
 
 

Delft University of Technology

Document Version
Final published version

Licence
CC BY

Citation (APA)
Malinowska, D., Milillo, P., Reale, C., Blenkinsopp, C., & Giardina, G. (2025). Global geo-hazard risk assessment of
long-span bridges enhanced with InSAR availability. Nature Communications, 16(1), Article 9048.
https://doi.org/10.1038/s41467-025-64260-x

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
In case the licence states “Dutch Copyright Act (Article 25fa)”, this publication was made available Green Open
Access via the TU Delft Institutional Repository pursuant to Dutch Copyright Act (Article 25fa, the Taverne
amendment). This provision does not affect copyright ownership.
Unless copyright is transferred by contract or statute, it remains with the copyright holder.
Sharing and reuse
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without
the consent of the author(s) and/or copyright holder(s), unless the work is under an open content license such as
Creative Commons.
Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.

https://doi.org/10.1038/s41467-025-64260-x


Article https://doi.org/10.1038/s41467-025-64260-x

Global geo-hazard risk assessment of long-
span bridges enhanced with InSAR
availability

Dominika Malinowska 1,2 , Pietro Milillo 3,4,5, Cormac Reale 2,
Chris Blenkinsopp 2 & Giorgia Giardina 1

While a geo-hazard risk assessment of bridges is crucial for achieving the
United Nations’ Sustainable Development Goals, state-of-the-art methods for
evaluation of risk neglect the temporal dimension of structural vulnerability,
overlooking how monitoring systems like Structural Health Monitoring sen-
sors and Multi-Temporal Interferometric Synthetic Aperture Radar can con-
tinuously track bridge conditions. Moreover, despite Structural Health
Monitoring systems being sparsely installed, no research has quantified the
global potential of this spaceborne radar-based technique as a complementary
monitoring solution for bridges. This study introduces a method that inte-
grates monitoring availability into structural vulnerability assessments and
evaluates the global risk of long-span bridges affected by subsidence and
landslides. Findings revealed that while fewer than 20% of bridges have
Structural Health Monitoring systems, spaceborne monitoring could provide
monitoring for over 60% of structures, leveraging Sentinel-1’s global coverage.
Incorporating this satellite remote sensing approach into routine assessments
could decrease the number of bridges classified as high-risk by one-third.
Moreover, half of the remaining high-risk structures could benefit from
spaceborne monitoring, highlighting the technique’s potential to enhance
structural safety and resilience, especially in economically disadvantaged
regions.

Bridges play a critical role within transportation networks, facilitating
regional connections and providing access to work, education,
healthcare, and emergency services. Despite their importance, bridges
are among the most vulnerable components of these networks, reg-
ularly impacted by natural hazards whose frequency is expected to
increase further due to climate change effects1,2. Therefore, enhancing
their reliability is crucial, particularly to meet the United Nations’ (UN)
sustainable development goals (SDG) 9, 10, and 11, focusing on
building resilient infrastructure, especially in developing countries,

reducing inequalities, and improving the safety of built environments3.
To ensure that infrastructure, includingbridges, is safeguarded against
hazards, the Sendai Framework for Disaster Risk Reduction calls for
innovative multi-hazard risk assessment methods and improved utili-
sation of in situ and remotely sensed information, including space-
based technologies, to enhance monitoring and communication of
disaster risks4. Consequently, there is a need for novel risk assessment
approaches that leverage these technologies to improve the resilience
and safety of bridge infrastructure.
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Risk in the context of infrastructuremanagement is defined as the
potential for future events to result in negative consequences for
valuable assets5. Assessment methodologies span from simple
approaches that evaluate individual risk scenarios, through methods
using comparative scoring systems, to complex probabilistic techni-
ques, with more comprehensive approaches requiring detailed inputs
that make application at larger scales challenging6. Moreover, trans-
portation network risk modelling lacks standardisation7. Nevertheless,
in civil engineering, risk is commonly calculated using the risk triangle
approach, where it is the product of hazard, exposure, and
vulnerability5,8,9. Hazards are typically defined as sources of threats that
can cause harm to assets5,10. Those affecting bridges include both
natural (floods, earthquakes, landslides) and anthropogenic (over-
loading, accidents, negligence) threats11, with hydraulic-related issues
being particularly prevalent causes of collapse12–14. While asset man-
agement has historically focused on overloading and routine weather
events7, climate change is expected to significantly increase hazard
exposure throughmoreextreme events2, necessitating broader hazard
assessment considering natural hazards in bridge management15.

Definitions of exposure and vulnerability vary depending on the
context9,10. Exposuremay refer topeople or structures at risk, the value
of assets vulnerable to hazards, or be quantified through population
density or the types of assets in an area9,16. Exposure assessment
methods include critical infrastructure mapping for large-scale risk
assessments17 and road typology for network analyses18, all ultimately
evaluating potential community impact. In contrast, vulnerability may
be measured as expected loss upon asset failure5, characteristics
making structures susceptible to destruction19, or factors increasing
hazard susceptibility9,20. Despite these varying definitions, they all
characterise vulnerability as a measure of how significantly a hazard
affects a system. Sometimes, the same indicators, such as the density
of the built environment, may be used to assess both exposure and
vulnerability, highlighting the conceptual overlap between these risk
components21. For bridges, structural vulnerability is critical as it is
time-variant, requiring regular monitoring and updates22.

Regular visual inspections are crucial for monitoring structural
vulnerability and identifying early signs of deterioration in bridges22.
However, these in-person inspections present several limitations: (1)
they are costly and often subjective, with assigned scores varying
significantly between inspectors23,24, (2) visual inspections may miss
early signs of deterioration or fail to detect changes that develop
between the typical 2-year inspection intervals, making traditional
periodic approaches insufficient for timely detection of structural
issues25, (3) and access difficulties can reduce inspection frequency,
particularly when inspection needs were not considered during
design26. Structural health monitoring (SHM) sensors offer a more
cost-effective solution for real-time monitoring, reducing labour and
material costs27 while providing early warnings of potential damage28.
Although SHM cannot entirely replace in-person inspections, it serves
as a valuable complementary tool, helping identify specific elements
requiring closer inspection26. Despite these advantages, SHM imple-
mentation remains limited primarily to newer bridges and specific
concern cases29, with global data indicating installation on only a small
subset of bridges30. Furthermore, proactive installation on existing
bridges is constrained by high costs and operational complexities of
data management29.

Remote sensing offers an alternative to SHM sensors and can
support visual inspections, particularly when direct access to a struc-
ture is challenging31–33. Notably, spaceborne monitoring using syn-
thetic aperture radar (SAR) offers frequently acquired, high-resolution
imagery with global coverage and extensive historical archives20. For
bridges specifically, multi-temporal interferometric SAR (MT-InSAR)
can complement traditional inspections31,34–36 by processing inter-
ferogram stacks to detect temporal displacement trends37,38. Employ-
ing pixels with stable scattering properties known as persistent

scatterers (PSs), MT-InSAR enables precise displacement measure-
ments and is particularly effective for tracking slow-moving
phenomena39,40, including bridge displacement caused by slow-
moving landslides and subsidence41–43, and for detecting anomalies
across extensive regions44–46. The European satellite Sentinel-1 pro-
vides free global SAR coverage, theoretically enabling worldwide
structural monitoring. However, some bridges may not interact
effectively with radar wavelengths, limiting MT-InSAR’s applicability.
Previously, assessing the feasibility of a structure’s spaceborne mon-
itoring required data preprocessing, but recent advances enable the
prediction of MT-InSAR PS point availability47, allowing for assessment
of MT-InSAR usability for bridge monitoring prior to data acquisition.

Risk assessment is crucial for identifying vulnerable bridges and
prioritising maintenance, but comprehensive frameworks must con-
sider multiple hazards, structural conditions, strategic importance,
and inherent uncertainties1,11,15,48. Despite increased research on mod-
elling natural hazardeffects on transportationnetworks, there remains
a gap in integrating risk-based insights into decision-making
frameworks7. While some approaches use risk analysis to identify cri-
tical elements for monitoring or to prioritise high-probability damage
areas for inspection and maintenance29,49, these primarily focus on
where traditional SHM systems should be installed, neglecting the
integration of remote sensing technologies with risk frameworks.
Several methods have been proposed for considering spaceborne
radar data in risk assessment: displacement data can be combinedwith
ground-based measurements for enhanced monitoring50, with expo-
sure metrics to prioritise critical bridges18, or with natural hazard
information to measure hazard-induced deformation51, directly as a
measure of a hazard52–54, to assess infrastructure vulnerability55, or to
interpret MT-InSAR results56,57. However, the integration of MT-InSAR
monitoring availability into risk frameworks remains unexplored.

Monitoring is crucial in the context of landslides and ground
subsidence, which present unique challenges for bridge management
due to their progressive nature and the complexity of their structural
response. Landslides cause foundation and abutment sliding and
undercutting, impact piers, and can even affect overall structural
integrity58,59. Ground subsidence induces differential settlements that
cause bridge displacement in horizontal and vertical dimensions,
leading to structural tilting and torsion, and causing visible damage,
including abutment deformation, deck cracking, and span rotational
twisting60. The structural response involves complex stress redis-
tribution where the superstructure must accommodate both
subsidence-induced stresses and normal loads amongst misaligned
supports, with time-dependent interactions between ongoing ground
movement and bridge material behaviours exacerbating structural
deterioration and potentially causing impact damage between bridge
elements61. These geo-hazards can exhibit coupled effects with seismic
activity, where pre-existing ground displacement or landslides amplify
seismic responseand increase overall structural vulnerability59,61,62. The
impact of localised displacement caused by geo-hazards on bridges’
structural health, such as that affecting piers, can be more difficult to
detect during periodic inspections compared to the effect of more
global displacement that affects the whole structure and often results
in more visible functionality issues61. Thus, remote sensing techniques
are particularly valuable for geo-hazard-affected bridges, as they could
detect localised deformation patterns that might be overlooked in
routine inspections and enable frequent monitoring of progressive
movements.

Therefore, the research gap in MT-InSAR-based monitoring of
geo-hazard-affected bridges is two-fold. Firstly, whilst MT-InSAR is
valuable for monitoring such bridges, PS availability is not guaranteed
and could limit wide-scale application. We therefore employ recent
advances in PS prediction to quantify MT-InSAR’s potential for bridge
monitoring. Secondly, geo-hazard-affected bridges exhibit time-
variant vulnerability through localised dynamic changes that
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traditional inspections may miss. SHM and MT-InSAR provide more
frequent status updates than visual inspections, reducing uncertain-
ties. We thus propose integrating monitoring system availability into
geo-hazard risk assessments of bridges.

Our approach quantifies structural vulnerability in two stages:
first, by evaluating the bridge’s physical characteristics, and then by
integrating monitoring system availability as a temporal vulnerability
factor, assuming that continuous monitoring reduces inherent
uncertainties regarding the current structural health of the structure.
We evaluateMT-InSAR capability formonitoring bridgeswith Sentinel-
1 data through the prediction ofmeasurement point density combined
with spacecraft coverage data, while SHM availability is determined
from the existing database. Applied to a global dataset of 744 long-
span bridges, i.e. those with main spans exceeding 150m, our meth-
odology employs open-source subsidence and landslide hazards glo-
bal datasets, calculates exposure metrics based on bridge functional
characteristics, and combines these with the enhanced vulnerability
factors to generate comprehensive risk profiles that inform monitor-
ing decisions.

Through worldwide analysis of spaceborne monitoring avail-
ability, our results highlight a significant monitoring gap, demon-
strating that SHM systems are present on relatively few bridges,
whereasMT-InSARvia Sentinel-1 couldprovideobservation capabilities
for a much greater proportion of structures. Including this expanded
monitoring capability in the risk assessment framework refines the risk
classification methodology and demonstrates how incorporating
spaceborne monitoring can improve risk level definitions and reduce
the number of bridges classified as high-risk. Importantly, many
remaining high-risk structures could benefit from spaceborne mon-
itoring, highlightingMT-InSAR’s potential to enhance bridge safety and
resilience worldwide, particularly in economically disadvantaged
regions. The proposed approach provides a means of leveraging
remote sensing suitability to prioritise bridges for monitoring and
create a more dynamic risk assessment that accounts for the temporal
dimension of structural vulnerability. Therefore, it can serve as
actionable guidance for stakeholders on optimising the deployment of
remote sensing technologies, SHM installations, and in-person
inspection schedules based on risk-informed decision frameworks.

Results
This study investigates the global risks affecting long-span bridges by
conducting a risk assessment that considers monitoring availability in
the evaluation of structural vulnerability. Using this approach, we
performed a comprehensive geo-hazard risk assessment for bridges
catalogued in the long-span bridges database30. A detailed explanation
of the risk calculationmethodology is provided in theMethods section.

PS availability and spaceborne monitoring
Each bridgewas assigned a PS availability class based on two predicted
metrics: average PSdensity per 100mand theproportionof the bridge
covered by PS, following Table 1. As illustrated in Fig. 1a, over half of
the bridges exhibited high or very high PS availability, indicating their
potential suitability for MT-InSAR monitoring. However, the temporal
frequency of Sentinel-1 data acquisition and the availability of
ascending and descending datasets varied significantly among
bridges. Only 31% of the bridges recorded in the database were cov-
ered by both tracks every 6 days, while almost 40% had data available
from only one flight direction every 12 days (see Fig. 1b).

The combined assessment of PS and Sentinel-1 data availability
was used to derive the spaceborne monitoring class. The limited
Sentinel-1 data availability caused some bridges with potentially high
PSpopulations to be assigned to lower spacebornemonitoring classes.
Consequently, as shown in Fig. 1c, only 21% of the bridges were clas-
sified as having very high spaceborne monitoring capabilities. Never-
theless, approximately 60% of the long-span bridges in the database

were classified as medium or higher in terms of spaceborne monitor-
ing potential.

PS availability and bridge physical properties
The bridge database used in this study specifies the materials of the
bridge’s deck, piers or pylons, and cables or trusses. To simplify the
analysis of PS availability correlation with material, each bridge was
categorised into one of four material groups: (1) steel if both deck and
piers/pylons were steel; (2) concrete if both were concrete; (3) com-
posite if the deck was steel and piers/pylons were concrete; and (4)

Table 1 | PS availability classification categories

#PS per 100m

% pixels with
≥1 PS

<1 [1,3) [3,5) [5,10) ≥10

≥80% 0.4 0.6 0.8 1 1

[60–80%) 0.2 0.4 0.6 0.8 1

[40–60%) 0.2 0.4 0.4 0.6 0.8

[20%,40%) 0.2 0.2 0.4 0.4 0.6

<20% 0.2 0.2 0.2 0.2 0.4

PS availability was categorised based on two criteria: the proportion of pixels containing at least
one PS and the averagenumber of PSs per 100m. The classification assigns values to each class
as follows: very low—[0, 0.2], low—(0.2, 0.4],medium—(0.4, 0.6], high—(0.6,0.8], andveryhigh
—(0.8, 1.0].

Fig. 1 | Comparative histograms of bridge monitoring capabilities. a PS avail-
ability over bridges, b Sentinel-1 satellite data coverage, and c effective spaceborne
monitoring potential, calculated as PS availability adjusted for Sentinel-1 data
availability. Source data are provided as a Source data file.
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other, for all remaining combinations. Figure 2a illustrates the rela-
tionship between bridge material and PS availability. Interestingly, no
clear correlation was observed.

When considering the bridge type, as shown in Fig. 2b, suspension
bridges appeared to be the least favourable for space-based observa-
tion. Other bridge types demonstrated similarly good monitoring
capabilities. This analysis is further extended in Supplementary Fig. 1,
which plots PS availability by segment for each bridge type. Each
bridge was divided into five equal-length segments: two edge sections,
two intermediate sections, and a central span. The mean of the two
edges and the two intermediate segments for a given bridgewere used
for the plot. For all bridge typologies, the central span exhibits the
worstmonitoring capabilities. Thisdifference is particularly prominent
in suspension bridges, although their edge spans are relatively well
monitored.

SAR satellites follow polar orbits, moving approximately in the
North-South direction. Figure 2c presents the influence of bridge
orientation on the availability of PSs. Bridges perpendicular to the SAR
orbit orientation have the highest proportion of very high PS avail-
ability. In contrast, those closer to the N-S direction have a larger share
of bridges that cannot be monitored. However, a third of those
bridges that are almost parallel to the N-S orientation still provided
very strong reflections.

Comparison of SHM and spaceborne monitoring
While Sentinel-1 data are available worldwide, spaceborne monitoring
capabilities vary depending on bridge properties. Conversely, SHM
sensors are only installed on specific bridges, predominately those
recently built or with known structural issues. To facilitate comparison
between in-situ and space-based sensors, spaceborne monitoring was
divided into two categories: ‘unlikely’ if monitoring was previously clas-
sified as none or low, and ‘possible’ if it was medium, high, or very high.

Figure 3a illustrates the spatial distribution of monitoring avail-
ability bymethod, highlighting that satellitemonitoringprovidesmore
balanced capabilities worldwide than the SHM. The binary availability
of SHM sensors leaves over 80% of bridges globally without monitor-
ing. In contrast, space-based monitoring offers some level of obser-
vation for 61% of bridges. While SHM sensors are primarily installed in
Asia, Europe, and the Middle East, spaceborne monitoring also pro-
vides observations in other areas. This is particularly evident in regions
such as Africa and Oceania, where almost no long-span bridges have
SHM sensors, but well over half could be monitored from space.

Interestingly, when considering both currently installed SHM
sensors and potential spaceborne monitoring together (Fig. 3b), only
119 bridges are left without any monitoring available, and 376, around

half of the whole dataset, of those without SHM sensors have a med-
ium or higher spaceborne monitoring category, making them poten-
tially observable with SAR.

Structural vulnerability and monitoring
Figure 4a reveals that North America has long-span bridges in the
worst structural condition, with almost 70% in the two highest vul-
nerability classes. Africa follows closely, with almost half of its bridges
having high or very high structural vulnerability, and Europe, where
close to 40% fall into these categories. Conversely, Middle Eastern
bridges exhibit the best structural condition.

The comparison of SHM and spaceborne monitoring capabilities
against structural vulnerability (Fig. 4b) highlights that while there is
no dependency between vulnerability and monitoring capabilities for
either method (i.e. structurally vulnerable bridges are not prioritised
formonitoring), remote sensingmonitoring usually provides very high
monitoring for more than the proportion of bridges with SHM. Addi-
tionally, it allows formonitoring with lower capabilities formanymore
bridges, leaving fewer bridges entirely without monitoring.

Including SHM and spaceborne monitoring availability in the
risk assessment
The distribution of geo-hazard risk that includes SHM availability
(Fig. 5a) revealed that over 20% of long-span bridges globally are at
very high risk, followed by more than 50% in the high-risk category.
Regional analysis shows North America has the highest share of
bridges at very high andhigh risk,while theMiddle East has the highest
number globally in the low-risk category. This can be related to the
structural vulnerability as previously presented in Fig. 4a.

As shown in Fig. 5b, when only SHM was included in the mon-
itoring factor, there were over 150 bridges at very high risk, with only a
small portion of these structures having amonitoring system available.
Incorporating satellite monitoring capabilities into the risk analysis
reduces the epistemic uncertainty, leading to a reduction in risk for
many structures compared to when only SHM was considered,
enabling assetmanagers to refine risk registers over time. In total, over
50bridges had their risk changed fromvery high tohigh. For those that
remained in the very high category, about half could be monitored
with either in-situ sensors or space-based data.

Figure 6 illustrates the spatial distribution of risk changes when
comparing risk assessment considering only SHM sensors to that
including both in-situ sensors and spaceborne monitoring. Globally,
employing MT-InSAR for routine bridge monitoring could decrease
themean regional risk by over 4%,with the highest reductionobserved
in Africa, Europe, and the Middle East.

Fig. 2 | Distribution of PS availability depending on different bridge char-
acteristics. a Distribution of PS availability by the material it is made from,
b distribution of PS availability depending on bridge type, and c distribution of PS

availability by azimuth of the bridge, classified into N-S (0–30°, 150–210°,
330–360°), Angled (30–60°, 120–150°, 210–240°, 300–330°), and E-W orientations
(60–120°, 240–300°). Source data are provided as a Source data file.
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Discussion
This article presents a global bridge geo-hazard risk assessment
methodology that considers the availability of both SHM sensors and
spaceborne monitoring. The analysis encompassed subsidence and
landslide hazards, exposure, and structural vulnerability. Furthermore,

Fig. 3 | Comparison of SHM and spaceborne monitoring capabilities.
a Distribution of SHM and spaceborne monitoring capabilities by region.
SHM availability is represented as a binary variable (0 = no sensors installed,
1 = sensors available); spaceborne monitoring capability ranges from 0 to 1,
with bridges scoring ≥0.4 considered observable via satellite. b Overlap
between bridges currently monitored with SHM systems and those for which
remote sensing could provide monitoring. Numbers on the side indicate the
count of bridges in the considered category. Source data are provided as a
Source data file.

Fig. 4 | Statistics on structural vulnerability. a Distribution of structural vulner-
ability by region. b Comparison between the share of bridges with SHM installed
and the bridges possible to monitor with Sentinel-1, depending on the bridge’s
structural vulnerability. Source data are provided as a Source data file.
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a method was introduced to assess a structure’s suitability for MT-
InSAR monitoring, which accounts for monitoring availability when
determining structural vulnerability. The methodology was applied to
a long-span bridge database to evaluate these structures’ suitability for

space-based monitoring and provide a worldwide risk assessment.
Additionally, the results present factors affecting a structure’s suit-
ability for spaceborne monitoring and highlight the potential of MT-
InSAR as a complementarymethodology for structural evaluation due
to its worldwide availability. Incorporating PS data into risk assess-
ments provides more accurate risk registers through epistemic
uncertainty reduction, enabling better risk prioritisation and main-
tenance planning.

Analysis of PSs availability revealed that over half of the bridges
recorded in the database were densely populated with PSs. However,
the effective spaceborne monitoring potential decreased when
Sentinel-1 data availability was factored into the analysis. This under-
scores the crucial need for the worldwide availability of frequent
acquisitions from ascending and descending tracks to analyse bridge
structural health comprehensively. Notably, the availability of Sentinel-
1 data decreased a few years ago due to the failure of one of the
satellites. The Sentinel-1mission originally consisted of two spacecraft,
Sentinel-1A and -1B, following the same orbit but phased to provide
global coverage with a 6-day repeat time in Europe and a 12-day repeat
time elsewhere. Furthermore, observation scenarios were planned to

Fig. 5 | Distribution of geo-risk hazard spatially and by class. a Spatial dis-
tribution of geo-hazard risk, including only SHM monitoring capabilities in the
calculation. b Distribution of geo-hazard risk with monitoring capabilities: SHM
only (left) and combined SHM-spaceborne monitoring (right). Source data are
provided as a Source data file.

Fig. 6 | Changes in risk by region. a Distribution of regional risk with and without
spacebornemonitoring included in the assessment.bRelative changes inmean risk
when spaceborne monitoring is included in the assessment, grouped by region.
Source data are provided as a Source data file.
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provide both ascending and descending flight directions, where pos-
sible, enabling the decomposition of MT-InSAR measurements into
vertical and east-west components, which is crucial for appropriate
structural health analysis. However, Sentinel-1B was damaged and lost
in 2022, significantly decreasing data availability until its replacement,
Sentinel-1C, was launched in December 202463. Figure 7a illustrates
how the failure of one satellite eliminated the possibility of providing
data every 6 days, reduced the number of bridges with both flight
directions available, and left some structures without any spaceborne
monitoring. The reduced satellite capacity created regional disparities
in monitoring availability. Highly developed regions such as Europe
maintained data from two flight directions, although with longer
revisit times. However, bridges in less privileged areas experienced
significantly reduced capabilities, with some in Africa and Latin
America losing spaceborne monitoring entirely (see Fig. 7b). With the
launch of the Sentinel-1C, one can expect the return of more com-
prehensive monitoring capabilities. However, analysis dependent on
temporal datasetswill be hindered for thenear termdue to the years of
reduced coverage.

Correlations between bridge PS availability and bridge char-
acteristics were analysed. Whilst the physical properties of materials
can impact the strength of the SAR signal return, no clear correlation
between the bridge material and its potential for monitoring was
found. This could be attributed to the fact that bridges are typically
constructed from steel and concrete, both of which are characterised
by good reflective properties, or itmight be because the radar signal is
primarily reflected by the superstructure or additional equipment
installed on the bridge, such as signs or lampposts. Analysis of bridge
type against PS availability revealed significant differences between
typologies. Suspension bridges were found to be the least suitable
targets for spaceborne monitoring, while for other types, the differ-
ence in PS availability classes was negligible. This is due to suspension
bridges being more affected by vibrations, especially in the central
span, that can cause loss of coherence and consequently decreased
availability of PS64. Although these bridges have fewer points overall,
edge sections aremonitored relatively well, suggesting that MT-InSAR
could still provide meaningful information about the structural health
of bridge piers and abutments. However, the limited availability of PSs
in the central span represents a limitation of MT-InSAR usability for
bridgemonitoring. The bridge’s azimuth did not significantly affect PS
availability. Although previous literature demonstrated that linear
infrastructure, such as roads, has better reflectivity when perpendi-
cular to the satellite orbit34, the analysis performed in this study
showed that this effect is not pronounced for long-span bridges. This
may be attributed to Sentinel-1’s asymmetric spatial resolution, which
is approximately 5m in the range direction (roughly E-W) and 20m in
the azimuth direction (roughly N-S). Consequently, E-W oriented

bridges are sampledbymorepixels along their length compared toN-S
oriented structures, potentially providing more opportunities for PS
detection. While E-W-oriented bridges are favourable, observing
bridges with different azimuths is also feasible. However, it should be
noted that the analysis of movement along the length of a bridge with
azimuth parallel to N-S (e.g. thermal expansion) would be restricted
due toMT-InSAR limitations inmeasuring displacements along theN-S
direction. Nevertheless, spaceborne measurements would still be
capable of detecting vertical deformations on such bridges, which
could provide some insights into structural health.

The comparison between SHM- and space-based monitoring
revealed that whilst SHM is installed on only about 20%of all long-span
bridges in the database, spaceborne monitoring provides a reliable
level of observation for more than 60% of the database. Moreover,
when both monitoring methods are considered together, the cap-
abilities are further enhanced as some bridges that cannot be mon-
itored from space have SHM systems already installed, and some have
both monitoring systems available, providing stakeholders with sig-
nificantly improved confidence regardingbridge structural conditions.
These in-situ sensors are primarily installed in developed regions such
as Europe, Asia, and the Middle East, possibly due to the high cost of
SHM installation and operation. At the same time, spaceborne mon-
itoring providesmoredemocratic capabilities, allowing formonitoring
a significant share of the bridges in Africa, Oceania, Latin America, and
the Caribbean, which have almost no SHM sensors. This underscores
the global potential of MT-InSAR monitoring as a method capable of
providing information about the structural health of bridges world-
wide, hence providing a means to enhance infrastructure resilience
and meet SDGs.

The analysis indicated that North American bridges are in the
worst structural condition. This correlates with the age of the bridges,
as there was a peak in North American bridge construction in the
1960s, meaningmany of these bridges are near or beyond their design
lives30. African bridges were also found to be in poor structural con-
dition and simultaneously lacked any SHM sensors. This demonstrates
that, thus far, structural vulnerability has not been a primary con-
sideration when selecting bridges for SHM sensor installation. This
issue could be addressed by employing MT-InSAR, which provides
data for 67% of African bridges, including data archives that could be
utilised for retrospective analysis of temporal trends. However, the
recent decrease in Sentinel-1 availability restricts this analysis, once
again highlighting the importance of providing SAR data globally.
Notably, spaceborne monitoring could provide information for most
highly structurally vulnerable bridges, compared to only a small por-
tion with available SHM sensors. Thus, employing MT-InSAR to moni-
tor bridges globally would enhance knowledge about the current
structural health of these structures, allowing those with deteriorating

Fig. 7 | Changes in Sentinel-1 availability due to the failure of one of the satellites. a Comparison of Sentinel-1 availability before and after Sentinel-1B failure. b Map
showing how the availability of Sentinel-1 changed after one of the satellites was lost. Source data are provided as a Source data file.
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structural conditions to be addressedfirst and, in turn, addressing SDG
9 by improving city resilience.

Risk was calculated in two ways: considering structural vulner-
ability with only SHM availability and including the availability of both
in-situ sensors and spaceborne monitoring. Analysis of the former
showed that North American and African bridges are at higher risk,
which could be correlated to their poor structural condition.When the
latter, more comprehensive monitoring was examined, the number of
bridges at very high and high risk was significantly reduced. A third of
structures in the very high-risk category had their risk reduced to a
lower class, with about half of the structures left being potentially
monitored through either of the considered technologies. Impor-
tantly, when considering both monitoring methods, bridges that
already had SHM systems installed maintained their existing risk level,
while structures without SHM that could be monitored from space
experienced risk reductions due to decreased uncertainties in struc-
tural condition assessment through additional spacebornedata points.
The spatial analysis revealed a global average risk reduction of over 4%,
with particularly notable decreases in Africa, Europe, and the Middle
East. In Africa, this is likely due to poor bridge conditions and limited
SHM availability; in Europe, high structural vulnerability paired with
excellent Sentinel-1 coverage played a role; and in the Middle East,
dense PS availability, thanks to favourable reflective properties of the
bridges and good spaceborne data availability, contributed to the
reduction. Nevertheless, the reduction was also observable in other
areas of the world. Notably, including spaceborne monitoring sig-
nificantly increased the share of monitored bridges in each risk cate-
gory. Consequently, incorporating information about monitoring
availability in risk analysis can help identify bridges that are affected by
hazards, in poor structural conditions, and would cause significant
disruption in case of failures. Such structures can then be prioritised
formore frequent in-person inspections, new SHM system installation,
or MT-InSAR monitoring.

The methodology presented in this article provides a degree of
flexibility so that stakeholders who wish to use it to prioritise their
inspection resource use can, for example, add more accurate infor-
mation about structural health or sensor availability, include other
hazards, use different metrics for exposure assessment, or change the
maximum value of the monitoring factor. The monitoring factor used
in structural vulnerability calculations reflects the assumption that the
availability of remotely sensed data allows more frequent structural
health updates, thereby reducing uncertainty in the inherently time-
variant structural vulnerability and consequently decreasing overall
bridge risk. Monitoring improves knowledge about the structure;
hence, we adopted a coefficient value of 1.35, commonly used in
building codes and standards, such as Eurocode-865 and FEMA35666, to
account for uncertainties associated with (lack of) knowledge about
building materials. Although this is a standardised value, it has not
previously been applied in this context. Therefore, to fully understand
the impact of this value selection on the final risk score, we performed
a sensitivity analysis. Supplementary Fig. 5 shows that changes due to
different monitoring factor selections would be minor, with few
bridges changing their assigned risk category. Additionally, whilst this
work assumes that monitoring availability reduces epistemic uncer-
tainties in time-variant structural vulnerability, it does not explicitly
quantify uncertainty propagation through the riskmodel. Future work
could therefore investigate more comprehensive quantification of
how monitoring availability impacts vulnerability assessment, includ-
ing the implications of MT-InSAR measurement limitations and
potential synergistic effects when both SHM and spaceborne mon-
itoring are available. Such developments would enhance stakeholder
confidence in risk scores and improve the robustness of prioritisation
decisions.

In this paper, the analysis considered two hazards to demonstrate
how multi-hazard assessment can be included. However, it should be

noted that the interdependence between these was not considered.
Whilst considering the interdependencies between hazards can
improve accuracy and lead tomore informeddecisions, it comes at the
cost of more complicated modelling and higher requirements for
information, making it extremely difficult to implement on a global
scale67. However, if the method were to be applied on a more regional
scale, including the cascading effectofmultiplehazards could improve
the accuracy of the assessment. Moreover, the geo-hazard assessment
could include the temporal scale of hazards. Whilst both hazards
considered in this article have a temporal scale that ranges from sec-
onds to days (for landslides) or even years (for subsidence), other
hazards that can impact bridges, such as earthquakes, canhave amuch
shorter temporal scale68. In such cases, monitoring might not provide
timely warnings about a change in structural health, and further
research could explore how the geo-hazard analysis might be exten-
ded to account for this aspect.

Several limitations of the methodology stemming from the
accuracy of the input data should be acknowledged. Bridge line
identification was automated from OSM data and may be subject to
bias, as OSM is not fully complete and sometimes inaccurate69,70. Due
to data collection challenges encountered by the authors of the bridge
database30, certain regions, particularly Africa and Oceania, are
represented by fewer bridges in the dataset. This spatial imbalance
potentially introduces bias in regional statistics, which should there-
fore be interpreted with caution. Furthermore, the exposure and vul-
nerability assessments necessarily rely on globally available datasets
that are inherently static and of relatively coarse resolution. This data
limitation has several implications for the risk assessment: regional
variations in construction standards and engineering practices may
not be adequately captured by broad typological categories, whilst
static datasets cannot account for temporal changes in bridge condi-
tions. These limitations, i.e. spatial imbalance in the bridge database
and coarse resolution of data underlying exposure and vulnerability
evaluation, reflect the inherent trade-off in conducting global-scale
infrastructure analysis,where comprehensive spatial coveragemust be
balanced against data granularity and completeness. Nevertheless, the
methodology presented here provides a valuable framework that can
be readily applied to more comprehensive regional datasets as they
become available. Moreover, the bridge database used in the study
does not specify SHM sensor types, so our assumption of ‘ideal’
monitoring may overestimate its capabilities. Additionally, MT-InSAR
has inherent limitations requiring expert interpretation to distinguish
expectedmovements (e.g. thermal dilation) from potentially alarming
displacements (e.g. geo-hazard induced). MT-InSAR is also unable to
measure rapiddisplacements exceeding phase unwrapping thresholds
or movements occurring primarily in the north-south direction.
Therefore, even dense PS coverage does not guarantee detection of all
signs of structural degradation. Although the monitoring factor
represents a simplification, it enables wide-scale estimation of routine
remote monitoring benefits, and future studies could expand this
factor to account for various SHM sensor types and MT-InSAR
limitations.

The PS predictions provide a reasonable initial estimate of how
well a bridge could be monitored, but they are not entirely accurate.
Moreover, the predictions only indicate the expected number of PSs in
a roughly 100 × 100m pixel, and given that the availability of points is
not uniform, optimal sensor placement is not guaranteed. Thus, a
point on a structure that is actually affected by displacement might be
missing from the structure. Additionally, the model used for PS pre-
diction was trained only on descending data. Therefore, an under-
estimation might sometimes occur when the bridge is located such
that it would be less visible for descending satellites but available for
monitoring from ascending. Furthermore, the model for PS predic-
tions was trained with data obtained through standardised MT-InSAR
processing. Thus, a low PS count prediction does not necessarily
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indicate that monitoring the bridge is impossible, but rather that it
might require a more sophisticated approach. Conversely, bridges
with high PS count predictions should be good targets for monitoring
with standardised products such as the European Ground Motion
Service (EGMS)46. This could reduce themonitoring cost as thedata are
already available and processed. Still, the EGMS uses water masks that
remove some bridges, so even for European bridges, there might be a
need for processing targeted for specific bridges. For bridges classified
as unlikely to be monitored from space, alternative methods, such as
those that include Distributed Scatterers or different SAR sensors,
such as X-band satellites with higher spatial resolution, could be
considered.

X-band is usually seen as superior for infrastructure monitoring
due to its higher spatial resolution, providing PSs more densely, and
because the lower spatial resolution of Sentinel-1 might smooth the
spatial deformation pattern over the bridge71. However, previous stu-
dies have shown that whilst Sentinel-1’s C-band sensor provides fewer
PSs than the X-band sensor, the longerwavelength of theC-band is less
susceptible to vibrations, resulting in more uniformly distributed PSs
over bridges, including in regions like span centres not typically cov-
ered by X-band18,64. This feature, together with the free availability of
C-band Sentinel data, makes it highly suitable for worldwide bridge
monitoring. Nevertheless, future research could extend the risk
assessment by incorporating the availability of X-band data or
upcoming data sources such as L-band from the NISAR mission.

The proposed approach, despite its limitations, enables a global
assessment of risk levels for long-span bridges and highlights the
worldwide potential of MT-InSAR-based structural monitoring. By
integrating monitoring availability into a comprehensive geo-hazard
risk assessment framework, this study addresses a critical gap in pre-
vious research, which often excluded monitoring capabilities. The
approach can support decision-making by identifying structures
where risk mitigation measures are needed, where spaceborne mon-
itoring is feasible, and which bridges should be prioritised for in-
person inspections or sensor installations. By facilitatingmore efficient
resource allocation based on specific risk profiles it allows stake-
holders to focus on structures posing the greatest risk to communities,

contributing to safer and more resilient infrastructure systems.
Therefore, the methodology can contribute to SDG 9 by improving
infrastructure resilience and promoting equitable access to new
technologies, research, and information, particularly benefiting
developing countries.

Methods
This study developed a methodology for assessing the geo-hazard risk
of infrastructure. The key steps involved in the processing are outlined
in Fig. 8. Themethodwas applied to a catalogue of long-span bridges30,
utilising data on the functional characteristics of these bridges to assess
their exposure. Subsidence and landslide hazards were evaluated to
derive a geo-hazard value for eachbridge. The vulnerability calculations
were performed in two stages. First, the structural vulnerability of each
bridge was assessed based on its structural characteristics, such as
condition, material, typology, and age. Second, the availability of
monitoring systems was integrated into the vulnerability metric.
Spaceborne monitoring availability was determined using predictions
of measurement point density and information on the coverage of
Sentinel-1 data, while the presence of SHM sensors was known from the
database of bridges. Including the knowledge about potential mon-
itoring systems resulted in two structural vulnerability factors for each
bridge—one considering only the currently installed in-situ sensors and
another incorporating the potential for spacebornemonitoring. Finally,
the geo-hazard, exposure, and structural vulnerability components
were combined to produce an overall bridge risk metric.

Long-span bridges database
The method was applied to a database of long-span bridges compiled
in ref. 30. This database aggregates information from various online
sources, providing comprehensivedata on 751 bridgeswithmain spans
exceeding 150m, as depicted in Supplementary Fig. 2. For the pro-
cessing in this study, we removed duplicate bridges, resulting in
744 structures, andmanually corrected the locations of some of them.
Multiple parameters are recorded for each bridge, including con-
structionmaterial, bridge type, health status, and construction period,
among others. Notably, the database also includes information on

Fig. 8 | Method flowchart for geo-hazard risk assessment with monitoring
integration. The methodology integrates data from multiple global sources to
assess geo-hazard risk through three main components: hazard, exposure, and
structural vulnerability. Hazard assessment uses landslide and subsidencedatasets,
whilst exposure evaluation is based on bridge functional characteristics. Structural
vulnerability first considers bridge structural characteristics, then produces two

assessments by integrating monitoring system availability: one incorporating only
SHM sensor data from the bridge database, and another that additionally includes
spaceborne monitoring potential estimated based on Sentinel-1 coverage and
predicted measurement point density. The geometric mean of these three com-
ponents produces overall bridge risk metrics, enabling comparison between sce-
narios with and without monitoring integration.
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reported structural health monitoring systems, which is particularly
relevant to this study. However, it does not specify the particular SHM
system installed on a structure. Themajority of bridges in the database
are located in North America, followed by Europe and Asia, with a
significant proportion of the Asian bridges situated in China. The
authors of the database noted that some regions might be under-
represented due to the data collection being conducted using web
searches and automatic language translators that could miss some
entries from regions where English is not the primary language30.
However,while the datasetmayhave inherent spatial biases, it remains
the most comprehensive source of detailed global bridge information
currently available, making it an invaluable resource for the worldwide
bridge analysis in this article.

Hazards
This article focuses on gradual ground deformation processes, speci-
fically subsidence and slow-moving landslides, that can lead to bridge
displacements detectable using MT-InSAR. These hazards typically
evolve over time at rates compatible with the temporal sampling fre-
quency of radar acquisitions, allowing for effective monitoring. In
contrast, rapid landslides, which involve movement rates that exceed
the revisit intervals of radar satellites, fall outside the scope of this
study due to their incompatibility with MT-InSAR detection. While this
work does not address such rapid events, future research could con-
sider their inclusion in broader risk assessments.

Information on the expected magnitude of global subsidence in
2040 was derived from the predictions of ref. 72, which used sub-
sidence susceptibility and groundwater depletion probability data to
estimate the subsidence hazard level at a spatial resolution level of
1 km2. This hazard is classified on a six-level scale, describing the
probability of subsidence. Water bodies are assigned a ‘no data’ value.
The dataset is intended to highlight areas with high subsidence
potential where further analysis might be necessary. Therefore, we
used the data on the subsidence threat in 2040 to identify structures at
risk of subsidence that would benefit from continuous monitoring
systems. To facilitate a comparison between hazards included in this
study, the subsidence hazard levels were normalised to a scale
between 0 and 1, as shown in Supplementary Table 1. The maximum
subsidence hazard value over each structure was used for analysis.

To assess the threat of landslides on structures, we utilised the
‘Global Landslide Hazard Map’ by ref. 73. This dataset combines
landslide susceptibility, defined by terrain characteristics influencing
the likelihood of failure, with data on the probability of events capable
of triggering a landslide, such as rainfall and earthquakes. The map
quantifies landslide hazards by estimating the average number of
significant landslides per square kilometre and categorises the com-
binedhazard from rainfall and earthquake triggers into four qualitative
levels. For this study, landslide hazard levels were normalised (Sup-
plementary Table 2), and the highest value associated with each
structure was used in the analysis.

After obtaining the maximum subsidence and landslide normal-
ised hazard levels, they were combined into a single geo-hazard value
per structure using a geometric mean calculation with inversion and
re-scaling procedures, as recommended by the INFORM framework74,
to ensure higher values correspond to greater hazard severity. The
detailedmethodology for this geometricmean calculation isdescribed
further in this manuscript in the risk calculation subsection.

Exposure
Due to the absence of a standardised methodology applicable to the
available bridge data, this study employs the bridge function as a
measure of exposure. This approach aligns with the method proposed
in ref. 75, which assigns exposure levels based on the type of body
crossed by the bridge, considering the potential social and public

consequences of bridge disruptions. However, since this information
is not consistently available worldwide, we instead employed bridge
functionality as a proxy for exposure, similar to the approach sug-
gested by ref. 18. The long-span bridges database used in this study
provides binary information on whether a bridge serves as a road,
railway, footway, or a combination thereof. To further enhance the
data from the bridge database, specific road types on bridges (i.e.
highway, trunk, primary, and secondary roads) were extracted from
the Open Street Map (OSM), an open-source geospatial database76. In
cases wheremultiple road types were identified on a single bridge, the
type corresponding to the highest exposure class was selected. The
exposure levels were defined as outlined in Supplementary Table 3.

Structural vulnerability
No universally accepted methodology currently exists for assessing
the structural vulnerability of bridges. However, given that this study
aimed to identify bridges with structural deficiencies in the risk
assessment, we adopted an approach from the Italian Ministry of
Infrastructure and Transport guidelines75,77. The vulnerability in these
guidelines is determinedusing factors such as the level of degradation,
construction period, design code class, and the structure’s properties.
This information was either available in the database used for the
analysis or could be reasonably inferred. Supplementary Fig. 3 illus-
trates the logical flowchart used to assign vulnerability classes.

The bridgedatabase used in this study categorises bridge condition
into one of three states: ‘good’, indicating a structure not requiring
immediate intervention; ‘deficient’, denoting a bridge in need of urgent
structural repairs; and ‘obsolete’, where the asset is structurally sound
but not currently utilised as originally intended. According to the Italian
guidelines75, degradation can be classified into five levels. For this ana-
lysis, structurally deficient bridges were assigned the highest degrada-
tion level. The database identified several issues for the remaining
bridges, including moisture, wearing, corrosion, erosion, and cracking.
Bridges with no additional issues were assigned the lowest degradation
level; those with a single problem were rated as medium-low degrada-
tion, while bridges with multiple issues were rated at the medium level.
Although the Italian guidelines definefive degradation levels, the limited
structural health information available in the bridge database allowed
for the assignment of only four levels, with the medium-high degrada-
tion category remaining unused in this analysis. The most recent date
between the original construction completion and the reconstruction
year was used to determine the construction period. Since the design
class was not provided in the database, the worst-case scenario was
assumed per the guidelines, categorising all bridges as designed for civil
loads only, corresponding to category II. Furthermore, since the design
year was also unknown, the year construction commenced was used to
assign classes: Class A for bridges whose construction began before
1990, Class B for those that started between 1990 and 2007, and Class C
for bridges built after that.

Finally, the static scheme, materials, and span length were con-
sidered. The long-span bridge types in the database (arch, cable-
stayed, cantilever, suspension, and truss) do not directly correspond
to the static schemes explicitly defined in the Italian Guidelines. To
overcome this constraint, the guidelines’ recommendation to apply
conservative vulnerability assessments when specific classifications
are unavailable was followed75. For bridge types not explicitly covered
in the guidelines, the highest vulnerability class was assigned as a
conservative approach, withmaterial-based adjustments following the
guidelines’ established hierarchy. These assumptions are summarised
in Supplementary Table 4.

Following this process, each bridge was classified into one of five
structural vulnerability classes: low, medium-low, medium, medium-
high, and high, with corresponding numerical values V of 0.2, 0.4, 0.6,
0.8, and 1.0, respectively.
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Monitoring capabilities
This paper introduces a method for including monitoring capabilities
in structural vulnerability to enhance risk assessment and aid in
prioritising resources for bridge inspections. Two types of monitoring
are considered: SHM sensors and spaceborne monitoring. The mon-
itoring capabilities are assessed to assign amonitoring factor, denoted
as fmonitoring, which is then multiplied by the structural vulnerability V
to provide the integrated vulnerability value Vmonitoring, as described in
the following equation:

Vmonitoring =
V × fmonitoring, if V × fmonitoring < 1

1, otherwise

�
ð1Þ

The monitoring factor ranges from 1 (representing perfect mon-
itoring) to 1.35 (indicating no monitoring). These values were inspired
by the confidence factor in Eurocode-865 and the knowledge level in
FEMA 35666, both of which quantify confidence in the knowledge of
building component properties and account for uncertainties in data
collection. The availability of monitoring systems reduces the inte-
grated structural vulnerability by providing higher confidence in time-
variant structural assessment. In this way, bridges without monitoring
are penalised with increased vulnerability, flagging them for priority
consideration in risk-based monitoring strategies. Notably, if mon-
itoring reveals deteriorating conditions, the physical structural vul-
nerability can be updated accordingly, leading to a more accurate
overall risk evaluation.

Binary information regarding the availability of SHM sensors on
each structure was acquired from the database used for the study. For
this analysis, it was assumed that bridges equipped with an SHM sys-
tem have perfect monitoring capabilities. Therefore, such bridges
were assigned a monitoring factor of 1, while those without SHM
sensors were assigned a factor of 1.35.

A more detailed methodology was required to evaluate the space-
bornemonitoring capabilities. The steps of this process are summarised
in Supplementary Fig. 4. The database of bridges used for the analysis
provides only point-like coordinates for each structure. However,
knowledgeof the locationof thewhole lengthof thebridgewas required
for this study. To address this, roads and pathways along each bridge
were identified using OSM data76 and converted into polygons. A centre
line was then created for each polygon and subsequently divided into
five equal-length sections: the central span, two intermediate sections,
and two end sections, to allow for a segment-specific analysis.

Next, the number of PSs per pixel was estimatedusing themethod
proposed in ref. 47. This involved downloading long-term coherence
data from ref. 78 for summer (Northern Hemisphere) or winter
(Southern Hemisphere), which are provided at a spatial resolution of
approximately 100 × 100m. Infrastructure maps were then generated
using OSM data76. These coherence and infrastructure datasets were
used as inputs to a pre-trained model to infer pixel-wise PS density for
each pixel. This approach estimated the number of PSs for each
roughly 100 × 100-m pixel that intersected with the bridge geometry,
without applying additional buffer zones around the bridge structure.

To enable comprehensive spatial analysis of monitoring avail-
ability across bridge structures, each bridge was divided longitudinally
along its centreline into five equal-length segments: two edge sections,
two intermediate sections, and one central span. Two key statistics
were calculated to evaluate PS availability for each bridge segment: (1)
the proportion of pixels with at least one PS and (2) the number of PSs
per 100m. The proportion of pixels with at least one PS was used to
assess the spatial distribution of PSs across a bridge, as uniform cov-
erage is critical for reliable deformation analysis18. This statistic was
calculated as the ratio of pixels containing at least one PS to the total
number of pixels in a given segment. It ranged from0 (indicating no PS
coverage) to 1 (indicating uniform spatial distribution). The length of

the bridges in the database used for the analysis varies significantly. To
ensure a fair comparison, the predicted number of PSs per segment
was normalised by the length of the segment, providing the average
number of PSs per 100m. Low PS availability over a bridge limits the
ability to perform a comprehensive deformation analysis36. Conse-
quently, the higher the number of PSs per 100m, the better the
monitoring capabilities. These two statisticswere used to derive the PS
availability class for each segment, according to Table 1.

Finally, the weighted mean of the PS availability values across all
segments was calculated, placing the highest emphasis on the central
span:

A=0:1 × ðAe1 +Ae2Þ+0:25 × ðAi1 +Ai2Þ+0:3×Ac ð2Þ

where A denotes the overall PS availability value, Ae1 and Ae2 indicate
the edge sections, Ai1 and Ai2 represent the intermediate sections, and
Ac corresponds to the central span. This adjustment accounted for the
higher likelihood that PSs in the end sections may belong to nearby
structures, such as buildings, which could skew the statistics79.

After estimating the PS availability class for each bridge, the
accessibility of Sentinel-1 data, based on the acquisition plans80, was
factored in to account for the SAR data coverage for each specific
bridge. Sentinel-1 offers two primary repeat intervals: 6 and 12 days.
Higher temporal sampling enables more detailed displacement ana-
lysis. Additionally, in some regions, Sentinel-1 provides imagery from
ascending and descending geometries, while only one acquisition
geometry is available in other areas. To comprehensively understand
structuralmovement, data fromboth flight directions are preferred, as
it allows displacement measurements to be decomposed into vertical
and east-west components, providing more detailed insights34,71.
Therefore, the highest monitoring capability is achieved when data
fromboth flight directions are acquired every 6 days. In such cases, the
spaceborne monitoring capabilities were assumed to be equal to the
PS availability class, serving as a baseline. If Sentinel-1 obtains data
from both flight directions but only every 12 days, the value was
reduced by 0.1. If data acquisitions are made from only one flight
direction, the monitoring capability was reduced by 0.2 if the interval
between acquisitions is 6 days and by 0.3 if the temporal sampling is
12 days. For the plots, spacebornemonitoringwas categorised intofive
levels: no monitoring [0, 0.2], low (0.2, 0.4], medium (0.4, 0.6], high
(0.6, 0.8], and very high (0.8, 1.0].

Once the PS availability was integrated with temporal sampling
and flight path availability of Sentinel-1 data into a spaceborne mon-
itoring value for each bridge, it was re-scaled from the range [0,1] to
[1.35,1] to create the monitoring factor. Scaling was performed to
ensure that bridges that could not be monitored from space were
assigned a factor of 1.35, while those with perfect spaceborne mon-
itoring value received a factor of 1. To integrate SHM and spaceborne
monitoring into one metric, a combined value was obtained by taking
the lower of the two re-scaled monitoring factors.

Geo-hazard risk
The risk was calculated by taking the geometric mean of hazard,
exposure, and vulnerability, inspired by the methodology from the
INFORM framework74. Since the geometric mean is typically smaller
than the arithmeticmean, and to ensure that higher values—indicating
a worse status for the element at risk—are appropriately rewarded, the
INFORM framework suggests first inverting the values, calculating the
geometric mean, and then reversing the values again. Additionally,
values must be re-scaled to avoid computational instabilities, ensuring
that all values remain positive. The steps involved in calculating the
risk are as follows:
1. Reverse the values of x, where x represents hazard, exposure, or

vulnerability, so that higher values indicate lower levels of the

Article https://doi.org/10.1038/s41467-025-64260-x

Nature Communications |         (2025) 16:9048 11

www.nature.com/naturecommunications


corresponding risk component:

xreversed = 1� x ð3Þ

2. Re-scale the values from the range [0,1] to [1,10] to prevent
division by zero

xrescaled =9× xreversed + 1 ð4Þ

3. Calculate the geometric mean of hazard, exposure, and vulner-
ability, using the reversed and re-scaled values:

mean=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xrescaled1

× xrescaled2
× . . . × xrescaledn

n
p ð5Þ

4. Re-scale the mean back to the range [0,1]:

meanrescaled =
1
9
ðmean� 1Þ ð6Þ

5. Invert the value again so that higher values reflect greater risk:

meanf inal = 1�meanrescaled ð7Þ

The same methodology was applied to calculate geo-hazard,
using the geometric mean of subsidence and landslide hazards.

Data availability
The datasets used in this study are publicly available from the fol-
lowing sources: long-term coherence data were obtained from the
Sentinel-1 Global Coherence and Backscatter dataset available at
https://registry.opendata.aws/ebd-sentinel-1-global-coherence-
backscatter/; Sentinel-1 data availability was derived from acquisition
plans available at https://sentinels.copernicus.eu/web/sentinel/
copernicus/sentinel-1/acquisition-plans; Global Landslide Hazard
Map is available at https://datacatalog.worldbank.org/dataset/global-
landslide-hazard-map; and Potential Global Subsidence data for 2040
are available at https://figshare.com/articles/dataset/Global_
Subsidence_Maps/13312070/1. The long-span bridges database is
available upon request from the authors of ref. 30 (https://doi.org/10.
1080/15732479.2019.1639773). Map data are copyrighted by Open-
StreetMap contributors and available from https://www.
openstreetmap.org. Pre-processed and normalised versions of the
landslide and subsidence datasets, processed Sentinel-1 availability
shapefiles, regional Persistent Scatterer predictions, risk assessment
results, and source data for all figures are archived in the Zenodo
repository associated with this paper (https://doi.org/10.5281/zenodo.
15797029). Source data are provided with this paper.

Code availability
The code used in this study is available at https://github.com/
dominika-malinowska/bridge-risk-assessment-insar and archived on
Zenodo (https://doi.org/10.5281/zenodo.15814218).
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