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ABSTRACT: Almost all existing or planned geotechnical structures will have to cope over the coming decades with changes in 
the climate, whether gradual or sometimes sudden, which may have consequences ranging from a few disorders to the failure of the 
structure. Some questions need to be asked to adapt our civil works to these unprecedented changes. How does the climate change 
alter the properties and mechanical behaviour of soils? Where to find information on sea-level rise or climate projections for designing 
structures? Which of the IPCC scenarios can or should be considered? What effects might affect a road, a railway, a house, the 
foundations of an engineering structure, a retaining wall, or a coastal structure? How can we assess the vulnerability of existing 
structures and make them more resilient? What adaptation solutions are possible for each type of structure? How to make the design, 
keeping in mind that the climatic actions considered today will be obsolete in a few decades? To answer these questions, a working 
group (WG) called Geotechnics and Climate Change was launched in France in 2022 by the CFMS (French Society for Soil Mechanics 
and Geotechnics) and the CFGI (French Society for Engineering Geology). A Part of this WG, the Sub-Group 2, made up of around 
twenty members from the French geotechnical community, has been specifically dedicated to the adaptation of geotechnical structures 
to the effects of climate change, with the aim of drafting recommendations for owners and designers of geotechnical structures. The 
purpose of this paper is to describe the scope of the working group and to present the key points of the future recommendations, that 
will be published soon: reference scenarios and climate projections in France, effects of climate change and impacts on different types 
of structures, principles of adaptation strategies and design considerations. 
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1 INTRODUCTION : SCOPE AND CHALLENGES OF 

THE WORKING GROUP 

Climate change has many direct and indirect consequences for 
our environment and infrastructure. The various physical 
effects (temperatures, extreme precipitation, soil drought, rising 
sea levels, etc.) are already clearly measurable today, and will 
become more pronounced over the coming decades. Some 
extreme phenomena (Météo-France, 2025) have spectacular 
consequences, such as the French storms Xynthia (2010) and 
Alex (2020), which caused major human and material damage 
(flooding, landslides, destroyed buildings, cut-off roads and 
railroads, etc.). Others, such as the increasingly frequent 
recurrence of drought episodes, are causing shrink-swell 
phenomena in large parts of the country, resulting in damage to 
individual homes and roads, at a very high cost to society. 

These findings have prompted the French geotechnical 
community to take an in-depth look at the effects of climate 
change on geotechnical structures. A working group, led by 
CFMS and CFGI, (respectively the French societies of soil 
mechanics and geological engineering) was set up in 2022, in 
which a sub-group of around twenty representatives from 
engineering firms, research organizations and construction 
companies, focused specifically on the adaptation and 
resilience of geotechnical structures. 

Geotechnical structures covered by this WG include light 
structures or single-family houses, foundations for buildings or 
bridges, retaining structures, linear infrastructures (roads and 
railways), hydraulic and fluvial earthworks, and maritime 
structures. Natural slopes and continental or coastal cliffs are 
also considered, since they are in the vicinity of surrounding 
constructions. Tunnels and dams, on the other hand, have been 
excluded from these recommendations, as these highly specific 
structures fall under the remit of other scientific committees. 

The main issues addressed by this WG are: How does the 
climate change alter the properties and mechanical behaviour 
of soils? Where to find information on sea-level rise or climate 
projections for designing structures? Which of the IPCC 
scenarios can or should be considered? What effects might 
affect a road, a railway, a house, the foundations of an 
engineering structure, a retaining wall, or a coastal structure? 
How can we assess the vulnerability of existing structures and 
make them more resilient? What adaptation solutions are 
possible for each type of structure? How to make the design, 
keeping in mind that the climatic actions considered today will 
be obsolete in a few decades? 

After three years of work between 2022 and 2025, 
recommendations will be published in 2026 to address these 
questions. The main elements of this text are presented below. 
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2 REFERENCE SCENARIOS FOR CLIMATE CHANGE 

2.1 IPCC scenarii  

The Intergovernmental Panel on Climate Change (IPCC) is a 
group of international experts who have been actively working 
since 1988 on climate knowledge and its evolution, from its 
causes to its impact on populations. Reports are published 
periodically, actually the sixth (Annual Report AR6), which 
summarizes scientific publications written between 2015 and 
2021. It has been established that the temperature at the Earth's 
surface has risen by +1.10°C (and in 2025 it will be +1.57°C) 
compared to the pre-industrial era (1850–1900). It also states 
that sea levels have risen faster in the last 125 years than in the 
previous 3,000 years, that the oceans have warmed faster in the 
20th century than in the previous 11,000 years, and that CO2 
concentrations reached their highest level in 2 million years at 
over 420 ppm in 2024. In order to limit this trend, which will 
cause significant changes to populations (IPCC, 2023) but also 
to geotechnical structures, as it will be described later in this 
article. To quantify these impacts, the IPCC has proposed 
various scenarii called SSP (Shared Socio-economic 
Pathways), which are based on additional radiative forcing by 
2100 (+2.6, +4.5, +7.0, and +8.5W/m²) for temperatures. 

 

 
Figure 1. Global surface temperature change relative to 1850 – 1900 
(IPCC, 2023). 

Radiative forcing corresponds to the energy from the Sun 
that is retained on Earth. The different values associated with 
the scenarii correspond to socio-economic assumptions about 
greenhouse gas emissions. For example, the SSP5 scenario 
(+8.5W/m²) envisages optimistic human development, with 
substantial investment, but rapid economic growth based on 
fossil fuels (Figure 1). Meanwhile, the SSP2 scenario 
(+4.5W/m²) envisages an intermediate trajectory with no social 
change compared to the present day. 

2.2 The TRACC: France’s Climate Warming Reference 
Trajectory for Adaptation    

France has established a Climate Warming Reference 
Trajectory for Adaptation, known as TRACC (MTECT, 2023), 
to guide national and local policies in preparing for the impacts 
of climate change. While global efforts continue to aim for a 
1.5°C limit on global warming, current trends indicate the 
possibility of significantly higher temperature increases by the 
end of the century. 

To ensure effective and coordinated adaptation, TRACC 
2023 defines a reference trajectory based on a more pessimistic 
yet realistic scenario. It anticipates a rise in world global 
average temperature of +1.5°C by 2030, +2°C by 2050,+3°C by 
2100. 

 
Figure 2 : location of TRACC 2023 milestones (yellow, orange and red 
symbols) versus SSP scenarios (Soubeyroux et al., 2024) 

 
In mainland France, this would correspond to about +2°C 

by 2030, +2.7°C by 2050, and +4°C by 2100 compared to pre-
industrial levels (see Figure 2). 

This pathway intends to serve as a framework for 
designing climate adaptation actions, including: 
• Updating technical standards, building codes, and risk 

management practices to reflect future climate conditions. 
• Supporting regional authorities and economic sectors in 

identifying vulnerabilities and developing resilience plans. 
• Integrating adaptation priorities into urban planning, 

infrastructure development, agriculture, water 
management, and biodiversity conservation. 
 
TRACC 2023 is built on the recognition that climate 

impacts are already visible in France, with increasing 
heatwaves, droughts, and extreme weather events. It 
acknowledges that even with strong emissions reductions, 
further warming is inevitable due to the inertia of the climate 
system. 

3 DATA AND PROJECTIONS FOR CLIMATE 
CHANGE 

3.1 Data for sea level projections 

Sea level rise is the result of two cumulative phenomena: the 
thermal expansion of the oceans and the inflow of water from 
melting polar ice caps and continental glaciers. At present, the 
average rise is 3.3 mm/year, of which one-third is due to 
thermal expansion and two-thirds to the inflow from melting ice 
caps. However, this average trend masks major regional 
disparities. 

Regionalized sea-level rise values can be consulted on 
various information websites: for example, the NASA Sea 
Level Change portal (https://sealevel.nasa.gov/) or the CoCliCo 
European platform (Coastal climate Core services, 
https://coclicoservices.eu/). Sea level rise projections are 
derived from various climate models. Users can select 
projections either by IPCC 6th Report SSP scenario, or by value 
of mean temperature rise to 2100 (from +1.5 to +5.0°C). Values 
are available by decade, from 2020 to 2150, and data can be 
viewed and downloaded (see Figure 3). 
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Figure 3 : Screenshot from NASA Sea Level website 

In addition to these projections, the Sea Level Rise website 
developed by BRGM (https://sealevelrise.brgm.fr/) can be used 
to visualize areas exposed to sea level rise along the French 
coastline. This site uses a pre-calculated analysis of the 
topography to identify, at very high resolution, areas that could 
be subject to marine submersion because of sea-level rise. For 
this tool, the user sets a sea-level rise value in 0.5 m steps 
(example on Figure 4). 

 

 
Figure 4 : Screenshot from BRGM Sea Level Rise website 

3.2 Data for climatic projection in France 

One of France's public agencies, Météo France, is the national 
official meteorological and climatological service. As such, it 
has developed an online tool (DRIAS website) to facilitate 
access to climate projections, including temperatures, 
precipitation, wind, and soil moisture. The various IPCC and 
French national TRACC 2023 scenarios are implemented 
(example on Figure 5). 

 
Figure 5. Reference average temperature (1976-2005) and difference 
to this value in 2100, according to TRACC 2023 scenario (DRIAS). 
 

We recommend in this Working Group to adopt the 
TRACC 2023 median scenario (+4°C) for France or, if this is 
not available (particularly in the overseas departments and 
regions), a more pessimistic IPCC scenario (either SSP3-7.0 or 
SSP5-8.5). The choice of these scenarii remains at the 
discretion of the project owner or their representative, 

depending on the degree of resilience they wish to prescribe for 
the structure to be built or reinforced. 

4 EFFECTS OF CLIMATE CHANGE AND 
CONSEQUENCES ON GEOTECHNICAL 
STRUCTURES 

4.1 Main effects of climate change 

The most direct effect of climate change is the increase in 
atmospheric temperature. Following the TRACC 2023 median 
scenario, the average air temperature in France is projected to 
increase by 4°C by the end of this century.  

As a result, the number of days having dry soil (i.e. Soil 
Wetness Index, SWI, is lower than 0.40) will significantly 
increase in the following decades, with 10 to 100 additional 
days by 2100 compared to the current situation. At the same 
time, the number of frost days (air temperature < 0° C) per year 
will decrease by 5 to 50 days. In addition, precipitation will 
slightly decrease in the South of France while increasing in the 
North borders. The intensity of extreme rainfall is expected to 
increase slightly. 

Flooding is the most critical risk in France in terms of the 
number of people impacted and the resulting damages. The 
frequency of floods has increased over the last few decades in 
Europe and is expected to continue with a high intensity of 
extreme rainfall. In terms of risks related to wind (cyclones and 
tornadoes), the trend of its evolution over the next few decades 
is not clear.  

In 2020, ocean levels had risen by 20 centimeters since 
1900, based on an increase of 1 to 4 millimeters per year. They 
could reach 0.3 to 1 meter in 2100, depending on the scenarios, 
with strong local variations expected. At the time of writing 
these recommendations, no projections for the French coastline, 
according to the TRACC 2023 scenario, are available; however, 
this information is expected to be published shortly. Rising sea 
levels, increased temperatures, which accelerate evaporation 
and exacerbate droughts, as well as specific human activities 
(such as pumping from the water table), lead to an increase in 
salt concentrations in the soil and freshwater along the coast, 
creating a "salt wedge." 

The global increase in temperature, coupled with 
episodes of drought or more intense wind, risks causing 
increasingly frequent wildfires. Based on Météo France’s 
climate projections, the French National Forestry Office 
establishes maps of the potential sensitivity of forests for the 
middle and end of the century, categorized by their typology. 

It is important to note that some of these effects can be 
cumulative and interact with each other or even cause 
aggravations by repercussions on other effects (cascade effect), 
see Figure 6. This may lead to increased and parasitic stresses on 
geotechnical structures, sometimes accompanied by changes in 
the material properties. 

4.2 Geotechnical Consequences 

Extreme climate heat waves, in terms of their duration, are the 
primary factor triggering the clay shrinkage and swelling 
phenomenon. For instance, the succession of a rainy period 
followed by a period of rainfall deficit constitutes a major 
triggering factor. With 2015 as a turning point, France 
experienced a period from 2016 to 2022 marked by an 
acceleration of the effects of climate change on the clay 
shrinkage and swelling phenomenon as well as drought claims. 
The share of the cumulative burden related to drought among 
the various damages increased from 37% over the period 1989-
2015 to 60% over the period 2016-2021. 

Gravitational instabilities encompass landslides, 
mudflows, torrential mudflows, rockfalls, cave-in subsidence, 
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and collapses (such as sinkholes). Extreme precipitation events, 
which are expected to increase in intensity and frequency due 
to climate change, serve as direct or indirect triggers for these 
instability phenomena. 

External erosion by runoff typically develops during 
extreme events, such as floods or heavy rainfall. Land 
development, drought, forest fires, etc. favors it. Vegetation 
cover creates cohesion between surface particles. This also 
plays a role in attenuating runoff. Thus, the disappearance of 
vegetation cover linked to these various phenomena is an 
aggravating factor in external erosion. Furthermore, the 
likelihood of external erosion linked to precipitation is 
increased following a flood period. In the context of climate 
change, these phenomena are destined to intensify, generating 
more and more external erosion, jeopardizing many historic 
structures. Recent examples include the significant damage 
caused by Storm Alex in 2020: the flooding along the Roya 
River destroyed the only access to the village of Breil-sur-Roya 
and permanently altered the river's morphology. 

Internal erosion is also directly influenced by climate 
change: (i) Changes in hydraulic conditions (increased water 
table, repeated infiltration/drainage cycles, etc.) can more easily 
generate hydraulic gradients exceeding the critical gradient and 
thus trigger internal erosion phenomena; (2) Freeze-thaw and 
desiccation cycles generate cracking/destructuring in clayey 
materials, promoting interstitial flow and reducing the shear 
strength of these materials, facilitating internal erosion; (3) The 
loss of vegetation cover linked to water stress, forest fires, soil 
artificialization, etc., which serves as a buffer against variations 
in water content at depth, also facilitates internal erosion. 

Climate change introduces a new factor that exacerbates 
coastal erosion, with rising sea levels. Indeed, areas previously 
protected from the sea's action are now exposed. The increase 
in the intensity and frequency of storms and marine submersion 
phenomena also accentuates and accelerates coastal erosion. 
Coastal observatories regularly monitor this erosion. 
Approximately 27% of the French coastline is eroding, 
including 270 km of coastline that is receding at a rate of more 
than 50 cm per year. 

 

 
Figure 6 : Main effects of climate changes and geotechnical 
consequences 
 

All these phenomena are, of course, natural and have 
always existed independently of climate change. However, their 
frequency or intensity will increase to varying degrees 
depending on the region, and certain phenomena, such as clay 
shrinkage and swelling, will spread spatially across a large part 
of the territory. 

The effects of climate change can also affect the execution 
of geotechnical works. The increase in the frequency and 
intensity of extreme weather conditions leads to changes in the 
organization of construction sites and work schedules. The 
decree of June 28, 2024 (No. 2024-630) thus authorizes the 
compensation of employees in the event of bad weather, by 
adding heatwaves to the list of eligible events. Indeed, we will 
observe more heatwaves, more intense winds, and increased 

risks of flooding, which will impact not only employees but also 
the execution of works. 

5 VULNERABILITY OF GEOTECHNICAL 
STRUCTURES 

5.1 Vulnerability assessment 

A tailored analysis is essential for each structure to accurately 
assess its risks and determine suitable adaptation measures, 
considering various categories such as foundations, linear 
infrastructures, dikes, natural slopes, retaining walls, hydraulic 
structures, maritime works, earthworks, and soil improvement 
techniques. The vulnerability of these structures to climate 
change is highly influenced by the local context, whether urban, 
rural, or coastal—as well as aggravating factors like soil sealing 
and coastal conditions.  

 Physical vulnerability, defined as the sensitivity of a 
network/infrastructure to a particular climatic hazard, i.e. the 
amplitude of damage produced by the occurrence of this hazard 
(Cerema, 2019), is closely linked to resilience, which is the 
ability to cope with disturbances while maintaining essential 
functions. The working group has developed a vulnerability 
scale for assessing geotechnical structures, ranging from low to 
high, along with tailored recommendations for adaptation, 
monitoring, and maintenance based on the assessed risk level 
(Table 1).  

This framework is designed to guide the implementation 
of preventive or corrective measures necessary to ensure the 
long-term durability and functionality of infrastructures under 
climate change, distinguishing between new and existing 
structures. 

Table 1 : Physical vulnerability scale and adaptation principles 

 
5.2 Examples  

For each type of structure, the relevant climate impact, observed 
phenomena, consequences, key parameters, and recommended 
adaptation measures are outlined. 

For instance, the well-documented issue of clay shrink-
swell caused by drought leads to structural damage in individual 
houses and lightweight buildings, such as cracks and 
deformations. The surrounding environment – particularly 
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vegetation and water management – plays a significant role in 
influencing soil behavior. A thorough diagnosis is advised to 
identify risks before major damage occurs. Multiple solution 
approaches are available to prevent or remediate these issues, 
including stabilizing soil moisture levels around foundations, 
strengthening foundations, implementing structural 
interventions on the building, and applying chemical soil 
treatments. It is important to act quickly to prevent the 
worsening of damage. 

Many structures can be vulnerable to the effects of climate 
change. For example, linear infrastructure such as roads and 
railways is affected by drought, extreme rainfall, flooding, 
freeze-thaw cycles and wind. The combination of meteorology, 
geography and the type of structure can lead to highly variable 
impacts, even within sections of the same linear structure, 
which is why specific studies are required for each structure. 
Additionally, certain impacts interact with each other — for 
instance, rising temperatures coupled with falling rainfall can 
strongly amplify soil drying, a process that can occur during 
cold, dry periods. Wind also contributes to the intensification of 
drought. Drought leads to the cracking and destabilization of 
clay soils, while intense rainfall causes erosion, mudflows and 
landslides. 

The Working Group drew up an inventory as exhaustive as 
possible of the impacts of climate change on the various types 
of geotechnical structures: 
• For river levees: drought, floods, rising sea levels, winds, 

heavy rainfall, and forest fire; 
• For natural slopes (loose soils): drought, high 

temperatures, heavy precipitation, flooding and violent 
floods, rising sea levels, strong winds, forest fire, and 
freeze-thaw cycles; 

• For natural rocky slopes: drought and high temperatures, 
heavy precipitation, rising sea levels, strong winds, forest 
fire, and freeze-thaw cycles; 

• For foundations of buildings and civil engineering 
structures (excluding aquatic sites): drought and high 
temperatures, flooding, violent floods, rising sea levels, 
strong winds, and freeze-thaw cycles; 

• For civil engineering structures (bridges with supports in 
aquatic sites): drought, flooding, and rising sea levels; 

• For retaining structures: drought and high temperatures, 
flooding, rising sea levels, strong winds, forest fire, and 
freeze-thaw cycles; 

• For hydraulic structures (such as culverts), extreme climate 
events affecting flow rates (heavy rainfall, storms, 
flooding, etc.); 

• For maritime structures (such as dikes), rising sea levels, 
swell and winds, coastal retreat, and storms and flooding; 

• For maritime structures (such as sheet pile quays, pile-
supported quays, caissons, etc.), drought and high 
temperatures, terrestrial flooding, winds, swell and storms, 
and rising sea levels; 

• For maritime structures such as breakwaters or seawalls, 
flooding, and sea level rise; 

• For earthworks, drought and high temperatures, flooding 
and precipitation, extreme temperatures (both high and 
low), strong winds, and freeze-thaw cycles; 

• For soil improvement or reinforcement, drought, high 
temperatures, flooding, heavy precipitation, rising sea 
levels, and strong winds. 
 

  

  
Figure 7 : Examples of damages on infrastructures, from top left to 
bottom right : cracks due to drought on a highway (©DIR Est 2022), 
Building affected by coastal erosion, at Soulac-sur-mer (©BRGM, 
2014), rockfall on a road (©BRGM, A. Rey), landslide during Alex 
Storm (2020, Cerema) 

6 PRINCIPLES AND DESIGN OF ADAPTATION 
SOLUTIONS 

6.1 Basic principles 

For the design stages of adaptation solutions, three fundamental 
principles must be considered: 
• Involvement of the owner or operator, to determine the 

effects of climate change to be considered, and the choice 
of time horizon (2050, 2070, 2100, etc.) for the project. 

• Assessment of the carbon footprint: it would be counter-
productive, and probably not well accepted by the 
population, to implement solutions for adapting to climate 
change that would emit large quantities of greenhouse 
gases. 

• Verification that it is not “maladaptation”, i.e. a solution 
likely to have harmful consequences for the climate or the 
environment, or that may increase the vulnerability of the 
areas around the structure under consideration. This means 
we need to look at a potentially fairly large area around the 
structure in question, which is not the usual practice of 
geotechnical engineers. 

6.2 Implementation of climate change into design  

The integration of climate change into geotechnical design 
involves moving from an approach based solely on current 
climate data to one based on forward-looking climate 
projections and adaptation principles.  

The consequences of climate change-rising temperatures, 
changes in precipitation, sea-level rise, extreme events, and 
altered groundwater regimes require reconsideration of input 
parameters used in design: soil suction, saturation states, 
hydraulic gradients, freeze-thaw cycles, and thermal variations. 
For new structures, designers must incorporate projections that 
go beyond the typical design life of 50 or 100 years. This may 
involve revising drainage strategies, factoring in more intense 
rainfall or longer dry spells, adjusting bearing capacity 
calculations, or reassessing slope stability under new 
hydrological regimes. 

Design justification practices must evolve accordingly. 
Although Eurocode 7 currently provides the normative basis for 
geotechnical design, it does not yet fully account for future 
climatic conditions. Adaptation strategies may include 
incorporating broader ranges in parametric studies, updating 
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