size and compu-
tational requirements of the network analysis, it also reduces the redundancy represented
in the network and may lead to higher connectivity-loss estimates in areas where secondary
roads could provide alternative paths following disruption of the major network.

Edge weights are assigned based on the distances between connecting nodes, which
provides a consistent basis for the analysis. The Traffic Analysis Zones (TAZs) in Figure 4
were defined as representative demand/supply nodes associated with the main populated
areas of the study region. Their locations were selected to ensure both population relevance
and geographical coverage of the road network.
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Figure 4. Road network and considered TAZs.

3.4. Fragility and Consequence Models

Fragility and consequence models are applied separately for ground shaking, land-
slide and liquefaction. Although coupled fragility approaches have been developed for
specific combinations of hazards, particularly earthquake shaking and earthquake-induced
landslides or liquefaction for individual bridges, these models generally require detailed
structural and geotechnical information and are not readily transferable to heterogeneous
road networks at the regional scale. Therefore, physical interaction and cumulative damage
between hazards at the component level are not explicitly represented in this study. When
more than one hazard affects the same component, its state is determined by the most
severe damage state obtained from the individual hazard assessments.

3.4.1. Fragility Model for Ground-Shaking

Bridges and viaducts are among the most critical yet vulnerable components of road
networks under seismic loading, therefore requiring particular attention in risk assess-
ments [55]. The assignment of appropriate fragility functions that adequately represent the
seismic behaviour of these assets typically requires detailed information on their structural
characteristics and construction materials. However, such data are rarely available at
regional or national scales. In the case of Portugal, no comprehensive database of bridge
attributes was accessible, and therefore the analysis relied on information extracted from
OpenStreetMap (OSM).

The available OSM data lack key structural details, such as the number of spans, struc-
tural typology, and construction material. Consequently, a detailed structural classification
of the bridge stock was not possible. Bridge length was therefore adopted as a first-order
proxy, following the approach of Costa et al. [37], and bridges were grouped into three
categories: single-span bridges (length < 40 m), multi-span bridges (length between 40 and
150 m), and major multi-span bridges (length > 150 m).

Given the limited availability of region-specific fragility models for Portugal, the
adopted fragility functions were selected by combining regional and international sources.
For medium-length multi-span bridges, the functions proposed by Azevedo et al. [35],
developed for the Portuguese context, were used. For the single-span and major multi-span
classes, no equivalent Portugal-specific relationships were available, and HAZUS [19]
fragility functions for broadly comparable bridge classes with conventional seismic design
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were adopted as proxy models. Although these HAZUS functions were not specifically
developed for the Portuguese bridge stock, they provide a practical regional-scale ap-
proximation in the absence of more detailed structural information and locally calibrated
fragility functions.

The adopted functions follow a lognormal distribution and express the probability
of reaching or exceeding a given damage state as a function of Sa(1.0 s). Each fragility
function is characterized by a median Sa(1.0 s) value and a logarithmic standard deviation
(dispersion). For the functions adopted from Azevedo et al. [35], the original dispersion
of 0.4 was adjusted to 0.6, in line with HAZUS recommendations and the findings of
Silva et al. [56]. A dispersion of 0.6 was therefore adopted for all the ground-shaking
fragility functions, while the median Sa(1.0 s) values for each bridge class and damage state
are reported in Table 3.

Table 3. Median Sa(1.0 s) values adopted for bridge fragility functions.

Bridge Type Slight Moderate Extensive Complete Source

Single span 0.80 1.00 1.20 1.70 HAZUS [19]

Multi-span medium length 0.49 0.60 0.76 1.01 Azevedo et al. [35]

Multi-span major bridges 0.40 0.50 0.70 0.90 HAZUS [19]

3.4.2. Fragility Models for Landslide and Liquefaction

For landslide-induced effects on bridges, the fragility function provided by HAZUS [19]
was adopted to represent structural response to ground deformation. HAZUS defines a
single fragility function applicable to all bridge types, linking ground displacement to two
damage states: incipient unseating and collapse, corresponding to extensive and complete
damage, respectively. For compatibility with the four-state damage framework adopted
in the analysis, the 10 cm median displacement was assigned to the slight, moderate, and
extensive states, while 35 cm was adopted for complete damage. A dispersion of 0.2 was
used for all damage states, as illustrated in Figure 5a.

Figure 5. Fragility functions considered for landslides (HAZUS) for bridges (a) and for road pavement (b).

Landslides were also considered to affect road pavements, as ground deformation can
significantly impair road functionality. The HAZUS fragility functions were again adopted,
distinguishing three damage states: slight, moderate, and extensive/complete damage. In
this case, a dispersion value of 0.7 was assumed for all damage states. The corresponding
fragility curves are shown in Figure 5b.

As described in Section 2.3, bridges and roads reaching extensive or complete damage
states are treated as unavailable in the network.
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The outputs of the liquefaction models considered in this study include an indicator
of liquefaction occurrence. Because fragility functions relating liquefaction occurrence
to road and bridge operability are scarce or non-existent, liquefaction-induced loss of
functionality was represented using a binary rule based on this occurrence indicator. A
component was therefore assumed to lose functionality whenever liquefaction occurrence
was predicted at the nearest site-model point. This was implemented as a step fragility
function, in which the occurrence of liquefaction directly results in loss of functionality. This
approach is appropriate for the present regional-scale analysis, but it does not distinguish
between different levels of permanent ground deformation, lateral spreading, settlement,
or asset-specific foundation response.

4. Results
This section presents the results for the three earthquake scenarios, focusing on the

influence of hazard-model selection and on the contribution of ground shaking, landslides,
and liquefaction to network disruption.

4.1. Hazard Estimates
4.1.1. Ground-Shaking Estimates

The average peak ground acceleration (PGA) and peak ground velocity (PGV) maps
obtained for the three scenarios are presented in Figures 6–8.

Figure 6. Mean (a) PGA and (b) PGV estimates for scenario A.

The maps highlight the variability in the spatial distribution of the hazard. Scenario A,
which has the highest magnitude, produces considerable PGA and PGV estimates across
the study area. Scenario B, by contrast, results in more localized effects near the epicentre,
although hazard estimates in this area remain relatively high. The hypothetical scenario C,
despite its proximity to Lisbon and the west coast, produces significantly lower PGA and
PGV estimates.
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Figure 7. Mean (a) PGA and (b) PGV estimates for scenario B.

Figure 8. Mean (a) PGA and (b) PGV estimates for scenario C.

4.1.2. Influence of Landslide and Liquefaction Models

Based on the ground-shaking estimates and the models described in Section 3.2, land-
slide displacement and liquefaction occurrence were evaluated at each point of the site
model. To assess the influence of model selection, the results are compared for the indi-
vidual models included in the logic-tree framework. To avoid repetition, Figures 9 and 10
illustrate the model-to-model comparison for Scenario A, which provides the clearest visual
contrast between the selected landslide and liquefaction models. The corresponding results
for Scenarios B and C are provided in Appendix A, while the main differences across the
three scenarios are discussed below.

The comparison between the liquefaction models shows differences in both spatial
extent and amplitude. Overall, the Todorovic and Silva [48] model tends to produce more
widespread liquefaction footprints, with occurrence extending farther from the epicentral
areas and into regions affected by lower shaking levels. In contrast, the Allstadt et al. [41]
model generally produces more localized estimates, but with higher occurrence values in
the most susceptible areas.
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Figure 9. Liquefaction occurrence for Scenario A estimated using Allstadt et al. [41] (a) and Todorovic
and Silva [48] (b) models.

Figure 10. Landslide displacement for Scenario A estimated using Rathje and Saygili [46] (a) and
Jibson [47] (b) models.

For Scenario B, the Todorovic and Silva [48] model predicts a slightly broader lique-
faction footprint, including areas farther from the epicentre. Closer to the epicentre, this
model also produces higher occurrence values over a larger area. For Scenarios A and C,
the same general trend is observed: the Todorovic and Silva [48] model produces more
spatially extensive but generally lower values, whereas the Allstadt et al. [41] model gives
more localized but higher estimates, particularly in the Lower Tagus Valley for Scenario A.

The landslide models also show systematic differences. For Scenarios A and C, the
Rathje and Saygili [46] model produces both higher and more widespread displacement
estimates. In Scenario B, the Rathje and Saygili [46] model still predicts non-zero displace-
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ment over a larger number of sites, although the maximum values are similar for the
two models.

These differences highlight the importance of accounting for model uncertainty. For
liquefaction, the main contrast is between broader, lower-amplitude estimates and more
localized, higher-amplitude estimates. For landslides, the main contrast is the larger and
more spatially extensive displacements obtained with the Rathje and Saygili [46] model,
particularly in scenarios with stronger shaking.

4.2. Component Level Non-Operationality

Using the fragility functions and consequence models described in Section 3.4, which
relate ground-shaking, landslide displacement and liquefaction occurrence to damage and
loss of functionality, the probability of each network component becoming non-operational
was estimated. This corresponds to the probability of reaching an extensive or complete
damage state. The resulting spatial distribution of non-operationality for the three scenar-
ios is presented in Figure 11. For landslide and liquefaction hazards, the results reflect
the combination of the two models adopted for each hazard within the logic tree frame-
work, with their respective weights, thereby incorporating epistemic uncertainty in the
hazard assessment.

The maps show that Scenario A produces widespread non-operationality, resulting
in numerous disruptions across the southwestern part of the country, coinciding with the
areas of highest shaking intensity. They also indicate that most disruptions are caused by
ground-shaking, although some assets are rendered non-operational due to liquefaction,
particularly in the southern part of the country and near water bodies, and due to landslides,
especially in the area close to Lisbon.

Figure 11. Cont.
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Figure 11. Probability of road-network components becoming non-operational due to ground shaking
(left) and due to landslide and liquefaction (right) for scenario A (top), B (middle) and C (bottom).

Scenario B produces the highest levels of non-operationality in the Lower Tagus Valley,
mainly as a result of liquefaction. Scenario C, by contrast, produces very few occurrences of
non-operationality, reflecting the relatively low shaking levels generated by this scenario.

4.3. Connectivity Analysis
4.3.1. Combined Weighted Connectivity Loss

Figure 12 presents the WCL at the level of each Traffic Analysis Zone, considering
the combined effects of ground-shaking, landslides, and liquefaction. In this analysis,
the non-operational state of each network component is determined by the most critical
damage state across all hazards, and the resulting WCL reflects the combined effect of
hazard-induced component disruptions on network performance.

Figure 12. Combined WCL for scenario A (a), B (b), and C (c).

Scenario A produces the most pronounced consequences in the southern region, where
some areas reach WCL values close to 0.2. Scenario B leads to substantial connectivity
losses in the Lisbon area, as expected given its proximity to the epicentre, while its effects
are less pronounced in the southern and western regions. By contrast, scenario C results
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in the lowest overall weighted connectivity loss, indicating a more limited impact on
network performance.

4.3.2. Contribution of Individual Hazards

Based on the non-operational states derived for each hazard, the weighted connectivity
loss (WCL) was calculated separately for ground-shaking, landslides, and liquefaction at
the level of each Traffic Analysis Zone (TAZ), using the formulation described in Section 2.5.
Figure 13 presents, for each scenario, the WCL values obtained by considering each hazard
independently. The results are displayed as bar plots associated with each TAZ, allowing
a direct comparison of the impact of the different hazards and the identification of the
dominant driver of connectivity loss across the network.

Figure 13. WCL per hazard for scenario A (a), B (b), and C (c).

The maps clearly identify ground-shaking as the main contributor to connectivity
loss across the three scenarios. In scenario B, the area around Lisbon is also significantly
affected by liquefaction, whereas landslide effects remain limited in all scenarios. This rep-
resentation enables the identification of spatial patterns in hazard dominance, highlighting
areas where secondary hazards play a significant role relative to ground-shaking.

The values reported in Table 4 correspond to the ratio between the WCL obtained for
each individual hazard and the combined multi-hazard WCL, and provide an indication of
the relative influence of ground-shaking, landslides, and liquefaction on overall network
disruption. These ratios should not be interpreted as percentage contributions, because
WCL is a nonlinear function of the spatial configuration of disrupted components.

When the sum of the ratios is lower than 100%, different hazards tend to affect different
parts of the network, so their combined effect reduces redundancy and produces larger
connectivity loss than the sum of individual-hazard results. Conversely, when the sum
exceeds 100%, the affected components or connections overlap across hazards, and the
combined impact is smaller than the sum of the individual effects. This behaviour is
particularly evident in Scenario B, where disruptions are concentrated within a smaller
region and may affect nearby links belonging to the same functional connection.
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Table 4. Ratio between individual-hazard WCL and combined multi-hazard WCL for the three
scenarios considered. Cell shading intensity increases with the ratio value.

Scenario A (1755) Scenario B (1909) Scenario C (TAPT)

TAZ Liquefaction Landslide Shaking Liquefaction Landslide Shaking Liquefaction Landslide Shaking

Albufeira 14.3 0.3 83.0 36.5 0.9 71.6 1.8 0.0 97.5

Almada 12.7 0.1 85.1 40.6 1.6 78.9 6.4 0.0 93.4

Beja 7.6 0.1 89.4 37.3 1.2 73.4 2.2 0.0 97.3

Elvas 7.0 0.1 88.7 38.7 1.2 72.4 3.0 0.0 96.5

Évora 8.9 0.1 87.0 38.4 1.4 75.4 4.8 0.0 94.3

Faro 22.0 0.2 77.0 37.2 0.9 71.2 1.9 0.0 97.8

Grândola 6.8 0.1 90.1 35.8 1.1 75.8 2.6 0.0 97.2

Lagos 10.1 0.5 85.4 36.1 0.9 71.7 1.4 0.0 98.3

Leiria 6.2 0.2 89.5 35.9 1.3 69.4 3.2 0.1 96.1

Lisboa 13.8 0.0 82.0 39.1 1.5 75.0 9.4 0.0 90.6

Odemira 7.4 0.2 89.3 35.7 1.0 73.5 2.3 0.0 97.2

Portalegre 4.9 0.1 91.1 31.4 0.8 55.1 1.0 0.0 99.0

Santarém 7.1 0.2 88.2 17.4 1.3 81.5 1.6 0.1 97.6

Setúbal 15.1 0.1 82.1 42.3 1.7 78.8 10.2 0.0 90.8

Sines 6.3 0.1 90.2 35.6 1.0 74.6 1.8 0.0 96.7

Sintra 12.4 0.1 83.4 37.6 1.2 76.6 7.4 0.0 92.5

Torres
Vedras 9.4 1.2 84.7 33.5 0.8 74.5 4.2 0.6 94.3

Vila Franca
de Xira 18.0 0.3 79.3 43.1 1.8 70.0 11.4 0.1 88.3

5. Discussion of the Results
This study demonstrates the value of integrating ground shaking, earthquake-induced

landslides, and liquefaction within a common workflow for regional road-network disrup-
tion assessment. The results show that, although ground shaking remains the dominant
driver of network disruption in most cases, secondary ground-failure hazards can modify
the spatial pattern of non-operationality and affect specific links that are important for
maintaining network redundancy and emergency accessibility. This finding is consistent
with previous assessments showing that transportation-network consequences depend
on the role and configuration of damaged components, rather than on physical damage
alone. For example, Argyroudis et al. [13] and Stergiou and Kiremidjian [14] evaluated
seismic road-network performance using system-level measures of connectivity and service
disruption. The present study follows this perspective while extending it to the combined
effects of ground shaking, landslides, and liquefaction on network connectivity.

The comparison between scenarios indicates that network disruption is controlled
not only by the severity of shaking, but also by the spatial coincidence between hazard
intensity, local susceptibility, exposed assets, and network topology. The contrasting
impacts of the three scenarios show that earthquake magnitude alone is not sufficient to
explain network disruption; rupture location, attenuation, local ground conditions, and the
spatial relationship between hazards and critical infrastructure also play an important role.

Previous studies have also shown that the importance of secondary hazards can vary sub-
stantially with local conditions and the performance measure considered. Kiremidjian et al. [15],
for instance, identified liquefaction-induced bridge damage as an important contributor to
transportation losses in the San Francisco Bay Area, whereas in the present study ground
shaking generally dominates regional connectivity loss and liquefaction becomes more impor-
tant locally, particularly in Scenario B. Similarly, Lin et al. [20] highlighted the strong spatial
variability of liquefaction exposure in road networks. The present results reinforce this spatially
dependent behaviour and show that secondary hazards can affect network performance even
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when their regional contribution is comparatively limited. Their contribution therefore depends
on the spatial interaction between hazard-specific predisposing conditions and the location
and network importance of exposed assets.

A further outcome of the analysis is that multi-hazard impacts on network perfor-
mance are not additive. When different hazards affect different parts of the network, their
combined effect can reduce alternative routing options and generate larger connectivity
losses than those obtained from individual-hazard analyses. Conversely, when different
hazards affect the same components or nearby links within the same functional connection,
the combined WCL may be lower than the sum of the individual-hazard WCL values.
This reinforces findings from previous systemic road-network studies [13–15] that network
consequences depend on the configuration and function of damaged components rather
than simply on their number. It should be noted that the non-additivity arises from net-
work topology and overlapping component disruption; physical interaction or cumulative
damage from multiple hazards at the component level is not explicitly modelled.

The comparison between individual models further highlights the relevance of epistemic
uncertainty in secondary-hazard modelling. For liquefaction, the selected models differ in
the spatial extent and magnitude of the predicted occurrence, while the landslide models
differ mainly in the magnitude and spatial extent of predicted displacement. These differences
show that model selection can influence the locations where secondary hazards are identified
as important contributors to network disruption. However, the two models considered for
each hazard should not be interpreted as spanning the full epistemic uncertainty; rather, they
provide an indication of the sensitivity of the results to model selection.

From a risk-reduction and emergency-planning perspective, the results suggest that
prioritization should not focus exclusively on areas of highest ground shaking. Links
combining high network importance with susceptibility to liquefaction or landslides may
require particular attention even when the secondary hazards make a relatively small
contribution to regional WCL. This complements previous road-network assessments in
Portugal [35,37], while extending them through the explicit consideration of both landslides
and liquefaction and their effects on network-wide connectivity.

These results should be interpreted as regional screening estimates conditioned on
the selected scenarios and modelling assumptions. At the secondary-hazard modelling
level, several simplifications affect the interpretation of the results. The landslide analysis
is restricted to translational slope displacement and does not explicitly represent other
failure mechanisms, such as rockfalls, highly disrupted failures, or post-failure runout.
Consequently, disruption may be underestimated where failures initiate upslope and sub-
sequently affect road corridors. The landslide estimates are also affected by uncertainty
in the geotechnical parameters and effective sliding-mass thickness, which were treated
deterministically because detailed regional data were not available to define their variabil-
ity probabilistically. The resulting displacement estimates should therefore be interpreted
as indicative at the regional scale rather than as site-specific predictions. Similarly, the
liquefaction models rely on regional geospatial proxies rather than site-specific geotech-
nical investigations, and the adopted representation does not explicitly characterize the
magnitude of permanent ground deformation, settlement, or lateral spreading.

At the component-damage and functionality level, additional simplifications arise
from the available exposure and fragility information. The bridge inventory lacks detailed
information on structural typology, construction material, age, and seismic detailing, re-
quiring the use of bridge length as a first-order classification criterion and HAZUS fragility
functions as proxy relationships for some bridge classes. Differences between the bridge
populations represented in HAZUS and those in Portugal therefore introduce additional
uncertainty into the damage estimates. Finally, component functionality is represented
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using a binary assumption: components experiencing slight or moderate damage remain
available to the network, whereas those reaching extensive or complete damage are re-
moved. This classification refers to network availability rather than full-service capacity;
possible lane closures, speed restrictions, or other partial functionality losses of damaged
but traversable components are not explicitly represented.

Additional limitations arise from the representation of the transportation network
and the way its performance is evaluated. The analysed network is restricted to highways
and primary roads, excluding secondary roads that may provide alternative routes when
major links are disrupted. This simplification reduces the redundancy represented in the
network and may therefore lead to an overestimation of connectivity loss in locations where
lower-order roads could provide viable detours.

The adopted connectivity-based formulation also represents network performance
in terms of accessibility rather than traffic service. It does not explicitly account for traffic
demand, link-capacity reductions, congestion, route choice, or post-event traffic redistribu-
tion. Consequently, WCL should be interpreted as a measure of degradation in network
accessibility and path efficiency, rather than as an estimate of traffic delay, travel-time loss,
or indirect economic consequences. In addition, the analysis represents a static post-event
condition and does not account for repair processes or time-dependent recovery.

These assumptions are consistent with the regional and scenario-based scope of the
study, whose primary objective is to compare the relative contribution of ground shak-
ing, landslides, and liquefaction to network disruption rather than to reproduce detailed
post-earthquake traffic conditions. Future applications could progressively extend the
framework through the inclusion of lower-order roads, partial functionality states, traffic-
assignment models, and recovery processes, together with more detailed exposure and
infrastructure information.

6. Conclusions
This study developed and applied a scenario-based multi-hazard framework for assess-

ing earthquake-induced disruption to regional road networks. The framework integrates
ground shaking, earthquake-induced landslides, and liquefaction within an OpenQuake-
based workflow, translates component damage into operational status, and evaluates the
resulting degradation in network performance using weighted connectivity loss.

The application to Southern Portugal shows that the inclusion of secondary ground-
failure hazards provides a more complete representation of road-network disruption than
ground-shaking-only analysis. Scenario A produces the most widespread disruption,
mainly due to ground shaking, with localized contributions from liquefaction and land-
slides. Scenario B produces more concentrated impacts in the Lower Tagus Valley and
Lisbon region, where liquefaction becomes an important contributor to non-operationality
and connectivity loss, while Scenario C produces limited disruption because lower shaking
levels affect the exposed road network.

The results demonstrate that multi-hazard impacts on network performance are not
linearly additive. When different hazards affect different parts of the network, their
combined effect can reduce redundancy and increase connectivity loss. When hazards
affect overlapping components or nearby links within the same functional connection,
the combined impact can be lower than the sum of the individual-hazard effects. This
confirms the need for system-level network analysis rather than simple aggregation of
component-level damage.

The proposed workflow provides a transparent and reproducible basis for regional
multi-hazard assessment of earthquake impacts on transportation networks. It can help
identify areas where ground shaking, liquefaction, or landslides may compromise accessi-
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bility and where more detailed geotechnical investigation, improved bridge information,
or targeted mitigation may be warranted.
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Appendix A
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Figure A1. Liquefaction estimates for Scenarios B and C obtained using the Allstadt et al. [41] and
Todorovic and Silva [48] models.
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 Rathje and Saygili Jibson 
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Figure A2. Landslide displacement estimates for Scenarios B and C obtained using the Rathje and
Saygili [46] and Jibson [47] models.
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