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Abstract: Climate change is already being felt in Europe, unequivocally affecting the regions’ geo-
structures. Concern over this is rising, as reflected in the increasing number of studies on the subject.
However, the majority of these studies focused only on slopes and on a limited geographical scope. In
this paper, we attempted to provide a broader picture of potential climate change impacts on the geo-
structures in Europe by gathering the collective view of geo-engineers and geo-scientists in several
countries, and by considering different geo-structure types. We also investigated how geo-structural
concerns are being addressed in national adaptation plans. We found that specific provisions for
geo-structural adaptation are generally lacking and mainly come in the form of strategies for specific
problems. In this regard, two common strategies are hazard /risk assessment and monitoring, which
are mainly implemented in relation to slope stability. We recommend that in future steps, other
geo-structures are likewise given attention, particularly those assessed as also potentially significantly
affected by climate change. Countries considered in this study are mainly the member countries of
the European Large Geotechnical Institutes Platform (ELGIP).

Keywords: climate change; adaptation; geo-structures; climate change signals; climate change effects;
climate change impacts; national strategies; risk assessment; monitoring

1. Introduction

Climate change is already being felt in Europe. Compared to the pre-industrial level,
a general increase in temperature has been observed throughout the region, rising by
as much as 1.09 °C from 2011 to 2020 [1]. A changing precipitation pattern that varies
in space and time has also been experienced everywhere. Such changes in the climate
are expected to intensify in the future, which will undoubtedly have adverse impact on
the stability and serviceability of Europe’s geo-structures, such as natural and artificial
slopes, embankments, earth dams, levees, dikes, foundations and retaining structures.
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As Vardon [2] pointed out, changing climate alters the environmental load on these
infrastructures, and therefore their geotechnical performance. In addition to the more
known climate change manifestation of a rising sea level, Vardon [2] also identified other
factors that are likely to threaten geo-structures: increasing temperature causing excessive
soil drying; increasing mean rainfall reducing soil suctions; increasing drought events
leading to soil desiccation; increasing intense precipitation causing soil erosion and flooding.
Vahedifard et al. [3], focusing on geo-structures in partially saturated conditions, is in
agreement with [2], but in addition to altered load conditions, also identified altered
soil properties as another effect of climate change that can impact the performance of
geo-structures. They listed several processes that can weaken partially saturated earthen
structures, resulting primarily from variations in the soil moisture and temperature.

In Europe, the rising concern over the impact of climate change on geo-structures
is reflected in the increasing number of studies on the subject in recent years. For in-
stance, in reviewing and analysing the literature on landslide-climate studies published
between 1983 and 2016, Gariano et al. [4] found that the majority of the studies come
from Europe. They, however, noted, that the geographical distribution of these studies is
uneven, with most mainly coming from Italy, France and United Kingdom. An example
of such landslide-climate studies is that from [5], which reviewed and illustrated possible
changes in the occurrence of debris flows, landslides and rockfalls for selected regions of
the Swiss, Italian, and French Alps as a result of predicted increased rainfall and exces-
sively warm air temperature. Another example is that of [6], who estimated the impact
of increased precipitation on slope stability in Sweden, finding that reduced safety and
more frequent mudflows are to be expected. In addition, some larger-scale studies ex-
ist. For instance, within the framework of COST Action TU1202, a coalition that aims
to address the challenges of engineered slope resilience in the context of climate change
in Europe, Tang et al. [7] presented an overview of those climate- and vegetation-driven
processes that are of greatest concern for the said type of geo-structure. They also listed
key aspects for design consideration under a changing climate and further gave directions
for future research and development by highlighting specific areas of concern for specific
European climatic regions. These areas of concern include surface and internal erosion,
surface desiccation cracking, freeze-thaw effects, wetting/saturation, and shrink-swell
behaviour. Another endeavour worth mentioning is the SafeLand project [8], an integrated
collaborative research effort funded by the Seventh Framework Programme for research
and technological development of the European Commission. Among the main climate
change-related achievements of the project are the model simulations of regional and local
climate for selected European regions and, with this, the estimation of the potential changes
in landslide hazard and spatial distribution of population at risk in Europe due to climate
change. It is worth noting that the majority of the available literature on the impact of
climate change on geo-structures is on natural and engineered slopes, as in the preceding
examples, far outnumbering those dealing with other geo-structures.

Adaptation represents a fundamental strategy for reducing and managing the risks
of climate change impacts on geo-structures and is critical in delineating climate-resilient
pathways for the design and management of these structures. Adaptation generally refers
to the process of adjusting in response to current or expected climate change and effects,
with the aim to reduce exposure and vulnerability to climate variability. The number of
scientific publications assessing climate change impacts, vulnerability, and adaptation more
than doubled between 2005 and 2010 [9], with adaptation emerging as a core research
topic. However, not many publications deal with the geotechnical aspect of climate change
adaptation (CCA). This is possibly because geotechnical problems usually require high
spatial resolution information on climatic extremes, but model results are often only
available at low spatial resolution and/or do not look at the climatic extremes. In this
relation, the role of monitoring and early warning is and will be more and more crucial
in identifying the response of geo-structures to a changing climate. Some advances in
monitoring of geo-structures exposed to climate change are discussed in [10,11] with special
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reference to the measurement of pore-water tension and water regime for embankments
and slopes.

In this paper, we review the present and future climate trends in Europe. Then, we
attempt to provide a broader picture of how climate change is expected to affect the geo-
structures in the region by gathering the collective view of geo-engineers and geo-scientists
in a number of European countries, and by considering a number of geo-structure types. We
also look into how geotechnical issues and concerns are being addressed and incorporated
in national adaptation plans and programs. Finally, we provide selected examples of
how climate change adaptation in relation to geo-structures is being implemented on
the ground. The aim is to identify current trends and the way to go forward in securing
Europe’s geo-structures against the onslaught of climate change. Countries considered in
this study are mainly the member-countries of the European Large Geotechnical Institutes
Platform (ELGIP, https:/ /elgip.org/, (accessed on 20 November 2021)).

2. Present and Future Climate Trends in Europe

Shifting weather patterns are undoubtedly silently threatening our natural and built
environment. Referring to the different climatic regions in Europe shown in Figure 1, clear
signs of this pattern shift are as follows:

e An observed decreasing precipitation trend in parts of southern Europe, particularly
in summer, whereas in northern Europe, an increase in annual precipitation of about
70 mm per decade is observed, mostly as winter precipitation [12]. This increase is
also the result of more intense precipitation events in western Europe [13].

e  Since 1950, high temperature extremes (e.g., hot days and heat waves) have become
more frequent and long-lasting.

e  Droughts phenomena are becoming more intense and frequent in southern Europe.
Low temperature extremes (e.g., frost days) have become less frequent [14,15].

e Since 1850 Alps glaciers have lost about half of their volume and this trend could
continue in future [12]. The retreat of Alpine, Scandinavian and Icelandic glaciers is
considered a major climate change impact [16].

e The average sea level has been increasing (3 mm/year in recent decades according
to [14]).

e  Storm behaviour throughout Europe is variable in location, frequency and intensity.
Frequency showed a general increase over the 1960s to 1990s, after which it decreased
to the present [12].

For the future, climate models show a significant temperature increase between 2.5
and 4 °C by 2071-2100 for all emission scenarios for the whole of Europe, with the most
substantial warming in eastern and southern Europe during summer and in northern
and north-western Europe during winter [12,17,18]. Heatwaves are projected to become
more frequent and longer lasting over the 21st century [14], especially in central and
eastern Europe.

Modelled future precipitation varies regionally and seasonally. For continental Europe,
trends are less clear than in other parts of the region. However, most climate models show
a continued increase, mostly in winter precipitation, for northern Europe, whereas it is
decreasing for southern Europe, most notably in summer [12,18]. The number of days
with high precipitation is projected to increase. Additionally, precipitation is expected to
be more rain than snow in mountainous regions [12]. Climate models do not show clear
trends in the direction, magnitude, or intensities of storm activity [16]. However, most
studies agree that in northern, north-western and central Europe, the risk of severe storms
will increase [12].
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Figure 1. Overview of expected climate change signals in Europe (modified from [12]).

Projected future global sea level rise is expected to be in the range of 0.29-0.55 m for
RCP 2.6 to 0.48-0.82 m for RCP 8.5 [15]. Note that RCP stands for Representative Concen-
tration Pathway, which was used in the Fifth Assessment Report of the Intergovernmental
Panel on Climate Change (IPCC) [9] to describe how concentrations of greenhouse gases
in the atmosphere will change in future as a result of human activities. The four RCPs
considered are RCP2.6 (“climate protection” scenario), RCP4.5 (“medium” scenario), RCP6
(“high” scenario) and RCP8- (“business-as-usual” scenario), labelled after a possible range
of radiative forcing values in the year 2100 relative to preindustrial values (+2.6, +4.5, +6.0
and +8.5 W/m?, respectively). Further on, sea level rise, regional changes have low confi-
dence. Extreme analyses derived from the SRES (Special Report on Emissions Scenarios)
A1FI scenario (a future world of rapid economic growth with fossil-intensive technolo-
gies [19]), with low probability and high impact, show a mean sea level rise between 0.55
and 1.15 m globally and (The Netherlands) between 0.40 to 1.05 m locally by 2100. Extreme,
very unlikely scenarios for the UK vary from 0.9 to 1.9 m by 2100 [20].

Extreme events will increase, most notably heat waves, droughts and precipitation
events [21,22]. Temperature extremes are expected to increase, resulting in an increased
number of warm days, warm nights and heatwaves. Changes in extreme precipitation
events vary regionally, with high confidence in increased extreme precipitation in north-
ern Europe (all seasons) and continental Europe (except summer). In southern Europe,
projections are seasonally different.
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Future extreme storm surges vary along the European coasts, with significant increases
in the eastern North Sea and the west of the UK and Ireland, except south of Ireland [13,23].
Meanwhile, projections for the south of the North Sea and the Dutch coast show a stable [24]
to increasing trend [12].

Regionally, the combination of observed and projected climate change shows that in
Northern Europe, the temperature rise is larger than that globally, resulting in decreasing
snow and ice cover, increasing river flows, increasing damage risk from winter storms with
increased winter precipitation and risk of river and coastal flooding in North-Western Eu-
rope. Central and Eastern Europe show an increase in air temperature extremes, a decrease
in summer precipitation, and an increase in water temperature. In the Mediterranean
region, the temperature rise is more significant than the European average (especially in
summer). In this region, several extreme meteorological events are expected to increase
(heatwaves, droughts, intense rain precipitation), accompanied by a decrease in average
annual precipitation, decrease in annual river flow, increase in the risk of soil erosion and
desertification (especially in southern Italy), as well as in the risk of floods and coastal
erosion due to sea level rise and subsidence, both anthropic and natural. The expected
climate change signals across European climatic regions are shown in Figure 1.

3. Causal Chain Mapping and Significance Analysis of Climate Change Impacts on
Geo-Structures

To identify the most important impacts of climate change from a geotechnical stand-
point and, therefore, determine the areas where the geotechnical community should focus
its research efforts in the next years, a causal chain mapping and significance analysis was
carried out through literature review, expert knowledge and questionnaire-based survey.
As a first step to the causal chain mapping, relevant climate change signals were identified,
here meant as the manifestations of a changing climate with respect to basic climate pa-
rameters, e.g., increased /decreased precipitation, increased temperature, increased wind
speed, etc. Then, the effects of these signals on geotechnical or geological processes and
properties were assessed. Finally, the impacts of the identified effects on geo-structures
were tracked down. Following an initial survey among ELGIP members on the most
relevant geo-structures in the context of climate change, the geo-structures were broadly
grouped as follows:

e  Slopes, including natural slopes that could affect buildings and infrastructures, and
engineered slopes such as road/railway slopes or open pit mines.

e  Embankments, i.e., road embankments, railway embankments, earth dams, dikes and
levees.

e  Other engineered structures or structures in general, i.e., foundations (footings, piles
and embankment foundations) and retaining structures (as gravity walls, cantilevered
walls, anchored walls and geosynthetic reinforced walls).

For the significance analysis, the identified impacts were rated for various European
countries, mainly those with representatives in ELGIP, via a rapid questionnaire survey.
The questionnaire was distributed among geo-engineers and geo-scientists through the na-
tional and professional organizations in these countries. The total number of returned
questionnaires is 474. For statistical validity, only those countries which returned 20 ques-
tionnaires were considered. Meanwhile, the representative of these countries in the ELGIP
Working Group on Climate Change Adaptation (WG-CCA) also independently rated
the identified impacts. For both procedures, the rating was made according to the criteria
shown in Table 1.
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Table 1. Score criterion adopted to quantify impacts of climate change on geo-structures.

Degree of Impact Score

No impact or not applicable -

Low impact [

Medium impact 2

The results of the causal chain and significance analysis are summarised in Table 2.
Note that in the scoring, several factors have been considered, including, among others,
the level of exposure, vulnerability and adaptation capacity. For instance, with regard to
slopes, the Netherlands (NL), being mainly lowlands, has low to very low exposure and
thus the mostly low impact rating. Meanwhile, Great Britain (GB) is entirely surrounded
by waters, which for the most parts are open seas, explaining the high impact rating
with respect to the vulnerability of coastal infrastructure to flooding under a sea-level
rise scenario. In comparison, Croatia (HR) lies along the Adriatic Sea, which is more of
an elongated bay, and is, therefore, more protected against the effects of sea level rise.
Moreover, the Croatian Adriatic coast is mostly rocky and relatively steep. Thus, only a
relatively few low-lying parts of the coast are especially vulnerable to sea level rise due to
climate change [25].

As can be gleaned in the table, each climate change signal can have multiple effects on
geotechnical or geological processes and properties, affecting the ground, underlying soil
or rock, groundwater, surface water and vegetation. In turn, these effects can have direct
impact on different geo-structures. An individual signal can, therefore, have an impact
on one or more geo-structures, but conversely, the same impact can also originate from
various signals. Thus, for instance, an increase in duration, frequency and/or intensity of
precipitation can lead to a degradation of material strength due to increased saturation and
physical weathering, increased mineral dissolution due to increased chemical weathering,
increased soil erosion, as well as increased surface runoff, surface and groundwater level
and flow. One of the potential impacts of such effects, and therefore the impact of the causal
signal, is the instability of slopes. However, this impact can also result from most other
climate change signals considered.

In most of the countries considered in this paper, the following climate signals appear
to be those expected to have the most significant impact on geo-structures: “increased
precipitation”, “decreased precipitation/increased drought periods”, “increased number
of intense rain-drought cycle” and “sea level rise”. These signals were rated to have
medium to high impact for all the geo-structure groups. On the other hand, “Increased
wind speed” and “increased air temperature and periods of warm weather in winter”
are generally expected to have lesser impact on these geo-structure groups. Considering
only slopes, however, all signals except “increased wind speed” are expected to have a
significant impact. Of greatest concern is the slope instability that may result from increased
precipitation. As a general summary, the following are the impacts considered to be most
relevant for the geo-structures in Europe taking account of all climate change signals:
instability of slopes, instability of embankments, instability of other engineered structures,
damage/failure of engineered structures from flooding, and overtopping/breaching of
dikes and levees.




Geosciences 2021, 11, 488

7 of 24

Table 2. Some of the major impacts of climate change on geo-structures and their degree of significance in EU countries.

Climate Change Signal

Effect on Geotechnical/Geological Properties and Processes

Potential Impact on Geo-Structures

Score 2

AT DE ES

FR GB HR IT NL NO PT RO SE SI

A. Increased precipitation !

A.1 Degradation of material strength due to increased
saturation and physical weathering

A .2 Increased mineral dissolution due to increased chemical
weathering

A.3 Increased water erosion

A 4 Increased surface runoff

A5 Increased surface and ground water level and flow

Instability of slopes

2

Instability of embankments

Instability of other engineered structures

Structure collapse/damage on karstic
topography

Damage/failure of structure from flooding

Overtopping/breaching of dams and dikes

B. Decreased
precipitation/increased
drought periods !

B.1 Degradation of material strength due to
shrinkage/desiccation and increased physical weathering
B.2 Decreased surface and ground water level and flow
B.3 Increased wind erosion

Cracking and instability of slopes

Cracking and instability of embankments

Cracking and instability of other engineered
structure

Structure settlement/subsidence

C. Increased air temperature
and periods of warm weather
in winter

C.1 Degradation of material strength from increased saturation
and physical weathering due to snow and ice melting

C.2 Changed geotechnical properties of perennially frozen
soil/rocks

C.3 Increased surface runoff from snow and ice melting

C.4 Increased water erosion

C.5 Increased surface and ground water level and flow

C.6 Increased mineral dissolution due to increased chemical
weathering

Instability of slopes

Instability of embankments

Instability of other engineered structures

Damage/failure of structure from flooding

Overtopping/breaching of dams
and dikes

Structure collapse/damage on karstic
topography

D. Increased number of intense

D.1 Degradation of material strength due to increased
saturation/desiccation and increased weathering

Cracking and Instability of slopes

2
2
2
2
2
2
2
2

Cracking and instability of embankments

2
. 2
rain/drought cycle D.2 Increased shrink-swell behaviour of clay soils Cracki 1 instability of oth - q
D.3 Increased water and wind erosion racking and instability of other engineere . 2 2 2 2 2 2 2 2 2
structures
Cracking and Instability of slopes 2 2 2 2 2
E. Increased number of E.1 Degradation of material strength due to increased frost - - o
¢ . Cracking and instability of embankments 2 2 2 2 2
frost-thaw cycle heave/thaw settlement and physical weathering
Cracking and Instability of other engineered 2 2 2 2 2 2

structures
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Table 2. Cont.

Climate Change Signal

Effect on Geotechnical/Geological Properties and Processes

Score 2

Potential Impact on Geo-Structures

AT DE ES FR GB HR IT NL NO PT RO SE SI

F. Increased frequency and
intensity of extratropical
cyclones and storms

F.1 Degradation of material strength due to increased
saturation and physical weathering

F.2 Increased mineral dissolution due to increased chemical
weathering

F.3 Increased surface runoff

F.4 Increased surface and ground water level and flow

E5 Frequent and higher sea water rise from storm surges
F.6 Increased loading due to strong wind and wave action
E7 Increased water and wind erosion

Instability of slopes

Instability of embankments

Instability of other engineered structures

Structure collapse/damage on karstic
topography

Damage/failure of structure from flooding
and/or strong wave action

Overtopping/breaching of dams and dikes

Damage/failure of tall structure foundation
from strong wind action

G. Sea level rise

G.1 Degradation of material strength due to increased
saturation and increased weathering

G.2 Increased water erosion

G.3 Landward encroachment of the sea

Instability of coastal slopes

Instability of coastal embankments

Instability of other engineered coastal
structures

Damage/failure of engineered coastal
structures from flooding

Overtopping /breaching of dikes and levees

H. Increased wind speed

H.1 Increased wind erosion
H.2 Increased dynamic load

Instability of slopes

Instability of embankments

Instability of other engineered structures

Damage/failure of tall structure foundation

! In terms of duration, frequency and/or intensity. Note that ISO-2 alpha codes are used for referring to the countries. 2 The score assignment criterion is shown in Table 1.


alessandra
Evidenziato


Geosciences 2021, 11, 488

9 of 24

4. Climate Change Adaptation Framework and Strategies as they Relate to
Geo-Structures

The significance analysis described in the previous section has highlighted the major
climate-related impacts on the different geo-structural groups and their degree of im-
portance across several European countries. A major challenge now and into the future,
therefore, is the resilience enhancement of these geo-structures, particularly those consid-
ered highly vulnerable. In this regard, a review of the national CCA plans and programs of
various ELGIP member-countries was conducted, mainly focusing on provisions relating
to geo-structures, to obtain an overview of how the said challenge is being addressed.
Specifically, member-country representatives were asked to identify the following:

1.  Strategic documents on CCA such as national adaptation plan and related action plans.
2. Geo-related climate effects and impacts mentioned in these strategic documents.

3.  Specified actions.

4. Responsible bodies for action (national, regional or municipal level).

The results of the review are summarised in Table 3, where it emerges that all the coun-
tries considered have published (or in the process of approving and publishing, as in
the case of Italy) comprehensive national strategies and action plans for climate change
adaptation, as recommended by the European Union. In general, such strategies and plans
are quite similar to one another and vary only slightly between countries. For instance, they
have a similar approach of defining adaptation strategies and risk reduction measures over
a broad spectrum of societal sectors and activities. All make reference to climate change
effects and impacts relating to geo-structures such as instability of slopes, soil erosion,
soil subsidence, flooding and damages to road and rail infrastructures. However, specific
strategies for geotechnical CCA are generally lacking. Provisions relevant to geo-structures
seem more related to the impacts of climate change on natural hazards (usually floods and
landslides) rather than on geotechnical engineering practice and design. It is noted though
that in some cases, specific strategies are given for specific challenges, such as the construc-
tion/revision of risk and vulnerability maps with respect to rail and road infrastructures,
adaptation of technical rules and standards for the design of infrastructures, landslide
monitoring and early-warning systems. This is consistent with the suggested strategies
of the IPCC [26] for managing climate change risk through adaptation, specifically early
warning systems, hazard and vulnerability mapping, improved drainage, adaptation of
building codes and practices, and transport and road infrastructure improvements.

Concerning the responsible bodies for actions, it is generally noted that the parliament,
the national government and/or specific ministries, such as the Ministry of Infrastructure
and Climate in the Netherlands or the Ministry of the Environment and of Energy in Ro-
mania, set the legal framework and provide the guidelines to support climate change adap-
tation initiatives. The development and implementation of specific measures, on the other
hand, are under the responsibility of national, provincial and/or municipal governments.



Geosciences 2021, 11, 488

10 of 24

Table 3. Overview of the national strategies for CCA in some European countries.

Strategic Documents

Geo-Related Climate Effects and Impacts

Mentioned

Suggested Actions

Responsibilities for Actions

National strategy of adaptation to
climate change [27]
First and second national plan of

Review and adapt technical standards
for the construction, maintenance and
operation of transport networks
(infrastructures and equipment) in
continental France and overseas

Specialized commission of the National
Council for Ecological Transition as a national
adaptation monitoring committee. Measures
put in place jointly by the state, the local
authorities (the regions and the
inter-municipal authorities) and the actors

Second Progress Report on the German
Strategy for Adaptation to Climate
Change (contains APA III) [33].

Damage to coasts (physiographic) and
coastal infrastructures due to storm
surge

Soil cluster

Soil erosion

Changing soil moisture

technical rules and standards
Funding and incentives

Research and monitoring
Networks and cooperation
arrangements

Public awareness, communication,
information (education, guidance)

¢ ‘ ! Flooding, soil movements due to swelling Hne concerned to ensure the best possible
g adaptation to chmat.e change [28,29] clays or rain/drought cycles, flow rates for territories ) articulation of adaptation policies from the
3 ONERC (Observatoire National sur les  gtreams and rivers. Define a harmonized methodology to national level to the local level. Coordination
effets du réchauffement climatiques) diagnose the vulnerability of mechanism between the territorial levels and
reports. ir.lfrastructures and land, sea and the national level, by developing and leading
airport transport systems a network of regional adaptation committees
Map natural hazards as part of the development or the revision of
regional guidelines dealing with adaptation
to climate change.
Infrastructure cluster: Adaptation of infrastructure, e.g.,
- Damage to buildings and infrastructure identifying th.e vulnerablhty—frolm
caused by storm surges resulting from floods, landslides, embankment fires or
‘ sea level rise, river flooding and flash storm damage—of roa.d a1'1d rail Federal government in framework setting, in
German Strategy for Adaptation to flood, landslide and high wind infrastructure, determination of particular in the creation of legal framework;
Climate .Change? [30] Heat and frost damage to roads, rail strategic rail altern:fltlve routes, climate  hag also direct responsibilities in its capacity
. Adaptation Action Plan I (APA ) [31] infrastructure, runways prooﬁ.ng transport mfrastru.cture, as the owner and developer of property, land
g frogrgss Repor ton ’clhe Germﬁn Strategy Flooding and undermining of roads alil apting urban spaces to climate and infrastructure.
é or A .aptatlon to Climate Change and rail infrastructure change ) In collaboration with the Federal government,
3 (contains APA II) [32] _ Water cluster Adaptation of legal instruments and different states, municipalities and

community groups are expected to conduct
risk assessment at their level, identify areas
for action, define targets, and develop and
implement suitable measures for adaptation.
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Table 3. Cont.

Strategic Documents

Geo-Related Climate Effects and Impacts
Mentioned

Suggested Actions

Responsibilities for Actions

Italy

National strategy of adaptation to
climate change [34]

National plan of adaptation to climate
change (under approval) [35]

Report on the status of scientific
knowledge on impacts, vulnerability
and climate change adaptation [36].

Alterations in hydrogeological regime,
subsequent increased risk of shallow or deep
landslides, mud flows, debris flows, rock
falls, erosion, subsidence, flash floods, effects
on soils stability and road and rail
infrastructures stability.

Monitoring and data analysis
Early-warning systems

Update and revision of risk and
vulnerability maps

Revision of design criteria, especially
for dams

Design and maintenance of
infrastructures according to
climate-proof concept

Several actors with specific competences
(Ministry for Ecological Transition, Ministries
Committee for intervention in the soil
defence sector, state-regions conference,
regions, basin authorities, NNational Civil
Protection Sector, local and territorial entities
such as municipalities, provinces, etc.)

Netherlands

National Climate Adaptation strategy
(NAS) [37]

Deltaplan spatial adaptation (DPRA)
[38]

Management Agreement Climate
Adaptation

Climate Change impact on transport

infrastructure, vital infrastructure (incl.

telecom, ICT), hydraulic infrastructure

Impacts related to climate change are based
on 4 climate scenarios. The effects are
categorized in 4 themes:

Drought related impact: Increase in soil
subsidenceHeat related impact: Increase in
number of heat days which may result in
disruption of services, and increased

corrosion and damages to roads and railways.

Impacts resulting from flooding resulting in
higher water levels and interruption of
critical infrastructure and reduction in
transport

Waterlogging related impact: Waterlogging
caused by short, severe precipitation (usually
during summer), waterlogging caused by
prolonged precipitation (usually during
winter), excessive groundwater levels.

Creation of action perspective to
increase climate resilience for
municipalities and asset owners.
Early Warning Systems coupled with
impact (impact-based forecasting)
Renewal and renovation of ageing
infrastructure in sight of climate
change.

Ministry of Infrastructure and Climate Local
governments (Municipalities, Provinces)
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Table 3. Cont.

Strategic Documents

Geo-Related Climate Effects and Impacts
Mentioned

Suggested Actions

Responsibilities for Actions

White Paper on “Climate change
adaptation in Norway” from the
Norwegian government (from

Land use planning (incl. hazard and
risk mapping)

Design and construction of relevant
mitigation measures (incl. nature-based

Municipalities must identify vulnerable

Update of risk and vulnerability maps

. 1 ts, 11 as climate related risks i
& 2013) [39] Natural hazards such as landslides, floods, solutions) ¢ CIMENS, as We as cimare re ated risks m
2 A variety of documents from . . their municipality. Municipalities to ensure
2 erosion, storm surge, mainly related to In extreme cases, monitorine and earl . .
] Norwegian Environment Agency, for . . T , & Y that new constructions are according to rules,
Z g gency, increased (intense) precipitation. Ty " . P .
instance measures to adapt to climate Enf & f local knowled construction owners” for design and
change for various sectors, including (Su:ii;ﬁigé) ocal knowledge implementation.
construction industry. Research activities
Reduction in the risk of coastal, river
and urban flooding
Increasing the resilience of
infrastructures
. ) Implementation of Flood Risk Several entities with specific competences:
— - National Strategy for Climate Changes o . . Management Plans government, ministries and local
b Adaptation (ENAAC 2020) [40] Alterations in hydrogeological regime, & . . .
3 . . . Adoption of measures to guarantee a administration; business sector of the State;
£ Action Programme for Adaptation to coastal protection, subsequent increased risk P & . P .
S . . . more resilient coastline acainst erosion, Managing entities of infrastructures transport
[ Climate Change (P-3AC) [41]. of landslides, erosion, flash floods & , ‘cations: scientifi .
overtopping and coastal flooding, tand‘cor.nmumcatlons, scientific and academic
particularly in built-up areas and/or Institutions
urban centres
Implementation of forecasting and
warning systems
Parliament for legislation and modification to
Establishment of policies and measures ~ current legislation in the context of climate
< - Romanian National Strategy on Climate for enhancing the early response and change
'g Change [42] . . . measures for hazard Ministry o'f t.h.e Environmer}t and Ministry of
g - Guide for Adaptation to Climate Increased risk of landslides, flooding Monitoring data and early warning Energy to initiate and provide support to
& Change [43]. systems climate change adaptation and mitigation

National Agencies and Municipalities to
propose programs to support climate change
adaptation
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Table 3. Cont.

Strategic Documents

Geo-Related Climate Effects and Impacts
Mentioned

Suggested Actions

Responsibilities for Actions

Resolution on the Long-term Climate
Strategy of Slovenia until 2050 [44]
National Energy and Climate Plan [45]

Monitoring data

Update of risk and vulnerability maps
Revision of design criteria

Changes in Spatial and Civil

Change Adaptation work [49].

flows. Expected impact on settlements and
buildings are increased risk of flooding of
nearshore settlements, increased risk of
landslides, debris flows and erosion along the
coast and water courses.

require permission for ground
measures that could impair the
permeability of the soil.

Other actions:

mapping and data collection
identify risk areas with respect to
landslides, flooding and erosion and
rank them according to probability,
consequences and special problems.

.g Resolution on the national program for ) ) Engineering regulations; the The En.villronment Agency of the Republic of
g the development of transport in RS for Increased risk of landslides, rock falls, mud municipalities prepared the overview Slovenia is responsible for the strategy
F)O the period up to 2030 [46] flows, debris flows, erosion and floods plans about the risk of damage due to formulation anq implgrr}gntation of climate
Resolution on the National landslides, erosion and flooding change adaptation activities.
Environmental Protection Program for including climate change effects; design
the period 2020-2030 [47]. of infrastructures according to climate
change.
Changes in the Law of Planning and
Building are proposed and decided
with the aim of increasing the
plieparedness in the municipalities for  National authorities to initiate, support and
. . climate change. evaluate the work with climate adaptation in
Natu.ral hazards spch as flooding, landslides, The municipalities in the overview their area of responsibility and develop
debris flows, erosion along the coast and plans should give their opiniononthe  4ctjon plans. The Swedish Meteorological
a}110ng water courses. Ex(}j)ectfed impacts for risk of damage of the built environment ;.4 Hydrological Institute have been
the transport system and infrastructure are, due to landslides, erosion and flooding -
i i . . ’ commissioned to follow up the work at
c Eggg;ﬁfff‘g]gy for Climate Change e flooding and flushing away of road and related to climate change, and how o Tovel P
ko railway embankments, damaged bridges an ; ; . . . 1
03) Ordinance on authorities’ Climate increasyed risk of erosion, lanc%slides o? debris these risks can be re'd.uceq e avoided. The National Board of Housing, Building and
& / Imply that the municipalities could Planning has been commissioned to be the

coordinating authority for climate adaptation
regarding new and existing buildings. The
Swedish Geotechnical Institute and the
Swedish Contingencies Agency has been
commissioned to identify risk areas with
respect to landslides, flooding and erosion.
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5. Climate Change Adaptation Strategies: Hazard/Risk Assessment and Monitoring

As seen in the preceding section, specific provisions for geotechnical CCA are generally
lacking in the national CCA plans and programs of the countries considered in this paper.
Instead, they are subsumed under relevant sectoral activities and/or come in the form
of specific strategies for specific problems. In this relation, two adaptation strategies that
are common and, in fact, have become a standard not only in the countries considered in
this paper, but also worldwide, are hazard /risk assessment and monitoring. Hazard /risk
assessment allows the identification of the most vulnerable areas and is therefore vital in
the formulation of future more detailed investigations, mitigation measures and emergency
plans. Meanwhile, hazard/risk monitoring allows prompt actions should the nature,
potential impact, or likelihood of the risk go beyond acceptable levels.

Within the context of climate change, it is understandable why the above-mentioned
strategies are the most common geo-structure-related CCA measures in many countries.
This is because these measures are the most amenable to the application of future climate
projections. Due to current limitations in downscaling said climate projections, adaptations
are mostly in the form of regional assessments, i.e., projections are too coarse for local
implementation, as for example in the adaptive design of specific geo-structure. As such,
at the local level, the most reliable protective/adaptive measure at the moment is moni-
toring and early warning systems (MEWS). In the future, there is a need to consider other
adaptation measures including, among others, adaptation of technical rules and standards
for the design of infrastructures, as well as innovative nature-based solutions.

In the following, we give examples of these regional hazard/risk assessments and
MEWS.

5.1. Hazard/Risk Assessment

Extreme precipitation events, either in the form of rain or snow, are common triggers
for many damaging phenomena, as seen in Section 3. Realizing this, the cross-border coop-
eration project Crossrisk, which covers Slovenia and Austria, was carried out to improve
the safety of the population and infrastructure by providing forecasts and warnings for
rain, floods and snow. The project results are presented in the Crossrisk website [50], which
is updated daily in terms of meteorological parameters for four main areas: Avalanche,
Weather & Snow, Hydro and Climate. The set of climate data includes spatial distribution
of extreme precipitation and extreme snow load. Extreme precipitation is presented for
return periods from 5 up to 250 years for precipitation duration from 5 min up to 120 h.
Meanwhile, the extreme snow load is shown for return periods from 5 up to 100 years.

Figure 2 is an example where the spatial pattern of extreme precipitation with return
period of 100 years is shown. Detailed information for a selected location can be obtained
simply by entering the location coordinates. This information can then be used to make
projections for the future. For example, for the location of a landslide with coordinates
(46.13108, 15.55915) shown in Figure 2, the information obtained from the Crossrisk map
(Columns 2 and 3 in Table 4) was used by [51] to calculate changes in the precipitation level
by 2050 due to the increase in temperature (Columns 4-7 in Table 4) using a selected en-
semble of regional climate models and applying climate change scenario RCP4.5. The most
significant changes are expected during the winter months when, according to projections,
precipitation in the lowlands will fall as rain rather than snow. Thus, snow cover as a water
reservoir will be a rarer phenomenon than it is today, such that more problems related to
large amounts of rain (e.g., flooding and landslides) can be expected [51].
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Figure 2. Map of extreme precipitation level with return period of 100 years. The location of a

selected landslide is plotted [50].

Table 4. Estimate of current precipitation level and of precipitation level in 2050 for the selected
landslide location (return period of 100 years).

Rainfall Current Precipitation Precipitation Level 2050 (RCP4.5) [51]
Duration Level [50] Min Max
[min] [mm] [L/s] (ha) [mm] [L/s] (ha) [mm)] [L/s] (ha)
5 19 633.33 20 666.67 24 800.00
10 33 550.00 35 583.33 41 683.33
15 41 455.56 43 477.78 51 566.67
20 46 383.33 48 400.00 57 475.00
30 54 300.00 56 311.11 67 372.22
120 77 106.94 81 112.50 95 131.94
180 84 77.78 88 81.48 104 96.30
1440 138 16.09 138 15.97 145 16.78

Climate data such as those above are important input data for hazard and risk maps
such as those shown in Figures 3 and 4. In Romania, the historical rainfall data was empiri-
cally correlated with the historical landslide events under RO-RISK [52], an EU-funded
project aimed at identifying evaluating landslide hazard at the national level for better
prevention. Precipitation patterns in the country are expected to become more irregular
and the frequency of shorter, more intense, localized rainfall events to become higher.
The correlation shows that the increase in rainfall quantity will increase the frequency of
landslide events and cause the reactivation of existing landslides. The national landslide
hazard map based on the expected maximum seasonal precipitation from 2021 to 2050 is
illustrated in Figure 3. Such a map allows for localizing the most susceptible areas, where
mitigating measures are most needed.
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Figure 3. Hazard map for landslides originated due to maximum seasonal precipitation in Romania
from 2021 to 2050 (modified from [52]).

Meanwhile, in Sweden, risk maps are generated by also considering exposed popula-
tion, assets and environment. Specifically, the Swedish Geotechnical Institute, by order of
the Swedish government, was tasked to provide an overall picture of the landslide risks
along prioritised watercourses under current and future climate [53,54]. While many areas
in the country are susceptible to landslides, areas along watercourses flowing through
layers of loose soil are often more vulnerable.

To assess the risk, the investigated area is allocated a probability categorisation and
a consequence categorisation, the combination of which determines the risk category. To
assess the probability of a landslide, the traditional computation of the factors of safety
for slope stability is complemented with the inherent uncertainty in the parameters that
have been incorporated. The consequences are then assessed qualitatively for buildings,
transport routes and contaminated areas based on four aspects: life, environment, economic
impact and societal function.

Due to increased precipitation and temperature projected for Northern Europe (Figure 1),
expected climate change effects in areas along watercourses are higher water flow and
levels. As a result, increased erosion of the toe of the slopes and riverbeds, as well as higher
groundwater levels and pore water pressure, are expected. This will have an impact on
the probability of landslide occurrence mainly due to changes in the geometry of riverbank
slopes. Such effect on landslide probability is designated ‘sensitivity to climate impact” and
categorised into low, moderate and high.

The results of the landslide risk and climate change impact assessments are presented
in maps, which are accessible to external users via a map viewer. An example is shown
in Figure 4 for one of the prioritized rivers, the Sdvean River. Landslide risk is divided
into three categories (low, moderate and high) and the climate impact by 2100 is shown as
(solid, dashed or dotted) blue lines along the water course.
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Figure 4. Example of risk map for one of the prioritized rivers in Sweden, the Savean River (modified
from [55]).

As the changing climatic conditions and the concomitant increase in extreme events
can strongly jeopardize the functioning of critical infrastructures such as the transportation
system, risk identification can be more targeted, as in the examples from Germany and
Netherlands. In Germany, the Federal Ministry of Transport and Digital Infrastructure
(BMVI) launched a national research program with the aim to develop fundamental prin-
ciples for increasing the resilience of the country’s transport system to climate change
and extreme events through appropriate adaptation measures. The first phase of the pro-
gram (2016-2019) was focused on the assessment of climate change effects and impacts
on transport infrastructure (e.g., roads, railway embankments). Among the priority areas
relevant to the present paper are the impacts of landslides, flooding and storms. According
to [56], an additional 1% of the highway and rail networks (about 390 and 370 km, respec-
tively) may be potentially exposed to landslide in the near future (2031-2060) compared
to the reference period (1971-2000). The figures increase to about 2-3% if the distant
future (2071-2100) is considered. As regards flooding [57], river sections that are already
characterized by winter flood events are expected to be increasingly at risk. In particular,
future projections show an increase in flood hazards in the Rhine, Danube and their larger
tributaries. Nationwide, about 2% of the federal road network and 1% of the rail network
are currently located in the floodplain of a “medium flood scenario”, which statistically
occurs about every 100 years. Under the “extreme” flood scenario, the potential inunda-
tion area covers 8% of both the federal road network and of the rail network (Figure 5a).
Meanwhile, Bott et al. [58] describe the results of the analysis of the impact of windstorm,
showing that the exposure of the country’s transport infrastructure to windthrow is largely
determined by the presence of vegetation. Overall, about 23-25% of the federal highway
and rail network run through forested areas and are thus potentially at risk from windthrow
(Figure 5b).
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Figure 5. (a) Sections of the federal highway network that lie within the potential inundation areas
of an extreme flood and storm surge scenario (modified from [57]); (b) exposure and sensitivity of
the federal highway and railway network to storm throw based on the 98th percentile of wind speed
(gusts) of CCLM simulations for the reference period 1971-2000 (modified from [58]).

Like Germany, the Netherlands also embarked on quantifying the impacts of future
climate change and associated weather extremes on the Dutch motorway network, with
the ultimate goal of establishing a climate resilient road network by 2050. To attain that ob-
jective, Deltares developed and conducted a stress test in close collaboration with the Dutch
national road authority (“Climate Proof Networks” project) [59,60]. In the first phase of this
test, climate change signals were identified and the corresponding exposure of the motor-
ways and vital elements such as bridges and tunnels was assessed and mapped. Climate
change in the Netherlands is typically characterised by drier summers, wetter winters and
shorter, intense rainfall events. The stress test, therefore, looked into the related climate
change effects, such as river and coastal flooding due to intense rainfall, and to subsequent
climate change impacts, among which dike breaches, instability of embankments (Figure 6)
and road deformation caused by soil subsidence were identified. In the second phase,
the vulnerability of the motorways was calculated, assessing the damage and recovery
costs, as well as the cascade effects in terms of losses due to delays incurred by road
users because of partial or full obstruction of the motorway. The outcomes are being used
by the Dutch national road authority to evaluate the risks of disruptive events, identify
effective measures, improve the climate resilience of future motorway network structures
and produce dedicated information packages for the districts, asset managers, governance
and road specialists.
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Figure 6. Susceptibility map of the Dutch Road network with respect to instability of embankments
(modified from [59,60]).

5.2. Hazard/Risk Monitoring

The protection of infrastructures against natural hazards and the need for increas-
ing their resilience become increasingly relevant in view of the climatic threats, as seen
above. In this relation, monitoring and detection systems can play a crucial role, as for
example with regard to debris flow and snow avalanches, which is an issue of growing
importance in mountain environment [61]. Monitoring and early warning systems are
reliable adaptation strategies which can either be combined with structural measures or a
standalone cost-saving alternative in less densely urbanized areas. The low implementation
and maintenance costs, as well as the limited impacts on the environment, are among their
main advantages. It must however be noted that regardless of the sensor used and the mea-
sured parameter, the MEWS must be robust and redundant. Moreover, they must be able
to automatically generate warning and execute specific actions when specific conditions
are met.

Figure 7 shows an example of such kind of systems and applications in the North-
Western Italian Alps (1630 m a.s.l. altitude) to protect a mountain road against debris
flows and snow avalanches that occur periodically along a gully [62]. The system is
straightforward and low cost. It is based on a detection section (i.e., trigger line) equipped
with inclinometers suspended above the gully located approximately 120 m upstream from
the road. Other equipment includes traffic lights, a weather station and cameras. A wireless
sensor network [63] is used to manage the system so that all sensors and equipment can
communicate through radio signals without the need for cables. When the detection section
is triggered directly by the passage of the debris or the avalanche, an alarm is generated
and transmitted to turn on the traffic lights on the road.
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Figure 7. (a) View of the “Bouvaz” gully from the municipal road Cogne-Valnontey; (b) plan view of the monitoring and

early warning system [62].

MEWS are also being experimented with in Norway, where large parts of existing rail
networks have challenges related to water-related landslides. Potential landslide events
at these locations are unlikely to be prevented in the short term—solving these issues
will require time and significant costs. However, typical “hot spots” may be managed
by improving drainage, or by implementing warning systems. Such a “hot spot” with
steep slopes alongside the railway is located at Bode central station in northern Norway
(Figure 8). In this area, the slope has experienced several slides over the years. As such, a
pilot project has been initiated to test the possibility of warning for increased danger of
landslides based on instrumentation and physical modelling of the stability conditions.
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Figure 8. Overview slope, Bodo central station and pilot monitoring and warning system sketch.
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In the pilot project, a simple instrumentation was planned for pore pressure, pre-
cipitation, soil moisture and temperature measurements in selected cross sections of
the long slope that runs parallel to the rail line with its final leg in the Bode central
station (see Figure 8). The purpose of the system is to monitor parameters associated with
slope stability influenced by local rainfall, of which the most important are (a) variations
in the level of the groundwater level, (b) changes in moisture content in the upper soil
layers and (c) amount and intensity of local rainfall. In addition to monitoring techniques,
the pilot project will include testing innovative mitigation methods to reduce the landslide
risk, primarily by improving the drainage situation. The test measures include standard
drainage systems, a nature-based solution (NBS) using vegetation, as well as a few innova-
tive measures developed by partners in the Klima 2050 consortium [64].

6. Summary and Conclusions

Results of our literature review show that in Europe, as in most parts of the world,
studies on climate change impacts on geo-structures are mostly focused on slopes and
concentrated in a limited number of areas/countries. Thus, to have a broader picture
of the issue, we gathered in this study the collective view of geo-engineers and geo-
scientists in several countries through a questionnaire-based survey, considering different
geo-structure types. We also reviewed national plans and strategies for relevant provisions
on geo-structures, as well as look for relevant actions on the ground. Below, we highlight
the main results of this study:

e In most of the countries considered, the climate signals that appear to have the most
significant impact on geo-structures are “increased precipitation”, “decreased precipi-
tation/increased drought periods”, “increased number of intense rain-drought cycles”
and “sea level rise”. On the other hand, “increased wind speed” and “increased air
temperature and periods of warm weather in winter” are generally expected to have a
lesser impact.

e  The impacts considered to be most relevant for the geo-structures in Europe are the in-
stability of slopes, embankments and other engineered structures; the damage/failure
of engineered structures from flooding; and overtopping/breaching of dikes and
levees.

e  Specific provisions for geotechnical climate change adaptation are generally lacking in
the national plans and programs of the countries considered in this paper and mainly
come in the form of strategies for specific problems, e.g., reduction in risks related to a
specific hazard.

e Two adaptation strategies that are common and have become a standard for many
countries are hazard/risk assessment and monitoring. Implementation of the said
strategies is mainly in relation to slope stability. This is in line with the survey
results, where slope instability is considered the most significant impact of climate
change in most countries. This is also consistent with the finding that the majority of
available literature on the impact of climate change on geo-structures are on natural
and engineered slopes, far outnumbering those dealing with other geo-structures.

For future steps, while ensuring the stability of our slopes is of critical importance, it
is necessary that the other geo-structures are likewise given attention, particularly those
that were assessed to be also potentially significantly affected by climate change. Moreover,
implementation and/or strengthening of other measures such as adaptation of technical
rules and standards for the design of infrastructures, as well as innovative nature-based
solutions, will also be needed if we are to protect our geo-structures more effectively against
the onslaught of climate change.
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