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Preface

This volume emerges from the ALERT Geomaterials 2025 doctoral school which fo-
cuses on the role of geomechanics for the energy transition.

Geomechanics provides the quantitative, key framework to model ground behavior un-
der changing mechanical loads and multiphysics. Its insights are essential to scaling
low-carbon technologies without compromising safety, reliability, or cost.

The aim of the volume is to establish a link between fundamentals and practice across
rapidly evolving low-carbon technologies. Chapters span offshore foundations, sub-
surface storage, geostructures, and adjacent applications. Multiphysics couplings
provide a common language across these topics. Methods range from laboratory ex-
periments and field measurements to theoretical modeling and numerical simulations.

Although each chapter stands on its own, the collection forms a continuous path. The
intended readers are doctoral candidates, researchers, and practicing engineers.

As always, the PDF of this book can be downloaded free of charge from the ALERT
Geomaterials website. ALERT Geomaterials thanks all contributors for the time, ma-
terials, and effort invested in crafting this volume.

Ioannis Stefanou
Director of ALERT Geomaterials
ENSTA — IP Paris
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Foreword

The contributions assembled in this volume stem from the lectures delivered at the
2025 ALERT Doctoral School, devoted to The Role of Geomechanics in the Energy
Transition.

The 2025 edition of the school addresses a timely and critical theme: how the fun-
damental principles of geomechanics underpin the successful deployment of energy
technologies and subsurface solutions central to the global energy transition. This dis-
cussion takes place against the backdrop of pressing societal challenges: the combined
effects of climate change, environmental pollution, and population growth are reshap-
ing our demand for energy, while waste management and the reduction of greenhouse
gas emissions have become urgent priorities. At the same time, the expansion of
megacities and the increasing exposure to natural hazards require resilient and sus-
tainable infrastructure.

As illustrated in Figure 1, traditional fossil-based energy sources such as oil, gas,
coal, and nuclear have finite lifespans, with sustainability estimates ranging from only
a few decades to two centuries. In contrast, renewable sources such as solar, wind,
and geothermal hold the potential to meet global annual energy demand—provided
that the outstanding scientific and technical challenges can be resolved to allow for
efficient production, storage, and transport.

Traditionally, subsurface engineering has been associated with hydrocarbon produc-
tion and classical geotechnical practice. Today, however, new applications such as
shallow and deep geothermal energy, offshore wind energy, nuclear waste disposal,
and CO2 and hydrogen storage rely on the subsurface as a secure and controlled en-
vironment. These technologies present a different set of challenges, often involving
extreme conditions of pressure, temperature, chemical reactivity, or long timescales.
Understanding their impact on the mechanical response of geomaterials is crucial for
ensuring performance, safety, and sustainability.

1

ALERT Doctoral School 2025



Figure 1: Estimates of the sustainability of fossil fuel (left) and renewable (right)
forms of energy1.

The learning objectives of the school are threefold. First, to present the state of key en-
ergy technologies, situating their contribution to the energy transition within broader
historical and societal developments. Second, to clarify the specific geomechanical
principles and challenges associated with each technology, including issues of mul-
tiphysics interactions, scaling, and uncertainty. Third, to provide participants with
conceptual and methodological tools–both numerical and experimental–for modeling
these complex problems across multiple scales and timespans.

1Turner, G. M. (2008). A comparison of The Limits to Growth with 30 years of reality. Global environ-
mental change, 18(3), 397-411.

Robins, J. C., Kolker, A., Flores-Espino, F., Pettitt, W., Schmidt, B., Beckers, K., Pauling, H., Anderson,
B. (2021). 2021 U.S. geothermal power production and district heating market report. National Renewable
Energy Laboratory.

Center for Sustainable Systems, University of Michigan (2024). Geothermal Energy Factsheet. Pub. No.
CSS10-10.
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The design of the school reflects this vision. Each session combined a technology-
focused introduction given by a domain expert with lectures emphasizing the geome-
chanical aspects of that technology. Themes common across applications–multiphysics
couplings, scaling issues, and data uncertainties–were integrated throughout, enabling
participants to build a coherent foundation for addressing the challenges of the energy
transition.

This volume collects the core contributions from the school. Together, they provide
postgraduate students and researchers with a consolidated view of how geomechanics
supports safe, reliable, and sustainable energy solutions. Beyond technical insights,
the school sought to highlight the societal relevance of geomechanics: in mitigating
risks to urban areas and natural environments, in ensuring the sustainability of energy
resources, and in contributing to the urgent global need for decarbonization.

We hope that these lecture notes will serve both as a reference on the state of the art
in geomechanics for energy and as a source of inspiration for future research at the
interface of scientific excellence and societal impact.

Anne-Catherine Dieudonné (Delft University of Technology)
Martin Lesueur (Delft University of Technology)

Jean-Michel Pereira (Ecole Nationale des Ponts et Chaussées)
Hadrien Rattez (Université Catholique de Louvain)

Manolis Veveakis (Duke University)

3

ALERT Doctoral School 2025





___________________________________________________________________ 

Geotechnical challenges for offshore wind 
turbine foundations 

Benjamin Cerfontaine, Jamie Crispin, Susan Gourvenec 
 

University of Southampton 
____________________________________________________________________ 
Offshore wind energy must scale rapidly to meet global climate goals, presenting significant geotechnical 
challenges. This chapter explores how current foundation and anchor design practices—largely inherited 
from the oil and gas sector—are insufficient for the scale, pace, and complexity of offshore wind develop-
ments. Key issues include sparse and uncertain site data, complex cyclic loading, installation constraints, 
and long-term soil behaviour. This chapter sets the scene of the offshore wind context, and the resulting 
geotechnical challenges. These highlight the need to move beyond conservative drained/undrained assump-
tions and practice inherited from the oil and gas industry. A better understanding of underlying mechanisms 
will unlock innovation in the geotechnical practice, by relying on fundamental soil mechanics and physics-
based approaches and design methods. In particular, this chapter emphasises the importance of: integrating 
geophysical and geotechnical data, developing silent installation methods, better understanding the cyclic 
behaviour of foundations and the multiphysical interactions for power cables, developing efficient surrogate 
models for design purposes and accounting for loading of foundations over their entire lifetime. 

1 Introduction 

1.1 Offshore wind context 

Installed offshore wind power capacity must reach 2,000GW by 2050 to meet the 
objectives of the Paris Agreement [IRE21]. This requires a twentyfold increase of the 
current capacity (83GW), which only represents 1% of the total installed power world-
wide, and an acceleration of the rate of installation of new turbines (Figure 1). This 
acceleration and upscaling is incompatible with current design and installation prac-
tice, and require innovation and evolution to meet the climate change challenges. So 
far, Europe and China are at the forefront of those developments, but other markets 
are opening up worldwide, such as the US and Japan. 
 
Offshore wind turbines offer the advantages of stronger winds, a higher capacity fac-
tor and more available space when compared to onshore wind turbines. However, the 
harsh offshore environment makes their installation and maintenance more complex. 
The first 450kW and 35m diameter offshore wind turbine (OWT) was installed in 
1991 in 4m water depth in the Danish North Sea, and founded on concrete gravity 
bases. Since then, the power, size and water depth of installed wind OWT have con-
tinuously increased (Figure 1). Hornsea 2 (UK), commissioned in 2022, is currently 
the largest wind farm worldwide (1.32GW), with 168 8MW OWT with 167m rotor 
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diameter installed at 30-40m water depth over an area of 400km2. The Seagreen wind 
farm, commissioned one year later, used 10MW OWT in up to 59m water depth, and 
236m rotor diameter 14MW wind OWT are currently produced.  
 
 

 

Figure 1: Evolution of the installed offshore wind capacity and maximum capacity 
of the installed wind turbine on any year. 

1.2 Structures and Foundations  

Most OWT are supported by bottom-fixed substructures, which maintain the OWT 
stability over their lifetime. Concrete gravity-based structured and foundations have 
been used in shallow waters (up to 30m), but monopiles, large steel tubular piles em-
bedded into the seabed are currently the most installed substructure type. Beyond 60m 
water depths, jacket structures, steel lattice frameworks with multiple legs, become 
more economical. In even deeper waters, bottom-fixed structures are not viable and 
floating OWT are required. These are composed of a floater secured by mooring lines 
anchored into the seabed [CER23a]. Commercial floating wind farms only represent 
0.2% of the currently installed capacity, but the potential for floating wind farms is 
huge, as 70% of the technical offshore potential in the EU/EEA is in water depth larger 
than 100m. The shallowest waters with a high potential have already been developed 
or are used by other activities [PUT23].  
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Figure 2: Main types of substructures used to support OWT. 

The design of bottom-fixed structures and their foundations is heavily influenced by 
serviceability conditions, where the permanent tilting of the wind turbine over its life-
time must be limited to low values (e.g. 0.5° in early design) and the natural frequency 
of the turbine-structure-foundation must remain outside of the rotor rotation and wave 
frequencies [ARA17]. In particular, this has resulted in low slenderness (length/diam-
eter) ratios for monopile foundations, which has challenged traditional pile design 
methods originally intended for slender piles. Conversely, the design of anchors for 
floating OWT is dominated by the ultimate limit state, because the flexibility of most 
mooring lines is such that any displacement of the anchor does not really affect the 
floater stability. In both cases, the foundations/anchors can be classified as a function 
of how they resist the load applied to them and how they are installed. The most rele-
vant loads for bottom-fixed foundations are lateral and moment loads due to wind and 
waves, with the addition of self-weight vertical compression. Anchor loading is dom-
inated by lateral and inclined loading due to tension in the mooring lines.  
 
Anchors and foundations resist loads applied to them by mobilising soil strength at 
the soil-foundation interface or by mobilising a large volume of material (Figure 3). 
For instance, three anchor types can be identified: gravity, piles and plates [CER23a]. 
Their efficiency, defined as the ratio of the foundation resistance to the amount of 
material necessary for its construction, is the lowest for gravity and the highest for 
plate foundations. The same type of classification can be applied to foundations for 
bottom-fixed structures. Similarly, installation methods can be classified in three cat-
egories (Figure 4), which require the foundation self-weight, an external mechanical 
load, either dynamic or static, or hydro-mechanical mechanisms such as suction to 
install the foundation to the desired depth. Different types of foundations can be com-
bined together and installed in different ways. For instance, a pile can be installed by 
suction or driving, but the selected installation method will affect their maximum di-
mensions. The selection of a foundation type and installation methods depend on the 
geological and geotechnical conditions, but also on logistical criteria, such as:  
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a) The existing chain of supply and capacity to pre-fabricate foundations at 
scale onshore. Steel monopiles are the most common foundations, which can 
reach up to 10m in diameter, are tens of meters long and weigh up to 1,900t. 
The pile type anchors for the first floating wind farm Hywind Scotland were 
5m, in diameter and 16m in length. The gravity-based foundations for the 
Fécamp wind farm had a 31m diameter base, a height of up to 54m and weigh 
approximately 5,000t. 

b) The reliability and rapidity of the installation method, crane capacity and 
availability of installation vessels which can cost hundreds of thousands of 
dollars per day. Pile driving is the most favoured method, while suction in-
stallation has also gained some traction recently (e.g. Seagreen wind farm). 
Drag and suction anchors are also used in addition to driven piles to secure 
floating structures. 

 

 

Figure 3: Summary of the different types of anchors, showing the mobilisation of in-
terface strength and the volume of soil they mobilise at failure [CER23a]. 

 

Figure 4: Foundation installation methods [TAI24]. 

1.3 Geotechnical challenges 

The overarching goal of the offshore wind industry is to deliver bigger operational 
turbines faster and at lower cost to achieve the net-zero objectives. This translates into 
multiple geotechnical challenges at all stages of the development of offshore wind 
farms, as summarised in Figure 5. The design of offshore renewable infrastructures 
still relies on the more established oil and gas practice, especially for floating OWT. 
The design practice is often based on conservative empirical methods, which consider 
only drained and undrained scenarios, while partial drainage may occur in many 
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applications. However, the urgency of delivering clean energy, the much higher num-
ber of structures to be installed and the reduced consequences of failure of a wind 
turbine create a lot of room for innovation and evolution of the practice. Geotechnical 
challenges can be separated into two categories: a) knowledge and b) design chal-
lenges, although improvement in knowledge often leads to an improved design meth-
odology. 

2 Knowledge challenges 

Knowledge challenges encompass all physical mechanisms and techniques involved 
in modelling geotechnical behaviours that are not well understood. These can arise 
because of the OWT specificities, such as the evolution of the turbine-soil stiffness, 
or because not enough data is available for situations that were rare in the oil and gas 
industry where much of our existing offshore geotechnically knowledge was obtained. 

2.1 Site investigation 

The site investigation comprises geophysical surveys, in-situ tests, borehole drilling 
and laboratory element tests of retrieved samples. These operations are particularly 
complex and costly, as they all take place in a harsh offshore environment and must 
be undertaken by specialised vessels. Advanced foundation design requires more and 
more data to quantify soil strength and stiffness through DSS (Direct Simple Shear) 
or triaxial tests, as well as how these vary under different cyclic load paths. However, 
only a limited number of tests can be undertaken due to their cost. It is usual to under-
take one in-situ cone penetration test (CPT) per OWT location. Boreholes are required 
to retrieve samples for laboratory testing, the number of which depends on the com-
plexity of geology and foundation or anchor type intended, and can range from one at 
each turbine location to one in 10 [SUT22]. The diameter of a CPT is between 36-
44mm and the diameter of retrieved borehole samples is around 70mm, which is small 
when compared with the diameter of monopiles (e.g. 10m) and the scale of the wind 
farm (several hundred km2). In addition to site characterisation for foundations and 
anchors, seabed properties between turbines for inter-array cables, and beyond the 
wind farm to shore are required. Cable investigations target shallower depth (typically 
< 5 m), but are required over long distances, often several hundred kilometres. Spac-
ing of geotechnical testing can be between 1 km and 10 km depending on complexity 
and variability of the seabed, indicated by the geophysical survey. Overall, there are 
large uncertainties on the properties that can be used for design and their spatial vari-
ability. In addition, the overall duration of various stages of site investigation can take 
over several years, with often long lead times due to limited availability of specialised 
vessels or onshore lab facilities to test samples. Fortunately, some strategies already 
exist to alleviate the sparsity and time issues. 
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The sparsity of geotechnical data can be reduced by better integrating geophysical 

data and other existing tests to derive soil mechanical properties. Geophysical site 

survey is an established phase of site characterisation for an offshore development, 

involving acoustic methods to identify facies boundaries, obstructions and geohaz-

ards. Geophysical surveys are non-intrusive/non-destructive, using travel time of re-

flected and refracted acoustic waves to provide continuous 2D or 3D maps of geolog-

ical structures and properties. Statistical and, more recently, machine learning ap-

proaches have been applied to link the acoustic properties from the geophysical survey 

to geotechnical properties that can be used in engineering design (e.g. [SAU19]). Such 

an approach enables a synthetic geotechnical CPT profile to be predicted at any loca-

tion across a proposed development site. This offers reduction of schedule in geotech-

nical site investigation and greater versatility to finalise the turbine layout and cable 

routes after the site investigation.  

 
The time necessary to undertake site investigation can also be reduced by obtaining 
more meaningful information from in-situ testing, thus reducing the need for onshore 
laboratory tests. This can be achieved by developing new site investigation tools that 
can obtain measure more meaningful data from the ground, for instance by applying 
different (cyclic) load paths, better replicating the kinematic mechanisms of offshore 
foundations. For instance, the p-y module of the ROBOCONE [WEN25] can be fitted 
to a CPT shaft and moves laterally to directly measure p-y curves used for monopile 
design, hence reducing the overall site investigate phase. 

2.2 Silent piling 

Pile driving, though the most used installation method, is increasingly restricted by 
national regulations because of the underwater noise it creates, which can be detri-
mental to marine fauna [KNA22]. Mitigation measures such as bubble curtains can be 
deployed, but they are expensive and lead to additional carbon emissions. Pile free-
fall, or pile run, is another potential hazard of pile driving, which can result in damage 
or loss of installation equipment [ERB25]. Therefore, alternative foundations or in-
stallation methods have been developed. 
 
Suction installation, which consists of pumping water out of a closed pile to create a 
differential of pressure between the inside and the outside. This pressure differential 
creates a static resultant which “silently” pushes the pile into the ground [BIE25]. 
While this approach is appealing, suction installation does constrain the slenderness 
ratio (length to diameter) to values less than 1 in sand and 7 in clay, due to the potential 
instability of the soil plug – the mass of soil inside the foundation, which depends on 
a combination of the soil strength and permeability. Refusal during suction installation 
can be mitigated by suction cycling [MAL25], which combines the complexity of cy-
clic loading and hydro-mechanical couplings, but these phenomena remain to be ex-
plored in greater details. The suction effect could also be leveraged in design against 
cyclic loading, where a large fraction of the applied load is balanced by transient 
changes in pore water pressure, reducing the changes in effective stress, hence defor-
mation [CER16].  
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Vibratory-driving is another promising technique to install pile foundations, which 
has much lower noise emissions [HOL17]. The installation force is provided by an 
eccentric rotating mass, which vibrate at frequencies in the range 10-30Hz. Vibro-
installation is faster than regular pile driving, but the underlying physical mechanisms 
of pile penetration reduction are still not fully understood, especially in complex off-
shore ground profiles, and the effect on the resistance of the installed pile still has to 
be demonstrated. Centrifuge pile hammers have recently been developed to investi-
gate this method (e.g., [MAZ24]), but scaling down this process is particularly com-
plicated to the multiphysical and multiscale phenomena which have to be reproduced. 
Further innovations include the combination of axial and torsional vibration [TSE23] 
to improve the method efficiency in stiffer ground layers. These methods are still at 
the frontier of development and the underlying mechanisms remain to be explored. 
 
While pile jacking would be a silent method to install pile-type foundations, the nec-
essary reaction force to jack piles is equal to the pile static resistance and can be larger 
than the reaction force that can be provided by installation vessels. The largest com-
ponent of open-ended jacked piles penetration resistance is due to the progressive ac-
cumulation of material on the inside, which is progressively compressed and forms a 
plug. The base resistance of the pile then becomes similar to a closed-ended pile. This 
plug formation can be disrupted by rotary installation, which perturbs the plug for-
mation and reduces the shaft axial resistance to enable installation [CER23b], but this 
phenomenon cannot be adequately predicted yet. Other rotary installation methods 
include screw piles [DAV22], which are composed of a helical plate attached to a 
straight shaft to reduce the vertical reaction force required for installation. The large-
deformation complex load-path installation is now better understood, but their behav-
iour in complex layered soils is still to be investigated. 

2.3 Cyclic response 

Loading on offshore structures is inherently cyclic, due to the repeated action of wind, 
waves and currents. This cyclic loading occurs at different time scales; the duration 
of one load cycle is typically 5-15s, and one design storm may last several days. Mul-
tiple storms are experienced by a structure over its lifetime, and many millions of 
lower amplitude cycles are experienced during the OWT operation. This loading can 
be biased in one direction and, as a consequence, the foundations of offshore struc-
tures tend to accumulate displacement (ratcheting) after each cycle. The magnitude of 
displacement accumulation depends on both the cyclic amplitude and bias, and the 
rate may decrease with number of cycles as the soil structure changes [LEB10]. This 
is particularly detrimental for bottom-fixed foundations, as the tilt angle at the top of 
an OWT foundation must be limited (e.g. to 0.5° in early designs) to maintain its 
performance. Furthermore, the cyclic secant stiffness of a foundation can evolve with 
cyclic loading, with both hardening and softening being observed in different soils. 
This can change the natural frequency of the structure turbine-structure-foundation 
system, putting it at risk of resonance. 
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The cyclic loading of soils is a particularly complex problem, as it involves phenom-
ena at multiple time and geometric scales. At the microscopic scale, the cyclic loading 
mechanisms are governed by progressive densification/loosening, grain crushing, an-
isotropy or strength degradation [AND15], which lead to progressive settlement ac-
cumulation. Those mechanisms are difficult to characterise and model even at the el-
ement scale (e.g., DSS tests), where the combination of soil initial properties, stress 
amplitude and potential consolidation may complicate the prediction of accumulated 
deformation in clay [LAH25] or sand [WIC14]. Testing for tens of thousands or mil-
lions of cycles is also particularly time consuming, costly, and requires specialised 
equipment, which limits the amount of available data.  
 

 

Figure 6 Accumulated pile head rotation at the ground surface, comparison of field 

tests [BEU17] and numerical simulations [PIS24]. Diameter 0.762m, Length 4m. 

 
Modelling cyclic soil-foundation interaction is even more challenging [PUE13], as 
the cyclic foundation behaviour is the convolution of a large volume of soil, which is 
subjected to a range of stress paths and cyclic amplitudes, which vary with depth and 
distance to the foundation. A range of small-scale physical models have been tested 
at both 1g [LEB10] or in a geotechnical centrifuge [MAA23], and exhibit a continu-
ously increasing level of sophistication., For example, the development of small-scale 
hammer for use in-flight, which enable the generation of high-quality results to better 
understand pile ratcheting. However small-scale models are prone to some scaling 
issues, for instance due to the relative size of pile models and sand grains, even if 
centrifuge modelling can better capture realistic stress profiles. Field testing is recog-
nised as the gold standard for the offshore industry, but full-scale testing of large 
monopiles is not cost effective. Medium-size onshore tests have been undertaken on 
up to 2.5m diameter piles in order to advance the understanding of pile cyclic behav-
iour, e.g. in the projects PISA (see Figure 3, [BEU17]), MIDAS [2025], PICASO 
[BYR25] or SAGE-SAND [LET24]. However, only a limited number of tests can be 
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undertaken, and they are also prone to some scaling or different ground conditions 
(e.g. suction due to low water table level). Furthermore, to simplify interpretation, 
loading is often idealised to packets of constant amplitude sinusoidal cycles which do 
not reflect realistic storm loading observed in practice. Complex constitutive models 
can be used to complement these experimental results (e.g. [STA20], [PIS24] in Fig-
ure 3), but face the challenging issues of calibration of their numerous parameters, the 
requirement to simulate the installation phase of the studied foundation and impracti-
cally long analysis times for realistic numbers of cycles.  

2.4 Power cables  

Power cables are another important part of offshore wind farms. Tens of km must be 
built to connect each OWT to a substation, and then a substation to shore. Intercon-
nection cables also connect several countries and have a very large capacity (>1GW). 
Cables may be buried into the seabed to protect them from (un-)intentional damage, 
which leads to several geotechnical challenges [MAC25]. Firstly, the seabed shallow 
surface must be characterised over km to design the cable burial process, which re-
quires the development of cheap site characterisation methods such as dynamic pen-
etration [SAR25] or the use of autonomous robots. Secondly, buried power cables 
generate heat during operation, which needs to be dissipated fast enough to avoid the 
damage of the cable [CAL21]. This is a complex thermo-hydro-mechanically coupled 
problem, where the dissipation rate strongly depends on thermal soil properties (e.g. 
conductivity), which need to be characterised in-situ. Thirdly, power cables for float-
ing OWT are “dynamic” as they follow the floater displacement. This results in soil-
cable interactions, similar to catenary risers or pipelines [RAN09], where the cable is 
buried into the seabed. The changes in soil strength and stiffness must be better char-
acterised to make sure that the cable integrity will be maintained over the lifetime of 
the cable. 

3 Design challenges 

Design challenges relate to the invention of new design tools or the development of 
faster design tools that can be used in sparse data environment to optimise foundation 
and design processes. Improvements are feasible and necessary at all stages of a wind 
farm construction, from the site investigation to the decommissioning or life exten-
sion. 
 

3.1 Surrogate models for design optimisation and cyclic loads 

The response of monopile foundations to monotonic loads are relatively well under-
stood. Medium scale field testing campaigns such as the PISA project have been ac-
curately modelled using 3D finite element (FE) approaches [TAB20] that can be ap-
plied to new sites where the constitutive behaviour is calibrated with routine tests. 

14 Geotechnical challenges for offshore wind turbine foundations

ALERT Doctoral School 2025



However, wind farms consist of large numbers of turbines installed across a wide are 
with varying geology. The foundation optimisation process requires numerous time-
consuming analyses be conducted, often at each location. Furthermore, even where 
cyclic field tests are available, suitable constitutive models are complex to calibrate, 
lack sufficient validation against field tests in a range of materials, and are prohibi-
tively time consuming to run for sufficient cycle numbers. To resolve this, surrogate 
models are currently used extensively in design. 
 
Surrogate models are simpler 1D (beam, e.g. the PISA model [BUR20], Figure 7(a)) 
or 0D (macro-element, e.g. the REDWIN model [PAG18]) approaches that signifi-
cantly simplify the problem by removing the need to directly model the soil constitu-
tive behaviour for each case. Instead, this is captured in the overall macro-element 
response or 1D soil reaction curves, both of which can be calibrated directly against a 
limited number of 3D FE analyses. These analyses cover a range of geometry and 
geological conditions to ensure that the surrogate model captures the required behav-
iour, and simple functions are fit to this synthetic data to describe each curve. More 
recently, novel machine learning approaches have been employed to improve the fit 
achieved in this step [KAM25]. Once calibrated, these efficient models allow optimi-
sation approaches to be employed to minimise the foundation size and therefore cost 
and installation complexity. 
 

 

Figure 7: (a) 1D PISA model with soil reaction curves. (b) HARM model 

There is currently no consensus in the literature on how to design monopiles for cyclic 
loading, and recommended approaches are absent from the design standards. How-
ever, the model efficiency makes 1D and 0D approaches more suitable that 3D FE for 
extension to cyclic loading. For example, [LAP25] implemented a version of UD-
CAM [JOS23] into a 1D pile model. This is a phenomenological cyclic model that is 
calibrated using contour diagrams based on a number of cyclic DSS tests, each carried 
out with different average stress and cycle amplitude. This approach requires a cycle 
counting method that idealises a realistic storm in to packets of sinusoidal cycles, the 
model then provides a prediction of the displacements at the end of cycling. However, 
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an ideal modelling approach would allow predictions of the response to realistic storm 
loading in the time domain. To do this, the Hyperplastic Accelerated Ratcheting 
Model (HARM, [HOU17], Figure 7(b)) can instead be applied as an extension to a 
0D model or 1D soil reaction curve to introduce ratcheting and softening/hardening 
behaviours. This allows predictions of the accumulated rotation and cyclic secant 
stiffness changes at any point during a storm. These HARM type approaches have 
undergone significant development in recent years, transitioning from a research tool 
into something suitable as a design method. In particular, designers require a model 
that can be calibrated from routine cyclic soil tests, allowing the method to be applied 
to a new geology with confidence. Finally, while applications related to monopiles 
are well studied, there is opportunity to apply the knowledge obtained from these de-
velopments to other foundation types. 

3.2 Long-term changes in soil properties – Whole-life design 

The undrained strength of foundations embedded in soft clays is used for their design, 
because the time needed for consolidation is much longer than the duration of a storm. 
Cyclic loading during a storm induces a progressive reduction in undrained strength, 
due to the accumulation of excess pore water pressure, and any foundation can expe-
rience multiple storms over their lifetime. In traditional design, the undrained strength 
is assumed to continuously decrease storm after storm [AND07]. However, stormy 
winter seasons alternate with quieter summer seasons, allowing pore water pressure 
to dissipate and the undrained strength to recover around offshore foundations due to 
the ensuing consolidation (Figure 8). Accounting for those hydro-mechanical cou-
plings in design has been termed “whole-life design” [GOU22].  
 
The rationale of whole-life design is to ensure that the design resistance at any instant 
must exceed the design action at that instant, so that changes in design resistance with 
time can be incorporated. Using this approach, simulations of whole-life loading and 
geotechnical capacity evolution can be performed, allowing the system reliability over 
the lifetime to be assessed, incorporating beneficial whole-life geotechnical effects. 
For instance, it was demonstrated that at 40-50% reduction in a plate anchor area could 
be achieved at constant probability of failure by accounting for changing soil strength 
[KWA23]. A similar methodology could be applied to a range of other foundation 
type, especially monopiles. 
 
Accounting for changes in soil stiffness alters the natural frequency of the foundation-
turbine system, especially for monopiles, which can have a detrimental effect on its 
fatigue life or change it too close to the loading frequency (wave, rotor) [MA23]. In 
addition, while retrieving foundation will be made arduous by increasing soil strength 
(decommissioning), this can be leveraged to extend the design life of an existing OWT 
[DIN23], or to install a new more powerful OWT using the same existing foundation 
[SPY21]. 
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Figure 8: (a) Change in void ratio/vertical effective stress for a representative clay soil 
element during several winter/summer seasons. (b) Change in undrained strength and 
dissipation of pore water pressure with time. W = winter, S = summer. 

4  Conclusions 

The rapid expansion of offshore wind energy, driven by global climate targets, pre-
sents a unique opportunity – and necessity – for innovation in geotechnical engineer-
ing. The scale, pace, and complexity of offshore wind developments challenge tradi-
tional design paradigms inherited from the oil and gas sector, particularly in the con-
text of foundation and anchor systems. This chapter has highlighted how the offshore 
geotechnical practice must evolve or innovate to become more efficient and include 
more physics-based models, interpretation and design methods. 

Offshore wind foundations are built in a harsh environment and subject to complex 
cyclic loading over a long period of time. Key knowledge gaps remain, among others, 
in the characterisation of cyclic soil and foundation behaviour, the integration of ge-
ophysical and geotechnical data for site investigation, and the understanding of instal-
lation effects on their long-term performance. Bridging those gaps requires to identify 
complex underlying physical mechanisms by combining physics-informed numerical 
and physical modelling methods, combined with data rich field-testing campaigns.       

Similarly, design challenges persist in the calibration and validation of simplified 
(e.g., 1D, 0D) models that can be used efficiently across large wind farms with sparse 
data. Innovations such as silent installation methods, machine learning-based surro-

gate models, and whole-life reliability frameworks offer promising pathways forward. 
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Deep geological disposal is widely regarded as the only viable solution for the long-
term isolation of radioactive waste. The safe isolation of radioactive waste relies on
a multi-barrier concept, whereby safety is ensured through a combination of natural
and engineered barriers. Over the lifetime of a disposal facility, these barriers will
be subjected to thermo-hydro-mechanical and chemical loads that could impact their
integrity and performance. This chapter outlines the geomechanical challenges that
arise in this context. Key issues include understanding and predicting the development
and evolution of the excavation-damaged zone, the behaviour of backfills and seals,
the influence of thermal loads and gas generation on the system and the very long-
term behaviour of the repository system. Particular emphasis is placed on the need to
integrate fundamental understanding with uncertainty management, and to combine
laboratory and field testing (across scales) with robust numerical modelling.

1 Introduction

Since the discovery of nuclear fission in the early 20th century, radioactivity has be-
come a cornerstone of modern technological and scientific progress. Today, nuclear
energy provides a substantial portion of the world’s low-carbon electricity1, while
radioactive substances and ionising radiation are widely used in medicine, industry,
agriculture and scientific research.

Alongside these benefits comes the inevitable production of radioactive waste. Ra-
dioactive waste is classified into different categories depending on its activity and the
half-life period of its radioactive isotopes [IAE09]. In general, radioactive waste ex-
hibits an inverse relationship between activity and volume. According to [IAE22],
very low-level waste (VLLW) and low-level waste (LLW) comprise globally more

1According to [EI:25], in 2024, nuclear energy represents about 9% of the world electricity production
and 23% of the EU electricity production.
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ALERT Doctoral School 2025



than 92% of the total radioactive waste volume. On the other hand, while represent-
ing less than 8% of the waste volume2, intermediate-level waste (ILW) and high-level
waste (HLW), which mostly arise from the nuclear power industry and related research
activities, comprise more than 95% of the total radioactivity. Accordingly, this waste
is the most harmful to the human health and the environment. It contains long-lived
radionuclides whose decay is extremely slow, and they remain therefore toxic over
long time periods. As a consequence, the long-term management of this waste is of
concern.

In this context, deep geological disposal constitutes one of the most promising so-
lutions for the safe isolation of high-level and intermediate-level radioactive waste
[OEC95, NEA08]. It consists in disposing the waste in deep and stable geological for-
mations with good confining conditions in order to remove radioactive waste from the
human and natural environment and ensure that the rate of any radionuclide release
remains below some prescribed limits [CM87].

This chapter examines the key geomechanical challenges involved in the geological
disposal of radioactive waste. It begins by outlining the general concepts underpinning
deep disposal repositories. It then explores the thermo-hydro-mechanical and chemi-
cal (THMC) loads that affect both the natural and engineered barriers throughout the
lifetime of a repository. Building on this, the chapter discusses specific geomechanical
challenges, including the development and evolution of the excavation-damaged zone,
the behaviour of backfills and seals, the influence of thermal loads and gas generation
on the system, and the very long-term behaviour of the repository system.

2 Radioactive waste disposal: general concepts

A geological disposal facility (GDF) is an underground facility constructed at several
hundred meters’ depth and used to permanently dispose radioactive waste by isolat-
ing it from the biosphere. Depending on the country, different geological disposal
concepts exist [see SL13, OS22, for reviews]. Yet, in all cases, the safe isolation
of the radioactive waste relies on a multi-barrier concept, whereby safety is ensured
through a combination of natural and engineered barriers. Figure 1 presents a concep-
tual scheme of a deep geological repository for radioactive waste.

The natural barrier corresponds to the host and overlying geological formations. Three
broad families of geological formations have been considered as potential host forma-
tions for the siting of a GDF, namely crystalline rocks (e.g., granite, gneiss), clay-rich
formations (e.g., poorly indurated clays, claystones, shales, marls) and salt rock. The
choice of host formation is mainly governed by the availability of suitable geological
formations with the required thickness and geological setting [IAE09].

The engineered barriers, sometimes termed engineered barrier system or EBS, include
different manufactured components, such as the canisters, buffers, and backfilling ma-

2According to [IAE22], intermediate-level and high-level waste represents respectively 7.72% and
0.13% of the waste volume.
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Figure 1: Conceptual scheme of deep geological repository for radioactive waste
[GSG+09].

terials. The first engineered barrier is the waste package, which includes the waste
form and the waste container (canister), generally made of steel or copper. The canis-
ter is designed to retain the radionuclides for thousands of years [SL13]. Depending
on the specific concept, canisters are meant to be emplaced in horizontal drifts or in
vertical boreholes.

The space between the canisters and the geological formation is usually meant to
be filled with concrete or bentonite-based materials, especially in concepts involving
crystalline formations. These materials are supplied in the form of compacted blocks
or granular bentonite. Crushed host rock, bentonite-based materials, or a mixture of
these, are envisaged for backfilling the excavations of the disposal facility. Whether
they are used as a buffer, sealing or backfilling material, bentonite-based materials
have been selected for their swelling capacity, very low water permeability and high
radionuclide sorption capacity.

Geological disposal facilities are developed in several stages, each stage generally re-
quiring a decision and validation by the regulatory body. These include site selection,
construction (starting with a so-called pilot), operation and closure. In most cases,
the period during which disposal facilities will be operated prior to closure will ex-
tend over decades. Accordingly, continuous optimisation of the disposal facility is
of paramount importance until closure. This multi-criteria optimisation is possible
thanks to scientific research.
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3 Multi-physics processes

The multi-barrier system will be affected by multiple mechanical, hydraulic, ther-
mal, chemical and radiological loads throughout the different phases of the radioactive
waste repository, including construction, operation and post-closure (Figure 2). Con-
sequently, the properties of the multi-barrier system will evolve over time in response
to these loads and the interaction between its components.

Figure 2: Multi-physics processes affecting the repository and the geological environ-
ment during the operational and post-closure phases of a geological disposal facility
[CPB+24].

The construction of a geological disposal repository involves the excavation of access
shafts, tunnels, and disposal galleries. As a result of the excavation, the host rock
experiences significant stress redistribution, leading to local failure of the material and
the creation of an excavation damaged zone (EDZ) with modified hydraulic properties
[TBD05, BBLDM07]. In disposal concepts relaying on a clay-rich host formation, a
concrete support will generally be emplaced to limit the tunnel convergence, ensure
tunnel stability and/or guarantee operational safety. After construction and during the
operational phase, the tunnels will be ventilated. As a result, the excavations will
play a drainage role, and a consolidation process will occur in the surrounding host
formation. Ventilation of the tunnels may further lead to partial desaturation of the
host formation, possibly modifying the thermo-hydro-mechanical properties of the
EDZ [see for instance MSC].

Once heat emitting high-level waste is emplaced, the engineered barrier system and
near-field host formation will be subjected to both heating from the waste canister and
hydration from the surrounding host material. Accordingly, the closure and early post-
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closure phases are marked by progressive saturation of the engineered barrier system
and EDZ, while temperatures reach their peak. Strong thermo-hydro-mechanical cou-
pling occurs. Initially unsaturated, bentonite-based buffers and seals will expand and
fill technological gaps. Once in contact with the host rock, they will develop swelling
stresses, close fractures of the excavation damaged zone, and form a tight contact with
the surrounding geological formation in order to limit preferential pathways. Creep
and stress relaxation will further affect the host formation. This phase defines the
transient hydraulic and mechanical boundary conditions of the repository.

In the long-term post-closure phase, thermal output will decline and the system will
gradually approach hydro-mechanical equilibrium. Self-sealing of fractures, chemi-
cal equilibration between engineered and natural materials, and long-term creep of the
host rock is expected to reduce permeability and porosity. On the other hand, metal
corrosion, water radiolysis and bio-degradation will lead to the production of gas,
which can create transient overpressures affecting local hydraulic conditions [OVM02].

Throughout all phases, the interplay of coupled processes at different spatial and tem-
poral scales governs radionuclide containment: mechanical evolution controls barrier
integrity, hydraulic and thermal fields drive advective/diffusive transport, and chem-
ical conditions dictate sorption and solubility. Predictive performance assessment
therefore requires fully coupled, time-dependent thermo-hydro-mechanical and chem-
ical models that integrate these phase-specific processes and their feedbacks to assess
repository evolution over very long timescales.

4 Geomechanical challenges

The design of a geological disposal facility for the safe and long-term isolation of ra-
dioactive waste raises a number of geomechanical challenges. These are associated
with the strongly coupled multi-physics and multi-scale processes affecting the dis-
posal facility, the large space and time scales involved, and the associated uncertainty.
Challenges related to understanding and predicting the development and evolution of
the excavation-damaged zone, the behaviour of seals and backfills, the influence of
thermal loads and gas generation on the system and the very long-term behaviour of
the repository system, are described in the following sections.

4.1 Excavation damaged zone (EDZ) and clay host formation -
support interaction

As discussed in section 3, the excavation of tunnels and drifts significantly alters the
stress field around the excavation, leading to local failure of the material and the cre-
ation of an excavation damaged zone [TBD05, BBLDM07]. As a result of both mate-
rial and stress anisotropy, the EDZ can present different patterns, extent and properties
depending on the tunnel orientation (Figure 3) and construction method. Fractures
can occur in different modes: tension (opening) fractures, shear fractures, and mixed-
mode fractures, which involve a combination of tensile and shear mechanisms. The
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long-term isolation of radioactive waste relies on the (very) hydraulic conductivity of
the host formation. Therefore, the hydro-mechanical behaviour of the EDZ is a major
issue because it may constitute a preferential flow path for radionuclide migration.

Figure 3: Conceptual model of the induced fractures in Callovo-Oxfordian claystone
around drifts parallel to the major (left) and minor (right) horizontal principal stresses
([Par15], after [ALN+14])

Significant efforts have been dedicated to modelling the development of the excavation
damaged zone. The representation of strain localisation using classical finite element
methods leads to mesh dependency, both in terms of element size and orientation.
For this reason, a regularisation technique, either through enrichment of the constitu-
tive model or through enhancement of the continuum kinematics, is required. Such
techniques affect computation cost. Accordingly, most simulations continue to be
performed primarily in two dimensions. Accurately modelling the three-dimensional
development of the EDZ, and capturing the evolution of its properties along the tunnel
axis (including fracture connectivity), remains therefore a major challenge. Recent ad-
vances in high-performance computing, together with the integration of multi-physics
and machine learning approaches, offer promising avenues to address these challenges
and to enable more realistic three-dimensional modelling of the EDZ and the reposi-
tory system.

Several field studies have reported that the hydraulic properties of the EDZ are al-
tered. Although numerical models are capable of reproducing these experimental ob-
servations, fully predicting the evolution of hydraulic properties as the EDZ develops
remains challenging.

Thermal loading from heat-emitting waste can affect the excavation damaged zone
through processes such as water pressurisation and drying. Conversely, time-dependent
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mechanisms including creep, stress relaxation, and self-sealing tend to gradually re-
duce its permeability. Although considerable attention has been given to modelling the
initial development of the EDZ, most models do not account for its time-dependent
evolution.

Finally, when clays are the host formation, a concrete liner is required to keep the
tunnel open during the operational phase, to limit the extent of the excavation damaged
zone, and/or to ensure operational safety. Progressive consolidation and creep of the
surrounding host formation lead to increasing stresses on the lining. Understanding,
and being able to predict, the time-dependent behaviour of the clay-liner interaction is
essential for optimising the concrete liner, which can represent a major portion of the
cost of constructing a disposal facility. Accordingly, an important avenue of research
is the design and development of innovative support systems, such as compressible
liners, capable of reducing the loads acting on them.

4.2 Buffer and seal behaviour
Owing to their high swelling capacity, low hydraulic conductivity and high radionu-
clides retention capacity, bentonite-based materials have been selected as a buffer be-
tween the waste canister and the host formation, or as a seal in excavated disposal
galleries, in many concepts. Initially unsaturated, the bentonite barrier will be sub-
jected to hydration from the surrounding host rock. As a result, it will first expand and
fill the technological gaps. Once in contact with the host rock, the buffer or seal will
develop swelling stresses, close fractures of the excavation damaged zone, and form
a tight contact with the surrounding geological formation in order to limit preferential
pathways.

Due to easier emplacement, many disposal concepts rely on granular bentonite, or
a combination of compacted and granular bentonite (Figure 4). In this case, large
initial gradients of dry density are expected. Capturing the effect of dry density in
constitutive models remains challenging, mostly due to the lack of experimental data
systematically investigating the effect of dry density. While there is a large database
reporting the effect of dry density on the swelling pressure and saturated permeability,
there are limited results of mechanical tests performed along simple stress paths. The
experimental characterisation is indeed complex and time demanding. In addition,
the complexity of bentonite behaviour generally justifies the realisation of oedometer
tests, rather than triaxial tests. However, oedometer tests do not provide a full descrip-
tion of the material behaviour, as the lateral stress state is rarely measured. Therefore,
the development of constitutive models and the calibration of the model parameters
using experimental tests are made more complex. Oedometer cells allowing the mea-
surement of lateral stress offer an interesting alternative to complex triaxial tests by
improving the state of stress characterisation.

Chemical gradients at the bentonite-host rock interface, including alkaline plumes
from cementitious components and ion exchange with (saline) porewater from the
host formation, can alter the clay fabric, reduce the swelling capacity, and affect the
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Figure 4: Engineered Barrier (EB) in situ experiment [MV14].

material permeability. Accordingly, there is a need to better understand the effect of
(complex) pore water chemistry on the behaviour of clays, especially when cation
exchange is possible, or when the pH is expected to vary. Numerically, this requires
coupling (thermo-)hydro-mechanical model for bentonites with transport models.

Finally, calibration of fully coupled multi-physics models for bentonites is generally
complex due to the large number of parameters. At times where the source of the
bentonite buffer has not been fully set, there is a need to develop clear calibration
strategies so that knowledge gained on other materials can be transferred.

4.3 Temperature effects
While most safety cases target a maximum temperature of 90°in the clay host for-
mation, a central question in the design of deep geological repositories is whether
higher temperatures can be safely tolerated. Indeed, allowing higher temperatures
could bring significant advantages, such as shorter surface storage times, more effi-
cient use of disposal space, and reduced repository footprints. However, increasing
the thermal load would also intensify the mechanical and hydraulic stresses acting on
both the engineered barriers and the surrounding host rock. When heat is generated
by the decay of radioactive waste, it causes pore water within the low-permeability
host rock to expand much more than the solid mineral skeleton. Because drainage is
limited, this expansion leads to a build-up of excess pore pressure, a process known
as thermal pressurisation. The resulting reduction in effective stress can bring the
rock closer to failure conditions or induce localised shear deformation, especially in
the near field where stress concentrations and excavation-induced damage are already
present. This poses a risk to the stability of the excavation damaged zone, which
is mechanically weaker and more permeable than intact rock. Accordingly, under-
standing whether the integrity of the system can be preserved under such conditions is
therefore crucial, and recent research within the EURAD programme [VBC+25], has
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highlighted several geomechanical challenges that must be addressed.

Testing geomaterials at high temperature poses significant experimental challenges,
beginning with the limitations of conventional laboratory equipment. Standard oe-
dometers, triaxial cells, and pore pressure measurement systems are typically de-
signed for ambient or mildly elevated temperatures, and adapting them for prolonged
high-temperature operation requires specialised materials, insulation, and instrumen-
tation. Sensors for stress, strain, and pore pressure must remain accurate and stable
under thermal cycling, and heating systems must ensure uniform temperature fields to
avoid artificial gradients that could induce non-representative stresses. Beyond equip-
ment constraints, reproducing repository-like thermo-hydro-mechanical conditions is
inherently difficult. Heating low-permeability materials such as claystones or com-
pacted bentonites generates thermal pressurisation that must be carefully controlled
to prevent unintended drainage or evaporation. High temperatures also accelerate
time-dependent processes such as creep and structural rearrangement, meaning that
experiments often need to run for months or even years to capture relevant behaviour.
Collectively, these challenges make systematic experimental characterisation of high-
temperature effects on geomaterials both complex and resource-intensive.

4.4 Gas transport
Over the lifespan of a geological disposal facility (GDF), a large amount of gas is
expected to be produced as a result of metal corrosion, water radiolysis and bio-
degradation [OVM02]. Although the gas generation processes are generally slow,
it is essential to ensure they do not compromise the proper functioning of the disposal
system. The low permeability of the engineered barrier system, while beneficial for
the containment function of a repository, also restricts the dissipation of generated gas.
Consequently, gas could accumulate more rapidly than it can be transported through
the engineered barrier components, potentially leading to the formation of a gas phase
within the repository. If the accumulated gas pressure becomes excessive, it could
force gas to migrate into the host formation by forming gas-specific pathways through
the EBS and/or the host rock.

[MHG05] conceptualised four possible gas transport mechanisms in clay-based ma-
terials based on phenomenological considerations (Fig. 5). The model distinguishes
between advection and diffusion of gas dissolved in the pore water, visco-capillary
two-phase flow, dilatancy-controlled gas flow (pathway dilation), and gas transport
along macroscopic tensile fractures (gas fracturing). While the conceptual model still
serves as reference for our understanding of gas migration in clays, the conditions
controlling the activation and prevalence of each mechanism are not fully understood.
It it expected that these depend not only on the hydraulic and mechanical properties
of the clay (permeability, gas-entry value, mechanical strength, etc.), but also on the
gas pressure at the injection locus and the hydro-mechanical state of the clay (i.e. pore
pressure and stress state).

Experimental studies have shown that gas transport in saturated clay-based materials

Dieudonné 31
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Figure 5: Gas transport processes in water saturated clay depending on the relation
between the injection pressure p̄g with the the state variables pw (liquid phase pres-
sure), pg (gas phase pressure), and σ3 (minimum compressive principal stress), and
the material properties pev (gas-entry value) and ft (tensile strength). Adapted from
[MHG05].

is highly heterogeneous and occurs along discrete pathways. Capturing this behaviour
in experiments remains challenging, partly because gas injection tests require a fully
sealed system to prevent leaks. In practice, maintaining such sealing is difficult, and
relatively high gas injection rates have often been used to overcome these limitations.
The discrete nature of gas flow further complicates measurements, highlighting the
need to develop non-invasive monitoring techniques that can characterise gas migra-
tion without disturbing the system. Techniques capable of detecting and mapping the
formation and evolution of discrete gas pathways are particularly important to improve
our understanding of gas transport processes under repository-relevant conditions.

From a modelling perspective, predicting gas migration in saturated clay-based sys-
tems is inherently complex. The discrete nature of the phenomenon, the strong pneumo-
hydro-mechanical coupling, and the impact of material heterogeneity challenges con-
ventional numerical approaches. Deterministic approaches enabling discrete gas flow
through fractures or high-permeability pathways provide a useful framework. How-
ever, achieving truly predictive capabilities remains challenging and probably calls for
probabilistic approaches.

Finally, ensuring safe gas migration also depends on the development of gas-permeable
seals within the EBS. Unlike traditional low-permeability barriers, gas-permeable
seals (generally made of sand/bentonite mixtures) are designed to allow controlled
gas escape while maintaining containment of solutes through a low water permeabil-
ity. Their design and implementation of such gas-permeable seals require careful con-
sideration of material selection to ensure sufficient swelling capacity and low water
permeability, representing an important area of ongoing research in the management
of gas in deep geological repositories.
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4.5 Long-term behaviour
A unique feature of a geological disposal facility for radioactive waste is the very long
timescales over which it should perform its safety function. The construction and
operation of such a facility is expected to take several decades, closure may require
an additional decade, and the system must continue to fulfil its safety functions for
hundreds of thousands of years. In contrast, most of our knowledge has been derived
from laboratory and field experiments spanning, at best, a few decades.

Clay-rich and salt rock host formations experience time-dependent deformation, in-
cluding viscoplastic creep and stress relaxation, which affect excavation-induced stresses
and promote self-sealing of the excavation damaged zone through fracture closure and
compaction. Bentonite barriers undergo parallel long-term evolution: ongoing hydra-
tion drives continued swelling and partial homogenisation of density. Chemical al-
terations, such as cement–clay interactions, mineral dissolution and precipitation, and
ion exchange, can modify porosity, suction, and swelling pressure. Canister corrosion
produces gas, which may induce transient fracturing and local desaturation.

Thermal loads increase the rate of many of these processes, including creep, chemical
reaction, and excess pore water development, thereby affecting the multi-barrier state
and transport properties. Predictive modelling of such coupled behaviour is inherently
challenging due to strong interactions between processes, rate-dependent material re-
sponses, and scale effects. Fully coupled THMC simulators, equipped with time-
dependent constitutive laws and validated against in situ experiments, are required.
Robust propagation of uncertainty is also important given the large space and time
scales involved.

Addressing this challenge requires a fundamental understanding of the governing
multi-physical processes and the development of reliable methods for uncertainty
quantification. In addition, natural analogues provide an invaluable source of in-
formation to increase confidence in our models, thereby supporting both predictive
capability and public trust in the long-term safety of geological disposal.

5 Conclusions

The long-term safety of deep geological repositories hinges on the reliable perfor-
mance of a complex multi-barrier system subjected to evolving thermo-hydro-mechanical-
chemical (THMC) loads. This chapter has highlighted some of the key geomechan-
ical challenges that must be addressed to ensure barrier integrity over geological
timescales. These challenges include characterising and predicting the formation
and evolution of the excavation-damaged zone, understanding the coupled mechanical
and hydraulic behaviour of backfills and seals, and assessing the impacts of thermal
stresses and gas generation on the surrounding host rock and engineered components.

Meeting these challenges requires an integrated approach that combines fundamen-
tal process understanding with systematic uncertainty management. Laboratory ex-
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periments, in situ tests, and long-term monitoring programmes must be designed to
capture processes across relevant spatial and temporal scales. These insights need to
be complemented by advanced numerical modelling capable of representing coupled
THMC phenomena and their evolution over time. Ultimately, progress in linking ex-
perimental evidence, mechanistic modelling, and performance assessment is essential
to build confidence in the safety case and to demonstrate the long-term containment
capability of deep geological disposal systems.
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Thermo-hydro-mechanical couplings in the
context of shallow energy geo-structures

Jean-Michel Pereira

École nationale des ponts et chaussées, Institut Polytechnique de Paris

This chapter provides an overview of thermo-hydro-mechanical (THM) couplings in
geomaterials, with a focus on their relevance to shallow energy geo-structures. A ther-
modynamic framework is first introduced, highlighting the importance of strain-work
conjugate variables and the derivation of constitutive equations for porous materials.
A poromechanical framework considering both reversible and irreversible processes
is introduced, along with its extension to thermoporoelasticity. A review of experimen-
tal observations illustrates how temperature influences the mechanical, and hydraulic
properties of soils and rocks, including phenomena such as thermal consolidation,
thermal pressurisation, and changes in permeability. Constitutive modelling strategies
are discussed, ranging from classical elastoplastic models to advanced approaches
accounting for cyclic loading. The challenges and limitations of fully coupled ver-
sus simplified modelling strategies are addressed, with examples from engineering
practice. Applications in energy geotechnics are briefly reviewed, demonstrating the
necessity of THM analysis for safe and efficient design. The chapter concludes by
emphasizing the ongoing need for robust THM models and simulation tools to support
the energy transition and the sustainable development of geo-structures.

1 Introduction

Energy geo-engineering plays a crucial role in the energy transition [SAE+22]. Tem-
perature variations are increasingly considered in geotechnical engineering, affecting
a wide range of applications such as thermo-active geostructures, radioactive waste
disposal, energy storage in geological reservoirs, and slope stability analyses. From
a fundamental standpoint, research into the effects of temperature on geomaterial be-
havior has grown substantially over recent decades. Figure 1 illustrates the rising
number of research articles addressing temperature or thermal topics in geotechnical
engineering journals. Notably, the earliest paper identified by the query in Figure 1
was published in the journal Géotechnique and examined soil insulation against ther-
mal impacts from industrial facilities [WS50]. After a period of gradual growth, pub-
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lication rates accelerated around the year 2000, with early signs in the 1990s linked
to studies on radioactive waste disposal. The surge since 2000 is largely attributed to
research on thermo-active energy geostructures, with the most cited paper from the
query focusing on this topic [Bra06], also in Géotechnique.
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Figure 1: Number of documents published in geotechnical engineering journals men-
tioning temperature or thermal issues in their title, abstract, or keywords. Data
from Scopus, query performed on 2025/07/13: ((TITLE-ABS-KEY(therm* OR tem-
perature*) AND SRCTITLE(geotech* OR geomech* OR ”soil mech*” OR ”soil*
foundation*”)) AND (LIMIT-TO(DOCTYPE,”ar”) OR LIMIT-TO(DOCTYPE,”re”)
OR LIMIT-TO(DOCTYPE,”no”) OR LIMIT-TO(DOCTYPE,”er”) OR LIMIT-
TO(DOCTYPE,”le”))).

Thermal effects influence many geotechnical applications, making it essential to un-
derstand the fundamental mechanisms governing coupled thermo-hydro-mechanical
behavior in geomaterials for reliable geostructure performance predictions. Examples
include landscape evolution processes such as rapid landslides [PA10, VVT07] and
rock cliff stability [GMV21], offshore geotechnics involving pipe-soil interactions
[DWG08], thermo-active geostructures [LD13], radioactive waste disposal [Del10],
geological storage of carbon dioxyde [PP13], gas storage in porous media [ZSAP17],
and deep geothermal energy production. Many of these are directly related to energy
geotechnics [SAE+22].

This chapter provides an overview of the main aspects of thermo-hydro-mechanical
(THM) behavior in geomaterials. The focus is on mechanical response at both the
material and soil-structure interface scales, as well as hydraulic and thermal proper-
ties. Key considerations in constitutive modeling under coupled THM conditions are
discussed, including the distinction between fully coupled and simplified modeling
strategies commonly used in geotechnical engineering. Recent advances in engineer-
ing applications where THM behavior is significant are also briefly reviewed.
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2 Starting from thermodynamics

2.1 Definitions
Geomaterials, i.e., materials of geological origin, are inherently porous, comprising a
solid phase and a pore space that may be filled with water, air, or other fluids. The
total volume of a geomaterial is thus the sum of the solid volume and the pore volume.
The fraction of the total volume occupied by pores is termed the porosity. In soil me-
chanics, it is common to refer to the solid phase as the basis for volume calculations,
leading to the definition of the void ratio as the ratio of pore volume to solid volume
(see Figure 2). Additionally, the degree of saturation of water quantifies the proportion
of the pore space that is filled with water.

A representative elementary volume (REV) of the geomaterial is now considered. It
is assumed large enough to be representative of the material’s properties at the engi-
neering (i.e. continuous) scale but small enough to neglect heterogeneities appearing
at larger scales. At the REV scale (i.e. scale of the material point), the intrinsic den-
sity of a geomaterial is defined as the mass of solid particles per unit volume of the
solid phase. The apparent density, on the other hand, is defined as the mass of solid
particles per unit volume of the total material, including both solid and pore volumes
(see Figure 3).
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n

Figure 2: Soil fractions. The reference volume is the solid phase volume when using
the void ratio (left), and the total volume when using the porosity (righ).

In the following, we will use the void ratio e and the porosity n to describe the propor-
tions of the constituents of the studied porous materials. The definitions, at the scale
of the REV, are as follows:

e =
Vv
Vs

=
n

1− n (1)

n =
Vv
V

=
e

1 + e
(2)
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Figure 3: Intrinsic and apparent densities, at the scale of the material point.

where Vv is the pore (void) volume, Vs is the solid volume, and V is the total volume
of the material. The degree of saturation of the liquid phase Sl is defined as follows:

Sl =
Vl
Vv

(3)

where Vl is the volume of liquid (usually water) in the pore space. The degree of sat-
uration is a dimensionless quantity ranging from 0 (dry material) to 1 (fully saturated
material).

In geomechanics or mechanics of porous materials, since the solid skeleton is deform-
ing in response to loadings of various natures, a reference configuration is needed. It
is usually chosen as the configuration at the beginning of the loading process, where
the material is considered underformed. In the following, we will assume small defor-
mations of the material, meaning that the initial configuration is close to the current
configuration. This assumption is valid for most geotechnical applications, except for
landslides or rockfalls, or when the installation process (of driven piles for instance)
is studied. In these cases, formulations considering large deformations are to be used.
Readers are referred to [LZ19] for a review of the various approaches to large defor-
mations in geomechanics.

It is important to note that the definitions of porosity and void ratio given by equa-
tions (1) and (2) refer to the actual volumes (at time t). They are by essence eulerian
quantities, i.e. defined with respect to the current configuration. The lagrangian poros-
ity ϕ is defined as the ratio of the current pore volume to the initial solid volume:

ϕ =
Vv
V0

(4)

2.2 Energetic approach

2.2.1 Strain-work conjugate variables and state equations

Rigorously deriving constitutive laws for geomaterials requires a properly defined
thermodynamic framework. The first step is to define the system of interest. As done
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by Coussy [CPV10], the solid skeleton is usually the system considered in geome-
chanics. It comprises the solid phase and the interfaces between the different phases.
The fluid phases themselves are excluded, since their behaviour is known a priori.
This definition is pertinent when the fluid phases and the solid phase interact through
their pressure only. When the fluid state depends on interactions with the surface of
the solid (e.g. when the fluid adsorbes onto the solid surface) and that these interac-
tions affect the behavior of the solid skeleton, extension of the usual poromechanics
framework have to be considered [VBLC10, BVP12]. Once defined, the system is
described by a set of state variables. The balance of energy, written at the continuum
scale, for the system lets appear the pairs of conjugated variables.

In the following, the focus is primarily on soils, both saturated and unsaturated, within
a temperature range of 0 to 100 °C. Consequently, phase changes of pore water are
not addressed in detail in this work. The energetic approach adopted here to formu-
late constitutive equations is illustrated by starting with the simple example of the
infinitesimal work dW input to:

• a 1D spring subjected to a force F elongating it of dx:

dW = F dx

• a non-porous solid subjected to a pressure p changing its volume by − dV :

dW = −p dV

• a porous solid subjected to both a total stress p changing its volume by − dV
and a fluid pressure pl contributing to a change in porous volume of dnV :

dW = −p dV + pl d(nV )

In the continuity, defining now the infinitesimal strain work dw input to the initial
volume of the solid skeleton as dW = dw V0 leads to:

dw = p dϵv + pl dϕ (5)

where ϕ is the lagrangian porosity, defined with respect to the initial (undeformed)
configuration.

Extending this reasoning to the triaxial stress space, the infinitesimal work input to the
initial volume of the solid skeleton can be written as:

dw = p dϵv + q dϵq + pl dϕ (6)

The strain-work conjugate variables then clearly appear as:

p←→ ϵv; q ←→ ϵq; pl ←→ ϕ
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Interestingly, following [Cou04], if we now assume the incompressibility of the solid
grains (Ks ≫ K), the deformation of the solid skeleton is directly linked to changes
in porosity:

dϵv = − dϕ (7)

so that the strain-work input writes as follows, matching the one given in [SW68]:

dw = (p− pl) dϵv + q dϵq = p′ dϵv + q dϵq (8)

pointing out to the following conjugate variables:

p′ =
1

3
(σ′

1 + 2σ′
3)←→ ϵv = ϵ1 + 2ϵ3

and
q = σ1 − σ3 ←→ ϵq =

2

3
(ϵ1 − ϵ3)

In tensorial form, the work input is:

dw = σ : dϵ+ pl dϕ = σij dϵij + pl dϕ (9)

the strain-work conjugate variables being:

σ ←→ ϵ; pl ←→ ϕ

or, assuming incompressibility of the solid phase:

dw = σ′ : dϵ = σ′
ij dϵij (10)

and
σ′ ←→ ϵ

When considering non-reversible processes, the application of first and second laws
of thermodynamics leads to the Clausius-Duhem inequality:

dD = dw − dF ≥ 0 (11)

where D is the dissipation and F , the free energy of the solid skeleton.

This inequality reduces to the following expression when considering infinitesimal
reversible processes:

dD = σij dϵij + pl dϕ− dF ≥ 0 (12)

In such an elastic case (strictly speaking), there is no dissipation ( dD = 0) and ϵ = ϵe

and dϕ = dϕe so that the free energy can be expressed as:

dF = σij dϵij + pl dϕ (13)
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Hence, we deduce that F = F (ϵ, ϕ) and the following state equations hold:

σ =
∂F

∂ϵ
(14)

pl =
∂F

∂ϕ
(15)

Once an appropriate energy potential is identified, the constitutive relations for the
porous material satisfying the thermodynamic requirements can be derived. As an
illustration, linear constitutive relations would derive from a quadratic potential. A
detailed discussion of the thermodynamic framework for porous materials is beyond
the scope of this chapter, and interested readers are referred to Coussy [Cou04, Cou10]
for a comprehensive overview.

2.2.2 Linear poroelasticity

In the case of reversible processes, linear constitutive equations can be derived from a
quadratic energy potential. The stress-strain relations for a linear poroelastic material
can be expressed as follows, considering a stress- and pressure-free reference state:

σ = D ϵ− b pl δ (16)

∆ϕ = ϕ− ϕ0 = −b ϵv +
pl
N

(17)

If the reference state is a pre-stressed state, then, the stress-strain relations can be
written as:

σ − σ0 = D ϵ− b (pl − pl,0) δ (18)

∆ϕ = −b ϵv +
pl − pl,0
N

(19)

where D is the stiffness matrix, b is the Biot coefficient, and N is the Biot modulus:

b = 1− K

Ks
(20)

1

N
=
b− ϕ0
Ks

(21)

2.2.3 Nonlinear poroelasticity

Nonlinear poroelasticity corresponds to the situation where the material parameters
depend on the state variables. In this case, material parameters are tangent properties
and depend on the material state. The constitutive equations are expressed in incre-
mental form as follows:

dσ = D(σ, pl) dϵ− b(σ, pl) dpl δ (22)
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dϕ = −b(σ, pl) dϵv +
dpl

N(σ, pl)
(23)

Inspecting equations (22) and (23) The Biot coefficient b is defined as the ratio of
the change in total stress to the change in pore pressure. The Biot modulus N is
defined as the ratio of the change in porosity to the change in pore pressure. These
two quantities characterize the coupling between mechanical and hydraulic behavior
in porous materials.

2.2.4 Stress variable(s)

Without any loss of generality, considering isotropic cases only, equation (22) reduces
to:

dσ = K dϵv + b dpl (24)

and we can introduce the Biot stress:

dσ” = dσ − b dpl (25)

so that:
dσ” = K dϵv (26)

showing that the Biot stress is the stress variable conjugated to the strain ϵ.

For soils, the bulk modulus of the material is generally negligible compared to the
bulk modulus of the solid constituent:

b = 1− K

Ks
≈ 1 (27)

N →∞ (28)

so that the Biot stress reduces to the Terzaghi effective stress, meaning that Terzaghi’s
effective stress is the stress conjugated to the strain in the limit of incompressible solid
grains:

dσ′ = dσ − dpl (29)

Starting from dF = p′ dϵv + q dϵq for soils:

(
dϵv
dϵq

)
=




1

K(p′, q)
1

C(p′, q)
1

C(p′, q)
1

3G(p′, q)




(
dp′

dq

)
(30)

with
∂

∂q

(
1

K

)
=

∂

∂p′

(
1

C

)
;

∂

∂p′

(
1

3G

)
=

∂

∂q

(
1

C

)
(31)

The case of unsaturated porous materials is more complex since two fluid pressures
and the interfaces’ energy has to be considered. This case will not be treated here.
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However, it is worth noting that a Bishop like stress variable [Bis59] appears as the
work conguate of the strain tensor. Interested readers are referred to [CPV10] for a
detailed discussion of the unsaturated case.

As it appears from the previous derivations, constitutive relations introduce materials
parameters (and fundamental assumptions) that have to be determined or assessed ex-
perimentally. As an illustration, Figure 4 shows the results of an unjacketed (σ = pl)
test on a limestone, as reported by [Cou04]. Table 1 shows more generally the order of
magnitude of poroelastic properties for different materials, as reported by [Cou04]. It
appears that the Biot coefficient is larger in materials with relatively low bulk modulus.
Regarding the nonlinearity of the behaviour, Figure 5 shows the results of an unjack-
eted test on a sandstone, showing the linearity of the behaviour of the solid phase
(left), while the estimation of the material’s (drained) bulk modulus clearly shows a
nonlinear behaviour (right). The consistency of the results from two experiments at
two distinct fluid pressures show that the bulk modulus depends on the Biot effective
stress σ′.
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Figure 4: Unjacketed test on a limestone (Ks = 52.7 GPa): stress path in terms of
total stress σ as a function of fluid pressure p (left) and material response in terms of
Biot stress σ” as a function of volumetric deformation ϵ, after [Cou04].

Table 1: Order of magnitude of poroelastic properties for different materials, after
[Cou04].

Material ϕ (%) K (MPa ×103) b (−) N (MPa ×103)
Cement paste 40–63 15–2 0.07–0.37 1170–20
Mortar 27–40 15–3 0.04–0.35 2340–40
Bone 5 12 0.14 160
Granites 1–2 25–35 0.22–0.44 280–370
Marble 2 40 0.20 280
Sandstones 2–26 4.6–13 0.69–0.85 ∼17
Limestones 4–29 5–39 0.34–0.88 100–400
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Figure 5: Experimental confirmation of the semi-linear hypothesis: linerarity of the
solid matrix (left) and non-linearity of the skeleton of a sandstone, after [BBV+01].

2.2.5 Beyond reversibility

In the following, we will consider that irreversible processes are at play, essentially
in the form of plastic deformations. We will consider that strains and porosity can be
partitioned into elastic and plastic parts:

ϵ = ϵe + ϵp (32)

ϕ = ϕe + ϕp (33)

Coming back to the Clausius-Duhem inequality, we can write:

dD = σij dϵij + pl dϕ− dF ≥ 0 (34)

In this case, the free energy of the solid skeleton is expressed as a function of the
elastic strain and the elastic porosity:

dF = σij dϵeij + pl dϕe (35)

This time, dD ̸= 0 and the dissipation is expressed as:

dD = σij dϵpij + pl dϕp ≥ 0 (36)

This means that the free energy changes only when the elastic strain or the elastic
porosity change. The plastic strain and plastic porosity do not contribute to the free
energy, but they do contribute to the dissipation. Another important point is that the
stress and fluid pressure are work conjugated to the elastic strain and elastic porosity,
respectively. In other words, changing the value of the total stress requires changing
the elastic strain, and changing the fluid pressure (actually, the mechanical contribu-
tion of the fluid pressure to the solid skeletong) requires changing the elastic porosity.

The remaining ingredients necessary to define the elastoplastic constitutive equations
are:

• the yield function,
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• the flow rule

• and the hardening law.

The yield function, usually denoted f(σ, pl, . . . ) is a scalar function of the stress and
fluid pressure, which defines the boundary of the elastic domain in the generalised
stress space. This boundary is called the yield surface and corresponds to null values
of the yield function, i.e. f = 0. By convention, when the yield function is negative,
the material behaves elastically; when it is zero, plastic deformation occurs. The
flow rule defines how the plastic strain and plastic porosity evolve when the plastic
mechanism is activated. In the case of hardening plasticity, the hardening law defines
how the location of the yield surface evolves with plastic deformation and plastic
porosity. Interested readers are referred to [Cou10] to go further. Another important
milestone is the work on hyperplasticity due to [HP06].

It is worth mentionning that the yield function can be expressed in terms of the Terza-
ghi effective stress. This is actually usually the case for geomaterials. Figure 6 shows
the experimental validation of a yield function expressed in terms of Terzaghi stress
for a limestone whose Biot coefficient is b = 0.63, as reported by [VBPF98] and
cited by [Cou10]. Yield points at various levels of stresses and fluid pressures nicely
align when plotted as a function of the Terzaghi effective stress (that is with the Biot
coefficient b = 1), showing that the material yields following a criterion based on
Terzaghi’s stress even if its elastic behaviour clearly follows a Biot stress with a b
coefficient much lower than unity.
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Figure 6: Experimental validation of yield function expressed in terms of Terzaghi
stress for a limestone with b = 0.63, data from [VBPF98], cited by [Cou10].
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2.3 Thermoporoelasticity and beyond

2.3.1 Thermoporoelasticity: a brief overview

Thermoporoelasticity is a field of study that combines the principles of thermodynam-
ics, poroelasticity, and mechanics to understand the behavior of porous materials under
thermal and mechanical loads. It is particularly relevant in geotechnical engineering,
where the interaction between soil, fluids, and thermal effects plays a crucial role in
various applications such as geothermal energy extraction, underground storage, and
construction on or within the ground.

Thermoporoelasticity considers the coupled effects of temperature changes, pore fluid
pressure, and mechanical stresses on the deformation and flow behavior of porous
media. The governing equations typically involve the balance of mass, momentum,
and energy, along with constitutive relations that describe the material’s response to
these coupled effects.

Considering non-isothermal evolutions, the free energy of the solid skeleton can be
expressed as a function of the strain, the porosity, and the temperature:

dF = σ : dϵ+ pl dϕ− Ss dT (37)

where Ss is the entropy of the solid skeleton.

The case of non-isothermal processes introduces additional complexity to the consti-
tutive equations, that need to account for the thermal coupling and the thermal effects
on the material properties. If one want to obtain linear constitutive equations, the free
energy of the skeleton, assuming small deformation and small change in temperature,
has to write as follows:

F =
1

2
λϵ2v + µϵijϵij +

1

2
Kϕ∆ϕ

2 +Kψϵv∆ϕ−Bsϵv∆T −Bψ∆T∆ϕ−
1

2
mα∆T

2

(38)
The stress-strain relations are then given by:

σij = (Kαϵv +Kψ∆ϕ−Bs∆T ) δij + 2Gϵij (39)

and the porosity change:

p− pl = −(1− ϕ)Kϕ∆ϕ− (1− ϕ)Kψϵv + (1− ϕ)Bψ∆T (40)

For the record, the constitutive equation of the liquid phase can be given by:

pl = −Klϵl +Bf∆Tl (41)

For an ideal porous medium, i.e. when the solid phase is homogeneous and isotropic,
the constitutive equations can be simplified:

ϵv = −
p

K
+ βs∆T (42)
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∆ϕ = − p− pl
(1− ϕ)Kϕ

(43)

ss = −βsp+ms∆T (44)

where ss is the entropy of the solid skeleton, βs is the thermal expansion coefficient
of the solid skeleton, and ms is the thermal capacity of the solid skeleton.

2.3.2 Beyond reversibility

As in the isothermal case, considering irreversible processes is generally done by in-
troducing plastic deformations and plastic porosity. A complete elastoplastic model,
including thermal effects, would then require the definition of a yield function, a flow
rule, and a hardening law. Insights will be provided in the following sections.

2.4 Lagrangian porosity and multiphysics couplings
Before going further, its is worth defining what is meant by multiphysics couplings
in the context of THM behaviour. In this work, we will consider that the mechanical,
thermal and hydraulic behaviours of geomaterials are coupled. The coupling between
these three behaviours is illustrated in Figure 7. These couplings do not have the same
nature, and they can be classified as follows:

• Direct couplings: when the intrinsic variable of one behaviour enters the bal-
ance equations of another behaviour. For instance, the deformation of the solid
skeleton (mechanical behaviour) affects the pore volume and thus the mass bal-
ance of water (hydraulic behaviour).

• Indirect couplings: when the intrinsic variable of one behaviour enters the con-
stitutive equations of another behaviour through material parameters. For in-
stance, porosity changes (mechanical behavior) affect the permeability of the
porous material, which enters the constitutive equation if Darcy’s law is consid-
ered (hydraulic behaviour).

As we will see hereafter, some of these couplings can be decoupled or at least simpli-
fied by using lagrangian quantities, such as the lagrangian porosity ϕ.

Even if we assume small deformations, the porosity of a porous material is not con-
stant during the deformation process. The change in porosity is related to the change
in pore volume. The lagrangian porosity ϕ is defined as the ratio of the current pore
volume to the initial volume of the porous material, as given by equation (4). Alterna-
tively, the eulerian porosity n is defined as the ratio of the current pore volume to the
current total volume of the porous material, as given by equation (2).

Distinguishing these two measures can prove practical and efficient. As demonstrated
by [Cou07, CPV10], introducing a lagrangian degree of saturation is a more appro-
priate measure of the pore volume saturated by water than its eulerian counterpart.
This is because the lagrangian saturation accounts for the initial volume of the porous
material, which is not affected by the deformation process. As a result, changes in
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Figure 7: Illustration on interrelationships between mechanical, thermal and hydraulic
behaviours in geomaterials.

saturation are only due to the process of water infiltration or drainage, rather than
changes in the pore volume due to deformation. In this case, the use of a lagrangian
quantity allows for a convenient decoupling of the constitutive equations.

The thermal expansion of a porous solid is another example where the lagrangian
porosity and the eulerian porosity will not provide similar responses. When a porous
solid is heated, it expands, and the pore volume increases as well. This is illustrated
in Figure 8. How does the porosity evolve?

Considering an isotropic behaviour and refering to [Cou04, Che16], it comes:

p− p0 = K ϵv − b (pw − pw,0)− 3αK (T − T0) (45)

ϕ− ϕ0 = b ϵv +
pw − pw,0

N
− 3αϕ (T − T0) (46)

and recalling the relation with microscopic properties:

ϵv = (1− ϕ0) ϵs + ϕ− ϕ0 (47)

b = 1− K

Ks
;

1

N
=
b− ϕ0
Ks

(48)

α = αs; αϕ = α (b− ϕ0) (49)

Let’s consider a thought experiment where a drained and stress-free porous solid is
heated by a temperature increment ∆T = 10 K. The initial void ratio is e0 = 1.0
and the initial porosity is ϕ0 = 0.5. The linear thermal expansion of the material is
α = 1

3 × 10−2 K−1. The final stress and liquid pressure are both zero.

The final volumetric strain is:

ϵv = 3α∆T = 0.1
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and the porosity change is:

∆ϕ = b ϵv − 3αϕ∆T = 3αϕ0 ∆T = 0.05

The final lagrangian porosity is then ϕ = 0.55.

As can be seen in Figure 8, the porous material subjected to a temperature change
undergoes a homothetic deformation, affecting in the same proportion both the solid
phase and the porous volume. As a consequence, the eulerian porosity of the heated
material is given by:

n =
Vv
V

=
Vv,0
Vs,0

= n0 = 0.5

Similarly, the void ratio is reads:

e =
Vv,0
Vs,0

= e0 = 1

Figure 8: Illustration of the thermal expansion of a solid volume containing a circular
void inclusion. The porous solid occupies the scetion in blue at a reference tempera-
ture T0. When the temperature increases to T , the solid expands and the void inclusion
expands as well. The lagrangian porosity ϕ increases, while the eulerian porosity n
remains constant.

As a general recommandation, it is advised to use both porosities, depending on the
context. Eulerian porosity is more convenient when dealing with indirect couplings,
such a porosity dependent permeability or thermal conductivity. The lagrangian poros-
ity is more convenient when dealing with direct couplings, such as the those induced
by changes in pore volume due to mechanical deformation. Since the lagrangian
porosity tracks the deformation of the porous network, its use allows to solve the
mass balance of the fluid filling the pores in a conservative manner. Interested readers
are referred to [MDG+20] for a discussion on the use of both porosities in the context
of a study of bituminous materials.
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Now that the thermodynamic framework has been presented, we will review the thermo-
hydro-mechanical behaviour of geomaterials, starting with a brief review of what is
known about the THM behaviour of soils, before discussing the constitutive models
that have been developed to describe this behaviour, focusing mainly on the underlay-
ing assumptions.

3 THM behaviour

3.1 What we know: a brief review

3.1.1 Mechanical behaviour

This section reviews the influence of temperature on the hydromechanical behaviour
of geomaterials. Numerous studies have examined how thermal effects alter the me-
chanical properties of soils. For coarse-grained soils, temperature changes typical of
geotechnical applications generally have a limited impact, provided that pore water
phase changes do not occur. However, exceptions exist; for instance, [BG13] reported
”intrinsic creep” in granular glass bead columns subjected to thermal cycling.

Fine-grained soils exhibit more pronounced thermal effects. Volumetric responses
differ significantly between over-consolidated and normally or lightly consolidated
soils [CL04, HB90a, SDC02]. Over-consolidated soils tend to show reversible volume
changes under temperature cycles, while normally consolidated soils experience irre-
versible deformations, a phenomenon known as thermal consolidation. After heating
and cooling, a normally consolidated clay behaves as if it were over-consolidated. This
effect may be leveraged to enhance the mechanical properties of soft clays [HST+23],
and should be incorporated into thermo-mechanical constitutive models for clays.

Temperature effects on soil shear strength have also been widely studied, with findings
ranging from strength increases to decreases or negligible changes. Recent reviews
summarise these varied results for clays [HST+23].

The intrinsic creep observed by [BG13] is attributed to the propagation of tempera-
ture gradients, causing non-uniform compaction, especially under rapid thermal cy-
cles. This has implications for the long-term performance of geothermal structures.
The impact of thermal cycling on pile settlement has been investigated through small-
scale tests in dry sand [NTP17, YTPH14a], saturated clay [NWG+20, NNPT23], and
centrifuge modelling [NSGL14, NFGJ21]. These studies generally report an accumu-
lation of irreversible settlement with repeated cycles (ratcheting), with most settlement
occurring during the first cycle. The extent of irreversible settlement increases with
mechanical load and diminishes when the load is well below the pile’s bearing ca-
pacity. If thermally induced pile deformation is accommodated by increased shaft
friction, deformation remains reversible [PS14]. This topic is further discussed in the
applications section 4.2.

Irreversible settlements observed in some experiments raise questions about the ther-
mal behaviour of soil-structure interfaces. Yavari and colleagues [YTPH16] con-

52 Thermo-hydro-mechanical couplings in the context of shallow energy
geo-structures

ALERT Doctoral School 2025



ducted direct shear tests on sand, clay, and clay–concrete interfaces at temperatures
between 5 and 40 °C, finding negligible temperature effects on interface properties
within this range.

In addition to thermal cycling, the time-dependent behaviour of soils —such as strain
rate effects and creep— is also temperature dependent [LM96]. As noted by [BG13],
the rate of temperature change can influence soil response due to heat diffusion and
resulting non-uniform deformations. More complex couplings may also introduce rate
effects at the material point.

3.1.2 Hydraulic behaviour

Temperature effects on the hydraulic properties of soils can be direct or indirect (e.g.,
via temperature-induced porosity changes). Direct temperature effects on permeabil-
ity are best addressed by using intrinsic permeability (dimension [L]2) rather than
hydraulic conductivity ([L][T]-1), since intrinsic permeability is largely unaffected by
temperature, while hydraulic conductivity depends on fluid properties, notably vis-
cosity, which is temperature sensitive. In practice, it is recommended to use intrin-
sic permeability and a temperature-dependent fluid viscosity, which is generally well
characterised. If only hydraulic conductivity is available, its temperature dependence
can be deduced from the relationship:

k =
ρf g

µf
kint (50)

where k is hydraulic conductivity, ρf and µf are the fluid density and viscosity, and
kint is intrinsic permeability.

The permeability of unsaturated geomaterials has been studied for decades, especially
in oil engineering [EMS+20]. Even over large temperature ranges (20–200 °C), in
[EMS+20], the authors found that temperature does not affect oil/water relative per-
meability in consolidated sand packs. In [YWC+12], the authors confirmed that
temperature-induced changes in unsaturated hydraulic conductivity of bentonite are
due to water viscosity changes at high suction, and to both viscosity and microstruc-
tural changes at low suction. In the low suction range, where clay is softer, both direct
(thermo-hydraulic) and indirect (thermo-mechanical) effects are present.

Temperature also affects the water retention properties of geomaterials. In the capil-
lary regime, these effects mainly arise from the temperature dependence of interfacial
tension. Osmotic and adsorptive contributions are also temperature dependent, but in
typical temperature ranges (below 100 °C), these effects only slightly alter the water
retention curve [Olc02]. However, the authors of [PHSM23] report appreciable effects
at higher temperatures.

Indirectly, temperature-induced deformations alter soil microstructure, leading to changes
in hydraulic properties.
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3.1.3 Thermal behaviour

Heat transport in geomaterials is complex, but conduction is usually the dominant
mode, along with heat advection by fluid flow. Convective and radiative effects are
generally neglected due to the presence of the solid walls delimiting the extent of the
pore network and the relatively low temperatures, respectively.

A key THM phenomenon in soils and rocks is thermal pressurisation, arising from
the mismatch between the thermal expansion coefficients of water and soil minerals
—water expands almost ten times more than typical soil solids. In the laboratory, this
is observed during undrained experiments [BHPP91, BGD+21] and can lead to tensile
failure [BDG+22]. In the field, thermal pressurisation is significant in fast landslides
and must be considered [VVT07, SF09, PA10]. Here, water flow (driven by pore
pressure gradients and permeability) and the rate of temperature increase interact.

3.2 Constitutive modelling

3.2.1 THM constitutive models

Many constitutive models have been proposed to describe the THM behaviour of
soils. The first, based on an extension of the Modified Cam-clay model, was de-
veloped by Hueckel and co-authors [HB90b, HB90a]. Numerous subsequent mod-
els also use an elastoplastic framework with a temperature-dependent yield surface
[ABBP09, CSD00, GTCA01, LN09]. Reviews can be found in [SCAB93, HPTC13].
Adaptations include two-surface plasticity and kinematic hardening for cyclic be-
haviour [HPC+14, HPTC16].

These models are essentially empirical and focus on modelling thermal consolidation
as discussed above. [BHV+17] proposed an approach based on molecular simulations
and upscaling to explain, from an energetic viewpoint, how irreversible deformation
may be triggered by temperature changes.

Creep and strain rate effects have been incorporated in a model by [LLC08]. Indirect
couplings, such as thermally induced changes in hydraulic properties via microstruc-
tural changes, can be modelled using the Kozeny-Carman equation [Car37, Koz25] or
micro-macro approaches [AP13, PA13].

3.2.2 Thermal properties

Thermal properties (heat capacity, thermal conductivity, thermal expansion) are key
for evaluating the THM behaviour of geostructures. In numerical simulations, it is
useful to update these properties based on the current state (porosity, water content, or
degree of saturation). This is straightforward for heat capacity, but more complex for
thermal conductivity, which depends on microstructure.

Neglecting the gas phase, the volumetric heat capacity C of an unsaturated geomate-
rial is:

C = (1− n)ρscs + nSwρwcw (51)
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where ρs and ρw are solid and water densities, cs and cw are their specific heat capac-
ities, and n is porosity.

Several models exist for soil thermal conductivity. A simple arithmetic average is
sometimes used, but Johansen’s model [Joh75], based on a weighted geometric aver-
age, is also common:

λ =
∏

α

(λα)
fα (52)

where λα is the thermal conductivity of phase α, occupying a volume fraction fα. For
unsaturated soils, Johansen proposed:

λ(Sr) = (λsat − λdry)k(Sr) + λdry (53)

where λsat and λdry are the saturated and dry conductivities, and k(Sr) is a function
of the degree of saturation, fitted to experimental data.

Regarding experimental observations, [GG01] showed that, for granular media, adding
water greatly increases thermal conductivity at low water contents, as water forms
menisci at grain contacts, enhancing heat transfer. In the case of a finer (and natural)
soil, Figure 9 shows the thermal conductivity of an intact loess from northern France
as a function of degree of saturation [NHP+17]. The data collapse on a master curve,
indicating that water content controls thermal conductivity in the unsaturated range,
and the variation is approximately linear.
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Figure 9: Thermal conductivity of loess from northern France as a function of the
degree of saturation of water (adapted from [NHP+17]).

The choice between models such as those above depends on assumptions about heat
flow within soil constituents (series, parallel, or mixed), which in turn depends on
microstructure and liquid phase distribution. As an illustration of a two-step ho-
mogenisation approach, readers are refered to [GGH+07], who proposed a two-scale
homogenisation approach for claystone.
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Equations like (52) and (53), and other microstructure-based models, readily account
for porosity or microstructural changes, facilitating the modelling of coupled effects
on thermal properties. For a critical review of soil thermal conductivity models, see
[DML15].

3.3 Coupled behaviour vs simplified strategies
In academic contexts, advanced approaches have been developed for specific problems
such as nuclear waste disposal or CO2 geological storage. However, in engineering
practice, numerical approaches to THM problems rarely employ fully coupled (mono-
lithic) solutions of the governing equations or advanced constitutive models.

It has been shown that simplified approaches can be used under certain conditions,
especially when geotechnical analysis software does not support thermal analyses.
For example, Yavari and co-authors [YTPH14b] simulated the mechanical behaviour
of thermal piles by imposing the thermally induced volumetric strain on the pile body
as a boundary condition. Using this basic decoupling method, the authors obtained
satisfactory results for pile head displacement and axial load distribution along the pile
length. Of course, this simplified approach has strong limitations, as no temperature
change is calculated within the soil mass. In particular, the good performance of this
approach suggests that the volumetric expansion of the soil around the pile does not
play a significant role in pile behaviour, and that the radial expansion of the pile may
be sufficient to approximate the behaviour of the pile-soil interface. It should also be
noted that decoupling strategies can lead to significant errors in numerical results, as
shown by [PP11a] in the case of THM simulation of CO2 injection in a geological
reservoir.

Simplified engineering tools based on extending the load-transfer approach to thermal
problems have been developed [LNV06, RSL20, SP22] and have proven efficient for
the thermo-mechanical analysis of thermoactive piles and pile groups. For the cyclic
behaviour of thermal piles, simplified models that avoid explicit modelling of every
cycle have been developed to predict long-term behaviour [PCC19, PS14]. These
simplified strategies are useful in practice but will not be further discussed in this
chapter.

4 Applications in energy geotechnics

Engineering applications involving THM behaviour of geomaterials are numerous and
varied [SAE+22]. This section briefly reviews some key examples.

4.1 Soil-atmosphere interaction
Although not directly related to energy geotechnics, modelling soil-atmosphere inter-
actions is included here because the numerical tools and models used often originate
from THM studies in the field of geotechnics. Soil-atmosphere interaction refers to
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humidity and heat exchanges between the soil surface and the environment of geo-
structures. Such interactions have been considered for decades in applications related
to slope stability [TC20], dyke and embankment design [Cui22], and the effects of
drought on structures built on expansive clays [HGCV12]. A recent review is pro-
vided in [ECP+17]. Numerical modelling of these interactions is complex, as it must
account for coupled THM balance equations, vapour-liquid phase changes, hydrome-
chanical effects of vegetation [BLB21], non-trivial and time-varying boundary con-
ditions, and challenges in establishing an equilibrated and representative initial state.
For the latter, readers are referred to spin-up strategies discussed in [RSB21, TC20].

4.2 Geothermal structures
Thermo-active geostructures have been used for decades, with the first thermal piles
installed in Austria in the 1980s, but their use has accelerated since the early 2000s
[BWAS+09, LMV03]. Today, other structures such as diaphragm walls and tunnel
linings are also thermo-activated [BDP16, DLT+19]. In numerical modelling, various
levels of complexity are considered for the thermal boundary conditions imposed on
thermal piles. The simplest approaches use a uniform temperature field correspond-
ing to the average of the ingoing and outgoing heat carrier fluid temperatures. More
sophisticated approaches explicitly model fluid flow within the exchanger tubes em-
bedded in the piles, at the cost of increased computational effort. This cost can be
mitigated by machine learning techniques, as shown in [MNB18] for the thermal de-
sign of thermo-active piles.

In practice, thermal design often receives more attention than the mechanical problem.
Constitutive models used in geothermal structure analysis are often relatively simple,
as the relevant temperature range is typically between 0 and 50 °C, making thermal
consolidation of normally consolidated clays unlikely. As previously mentioned, the
cyclic behaviour of the soil-structure interface may be important for long-term assess-
ment. The authors of [BWLBFS22] discussed the significant role of available shaft re-
sistance and the ratio of mobilised friction on settlement accumulation, which mainly
occurs during the first cooling due to thermal shrinkage of the pile radius. Incremen-
tal settlement per cycle then tends to vanish as the number of cycles increases. This
observation, obtained from thermo-mechanical finite element simulations, coincides
with experimental results reported in Section 3.1.1.

4.3 Radioactive waste disposals
Accounting for THM behaviour is essential in the analysis of radioactive waste dispos-
als. The literature is extensive and covers many physical aspects, including two-phase
flow in swelling clays, thermal pressurisation, and plastic or damage mechanics for the
host rock. This application has been studied for decades, and abundant experimental
data from laboratory tests, small-scale experiments, and full-scale field experiments
are available. These data are highly valuable for validating numerical tools for THM
modelling of geomaterials [SGR+20] and for THM constitutive models that account
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for complex couplings.

4.4 CO2 geological storage and deep geothermal energy
Modelling CO2 geological storage and deep geothermal energy production at the
reservoir scale require geomechanics solvers that work efficiently. These applica-
tions may require specific developments to simulate multiphase flow in reservoirs,
which may be fractured at various scales [LPCN21, LCNP24]. Thermal effects are
significant in both deep geothermal energy production and CO2 geo-storage [VR17].
In some cases, additional couplings, such as chemical interactions in CO2 storage,
are necessary. These couplings are not always implemented in THM codes, so low-
coupling strategies (such as sequential coupling between geomechanical codes and
reactive transport software) are commonly used. A discussiong on coupling issues
and their stabilisation is provided in [PP11a, PP11b].

5 Conclusions

In summary, thermo-hydro-mechanical (THM) couplings are fundamental to under-
standing and predicting the behaviour of geomaterials in a wide range of geotechnical
and energy-related applications. This chapter has outlined the thermodynamic frame-
work underpinning THM processes, reviewed the main experimental observations re-
garding mechanical, hydraulic, and thermal responses of geomaterials, and discussed
constitutive modelling strategies from linear poroelasticity to advanced elastoplastic
and thermoporoelastic models. The importance of distinguishing between direct and
indirect couplings, as well as the practical use of Lagrangian and Eulerian porosities,
has been highlighted for accurate modelling.

Applications in energy geotechnics —such as geothermal structures, radioactive waste
disposal, and CO2 storage— demonstrate the necessity of accounting for THM ef-
fects to ensure safety, durability, and performance. While fully coupled numerical ap-
proaches provide the most rigorous solutions, simplified strategies are often adopted
in engineering practice, balancing complexity and practicality.

Ultimately, the integration of THM couplings into constitutive models and numerical
simulations remains a key challenge and opportunity for advancing both fundamental
research and engineering practice in the context of the energy transition.
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[GG01] J.-C. Géminard and H. Gayvallet. Thermal conductivity of a partially
wet granular material. Physical Review E, 64(4):041301, 2001.

[GGH+07] C. Gruescu, A. Giraud, F. Homand, D. Kondo, and D. P. Do. Effective
thermal conductivity of partially saturated porous rocks. International
Journal of Solids and Structures, 44(3):811–833, 2007.

[GMV21] M. Gasc-Barbier, V. Merrien-Soukatchoff, and D. Virely. The role
of natural thermal cycles on a limestone cliff mechanical behaviour.
Engineering Geology, 293:106293, 2021.

[GTCA01] J. Graham, N. Tanaka, T. Crilly, and M. Alfaro. Modified Cam-Clay
modelling of temperature effects in clays. Canadian Geotechnical
Journal, 38(3):608–621, 2001.

[HB90a] T. Hueckel and G. Baldi. Thermoplasticity of saturated clays: Ex-
perimental constitutive study. Journal of Geotechnical Engineering,
116(12):1778–1796, 1990.

[HB90b] T. Hueckel and M. Borsetto. Thermoplasticity of saturated soils and
shales: Constitutive equations. Journal of Geotechnical Engineering,
116(12):1765–1777, 1990.

[HGCV12] S. Hemmati, B. Gatmiri, Y. Cui, and M. Vincent. Thermo-hydro-
mechanical modelling of soil settlements induced by soil-vegetation-
atmosphere interactions. Engineering Geology, 139–140:1–16, 2012.

[HP06] G. T. Houlsby and A. M. Puzrin. Principles of Hyperplasticity.
Springer London, London, 2006.

[HPC+14] P. Y. Hong, J. M. Pereira, Y. J. Cui, A. M. Tang, F. Collin, and X. L. Li.
An elastoplastic model with combined isotropic–kinematic hardening
to predict the cyclic behavior of stiff clays. Computers and Geotech-
nics, 62:193–202, 2014.

Pereira, Jean-Michel 61

ALERT Doctoral School 2025



[HPTC13] P. Y. Hong, J. M. Pereira, A. M. Tang, and Y. J. Cui. On some
advanced thermo-mechanical models for saturated clays. Interna-
tional Journal for Numerical and Analytical Methods in Geomechan-
ics, 37(17):2952–2971, 2013.

[HPTC16] P. Y. Hong, J. M. Pereira, A. M. Tang, and Y. J. Cui. A two-surface
plasticity model for stiff clay. Acta Geotechnica, 11(4):871–885, 2016.

[HST+23] H. J. M. Huancollo, F. Saboya, S. Tibana, J. S. McCartney, and
R. Garske Borges. Thermal Triaxial Tests to Evaluate Improvement
of Soft Marine Clay through Thermal Consolidation. Geotechnical
Testing Journal, 46(3):20220154, 2023.

[Joh75] O. Johansen. Varmeledningsevne Av Jordarter (Thermal Conductiv-
ity of Soils). PhD thesis, English Translation by US Army Corps of
Engineers, University of Trondheim, Trondheim, Norway, 1975.
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gonflante non saturée sous sollicitations hydriques et thermiques :
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Homogenization and field equations for tightly
coupled THMC problems in geomaterials

Manolis Veveakis

Civil and Environmental Engineering, Duke University, Durham NC,
USA

In the pursuit of energy resources from increasingly deep reservoirs, it’s essential
to understand how reservoir rocks behave under high pressure and high temperature
(HPHT) conditions. At these depths, rocks can undergo significant changes due to
thermal and pressure sensitivity, as well as internal phase changes at the interfaces
between pores and solid rock. These changes directly influence how the rocks re-
spond to external forces. To accurately model this behavior, the standard constitutive
laws used in geomechanics need to be enhanced. This work summarizes a new multi-
physics constitutive theory for sedimentary rocks published recently [SAP+20], based
on the principles of viscoplasticity. The new approach homogenizes the internal mi-
crostructure and considers that the rock’s viscosity is affected by temperature, pore
pressure, and the energy required to change the interfaces between rock grains. This
energy is determined by the chemical potentials of the different phases involved in pro-
cesses like the chemical dissolution, precipitation, or mechanical debonding of these
interfaces. We hereby summarize the homogenization approach and provide the field
equations for THMC problems originally presented in [SAP+20].

1 Introduction

Assessing and enhancing the long-term potential of high-pressure, high-temperature
(HPHT) reservoirs is a major challenge in geomechanics. This is crucial not only for
unconventional shale gas and deep conventional formations but also for geothermal
energy and environmental efforts like nuclear waste disposal and deep energy stor-
age. The difficulty lies in designing engineering operations for vast scales of time
and distance, where processes like thermo-mechanical and chemo-mechanical cou-
plings—less significant in shallower environments—play a key role.

To tackle this, we need constitutive modeling that can handle the extreme pressures
and temperatures of the Earth’s upper crust. The goal is to develop a plasticity the-
ory that predicts the long-term behavior of materials that are often stressed beyond
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their initial yield point. This model must incorporate detailed physical mechanisms
from the microstructure scale—such as internal transformations—because these tiny
changes have a big impact on a material’s overall response to stress.

Examples of such models – that accommodate multi-physical feedbacks and are able
to operate in the long-term – can be found in the field of metal plasticity, and in par-
ticular crystal plasticity, with the first attempts to capture the microscopic response of
crystals dating back to the 1930s with the pioneering works of [TQ34a, Eyr36, Oro40,
Kau41], to name but a few. These studies, nowadays commonly accepted, showed that
the mechanical resistance of metals in shear is dominated by lattice-related processes
like the presence of discrete obstacles, lattice resistance, dislocation movements, etc
(for more details see [FA82]).

These concepts have been cast into a visco-plastic framework by [Per66], [Lub90],
and later generalized to materials displaying pressure sensitivity and more compli-
cated microstructures, like geomaterials [Oka85, Oka81, AO82, Bor91, DNB+14].
Recently [Ein12, ZB17, VRL15a] have extended these concepts to allow the flow law
to receive feedbacks from state variables (including pressure,temperature and density).
Such concepts have become common knowledge in disciplines studying long-term re-
sponse of rocks under loading, like Geology, Geophysics and Geodynamics, where the
materials are long past their initial yield point and are commonly described as viscous
without incorporating the concept of a yield surface or plasticity in general [Kar08].
In these disciplines, the viscosity of the material incorporates all interface processes
taking place at the micro-scale, like for example grain boundary sliding, interface
chemistry etc. As such, the viscosity of these laws is expressing all microscopic pro-
cesses as a function of the state variables of the problem at hand, like temperature,
pressure and density.

The objective of this work is to provide a modeling framework encompassing inter-
nal mechanisms like interface changes (de-bonding, decementation, collapse of cap-
illary bridges, etc) under multi-physical feedbacks, that can be used for modeling
Geomaterials at high temperarures and pressures. All the details of this work can be
found in recent works of the group [SAP+20, Sar19, LSA+20, LCVP17, LPV20b,
LPV20a, GRV19, GRV20, GRVon] that are hereby summarized. To this end, we ex-
tend earlier studies considering thermo-chemo-mechanical couplings in Geomaterials
[HB90, LC03, LLC08, HFL09, GCH15] and suggest a multi-physics visco-plasticity
framework that is enriched with a dependency of the plastic multiplier (viscosity) on
state variables and internal interface processes [FB06]. The next sections are laying
down the constitutive laws for the mechanical response of rocks experiencing inter-
nal interface mechanisms like debonding or interface dissolution/precipitation. The
constitutive framework is then completed with governing equations, that are used as
evolution laws for the state variables used (pressure and temperature), before being
implemented in a finite element simulator and used to reproduce experimental results
from triaxial compression tests at different types of rocks. Finally, all the results are
synthesized and discussed.
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2 Deep Geothermal as an analogy to the moon landing
mission for the energy and minerals space

As presented by [RLBC+15], deep geothermal from the hot crystalline basement has
remained an unsolved frontier for the geothermal industry for the past 30 years. Un-
fortunately, although in excess of $0.5 billion have been invested in Australia alone,
only limited success can be reported. Therefore, private industry has found it diffi-
cult of late to attract matching funds for allocated government grants. Clearly, a new
strategy needs to be devised acknowledging the fact that the problem of economical
extraction of deep geothermal energy cannot be solved by classical concepts. The
requirement for large capital investment provides the first part of the analogy to the
equally ambitious ‘moon landing’ mission. This work mainly addresses the second
part of the ‘moon landing’ counterpart in the energy and minerals space. Unconven-
tional geothermal energy poses a new science challenge that may present unexpected
opportunities for deep reservoir engineering and beyond. Strategies have to be devised
that acknowledge and are capable to describe the unconventional nature of the mate-
rial behaviour at high temperature and high depth. We claim that these challenges can
only be met by an “unconventional geomechanics” approach.

The concept of drilling into the hot crystalline basement and extracting heat through
an artificially engineered reservoir has remained a challenge for geothermal energy
since the early experiments at Fenton Hill, USA. The original idea of a hot dry rock
(HDR) reservoir was to create fluid flow paths between an injection and extraction
well deep into the crystalline hot rock by hydraulic fracturing. It became clear in early
projects that rather than creating new hydraulic fractures, the existing natural frac-
tures provided the flow paths, and their transmissibility was improved by stimulation.
This has lead to the use of the term Enhanced (or Engineered) Geothermal Systems
(EGS). Numerous projects have been carried out in the USA, Europe, Japan and Aus-
tralia all facing the same problem. The artificially stimulated flow rates could only be
sustained at a maximum of around 20–65 L/s, and only with significant parasitic (en-
ergy and water) losses incurred through pumping at high operating pressures. A main
lesson learned is the necessity to take advantage of the existing geological inventory
and the neotectonic deformation field and target existing fracture zones with existing
hydrothermal flow.

The original idea, as put forward by one of the protagonists Don Brown [BDK+99],
was to create an EGS within a previously impermeable body of a hot crystalline base-
ment rock containing an array of re-sealed (and therefore essentially impermeable)
joints. The original idea of a HDR reservoir was therefore to create by hydraulic pres-
surization a deep, multiply jointed rock mass such, that it is totally con- fined, and
enclosed within a “stress cage” as an elastic re- sponse to the hydraulic stimulation of
the HDR reservoir. The idea was to select the production temperature, by selecting the
drilling depth and the size of the reservoir, by the amount of fluid injected. The first
reservoir tests in Fenton Hill in 1980 proved successfully that a production flow rate
of 5.9 L/s and a temperature of 158 C can be achieved. The phase II experi- ments
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between 1986–1995 improved the production tempera- ture to 190C and a production
flow rate of 13.5 L/s. Injection water loss was also improved from an initial 0.4 to
0.15 L/s for the phase II testing. However, to date we have not seen a commercially
viable operation, which could be achieved if the flow rates are at least quintupled, and
the water loss and the excessive pumping power problems overcome.

The partial success of the Fenton Hill operation sparked a series of similar attempts
over the past 30 years in England (Rosemanowes), Sweden (Fjaellbacka), France
(Mayet de Montagne, Soultz), Germany (Urach), Japan (Hijori) and Australia (Ha-
banero). Improvements over the Fenton Hill experiment have only been incremental;
yet, important lessons have been learned in the European science project in Soultz
where a modified concept to the one followed at Fenton Hill was presented.

The European Soultz-sous-Forêts project set out in 1987 with the same geologic target
as the Fenton Hill project (the crystalline basement), however, as an alternative choice
a geological system, where active normal faults were expected, was chosen. The
granitic basement was not ‘dry’ but contained geothermal fluids migrating along the
fault. Therefore the project was labeled an EGS rather than a HDR project. It reached
a target temperature of 200 C and a maximum flow rate of 60 L/s during stimulation.
The expected production flow rate for the first geothermal power plant in Soultz sous
Forets is 35 L/s at a production temperature of 175 C [GEC+10]. A challenge was
the existence of a seriously damaged granitic reservoir in the area of fluid circulation
with a style of “fracturing” that was quite unexpected. Soultz features a number of
seriously altered zones of granite, which cannot be interpreted by classical fracture
mechanics, but rather appear to be strongly affected by fluid alteration zones. From
the appearance of these fluid alteration zones the question is raised; what role do
chemical alterations play in a deep crystalline granitic reservoir? Rather than using
a simple extension of classical linear elastic fracture mechanics to stimulate a fully
elastic “stress cage”, a new multi-physics approach was found to be needed where
thermal, mechanical, fluid, and chemical processes are considered in a fully coupled
manner. The science that deals with quantifying these processes is Thermo-Hydro-
Chemo-Mechanical (THMC) reservoir modeling.

All the above posit that the challenge of deep geothermnal extraction can be resolved
by developing a new THMC geomechanics approach to stimulate such reservoirs.
While a number of new unconventional brittle techniques are still available to improve
stimulation on short time scales, the astonishing richness of failure modes of longer
time scales in hot rocks has so far been overlooked. These failure modes represent a
series of microscopic processes: brittle microfracturing prevails at low temperatures
and fairly high deviatoric stresses, while upon increasing temperature and decreasing
applied stress or longer time scales, the failure modes switch to transgranular and in-
tergranular creep fractures. Accordingly, fluids play an active role and create their
own pathways through facilitating shear localization by a process of time-dependent
dissolution and precipitation creep, rather than being a passive constituent by simply
following brittle fractures that are generated inside a shear zone caused by other local-
ization mechanisms. It is apparent that a new THMC theoretical approach is needed
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for the design of new strategies to utilize, enhance and maintain the natural perme-
ability in the deeper and hotter domain of geothermal reservoirs. The new approach is
required to be able to offer solutions at extreme conditions and long timescales, and
will have the advantage to -rather than engineering an entirely new EGS reservoir- ac-
knowledge a suite of creep-assisted geological processes that are driven by the current
tectonic stress field. Such processes are particularly supported by higher tempera-
tures potentially allowing in the future to target commercially viable combinations of
temperatures and flow rates.

3 Mathematical Framework of Multi-Physics Mechan-
ics

We start by presenting the governing laws of physics used in this framework. The
work is based on the basic and fundamental principles of continuum mechanics, con-
sidering a representative elementary volume (REV), the smallest volume over which a
measurement can be made that will yield a value representative of the whole [Hil63].
Given all applications in this work involve rocks of a few centimetres at the smallest,
this assumption is not restrictive for the type of rocks considered (mudstone, sand-
stone, carbonates).

3.1 Extended Mixture’s Theory
Porous media represent a wide range of materials but also a tremendous challenge to
be fully understood and harnessed. Most materials exhibit heterogeneous structures
when observed close enough; yet, porous media bear an additional level of complex-
ity since their characteristic source of heterogeneity, the pores, also allows fluid flow.
Among porous media, geomaterials, stemming from millions of years of transforma-
tions under harsh conditions, represent a particularly complex subclass, inasmuch as
processes in these media are multiphysics and multiscales. Recent advances in geo-
sciences found, however, that this complexity boils down to the great heterogeneity
and stochasticity of geomaterials’ microstructures. The dependence of the macro-
scopic behavior of geomaterials on the latter is the recipe for a wide range of processes.
For instance, pressure solution [NEM09, CRG13, vdENS19, GRV20], strain localiza-
tion [VS95, KAVA18], frictional instabilities [RSS18a, RSS+18b], fault reactivation
[VPA14, LPV20b], and granular flow [BE21] largely depend on the microstructural
geometry, or morphometry. The same conclusion holds for engineered porous ma-
terials, such as ceramics [SPS18] and energetic materials [CRN+20]. Biomaterials,
forming a third subclass of porous media [HLK+02], are also increasingly studied in
the light of their microstructures, especially in bone mechanics [AS06, WKM+02].

Therefore, adequately modeling the microstructural dynamics of porous media is a
crucial step toward better understanding their macroscopic behavior, but also laying
out the blueprint for novel metamaterials. In metallurgy, this has been achieved with
phase-field modeling [AC79, PE10, BSO19], which tracks the grains interface through
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finite elements, and in geosciences, with discrete element modeling (DEM) [O’S11,
KAVA18], which tracks the grains as discrete elements. Recently, the author and
colleagues introduced a phase-field model for geomaterials to propose capabilities
complementary to those of DEM [GRV20, GRVon] (see Chapter 3). That said, due to
computational limitations, relying solely on microscopic simulations for large scales
and, more generally, for industrial applications, is unrealistic. On the other hand,
the existing constitutive macroscopic laws rely heavily on destructive experimental
calibration, which can be unfeasible because of the limited availability of materials, or
the impossibility to reproduce environmental conditions. For example, obtaining rocks
from high depths can be prohibitively expensive or even impossible, and geological
time scales are hardly reproducible in laboratory. As for biomaterials, such as bones,
they are best studied in vivo (see [FRG+19] e.g.). These hurdles point toward finding
a compromise between systematically modeling the microstructure of porous media
and relying on destructive experiments, in order to predict the macroscopic behavior
of these materials.

The continuum studied includes considerations for a two-phase material, made of a
fully saturated porous matrix filled with fluid. As such, the material is decomposed
into the part that constitutes the skeleton, receiving forces from the loading conditions,
and the weak (or fluid) phase which occupies the void volume and does not participate
into the force chain network. The volume ratio of the voids can therefore be defined
as the porosity,

φ =
Vvoid
V

, (1)

which allows the deployment in the following sections of the well known governing
equations for a bi-phasic material in the context of mixtures theory. Based on that, we
then define the respective phase densities:

ρ1 = (1− φ)ρs (2a)
ρ2 = φ ρf (2b)

where the subscripts s and f refer to the solid and fluid components respectively.

The aforementioned canonical definitions are illustrating the traditional approach of
homogenizing complex media via the use of a single internal state variable, in this case
the porosity. Similar approaches can be found in damage and damage-like homoge-
nization, like breakage where the internal state variable is identified to be a measure
of the grain size [Ein07]. The complete depiction of a porous medium is, however,
much more complicated and cannot be expressed through a single internal state vari-
able. A mathematically complete representation of complex internal geometries is
provided recently by [GRVon, LPD+25] in a framework supported by Hadwiger’s
theorem [AMR+19].

In that representation, the total internal volume (what we call traditionally porosity)
φ is expanded to be described by four morphometers: the nominal volume of voids
M1, the internal surface area of the solid-fluid interface M2, the mean curvature or
average grain size M3 and the Euler characteristic M4. Mathematically, these four are
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expressed as moments of the original definition of the lagrangian (reference) porosity
n, with M1 ∼ n, M2 ∼ ε∇n, M3 ∼ ε2∇2n, M4 ∼ ε3∇3n. This provides a taylor
expansion of the total porosity φ around its reference value to incorporate higher order
effects representing the internal geometrical complexity:

φ = M1 + εM2 + ε2M3 + ε3M4 = M1

(
1 + ε

M2

M1
+ ε2

M3

M1
+ ε3

M4

M1

)
(3)

When the porous geometry is sufficiently simple, for example when stacks of spheres
are assumed, the higher order terms are negligible and we recover the classical view of
poromechanics. However, when irregular shapes with strong gradients are considered,
the higher order terms could become important and extend the traditional mixture’s
theory with additional compressibility-like terms.

3.2 Governing Laws
Mass Balance The mass balance of the fluid and solid phases can be expressed as:

∂ρ1

∂t
+
∂(ρ1V

(1)
k )

∂xk
= 0 (4)

∂ρ2

∂t
+
∂(ρ2V

(2)
k )

∂xk
= 0

In this work we will focus in the case where the material is fully saturated with one
fluid. In this case, each phase can assumed to follow the equation of the state with
respect to the (state) pressure of the fluid pf and Temperature T :

dρ(i)

ρ(i)
= β(i)dpf − λ(i)dT, i ∈ {s, f} (5)

where β(i) is the compressibility ( β(i) = 1
ρ(i)

(
dρ(i)
dpf

)
T

) and λ(i) is the thermal ex-

pansion (λ(i) = − 1
ρ(i)

(
dρ(i)
dT

)
pf

).

Using Eq. 4 and Eq. 5, combined with Darcy’s law for the filter velocity φ(V
(2)
k −

V
(1)
k ) = − k

µf

∂pf
∂xk

(k is the permeability an µf the saturating fluid viscosity) while
neglecting convective terms, leads to the final mass balance equation for the mixture:

βm
∂pf
∂t
− λm

∂T

∂t
− k

µf

∂2pf
∂xkxk

+
∂V

(1)
k

∂xk
= 0 (6)

where βm = (1−φ)βs+φβf is the mixture’s compressibility, and λm = (1−φ)λs+
φλf the mixture’s thermal expansion coefficient.
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Momentum Balance The acceleration of the mixture is assumed to be negligible.
Therefore, the local form of the momentum balance of the mixture together with the
effective stress definition σij = σ′ij−bpfδij (where σij is the total stress tensor of the
mixture, σ′ij the effective stress tensor, b the Biot coefficient and pf the pore pressure),
can be written in its stress equilibrium regime as follows,

∂σ′ij
∂xj

− ∂∆pfδij
∂xj

+ bi = 0 (7)

where we have assumed b = 1 for simplicity in the calibration process of the model.
By convention, stresses are taken negative in compression in this work. In this expres-
sion we decomposed the pore pressure itself as pf = phyd + ∆pf where phyd is the
hydrostatic pressure (constant in this study) and ∆pf is the excess pore pressure.

Energy Balance The local form of the energy equation expresses the energy bal-
ance and takes into account Fourier’s law for heat conduction and the second law of
thermodynamics [RRRH00]:

(ρC)m
∂T

∂t
= α

∂2T

∂xi∂xi
+ Φ (8)

where (ρC)m the heat capacity of the mixture and α the thermal conductivity. The
term Φ corresponds to the mechanical work rate dissipated into heat, which is non
negative based on the second law of thermodynamics:

Φ = σ′ij ε̇
i
ij +

∂ψ

∂ξk
ξ̇k ≥ 0 (9)

In this expression, the (frequently called cold-) work of internal state variables is ex-
pressed through the product of derivative of the Helmholtz free energy ψ with respect
to any dissipative internal state variable vector ξk and its rate, ∂ψ∂ξ ξ̇k. The expression
(9) can be re-arranged to take the form:

Φ = χσ′ij ε̇
i
ij ≥ 0 , χ = 1− Eξ ξ̇k

σ′ij ε̇
i
ij

(10)

where Eξ = − ∂ψ
∂ξk

and χ is the Taylor-Quinney coefficient [TQ34b], expressing the
amount of mechanical work dissipated by the internal state variables into internal mi-
crostructural mechanisms. When it is zero all the mechanical work rate is consumed
into internal state variables, whereas when it is equal to one all the mechanical work
rate is converted into heat. Note that χ is in general a function of all the state variables,
like density (or pressure), temperature, ξk, etc, and that when it is zero, it corresponds
to a constant mechanical dissipation state. In this work we are considering equal to
one, and relegate the effect of the state variables into the flow law, to account for the
effect of surface energy terms that would normally appear as higher order (gradient)
terms in the volumetric expression of the energy balance equation.
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4 THMC Elasto-Visco-Plasticity with internal mecha-
nisms

In this section we present the temperature- and pressure- sensitive law of elasto-
viscoplasticity that will be used in this work. The underlying physical model for this
study is combining concepts from the viscoplastic approach in metals, as discussed in
the introduction, with the required modifications to capture interface mechanisms in
pressure-sensitive, porous materials.

The formulation is based on the principles of overstress plasticity [Per66], used in a
novel elasto-viscoplastic approach [PV16]. As is done classically in Mechanics, the
total strain rate is decomposed into its elastic (reversible) and plastic (irreversible)
components, ε̇ij = ε̇rij + ε̇iij .

Thermo-Poro-Elasticity The reversible part is considered to obey a linear thermo-
elastic law of the form:

ε̇rij = Cijklσ̇
′
kl − λs∆Tδij (11)

where σ′ij is the effective stress, obeying Terzaghi’s law [Ter25] σij = σ′ij − pfδij
(where σij is the total stress tensor of the mixture and pf the pore pressure), Cijkl is
the compliance modulus, λs the thermal expansion coefficient of the solid and ∆T the
temperature variation. Note that the Einstein notation (summation of repeated indices)
applies and that δij is Kronecker’s delta.

Visco-plasticity The irreversible part of the strain rate respects a visco-plastic flow
law which is expressed in terms of the norm of the overstress of the deviatoric and
volumetric components, as follows (see also figure 1):

ε̇id =
ε̇d0
ε̇0

Π̇
∂f

∂q
, (12a)

ε̇iv =
ε̇v0
ε̇0

Π̇
∂f

∂p′
, (12b)

where Π is the overstress function, hereby assumed to be the norm of the flow rate ten-

sor at a reference strain rate ε̇0 (see figure 1): Π̇ =

√
ε̇20

〈
q−qY
σref

〉2m

+ ε̇20

〈
p′−pY
σref

〉2m

,

f is the initial yield envelope of the material (considered here to be constant and inde-
pendent of temperature, thus relegating all the post yield evolution in the ”viscosity”
of the material), ε̇v,d0 is the reference strain rate for the deviatoric and volumetric part,
p′ denotes the volumetric mean effective stress, q the equivalent deviatoric stress (also
called von Mises stress), pY and qY the corresponding values of p′ and q at yield, and
σref a reference stress. The angular brackets 〈·〉 represent the Macaulay brackets.
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Figure 1: Decomposition of the plastic flow rule into a volumetric and a deviatoric
components in the p′− q space (mean effective stress – shear stress), for a stress point
M and its corresponding point on the yield point MY .

Following the need to allow in principle different mechanisms to operate in volumetric
and deviatoric loading, the reference strain rates are assumed to take Arrhenius-like
forms like:

ε̇d0 = ε̇0 exp

(
−∆Qdmech

RT

)
, (13a)

ε̇v0 = ε̇0 exp

(
−∆Qvmech

RT

)
(13b)

where R the universal gas constant and T the temperature. ∆Qdmech and ∆Qvmech are
the activation enthalpies of the deviatoric and volumetric components, expressing the
activation energy required to overcome (activate) the dissipative mechanisms admissi-
ble by the microstructure. It is also to be noted that traditional concepts like dilatancy
are hereby expressed through these activation enthalpies. Indeed, the dilatancy coef-
ficient would be ψ =

ε̇iv
ε̇id

= exp
(

∆Qdmech−∆Qvmech
RT

)
∂q
∂p′ , with the model deviating

from associativity when ∆Qdmech 6= ∆Qvmech.

The enthalpies ∆Qdmech and ∆Qvmech are functions of all the state variables of the
problem (density, pressure, temperature, etc). Therefore, temperature, pressure and
density dependencies are accounted for through the definition of the activation en-
thalpies for the deviatoric ( ∆Qdmech ) and the volumetric (∆Qvmech) components
of the irreversible strain rate. Those terms incorporate the activation energies of all
micromechanical mechanisms taking place, including frictional initiation [RLR01],
volumetric pore collapse [PV16], or debonding and grain cracking [ZB17], and can
be functions of all the global and internal state variables of the problem at hand. An
example of such an approach is illustrated in the following section for arbitrary pro-
cesses at the skeleton’s interface, emphasizing the specific mechanism of debonding
in an isotropic medium where ∆Qdmech = ∆Qvmech = ∆Qmech. Through considera-
tions of the interface physics at the grain scale, we are able to upscale for a continuum
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expression of ∆Qmech in the considered representative elementary volume (REV, see
3).

Let us now consider a generic system of two grains submerged in a saturating fluid,
and assume them being connected through a bonding interface which can be of solid
(cement) or fluid (capillary bridge) form [GCH15]. This system of grains and bond
(skeleton) is experiencing a mean pressure Psk, while the saturating fluid is expe-
riencing a mean pressure pf . In such a system, debonding/bonding processes may
take place at the interface, with them being of chemical (dissolution/precipitation)
or mechanical (breakage/healing) origin, or even a combination thereof (e.g. break-
age/precipitation or dissolution/healing). A generic way of approaching this interface
configuration, is to assume that the interface is allowed to experience a transition of
the solid skeleton into a fluid (and vice versa), following a phase transformation of the
form skeleton 
 fluid. Since all these processes – irrespectively of their origin –
are affecting the mechanical response of the skeleton, the activation enthalpy of the
mechanical law needs to account for these interface effects. In a two-grain (single
contact) system, this is expressed in incremental form as:

∆qmech = ∆q0
mech + ∆qinterface = ∆q0

mech +
∑

i

µi∆mi (14)

In this equation ∆q0
mech is the base enthalpy of the system and ∆qinterface =

∑
i µi∆mi

for i = sk, f is the enthalpy of the interface, expressing the energy required to break
chemo-mechanical bonds of the skeleton and form weak fluidized phases. µi is the
chemical potential and mi the mass of each constituent.

The mechanical enthalpy of a system of multiple contacts is obtained if we average
Eq. (14) over the volume of our Representative Elementary Volume (REV) V for a
given contact distribution N(V ):

∆Qmech =
1

V

∫
∆qmechN(V )dV (15)

Note that the size of the volume is arbitrary and can be calculated separately by using
thermodynamic convergence of the upper and lower bound of the dissipation rate of an
assembly, as described by [VRL15b]. Such an analysis is out of the scope of this work,
as we assume the presence of an REV at a sufficient number of grain contacts. Under
this assumption, and for the simple case of a uniform contact distribution Eq. (15)
provides:

∆Qmech = ∆Q0
mech + µ1∆ρ1 + µ2∆ρ2 (16)

where ∆Q0
mech = ∆qmechnc, with nc being the number of evenly distributed contacts

in the REV. The indices 1, 2 are referring to the solid and fluid phases, respectively
(µ1 = µsknc, µ2 = µfnc). Note that all the contacts are assumed energetically
equiprobable, allowing for the chemical potentials to be considered constant over the
volume averaging procedure. Substituting in Eq. (16) the mixture’s expressions for
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the densities ρ1 = (1−φ)ρsk and ρ2 = φρf , with φ being the porosity of the mixture,
we obtain:

∆Qmech = ∆Q0
mech + (µfncρf − µskncρsk) ∆φ (17)

Note that when the two phases of the interface are in equilibrium, the chemical poten-
tials are equal, µf = µsk.

Recalling the mass balance of the solid phase (neglecting convective terms) in its in-
cremental form, (1 − φ)dρs = ρsdφ, and the Equation of State (EoS) considered
(Eq. 5), we may express ∆φ in terms of the excess pore fluid pressure ∆pf and tem-
perature variation ∆T , ∆φ = φ0βφ∆pf − φ0λφ∆T , where βφ = (1 − φ)βs, λφ =
(1 − φ)λs are the compressibility and thermal expansion coefficients of the void
space [Ric06]. In addition, the chemical potentials of the i−species are frequently
expressed through their partial pressures experienced, through a pressure-like quan-
tity f [Kar08]:

µi = µ0 +RT ln
fi
f0

(18)

where µ0 is a reference value of the chemical potential at a reference value f0, that
will be set to zero hereafter to ensure tractability of the mathematical derivations. The
pressure-like quantity f is identified as the fugacity in the case of gaseous constitu-
tents. It has the units of pressure and is an ”effective pressure” i.e, the pressure that
gives the correct value for the chemical potential of a real gas. In case of ideal gases,
the fugacity is therefore equal to the gas pressure P . In the more general case of
condensed (liquid or solid) phase, the deviation of the fugacity from the ideal case is
expressed through a fugacity coefficient ν linking it to a representative pressure of the
system for each constituent i, fi = νiP [Kar08]. In this case the reference value is set
to f0 = P .

Substituting the above considerations into Eq. (17) we finally obtain:

∆Qmech = ∆Q0
mech +

ncRT

ρ0
(ρf ln νf − ρsk ln νsk) ∆φ (19a)

∆φ = φ0βφ

(
∆pf −

λφ
βφ

∆T

)
(19b)

Since the fugacity coefficients are in principle unknown for non-ideal gas components,
in this study they will be first used as inversion parameters, and later discussed for
their physical origin and applicability to the mechanics of sedimentary rocks. We will
therefore be using the following expression,

∆Qmech = ∆Q0
mech + ∆φVact (20)

where Vact = ncRT
ρ0

(ρf ln νf − ρsk ln νsk).
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5 Model Validation

In this section we calibrate the visco-plastic constitutive law for different pore pres-
sures and temperatures and restrict further the mathematical formula of the chosen
Arrhenius law of Eqs. (13), which encapsulates the pressure and temperature sensitiv-
ity of the model. For this task, the experimental data from [FP89] have been chosen,
comprising a series of triaxial tests in Carrara marble, Solnhofen limestone and Gos-
ford sandstone. These tests were performed under constant confinement (300 MPa),
and the pore pressure was used to vary the mean effective stress instead of directly
controlling the confining pressure as in typical triaxial experiments. Five different
values of the pore pressure were applied, ranging from 30 to 280 MPa. Furthermore,
the experiments were conducted with argon as saturating fluid, which remained at su-
percritical state during the tests at four different values of temperature (20◦− 600◦C),
and two loading rates ( 10−4s−1 and 10−5s−1). An example of the results reported
can be found in figure 9a of [FP89].

Given the number of possible combinations of these tests, Fischer and Paterson fo-
cused on reporting mainly the axial stress of the material at 10% axial strain as rep-
resentative deformation at post yield state of the material (as can be seen figure 9b
in [FP89]). At this strain the materials are already in the post-yield regime, hav-
ing accumulated significant plastic deformation. Since our target in this section is
to calibrate the visco-plastic formulation against these data, the following simplify-
ing assumptions have been made based on the experimental results: 1) the material
is treated as rigid-viscoplastic, 2) the material admits a Drucker-Prager yield surface,
f = q−c−tanαp′ (c is the cohesion and α the friction angle in the p′−q space). This
choice allows to properly describe the pressure sensitivity of the material as suggested
by the experimental data (see figure 9a,b in [FP89]), while keeping the yield surface
linear.

Starting with the sandstone data (figure 2a,b) it is observed that the material remains
pressure sensitive throughout the experiments and the results are fairly regular. As
such, it seems reasonable to assume that the composition of the material remains the
same despite the significant increase in the temperature. For this series of data, the
inversion was made with respect to the activation volume, while searching for the
optimal values of the friction angle the strain rate ratio and the activation energy. The
values used to fit the data at 10−4s−1 and 10−5s−1 strain rate are summarized in
[SAP+20]. The corresponding results of the calibration are shown in figure (2a,b).
Note that the nature of the activation volume is unknown in the thermo-mechanical
context at the laboratory scale so far, and as such it is used as a free parameter inverted
from the fitting exercise. Significant variation in Vact could be explained as the result
of the debonding of grains for instance. Note that the change of the parameter A from
0.5 to 0.2 at 10−4s−1 and 10−5s−1 strain rate, respectively represents the viscous
effect triggered from the change in the loading rate.

By looking at the reported data of limestone and marble (Fig. 3a,b and 4), it can be ob-
served that the pressure sensitivity changes significantly with increasing temperature.
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Figure 2: (a) Fitting sandstone data at 10−4s−1 strain rate, (b) Fitting sandstone data
at 10−5s−1 strain rate
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The materials become more pressure insensitive (i.e. undrained), indicative of excess
pore pressure generation inside the sample. A possible candidate for a mechanism
causing excess pore pressure under high temperatures in carbonate-rich rocks is the
presence of a fluid-release chemical alteration, potentially producing excess pore fluid
pressure during chemical decomposition. This chemical change has been reported by
[FP89], who stated that the limestone material was uncontrollable at high temperature
and higher strain rate. The chemical alteration leads to the change of the yield surface,
decreasing the friction angle α and the viscosity as expressed by the ratio of strain
rates A. Therefore, in the optimization process those two parameters were allowed to
vary for each temperature to capture the behaviour for limestone and marble, while
Vact and ∆Q0

mech/m were kept constant. Setting the value of Vact at very low values
renders the hydraulic effects inactive, which seems reasonable since the experiments
are drained and the pressure sensitivity is negligible at high temperatures.

In summary, all calibrations in this section show that the model can capture adequately
the rate, temperature, and pressure dependency of different materials. They can be
included just by changing the yield surface as in classical thermo-plasticity. The as-
sumptions used here are crude as in the lab scale, thermo-elastic effects are important.
The fact that the model does a good job despite that should be noted here. Indeed,
the fact that the same model, with reasonable and comparable parameter values, can
capture adequately the behaviour of a variety of materials at different temperature
and pressure conditions, suggests that this model is sufficiently rich to be used across
materials and loading conditions.

Despite being able to capture the pressure and temperature sensitivity of these materi-
als, the tests were performed at relatively low effective confinement, not allowing the
materials to reach the cap of the yield envelope that is present at high confinements.
In addition, this data set does not allow to evaluate the validity of the evolution laws of
the model, as usual when capturing stress-strain evolution in triaxial experiments. To
test these capabilities of the model, we present in the next section the performance of
the model against triaxial experiments of sandstone and mudstone across a wide range
of pressures, reaching the cap.

6 Modeling Triaxial Compression Tests with the Field
Equations

In this section, the theoretical framework described previously is used to fit a series
of laboratory tests for different types of rocks (sandstone and mudstone) subject to
drained triaxial compression. This is achieved by solving -using finite element ap-
proaches [GNHLG09, BFS+15]- the governing laws of momentum, mass and energy
balance (see 3), combined with the elasto-viscoplastic model presented in the previ-
ous sections. The numerical approach used to solve the theoretical framework is using
REDBACK, an open-source parallel simulator for Rock mEchanics with Dissipative
feedBACKs [PV16, PPV16]. Note that, since the model’s hardening law is expressed
through the state variables temperature and porosity (pore pressure), the mass and en-
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Figure 3: (a) Fitting limestone data at 10−4s−1 strain rate, (b) Fitting limestone data
at 10−5s−1 strain rate
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Figure 4: Fitting marble data at 10−4s−1 strain rate

ergy balance represent the equivalent evolution laws of the assumed state variable in
classical plasticity, with the added benefit of the present framework including internal
length scales that can regularize otherwise mesh-sensitive solutions like the localiza-
tion of plastic deformation during softening branches of the stress-strain response (see
7).

Having seen the model’s response against materials having a linear (Drucker-Prager)
yield surface, the goal of this section is to constrain the form of the activation enthalpy
∆Qmech of the flow law, for materials that exhibit a non-linear, capped yield envelope.
Recalling the discussion of the introduction, ∆Qmech is expected to have a generic
form of the following type for wet experiments:

∆Qmech = ∆Q0
mech + ∆φVact (21)

where ∆Q0
mech is a reference value of the activation enthalpy, ∆φ is the porosity

variation described by Eq. 19ab, and Vact the activation volume for the pore volume
deformation processes. In the following, we are using the numerical inversion proce-
dure described in [Lin19, LSA+20] to constrain the values of ∆Q0

mech and -mainly-
of Vact.

6.1 Triaxial Compression Test for Sandstone
The first case considered in this section was presented by [WDZ97], who conducted
a series of triaxial experiments on Adamswiller sandstone under a broad range of
effective pressures. Through these tests the authors were able to identify the transition
in failure mode from brittle faulting to cataclastic flow. Six cylindrical samples were
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used, cored parallel to the bedding, 38.1 mm long and 18.4 mm in diameter, with
22.6% initial porosity. The experiments were performed at a fixed loading rate of
5×10−5/s, under confining pressures of 5, 20, 40, 60, 100 and 150 MPa respectively.

Figure (5a) shows the stress paths from the laboratory experiments [WDZ97] with the
corresponding yield points identified by the original authors. See [WDZ97] for all
details regarding the experiments. These experiments were fit with a cap envelope
consisting of a Drucker Prager [DP52] surface in shear and a Modified Cam Clay
model as a cap [RB68], expressed as

(
q
M

)2
+ p(p − p0) = 0 . The preconsolidation

stress p0 and the slope of the critical state line M were inverted from the experimental
data and set to be p0 = 210 MPa and M = 1.35.

Those experiments were then modelled numerically following the methodology de-
scribed by [PV16]. The experimental curves reported for this sandstone have been fit-
ted by using the material properties provided by the authors of the experimental works,
listed in table (1), and by varying only Vact at different confining pressures. The op-
timal fit for both the deviatoric and volumetric component is shown in figures (6a,b).
For the inversion process, we optimized the numerical results to fit the deviatoric com-
ponent of Fig. (6a), and obtained the volumetric component of Fig. (6b) as a forward
prediction of the model. The fitting procedure was performed for a constant value of
∆Q0

mech and by varying Vact with confinement (i.e. constant during each test but al-
lowed to change with confinement). During this procedure, we derived the following
logarithmic dependence of Vact on confining pressure:

Vact = α0

(
1− lnPc(max)/p0

lnPcs/p0

)
RT = α0

RT

lnPcs/p0
ln

Pcs
Pc(max)

(22)

In this expression Pcs is the effective confining pressure corresponding to the critical
state for a given stress path [PV16]. In [SAP+20] we retrieved that for the yield
envelope used during the inversion (figure 5a), α0 = 29.4. It is to be noted that
Vact changes sign with confinement, being negative when Pcs < Pc(max) (i.e. at the
”dilatant” shear part of the yield envelope where ”brittle” failure is observed in rocks),
positive when Pcs > Pc(max) (i.e. at the ”contractant” cap of the yield envelope where
”ductile” response is encountered), and zero at critical state Pcs = Pc(max).

6.2 Triaxial Compression Test for Mudstone
The second series of experiments used to validate the model in triaxial compression
was performed by [OKH+11] on diatomaceous mudstone. The test was aiming to
demonstrate the existence of compaction bands in this rock and how the variation of
the confinement pressure affect on the direction and the inclinations of the strain local-
ization. A series of triaxial tests was performed on six rectangular shaped-prismatic
specimens with 8 cm high and 4 cm side. In order to avoid the effect of the initial
anisotropy the specimens were taken with their longitudinal direction perpendicular
to the plane of sedimentation. Various levels of confining pressure to observe differ-
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Figure 5: (a) The experimentally derived yield points (circles) for experiments per-
formed at 6 different confinements (CD 1-6) by [WDZ97] and the modified cam-clay
yield envelope used in modelling the tests (solid line), (b) is a modified figure from
[PV16] showing the best fits of the data using the original Cam Clay (dashed line)
and Modified Cam Clay (solid line) models. The experimental stress paths and corre-
sponding yield points were taken from figure 5 in [OKH+11]
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Figure 6: (a) The normalized (against the preconsolidation pressure) deviatoric stress
(τ ) vs. axial strain results for the experiments (symbols) and the numerical simula-
tions (lines) for sandstone, (b) The volumetric strain versus the effective mean stress
results for the experiments (dashed lines) and the numerical simulations (solid lines)
for sandstone.
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Parameter Mudstone Sandstone
cth
[
m2/s

]
1.3× 10−6 1.43× 10−7

kπ
[
m2
]

1.48× 10−14 1.55× 10−9

µf [Pa.s] 8.9× 10−4 8.9× 10−4

βm
[
Pa−1

]
2.5× 10−10 9.34× 10−8

ε̇0
[
s−1
]

1.3× 10−2 1.36× 10−3

∆Q0
mech [J/mol] 1000 1345
λm
[
K−1

]
3.88× 10−5 5.18× 10−5

σ′ref [MPa] 189 2.26

Tref [K] 300 300
xref [m] 0.01 0.02
m [−] 2 2
χ [−] 0.65 0.65

Table 1: Parameters used in order to fit the experimental data for sandstone and mud-
stone. The expression chy = kπ/µfβm have been used for the hydraulic diffusivity
where kπ the permeability and µf the fluid viscosity. Note that λφ

βφ
has been taken

equal to 10−2 MPa/◦C, having negligible influence due to the isothermal nature of
the tests.

Table 2: The selected confinement pressures used in the triaxial test experiment from
[OKH+11]

Case No. CD1 CD3 CD3 CD4 CD5 CD6

Effective confining pressure (MPa) 0.25 0.5 0.75 1.0 1.5 2.0

ent deformation patterns and the scenarios are listed in table (2). All the tests were
conducted up to roughly 20% axial strain.

Following the same methodology described in Section 6.1 for sandstone, a series of
numerical experiments are performed using a Modified Cam Clay yield envelope. To
match the experimental data, the values of p0 = 2.26 MPa and M = 1.44 were
selected (see figure (5b). The activation enthalpy ∆Qmech is used as a free param-
eter which is inverted for in such a way such that its pressure dependency fits the
experiment data, as seen in figure (7a,b). The experimental curves reported for this
sandstone have been fitted by using the material properties listed in table (1) and vary-
ing only Vact at different confining pressures we retrieve that in mudstone Vact is also
following equation (22), with α0 = 22.9.
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Figure 7: (a) The normalized (against the preconsolidation pressure) deviatoric stress
(τ ) vs. axial strain results for the experiments (symbols) and the numerical simula-
tions (lines) for mudstone, (b) The volumetric strain versus the effective mean stress
results for the experiments (dotted lines) and the numerical simulations (solid lines)
for mudstone.
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7 Numerical Regularization of Localization of Defor-
mation

Geomaterials exhibit a spontaneous change of the deformation mode from uniform
deformation towards either diffuse or localized failure patterns in the inelastic regime
(see [VS95] for a comprehensive summary of the main results on this topic). Within
the framework of bifurcation theory, this phenomenon can be modelled as a mathe-
matical instability and, given an elasto-plastic constitutive law with a non-associative
flow rule, it was shown that its onset can occur either in the strain hardening or in
the strain softening regime [RR75]. As such, predicting a finite thickness of local-
ization bands [MV87], or spacing between them [VRL15a, VRLW15], is a necessary
feature of any model designed to describe the inelastic behaviour of geomaterials and
their scale effect [SSV11, PV11, VSS12, VSS13, RSS+17, RSS18a, RSS+18b]. As
shown by [Nee88], the combination of the momentum balance law and the rheol-
ogy of a viscous material under simple shear fails to provide a finite thickness at the
quasi-static limit of the equations. In such a case, the latter is equal to the size of
a predetermined imperfection, contradicting the concept that localization stems from
the constitutive description of the material and is a material property. Indeed, when
neglecting the energy and mass balance laws, it is only by introducing inertia terms
in the momentum balance law that one can ”regularize” the problem of shear banding
for a rate-dependent material by delaying its arrival to the stationary wave limit, as
shown by [Slu92]. Using the present framework, where energy and mass balance laws
are used as evolution equations for the state variables of the flow law, it was suggested
in [PBRLV16] and shown in [Sar19] that the localization problem is indeed regular-
ized (see also Fig. 8) and has a thickness (internal length) l given as a function of the
activation enthalpy ∆Qmech as follows:

l ∝ exp

(
∆Qmech
RT

)
(23)

8 Synthesis of the Results

In this work the suggested flow law has been calibrated for triaxial compression exper-
iments in various materials. The dependence of the material’s parameters on pressure,
temperature and strain rate has been shown to be captured adequately by the model,
with the power law parameters ε̇0 and m encapsulating the strain rate effects and the
activation enthalpy Qmech of the material encompassing thermal and pressure sensi-
tivity:

∆Qmech = ∆Q0
mech + ∆pfVact(P

max
c , T ) (24)

where ∆Q0
mech is a reference activation enthalpy. It has been shown that ∆Qmech

in the present framework acts as a hardening function for the visco-plastic flow law,
encompassing physical information of the system on its state variables (temperature
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Figure 8: (left) Mesh sensitivity analysis showing the deviatoric stress (τ ) vs. axial
strain results different simulations of the low confinement experiment (CD1) with
different mesh sizes, (right) Distribution of the equivalent plastic strain on a prismatic
sample (mudstone) showing the shear bands

and porosity/pore pressure). The results presented so far demonstrated the ability
of the model to capture rock behaviours under various conditions and further work
to express more precisely the mechanisms operating in ∆Qmech, including to better
constrain the values of all respective parameters, could provide this model predictive
capabilities beyond laboratory conditions.

8.1 Internal interface mechanisms expressed through the activa-
tion volume

From the analysis of all the experimental results, the activation volume Vact was
shown to obtain a logarithmic dependency with the confining stress (22), that has
the form:

Vact = α0
RT

lnPcs/p0
ln

Pcs
pc(max)

(25)

where P0 is the reference (preconsolidation) pressure, and Pcs is a stress path depen-
dent quantity, representing the initial confining pressure corresponding to the critical
state for a given stress path. One may immediately observe that this is a relationship
akin to Kelvin’s equation [F.R71] for curved liquid-vapour interfaces,

γ =
rRT

2Vm
ln

(
π

π0

)
, (26)

where π and π0 represent the actual and saturated vapour pressures, r the radius of a
droplet, Vm the molar volume of the liquid, γ the surface tension, R the universal gas
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constant and T the temperature. Since Kelvin’s law describes the pressure in a liquid-
vapor interface, like water bridges in unsaturated samples, the inverted logarithmic
law for Vact of equation (25) could be seen as expressing the pressure experienced by
any grain interface, like solid bridges (cement), water bridges (capillary forces), etc.
What remains yet to be evaluated is the physical meaning and processes represented
by the fugacity coefficients assumed in the theoretical construction of the model.

8.2 Comparison with the theoretical results
Indeed, the considerations of the energetics of the interface processes between the
fluid phase and the solid phase led to the following expression for Vact:

Vact = φ0βφnc
ρf
ρ0

(
ln νf −

ρsk
ρf

ln νsk

)
RT (27)

Comparing the outcomes of the inversion process (Eq. 25) with the theoretical re-
sult of Eq. 27 allows us to equate the two expressions. This procedure provides the
following expressions for the coefficient α0 and the fugacity coefficients νsk, νf :

α0 = p0
ρf
ρ0
φ0βφnc ln

Pcs
P0

(28)

ln
Pcs/p0

Pc(max)/p0
= ln

νf

ν
ρsk/ρf
sk

⇐⇒ νf =
Pcs
p0

and νsk =

[
Pc(max)

p0

] ρf
ρsk

(29)

For a modified Cam-Clay (mCC) type of yield envelope in triaxial loading, Pcs =
p0
2

(
1− M

ω

)
, where ω is the slope of the stress path (ω = 3 in triaxial loading).

We are therefore deducing that:

1. α0 is a stress-path dependent pore compressibility quantity, expressing how
compressible the porous structure is under a given loading-path. It is maxi-
mum (α0 → ∞) when the material is loaded in isotropic conditions (ω → 0)
and minimum (α0 → −0.69

p0ρfφ0βφnc
ρ0

) when the material is loaded in purely
deviatoric conditions (ω →∞). This intuitive result confirms the experimental
observations in sedimentary rocks, suggesting that when materials are loaded
in direct shear (i.e. under purely deviatoric conditions) they can deform with
minimum pore structure change. This phenomenon (pore structure collapse)
is the most pronounced at isotropic compression, as the present approach also
concluded.

2. the fugacity coefficient of the fluid phase νf is also stress-path dependent and
equal to Pcs

p0
= 1

2

(
1− M

ω

)
, for a mCC-like material. It determines the effec-

tive pressure in the chemical potential of the fluid phase, expressing that the
vigorousness of the fluid phase to participate in interface processes depends on
the type of mechanical loading the material undergoes. It can only admit pos-
itive values, as it consists the argument of the logarithmic part of the chemical
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potential, something achieved when ω > M , i.e. when the material is loaded
at stress-paths with slopes larger than the critical state line’s. This means that
skeleton-fluid interface processes are dominant when the deviatoric component
of the loading path is preponderant with respect to its isotropic counterpart. Re-
ciprocally, it means that during isotropic compression, volumetric mechanisms
of the skeleton (e.g. grain breakage, pore collapse) would prevail over surface
(interface) processes between solid and fluid.

3. the fugacity coefficient of the skeleton νsk is equal to
[
Pc(max)
p0

] ρf
ρsk , i.e. a power

of the maximum pressure the material has experienced Pc(max), or equivalently
of the minimum Overconsolidation Ratio (OCR) a mCC-type material can ad-
mit, Pc(max)

p0
. The power law is a ratio of the densities, ρf

ρsk
, becoming linear

when the fluid phase has the same density as the solid phase, i.e. at processes
like debonding where parts of the solid skeleton get debonded and released in a
”fluidized” state.

8.3 Transition from brittle to ductile regime
As it became apparent from the performance of the suggested theory against triaxial
data of sandstone and mudstone, the model can transition from a brittle to a ductile
response with increasing confinement. The main driver for the model to be able to
transition between the two regimes is the change of sign of Vact, being negative in the
brittle and positive in the ductile regime, as shown by [SAP+20].

By comparing the experimentally derived expression of Vact, Eq. (25), we conclude
that this change of sign is happening when Pcs = Pc(max), with Pcs < Pc(max) being
in the brittle regime. This outcome is confirming the experimental observations based
on stresses. From the theoretical one of Eq. (27), we obtain that this change of sign
is happening when νρff = νρsksk , with νρff < νρsksk being in the brittle regime. This
in turns means that, when the partial pressure experienced by the skeleton part of the
interface is larger than the partial pressure experienced by the fluid (within a power
law exponent ρskρf ), then the material will follow the predominant solid component and
exhibit brittle response. We are therefore in a position to interpret the macroscopic
response of rocks based on the microscopic interface process at hand.

8.4 Application to fault reactivation
Fluid injection or production in petroleum reservoirs affects the reservoir stresses such
that it can even sometime reactivate dormant faults in the vicinity. In the particular
case of deep carbonate reservoirs, faults can also be chemically active and chemical
dissolution of the fault core can transform an otherwise impermeable barrier to a flow
channel. Due to the scale separation between the fault and the reservoir, the imple-
mentation of highly non-linear multiphysics processes for the fault, needed for such
phenomenon, is not compatible with simpler poromechanics controlling the reservoir
behaviour. Recently, [LPV20b] presented a three-scale finite element framework us-
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Figure 9: Schematic of the multiscale fault reactivation framework in terms of scale
separation and coupled processes. From [LPV20b]

ing the REDBACK simulator to solve for the field equations and models presented
here (see fig. 9), thereby accounting for those multiphysics couplings in faults dur-
ing fluid production. This approach linked the reservoir (km) scale – implementing
poromechanics both for the fault interface and its surrounding reservoir – with the
fault at the meso-scale (m) – implementing a THMC reactivation model [VAV10] –
and the micro-scale (µm) – implementing a hydro-chemical model on meshed µCT-
scan images. Through this work, we can explain the permeability increase during
fault reactivation and successfully replicate fault activation, slip evolution and deacti-
vation features, predicted by common fault reactivation models, yet with continuous
transitions between the sequences. [LPV20b] showed that multiscale coupling allows
to resolve the heterogeneous propagation of the fault slip which can be uncorrelated
from the initial highest slip tendency location. They also demonstrated the advantage
of dynamically upscaled laws compared to empirical ones as we show that a hydrauli-
cally imperceptible alteration of the microstructure’s geometry can lead to different
durations of the reactivation event at the macro-scale.

The main result of the work was that the fault reactivation sequence follows the bi-
furcation analysis of the dynamic system of pdes. Indeed, slippage of the fault results
at the macro-scale in a horizontal elastic relaxation of the reservoir. This stress drop
tends to bring back the fault towards a deactivated state, competing with the pressure
depletion which keeps it activated. Given the difference of rates of those two pro-
cesses, with pressure diffusing much slower than the fault slips, the stress decreases
faster than the strain rate increases. This relaxation decreases the shearing stress at the
fault. After a sufficient decrease, the stress reaches a low enough value where the fault
cannot remain in its activated state and returns to the lower branch of the S-curve. The
temperature and slip velocity return to their initial value and the fault goes back to
its initial slow creep regime. Correspondingly, the permeability goes back to its ini-
tial low value as the reversible temperature-activated calcite decomposition reaction
switches from forward to reverse direction. The chemical dissolution responsible for
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the large increase of permeability gives way to its opposite reaction, which heals the
fault by precipitating calcite at its core.

For the generic scenario selected, the whole reactivation event lasts for 250 days. Note
the small thickness of reservoir leads the slip to propagate to the limits of the domain
and the whole reservoir therefore accommodates the same vertical displacement jump
as the fault. The fact that the reactivated fault splits the whole reservoir leads to
an artificially increased period of slip. Considering a much deeper section of the
reservoir, as well as its 3D nature, would be required to model appropriately a more
precise duration of the whole slip event. This example illustrates nonetheless the
ability of the approach to capture the physical couplings responsible for the activation,
permeability increase and deactivation. Note that in any case we do expect a longer
opening compared to a brittle fault slip, as it is an important characteristic of ductile
faults, along with the aseismic nature of the slip.

Another important point is that the reactivation on the fault tends to propapagate along
its length. Indeed, the reactivation of the first fault segment occurs at a specific location
determined by the heterogeneous stress distribution along the fault, due to the radial
diffusion of pressure depletion around the well coupled with gravitational effects. This
first slip triggers a cascading chain of events, as the slip of one point of the fault
directly impacts the stress state of the neighbouring fault segments. In the particular
example studied, the slip propagates along the whole fault, leading to a complete
synchronisation of the fault slippage.

The location of the first slip event corresponds to the zone of highest stress, but, in-
terestingly, it is not directly linked to the pressure depletion profile. Using the stress
path explained earlier, this translates to a maximum shear stress around the middle
of the fault, which can be taken as proxy for fault stability, as usually done to assess
slip tendency for faults in the plastic regime. We can then see that the middle of the
fault, where the pressure depletion is the highest, has the highest tendency of reacti-
vating. Yet, the multiscale couplings between the fault and the reservoir lead to a more
complex problem of interferences between all segments of the fault and we actually
observe an initial reactivation of the fault at the top of the model, as can be seen on
the timelapse of reactivation in Fig. 21 of [LPV20b].

Once the first fault segment reactivates, the fault starts slipping, i.e. creeping at a
much faster rate. The same couplings responsible for the initial reactivation remain
at play afterwards and lead to a cascading transfer of forces from that location to
the neighbouring fault segments, causing a sequential reactivation of those segments.
Slippage is indeed known to propagate much further away than just the surroundings
the fault. Following the phase of propagation that ends with the last reactivation event
at the bottom of the reservoir, we observe in Fig. 21 of [LPV20b], a synchronisation
of the whole fault.
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9 Conclusions

This study proposes a multi-physics constitutive framework for elasto-visco-plastic
materials. This framework accounts for the effect of interface processes and uses a
hardening law of plasticity that depends on global and internal variables like temper-
ature, pressure, density, and chemical potentials. The evolution of these variables is
governed by the fundamental laws of mass and energy balance. We’ve incorporated
the impact of grain contact and surface processes by upscaling the system’s internal
enthalpy. The model has been validated against various materials and tests, showing
strong agreement within a realistic range of parameters. The analysis also revealed
that the simulation results offer sufficient data to constrain the parameters for the me-
chanical enthalpy, highlighting the value of combining data-driven and physics-based
methods.

Based on experimental validation, we reached several key conclusions:

The primary mechanism controlling the model’s response in triaxial compression tests
is an internal interface mechanism between the rock skeleton and the pore fluid. This
is similar to the capillary forces described by Kelvin’s law.

This interface process is stress-path dependent, becoming more significant under load-
ing with a large deviatoric component (shear). In pure isotropic compression, energy
dissipation seems to focus more on volumetric processes like pore collapse or grain
breakage rather than on interface physics.

The interface model provides a physical understanding of the different mechanisms
at play during volumetric versus shear-enhanced loading. Since experimental data on
these specific mechanisms is limited, our model’s interface mechanisms were defined
based on the energy required to match the experimental results. This encourages future
experimental research to investigate these aspects in more detail. Nevertheless, our
energetic approach already allows for a quantitative understanding of the underlying
processes that cause the different—and expected—behaviors under these two types of
deformation. This opens the door to future work to fully validate the model’s stress-
path dependency.
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for the energy transition
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Institute of Mechanics Materials and Civil Engineering, UCLouvain,
Louvain-la-Neuve, Belgium

The global energy transition requires developing reliable and cost-effective subsurface
infrastructure, ranging from offshore wind foundations to CO2 sequestration wells.
Physical modeling offers a practical approach to investigate design strategies and val-
idate numerical tools under complex conditions. This chapter outlines the principles
of scaling laws essential for translating physical (smaller scale) model results to real-
world applications. Key concepts of dimensional analysis, both equation-based and
variable-based are introduced with examples. The role of centrifuge testing in repli-
cating stress-dependent soil behavior is emphasized. Practical limitations of physical
modeling such as partial similarity and Thermo-Hydro-Chemo-Mechanical couplings
challenges are discussed in the context of subsurface energy infrastructures. Even
when full similarity cannot be achieved, informed scaling enables partial similarity
to provide meaningful insights, ensuring that model results remain interpretable and
applicable to design.

1 Introduction

The global energy transition, driven by the alarming reports of the IPCC for climate
change [Int23] increasingly relies on subsurface resources and infrastructures. This
urgent transition is associated to the need to reduce greenhouse gas emissions across
the full energy sector, including a substantial reduction in overall fossil fuel use (high
confidence) as one of the key source of carbon emissions [IPC23]. Examples of sub-
surface infrastructures treated in this doctoral school range from wind and geothermal
energy, underground hydrogen storage to Carbon Capture and Sequestration (CCS).
In this context, geomechanics plays a central role in understanding and controlling the
behavior of geomaterials under evolving Thermal, Hydraulic, Mechanical, and Chem-
ical (THMC) conditions associated to the deployment of such infrastructures at large
scale [SR21].
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Many of the technologies that are to be developed in a relatively short timescale for
the energy transition require knowledge of geomaterials’ behavior under unexplored
conditions. It also requires the design of infrastructures that should last hundreds of
thousands to up to 1 million years (Nuclear Waste Disposals) [Ram18], the design
of piles much larger than in traditional civil engineering constructions (for Offshore
Wind Turbines foundations) [SB21] or exposed to new types of loading like thermal
cycles (for energy piles). Moreover, the high costs associated to the construction of
those facilities limit the number of pilot projects to test different design strategies. For
example, wells for deep geothermal systems for electricity production should reach a
wellhead temperature of more than 100oC, which corresponds to a depth of 2,000 to
5,000 meters [AWS14], and the associated cost to drill one well to this depth ranges
from 3 to 15 million dollars in average [BM19] not including hydraulic stimulation,
surface facilities or power plants. Injection wells for CO2 underground storage must
reach 800 meters for the CO2 to remain in supercritical state (dense and liquid-like),
which improves storage efficiency [BAP+24], and typical wells are in between 800
and 3000 meters, with costs ranging from 1 to 3 million of dollars onshore (consid-
ering an average price of 1000 dollars per meters) to 7 to 24 million of dollars off-
shore (considering an average price of 8000 dollars per meters) [VHCV12]. A typical
monopile, representing the majority of offshore wind turbine foundations, for a 5 MW
turbine typically costs 2.4 million euros, with half of the price stemmming from the
manufacturing process and the other half from the material [MB14]. The installation
of such monopiles lasts 3 days in average and requires the use of specialised vessels
allowing for large lifting height and crane capacity, which costs around 200,000 dol-
lars per day [Jia21]. Thus, physical models (usually representing the prototype design
at a smaller scale) offer an economical and more practical way to validate numerical
models or tests different design strategies.

Physical modelling is used to investigate specific aspects of a prototype’s behavior
[Woo17]. While full-scale testing is a form of physical modelling, most models are
built at reduced scales to allow quicker, more controlled studies. These scaled mod-
els often support parametric studies, where key variables are systematically varied to
understand their effects. Multiple tests, and sometimes repeated trials, are typically
needed to ensure reliable results [Woo17]. Karl von Terzaghi conducted some of the
first physical modeling experiments in geotechnics for dams in the 1920s [Goo99], but
the development of scaled model tests increased with the use of centrifuges to simu-
late soil behavior under scaled gravitational loads, first used by [Buc31] and [PF36],
but widely applied by Andrew N. Schofield at Cambridge in the 1970s [Sch80]. How-
ever, to ensure that such experiments yield insights applicable to real-world systems,
rigorous scaling laws must be employed [Woo17]. These laws allow researchers to in-
terpret model results in terms of full-scale (prototype) behavior, but their application
in the energy transition domain comes with significant challenges due to multi-physics
interactions, heterogeneous materials, and complex boundary conditions.

This chapter aims at presenting the general methodology for setting up a scaled ge-
omechanical model test of a given infrastructure in the laboratory (referred to as 1g-
model tests because the gravity is not changed) or in the centrifuge (in which the
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equivalent gravity is changed), examples of such model experiments, and challenges
associated with them.

2 Fundamentals of scaling laws

When physical models are not full-scale, scaling laws are essential for translating
observations to the prototype level (or in other words to the ”real” scale). If materials
behave linearly and uniformly under expected loads, scaling can be straightforward
but the accuracy still depends on the theoretical framework behind the model [Woo17].
In typical geotechnical problems (like the soils’ consolidation below a structure or the
bearing capacity analysis of a foundation) model tests can be planned using standard
scaling laws, commonly presented in table format in the literature [ITN05, GGS+07,
Woo17].

However, most geomaterials present a nonlinear behavior and most engineering projects
related to energy involve the couplings of various thermo-hydro-chemo-mechanical
phenomena. It is thus especially important to understand the expected behavior and
the theoretical laws governing its behavior, so the physical model can be accurately
designed and the appropriate rules for extrapolating results are clear. This step is re-
alized through the development of scaling laws, which ensure the similarity between
the physical model and the real-world prototype so that they exhibit the same behav-
ior under a set of non-dimensional parameters, even if their actual sizes, timescales, or
other dimensions differ. The most direct similarity is geometric similarity, which en-
sures that the model and prototype have the same shape but different sizes. In fig1, an
example of geometric similarity for an offshore wind turbine foundation is shown for
a scale factor of 100. Dimensional analysis is used to identify the main dimensionless
groups that govern a physical system. Dimensional analysis is essential for reliable
extrapolation, as it ensures that a physical model will exhibit behavior similar to the
prototype when both are governed by the same set of dimensionless groups. This anal-
ysis can be conducted in two different ways through equation-based or variable-based
dimensional analysis.

2.1 Equation-based dimensional analysis
When the partial differential equation (PDE) governing the behavior of a system is
known, dimensional analysis can be performed by starting from the PDE itself, such
as the Navier-Stokes, diffusion, or consolidation equations. By introducing appropri-
ate non-dimensional parameters, the equation can be reformulated in dimensionless
form, revealing the key dimensionless groups that govern the system’s behavior. These
groups often define important physical regimes typically used in fluid mechanics or
thermodynamics, such as short versus long timescales or diffusive versus convective
heat transfers. They also help justify the omission of certain terms in equations when
the dimensionless numbers associated with them are small compared to others.

In the following the equation-based dimensional analysis is applied to the consolida-
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Figure 1: Schematic example of scaling strategy for an offshore wind turbine.

tion equation to highlight the different steps:

• Step 1: Governing equation (1D Consolidation Equation)

The one-dimensional consolidation equation for a layer drained at the top and
bottom (see fig.2(a)) is given by:

∂u

∂t
= cv

∂2u

∂z2
(1)

where u(z, t) is the excess pore water pressure, t is the time, z is the vertical
spatial coordinate (depth) and cv is the coefficient of consolidation (in m2/s).

• Step 2: Introduce characteristic scales

We define characteristic scales for the variables (they can also be considered as
scale factors, see section 2.3):

z ∼ H, t ∼ T, u ∼ U (2)

We introduce nondimensional variables:

z = Hẑ, t = T t̂, u = Uû (3)
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where ẑ, t̂, û are dimensionless quantities of order 1.

• Step 4: Apply scaling to the equation

Using the chain rule:

∂u

∂t
=
U

T

∂û

∂t̂
,

∂2u

∂z2
=

U

H2

∂2û

∂ẑ2
(4)

Substitute into the original PDE:

U

T

∂û

∂t̂
= cv ·

U

H2

∂2û

∂ẑ2
(5)

Divide by U and multiply by T both sides:

∂û

∂t̂
=
T.cv
H2

∂2û

∂ẑ2
(6)

In Eq.6, we obtain the dimensionless number controlling the consolidation pro-
cess T.cv

H2 , which should be the same for the physical model and the prototype
to ensure similarity of the consolidation phenomenon.

Ground Surface

Drainage

Drainage z

z = 0

z = H

z = 2H

u = 0

u = 0

u(z, t)

2H

(a)

Ground Surface

L

D
H

Pile: E, I

Soil: φ, γ

(b)

Figure 2: Schematic for the two examples used to describe: (a) equation-based dimen-
sional analysis, a 1D layer in consolidation (b) variable-based scaling, a pile subjected
to lateral force.
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2.2 Variable-based dimensional analysis
When the governing equations of a physical phenomenon are unknown or too complex
to derive (unlike the previous section), variable-based dimensional analysis provides
a powerful alternative by focusing on the key variables that influence the system’s be-
havior. This method involves identifying all relevant physical quantities and applying
the Buckingham π theorem to reduce them into a set of independent dimensionless
groups. These groups can then be analyzed or tested experimentally to uncover em-
pirical relationships and scaling laws that characterize the system [Woo17, Bak21].

Originally formulated by Buckingham in 1914 [Buc14], the π theorem forms the cor-
nerstone of dimensional analysis. It states that if a problem involves m physical vari-
ables and k fundamental dimensions, it can be reformulated in terms of m− k dimen-
sionless parameters. The Buckingham π method is the standard procedure for con-
structing these dimensionless groups. It begins with listing all relevant variables, then
selecting k ”repeating” or ”governing” variables that are used to non-dimensionalize
the remaining m− k variables. Although systematic, the method presents challenges
in practice, such as choosing appropriate repeating variables and determining the most
suitable form of each dimensionless group from among many valid combinations
[Woo17].

In the following, the variable-based dimensional analysis is applied to the lateral ca-
pacity of a pile (a problem of primary importance for offshore wind turbines as they
are mainly loaded laterally by wind and waves) to highlight the different steps:

• Step 1: Identification of relevant variables

To analyze the lateral load capacity H of a single pile embedded in cohesion-
less soil (see fig.2(b)), we begin by identifying the physical variables that in-
fluence this behavior. These include: the lateral load capacity H itself (with
dimensions of force, [MLT−2]); the embedment length of the pile L and its
diameter D (both with dimensions of length, [L]); the unit weight of the soil
γ (with dimensions [ML−2T−2]); the Young’s modulus E of the pile material
(with dimensions [ML−1T−2]); and the second moment of area I of the pile
cross-section (with dimensions [L4]). In addition, the soil’s shear strength is
characterized by the internal friction angle ϕ, which is a dimensionless parame-
ter. These seven variables collectively describe the problem from a mechanical
and geotechnical standpoint.

• Step 2: Buckingham’s π theorem

The problem involves three fundamental dimensions: mass [M ], length [L], and
time [T ]. With a total of seven variables and three fundamental dimensions,
Buckingham’s π theorem tells us that we can reduce the system to 7 − 3 = 4
independent dimensionless groups, known as π terms. The goal of the following
step is to construct these four Π terms using a suitable set of repeating variables
that include all base dimensions and are independent of the dependent variable
H .
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• Step 3: Dimensional Analysis Setup

We choose the repeating variables as: D (pile diameter), E (Young’s modulus
of pile), γ (unit weight of soil). These span the fundamental dimensions of mass
[M ], length [L], and time [T ].

– Π Term 1: Lateral Load Capacity

Π1 =
H

γL3
(7)

Explanation: γL3 has the same dimensions as force, [MLT−2], so this
ratio is dimensionless. This term expresses the normalized lateral capacity
of the pile. It should be noted that in [LHB10], a different choice for Π1

is considered Π1 = H
γLD2

– Π Term 2: Slenderness Ratio

Π2 =
L

D
(8)

Explanation: A geometric ratio comparing pile length to diameter.

– Π Term 3: Relative Pile Stiffness

Π3 =
EI

γL5
(9)

Explanation: EI has units of flexural stiffness [ML3T−2], and γL5 also
has units [ML3T−2]. So their ratio is dimensionless.

– Π Term 4: Soil Friction Angle

Π4 = ϕ (10)

Explanation: The internal friction angle ϕ is already dimensionless.

– Resulting Functional Relationship

H

γL3
= f

(
L

D
,
EI

γL5
, ϕ

)
(11)

The dimensionless groups derived in Eq.11 guide the parametric analysis of the
system’s mechanical behavior. Consequently, the experimental plan should aim
to vary each dimensionless group independently. For instance, varying L and
D independently is unnecessary if the experiments are conducted at the same
L
D ratio, as their individual effects cannot be decoupled under such conditions.
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If the physical model (index m) shares the same dimensionless groups ex-
pressed in the function f as the prototype (index p), the lateral capacity ob-
tained for the physical model in the laboratory can be scaled to the prototype
scale using the following relationship:

Hp

γpL3
p

=
Hm

γmL3
m

(12)

or,

Hp =
Hm

γmL3
m

γpL
3
p (13)

2.3 From dimensionless groups to scaling factors
Once a set of dimensionless groups is established, whether through variable-based
or equation-based dimensional analysis, the next step in physical modeling is to de-
termine the appropriate scale factors. These are ratios between model and prototype
quantities (e.g., length, time, stress) that ensure similarity is preserved. They are usu-
ally reported in widely used tables for scaling laws [GGS+07]. For example, length
λl, time λt and stress λσ scale factors can be defined as:

λl =
lp
lm

λt =
tp
tm

λσ =
σp
σm

(14)

where the subscripts p andm refer to the variables in the prototype and in the physical
model respectively. By matching the dimensionless groups between model and pro-
totype, we derive relationships between scale factors, which guide how experiments
must be designed or interpreted.

The number of independent scale factors you can define for a given problem is equal
to the number of fundamental dimensions involved. If k is the number of fundamental
dimensions (e.g., [M ], [L], [T ]) involved in the problem, one can define at most k
independent scale factors. All other scaling are dependent and must be consistent
with the dimensionless group requirements.

For example, for scale factors:

• λl =
lp
lm

= N for length, with the physical model picturing a prototype N

times larger.

• λg =
gp
gm

= 1 for gravity, for a test in the laboratory (not a centrifuge test).

• λρ =
ρp
ρm

= 1 for the density of the sand, if the same sand with the same

density is used in the model as in the prototype.
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Therefore, as the vertical stress due to overburden pressure in the soils are determined
by: (σv = ρgz), the stresses scale as:

λσ = λρλgλl = N (15)

As λσ =
σp
σm

, this means that the stresses in the prototype are N times larger than in

the physical model.

3 Single gravity and centrifuge modeling in geomechan-
ics

Centrifuge modeling is an experimental method widely applied in geotechnical engi-
neering, where experiments are carried out in a specially designed container that spins
around a vertical axis (see fig.3 for an example of a beam centrifuge) at high rotational
speed. The rotation generates a centrifugal acceleration that simulates increased grav-
itational forces, scaled according to the rotation speed.

The centrifugal acceleration ac and the associated centrifugal force Fc experienced by
the geotechnical physical model of mass mp in the rotating physical model is given
by:

ac = ω2 ·R and Fc = mp · ac (16)

Where Fc is the centrifugal force, ω is the angular velocity (in radians per second) and
R is the distance from the center of rotation to the model (in meters). there are many
beam geocentrifuge facilities around the globe with R ranging from 0,75 meters to 9
meters [ISS25].

Eq.16 can also be expressed in terms of gravitational acceleration g to obtain the
gravity level (Ng-g):

ac
g

=
ω2 · r
g

= Ng (17)

So, the model experiences Ng times Earth’s gravity, where Ng is the gravity scaling
factor (e.g., 50g, 100g) and g ≈ 9.81 m/s2

The fundamental goal is to recreate the stress conditions of a real-world (prototype)
system within a reduced-scale model, ensuring that the soil responds in a similar man-
ner. This method addresses one of the core challenges in physical modeling in geome-
chanics: replicating stress-dependent soil behavior, which significantly improves the
credibility of experimental findings. Nonetheless, the technique is not without con-
straints: the limited dimensions of the centrifuge container can pose challenges for
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applying loads and installing precise monitoring equipment. Moreover, parasitic (un-
wanted) vibrations of a geotechnical centrifuge hinder the use of this setup to study
some cyclic and dynamic foundation-soil interaction problems [BDN+21].

In order to illustrate how artificial gravity generated by the centrifugal force affects
the stresses, let us consider the same scaling factors as in section 2.3. For this physical
model, we consider that the scale factors for length and density are unchanged, while
the gravity is changed, such that the scale factors are:

λl =
lp
lm

= N , λρ =
ρp
ρm

= 1 and λg =
gp
gm

=
1

Ng
.

This is such that the stresses scale as:

λσ = λρλgλl =
N

Ng
(18)

Thus, if the geometric scaling factor N is the same as the gravity scaling factor Ng
(which is usually the case) then λσ = 1, which means that the stresses in the physical
model are the same as in the prototype.

(a) (b)

Figure 3: (a) Picture of the geo-centrifuge experimental setup at TUDelft (Nether-
lands) (b) Schematic top view of the centrifuge in rotation.

4 Limits and Challenges of physical models

Partial similarity occurs when only some aspects of the prototype behavior are cor-
rectly reproduced in the model, typically due to practical limitations in replicating all
governing parameters or conflicts appearing in-between the scaling of different physi-
cal processes [SHB+63]. Partial similarity is common in many lab-scale geotechnical
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tests (i.e., 1g experiments) or when some physical effects happening at the prototype
scale cannot be reproduced in the same conditions for the physical model. In this case,
the physical model can still provide qualitative insights, help identify mechanisms, or
compare different design alternatives, but does not provide exact field performance
when applying the scaling laws.

For 1g tests, some solutions can be applied to overcome the limitation of the stress-
state conditions differing from the prototype. In the physical model at 1g, the lower
confining stresses typically applied result in elevated friction angles for the soil but
reduced shear stiffnesses when compared to prototype conditions. To ensure that the
peak friction angle observed in the laboratory corresponds to that of a full-scale sce-
nario, samples are commonly prepared at lower relative densities [Bak21]. While this
adjustment is relatively straightforward, reproducing representative stiffness charac-
teristics remains significantly more complex due to their sensitivity to stress level,
but also strain range. A methodology to address this issue for the particular case of
laterally loaded piles is developed in [LHB10] by considering momentum balance
equations of the system.

When dealing with Thermo-Hydro-Chemo-Mechanical (THCM) couplings in geotech-
nical centrifuge modeling or at 1g lab-modeling, achieving complete scaling (full sim-
ilarity) across all processes is extremely challenging. Each physical field (thermal,
hydraulic, chemical, mechanical) has its own characteristic scales and dependencies,
and not all of them scale naturally with gravity. This creates conflicts and trade-offs in
scaling laws. This is the case in particular for the scaling of the time for the physical
model.

In scaled modeling, mechanical forces are scaled, which imposes constraints on stress,
strain, and implicitly time (when the process is not static). Stresses have a dimension
that can expressed in [ML−1T−2]. Therefore, the scale factor for time for the me-
chanical process λt,m is:

λt,m =

√
λm

λl · λσ
(19)

where λm is the scaling factor for the mass. This yields a scaling factor for the time
λt,m of

√
N for 1-g physical models and N for centrifuge tests.

Hydraulic, thermal, and chemical processes are typically governed by diffusion equa-
tions of the form:

∂ϕ

∂t
= D∇2ϕ (20)

where ϕ is a field variable (e.g., temperature, pore pressure or concentration), and D
is the diffusivity (thermal αT , hydraulic cv as in section 2.1, or chemical Dc).
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These diffusion processes are controlled by the dimensionless number T ·D
H2 , as shown

in Eq.6, that can be expressed in terms of scaling factor λt,diff :

λt,diff =
λ2l
λD

(21)

where λD is the scaling factor for the diffusivity. If the physical model is scaled with
a factor N , the scaling factor for the time can be expressed as λt,diff = N2

λD
, which

means that, to obtain the same time scaling as for the mechanical process (λt,m =
λt,diff ), we need to have λD = N3/2 at 1-g or λD = N in the centrifuge.

Since diffusive processes and mechanical processes each have their own governing
time scales, they do not naturally scale together unless the relevant diffusivities are
adjusted. This requires the use of analog materials with modified properties: thermal
conductivity and heat capacity must be altered to scale the thermal diffusivity αT ,
hydraulic conductivity must be adjusted to correctly scale the coefficient of consolida-
tion cv , and chemical diffusivity should be modified to control the effective diffusion
coefficient Dc. Without such adjustments, diffusion processes will occur too rapidly
in the model, leading to effects such as rapid temperature equalization, fast pore pres-
sure dissipation, and unrealistically fast contaminant transport. These discrepancies
result in only partial similarity, meaning the model no longer accurately replicates the
time-dependent behavior of the prototype system.

For hydro-mechanical couplings, the coefficient of consolidation is:

cv =
k

mv · γ
(22)

where mv is the coefficient of volume compressibility, γ is the unit weight of the
fluid in the pores and k is the hydraulic conductivity. The latter can be expressed as
k = κ·γ

µ (with κ the permeability of the medium and µ the viscosity of the fluid).
Therefore, many authors have scaled the hydraulic process by using a liquid with a
greater viscosity than water allowing to change λD to achieve full similarity [AM15].

Numerous centrifuge experiments have investigated energy piles with thermo-mechanical
or thermo-hydro-mechanical couplings [LMNS20]. In those studies, the thermal dif-
fusivity was not scaled resulting in a larger thermal influence zone around the heat
source and partial similarity.

Sandbox experiments have also been developed to investigate the sequestration of
CO2 in geological layers and in particular fluids displacement physics, including
structural trapping, residual trapping, and convective mixing and dissolution [KNF24].
It is also used to validate numerical model as their results for underground CO2

storage are almost never quantified with respect to direct observations that provide
a ground truth (see fig.4) [SSHE+24]. In essence, such sandbox experiments allow
to observe subsurface CO2 dynamics in a simplified well-controlled, scaled-down
version of reality with partial similarity. It still allows to learn a lot about certain
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interactions if the limitations of scaling are well characterized and the experimen-
tal campaign is coupled to numerical models, as the scale, complex geology, dynamic
pressures, and full range of chemical and biological processes cannot be entirely repli-
cated or accurately predicted from the confined environment [KNF24].

(b) (c)

(d) (e)

(f) (g)

(h) (i)

(a)

Figure 4: (a) Overview of the sandbox experimental setup FluidFlower developed at
the university of Bergen, (b-i) Comparison between an experiment of CO2 injection
(left column) and simulation results (right column). Color map in simulation plots
refers to CO2 concentration in water, according to color bar. Figure adapted from
[SSHE+24], under CC BY 4.0..

5 Conclusions and Perspectives

This chapter has underscored the pivotal role of physical modeling in addressing ge-
omechanical challenges of the energy transition. By exploring fundamental scaling
laws and dimensional analysis, it highlighted the necessity and the challenges of main-
taining similarity between model and prototype systems, particularly under multi-
physics conditions. Centrifuge experiments emerged as essential tools, when possible
to use, to replicate stress environments, while acknowledging practical constraints like
partial similarity and THMC scaling conflicts. Informed scaling, grounded in rigorous
dimensional reasoning and tailored to project specific phenomena is indispensable for
producing reliable, transferable insights.
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In terms of future perspective, hybrid approaches combining physical testing, ad-
vanced numerical modeling, and data-driven techniques (e.g., digital twins and sen-
sitivity analysis) are expected to enhance fidelity and predictive power. Greater em-
phasis on uncertainty quantification and reproducibility will further solidify the role
of informed physical modeling for the understanding and development of energy in-
frastructures.
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Microscale geomechanics

Martin Lesueur

Delft University of Technology

Microscale geomechanics investigates the grain- and pore-scale processes that gov-
ern the bulk behavior of geomaterials, with direct implications for the performance,
reliability, and long-term safety of renewable energy technologies. This book chap-
ter provides a comprehensive overview of the foundational concepts, experimental
and numerical methods used to characterize and model geomechanics at the mi-
croscale. The first section introduces the scale at play and relevant parameters of the
microstructure that influence bulk material behaviour. The second section presents
the experimental characterisation of microscale geomechanics, focusing primarily on
microscale imaging which is required for the numerical flow and mechanical simula-
tions, described in the third section. Section four explains the fundamental principles
of upscaling which is used to homogenise effective properties from the microscale. The
last section presents some perspective of the current challenges in the discipline.

1 The importance of the microscale for geomechanics

In geomechanics, the microscale refers to the characteristic length scale at which the
internal microstructure of a geomaterial can be directly observed, discretized, and
quantified. This is the scale at which the material ceases to appear as a homogeneous
continuum and instead reveals its heterogeneous structure. Elements that can be ob-
served include solid grains, voids, cement bonds, biofilms, microcracks and fluid-filled
pores. For most soils and rocks, the microscale corresponds to dimensions on the order
of a few micrometres to hundreds of micrometres — typically comparable to individ-
ual grain sizes. You can refer to those scales in the well-known Udden–Wentworth
grain size scale [Wen22].

At this scale, several parameters can influence the material’s bulk behavior:

• Grain size distribution and grains morphology

• Pore network geometry

• Grain contacts and fabric
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• Mineral composition

• Cementation or biofilm bonding and reactivity

• Presence of flaws or defects

• Multi-phase fluid distribution within the pore space

Understanding geomechanical behavior from a microscale perspective is essential be-
cause macroscopic properties and responses – thermal, mechanical, hydraulic and
chemical – can emerge from microscale interactions often in the form of structure-
property relationships. For instance, stress transmission in granular assemblies occurs
through discrete force chains formed at grain contacts; permeability is controlled by
the connectivity and constriction of the pore network; and chemical reactivity is influ-
enced by interfacial area and surface properties at the grain scale.

It is important to acknowledge that different physical phenomena manifest at different
spatial and temporal scales, and each must be studied at the scale most relevant to its
governing mechanisms. Many mechanisms of porous flow for example come from the
microscale. While pore pressure diffusion expressed by Darcy’s law is solved for at
the reservoir scale, its main parameter permeability is directly controlled by tortuosity
that depends on the pore network geometry, see Fig. 1. And permeability can only be
directly computed via upscaling from explicitly resolving the flow at the microscale –
using Navier-Stokes equations for example. For multiphase flow, capillary trapping –
which prevents flow through – is directly controlled by pore throat geometry. As the
only scale where the pore-grain interface appears, the microscale dictates most chem-
ical processes that often occur at reactive interfaces and depend on specific surface
area. Chain forces and grain rearrangement are the reasons that most geomechanics
constitutive laws emerge from the microscale, and they can be directly interpreted
from DEM simulations that consider grains arrangement and grain-to-grain forces,
see Fig. 1. For thermal processes, while thermal conductivity is influenced by the
heterogeneous mineral composition at the microscale, thermal diffusion has a larger
characteristic length scale like pressure diffusion.

Despite the clear significance of microscale processes in shaping macroscopic re-
sponses, two major challenges arise. The first is the experimental difficulty of observ-
ing and quantifying microscale features and their evolution under realistic pressure,
temperature, and chemical conditions. The second the mathematical and physical
challenge of modeling these microscale interactions with sufficient fidelity to capture
the essential physics, while managing computational cost and complexity. In this con-
text, the concept of upscaling provides a crucial framework as it connects detailed
microscale information to the macroscopic properties required in engineering-scale
models, allowing us to bridge length scales and transfer insights from physical or vir-
tual experiments into predictive continuum formulations.
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Figure 1: (left) Illustration of tortuosity in a porous medium [dSdRCVM22]. (right)
Force chains image in uniaxial stress state [Dan17].

2 Experimental characterisation

Since many rock properties are inherently controlled by microscale features, capturing
and quantifying those features of the microstructure represents a main challenge of
microscale geomechanics. Some average properties can already be obtained through
routine core characterisation in the lab. Porosity is the most famous one, which can
be measured by a porosimeter using injection of either mercury or helium. For more
detailed measurements, we have to resort to direct imaging techniques.

2.1 Microscale imaging
Direct imaging of geomaterials at the microscale provides a means to visualize, an-
alyze, and quantify the internal microstructure of a material. Compared to most me-
chanical or flow experiments, imaging is typically considered a non-destructive tech-
nique, which is particularly advantageous when working with rare or valuable geo-
materials, such as those obtained from deep-drilled cores or unique geological forma-
tions. However, imaging is often semi-destructive in practice, as most methods require
the sample to be cut, cored, or polished to specific dimensions suitable for the imaging
apparatus.

Micro-computed tomography (µCT) uses X-rays to produce high-resolution three-
dimensional reconstructions of a material’s internal structure. During scanning, the
sample is rotated incrementally between an X-ray source and a detector, producing
a series of radiographic projections at different angles. These 2D images are then
reconstructed using algorithms to yield a 3D volumetric dataset, where each voxel
represents the local X-ray attenuation, which correlates to material density and com-
position. In geomechanics, µCT is widely used to examine pore architecture, grain
arrangement, microcracks, and cementation features, allowing for direct quantifica-
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tion of properties such as porosity, pore-size distribution, tortuosity, and coordination
number. µCT systems offer a resolution already higher than regular CT (typically
1–10 µm).

Figure 2: µCT images of supercritical CO2 clusters after waterflooding with CO2
saturated brine. (a) A raw grey-scale image (b) The same slice with phases segmented.
Supercritical CO2 is white, brine light blue and rock is brown. [BBD+13].

Precise microstructure measurements on µCT-scans require to distinguish pore space
from the solid matrix with a clear definition of the pore-grain interface. The process
used named segmentation consist into converting the grayscale X-ray attenuation data
into a binary or multi-phase image in which each voxel is assigned to a specific ma-
terial phase (e.g., pore, grain, cement, or fluid), see Fig. 2. For many geomaterials,
this step is non-trivial due to the partial volume effect, low contrast between phases,
and noise inherent to imaging. Simple thresholding methods may suffice for well-
separated attenuation histograms, such as in dry sandstones, but are often inadequate
for finer-grained or chemically heterogeneous rocks like carbonates or shales. In such
cases, advanced segmentation approaches such as watershed algorithms are employed
to better capture complex interfaces. More recently, the use of machine learning has
become the state-of-the-art with numerous studies [WBAM21] addressing the limita-
tions of resolution, contrast, and manual thresholding by training models to recognize
complex features and material boundaries that are otherwise difficult to distinguish
using traditional methods.

For higher-resolution studies – especially for fine-grained rocks like shales – synchrotron-
based µCT offers a significant advantage, providing sub-micron resolution and im-
proved contrast due to the intense, collimated, and tunable X-ray beam produced by
particle accelerators. Synchrotron facilities also enable fast time-lapse imaging under
in-situ conditions (e.g., mechanical loading or fluid flow), making them a powerful
tool for observing dynamic processes such as fracture propagation, pore collapse, or
fluid invasion in real time.

High resolution can also be obtained by Scanning Electron Microscopy (SEM) which
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is restricted however to two-dimensional images of the surface microstructure of ge-
omaterials. It operates by scanning a focused beam of electrons across the sample
surface and detecting secondary or backscattered electrons emitted from the interac-
tion between the beam and the material. SEM provides detailed information on grain
morphology, surface roughness, microcracks, pore textures, and cementation features,
often at sub-micron to nanometre resolution — far beyond that of conventional optical
microscopy. When combined with energy-dispersive X-ray spectroscopy (EDS), SEM
can also reveal elemental composition and mineralogical variations, see Fig. 3, which
are critical for understanding chemical heterogeneity and reactivity. To overcome the
two-dimensional limitation of SEM, recent studies have combined SEM and µCT data
using machine learning techniques, enabling the propagation of high-resolution SEM
information throughout the three-dimensional digital rock volume obtained from µCT
scans.

Figure 3: SEM Automated Mineralogy measurement methods on a backscattered elec-
tron image (left) and the classified EDS image (right) [SSG20].

2.2 Microscale geomechanics experiments
Beyond imaging, laboratory experiments at the microscale offer direct insights into
the physical processes that govern geomechanical behavior, enabling controlled ob-
servation and measurement of deformation, flow, and interfacial phenomena at the
grain and pore scale.

Microfluidics is a powerful tool to study pore-scale flow mechanisms under well-
controlled conditions using transparent micromodels that replicate the geometry of
porous media, see Fig. 4. These micromodels, typically fabricated in glass or poly-
mer, allow real-time visualization of single-phase and multiphase fluid displacement,
capillary trapping, viscous fingering, and wettability effects. Fluids can be injected at
precise rates while imaging systems capture the evolution of the fluid–solid interface,
allowing quantification of parameters such as residual saturation, displacement effi-
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ciency, and pore-scale contact angle hysteresis. Microfluidics is particularly useful for
studying dynamic processes relevant to CO2 and hydrogen injection, where interfacial
tension and wettability strongly influence flow behavior.

Figure 4: Experiment on a microfluidic chip of miscible flow (left) and segmented
image (right) [MSO21].

Micromechanical testing methods aim to characterize the mechanical response of ge-
omaterials at small scales, providing data on local stiffness, strength, fracture behav-
ior, and grain-scale interactions. Techniques such as nanoindentation in Fig. 5 en-
able measurement of elastic modulus and hardness at the scale of individual grains
or cement phases, revealing mechanical contrasts between mineral constituents. In
addition, single grain experiments of compression and crushing allow investigation
of grain strength, contact mechanics, and intergranular friction. These tests are crit-
ical for understanding the mechanics of granular assemblies and validating contact
laws used in numerical models like the Discrete Element Method (DEM). In syntethic
setups, force chains and load transfer mechanisms can be observed by compressing
or shearing 2D granular packings while tracking individual grain behavior through
digital image correlation techniques.

3 Numerical simulation of microscale geomechanics

As much as they are invaluable, microscale experiments are rare. Based on specialised
equipments as described in the previous section, tests on real microstructures are there-
fore limited and replicating in situ conditions of pressure and temperature is particu-
larly challenging. For these reasons, numerical simulations have become a powerful
tool to understand and model the physical behaviour of geomaterials from a microscale
perspective.They allow for the reconstruction of realistic microstructures, often based
on imaging data, and simulate physical processes under controlled conditions, that
would even be occurring over geological timescales.
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Figure 5: Microscopic indentation morphology of (a) Longmaxi marine shale and
(b) Qingshankou continental shale (the ellipse region and the triangle region are the
irregular cracks and protrusions caused by indentation, respectively) [GSC+24].

3.1 Domain decomposition and microstructure generation
Numerical simulations at the microscale begin with the definition of the computational
domain. Different physical processes may only be applicable to different phases of the
domain. For example, solid mechanics has to be solved in the grains while hydraulic
flow applies to the pore space. After the domain has been restricted to the phase of
interest, two general strategies are used to generate the microstructure; image-based
and synthetic.

Image-based domains rely on stack of images – obtained most commmonly by µCT
scanning. Segmentation is used to separate the pore from the grain space or even
more mineral phases. Relying on pixelised images, the grid are therefore formed of
voxels which can be used directly for lattice Boltzmann or Finite Volume solvers or
converted one to one in structured meshes for Finite Element analysis. As a trade off
for its simplicity, stair-stepping artifacts in those voxel-based representations appear
which can be dealt with extra preprocessing such as unfitted boundary methods.

Synthetic microstructures offer a flexible alternative when imaging data are unavail-
able, incomplete, or difficult to process. These are typically generated through parti-
cle packing algorithms that simulate the deposition and rearrangement of individual
grains. Such methods include isotropic compaction or gravity settling, often followed
by consolidation steps where grains are allowed to rearrange under a prescribed con-
fining stress until a mechanically stable and isotropic packing is achieved. These
packings are designed to reproduce target properties such as grain size distribution,
coordination number, and porosity, which must often be prescribed as an input mea-
sured in lab test or through imaging. Those computational domains often serve for
inputs to Discrete Element Method (DEM) simulations. By adjusting packing den-
sity, grain shapes, or boundary conditions during generation, users can explore how
structural features influence bulk mechanical behavior. Although synthetic packings
lack the full complexity of real geomaterials obtained in image-based domains, they
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offer the advantage of controlled generation, making them well suited for sensitivity
analyses, parametric studies, or testing contact laws in DEM frameworks.

3.2 Numerical methods

Flow

Microscale fluid flow in porous geomaterials is governed by Navier-Stokes equations,
where local velocity, pressure, and saturation fields evolve in response to the pore-
scale structure. As the core exercise of Digital Rock Physics, several numerical ap-
proaches were developed to resolve these dynamics, each with its own trade-offs in
terms of accuracy, computational cost, and geometric requirements.

While most classical, Finite Volume and Finite Element Methods (FVM/FEM) are the
most accurate and versatile. They can be solved on pore geometries directly coming
from µCT scan data, making them well suited for applications requiring high fidelity,
including benchmark studies. These methods are particularly valued for their flexibil-
ity. They can accommodate complex geometries (structured or unstructured meshes in
Fig. 7), a wide range of boundary conditions (Dirichlet, Neumann, periodic), and are
easily extended to include coupled processes such as heat transport, solute transport,
reactive flow, or mechanical deformation. However, this level of accuracy and gen-
erality comes at a computational cost. Solving systems of equations on high-quality
meshes of large, high-resolution microstructures is resource intensive.

Lattice Boltzmann Method (LBM) exist as an alternative for modeling pore-scale fluid
flow in complex, voxel-based geometries. Without explicit meshing and effective for
both single and multiphase flow, it is a popular choice of simulator in Digital Rock
Physics. You can see some multiphase flow results in Fig. 6.

Figure 6: Two-phase flow behaviour in heterogeneous porous media (sandstone)
solved with LBM, for different viscosity ratios and capillary numbers. [BHS19].
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For faster analysis, Pore-Network Modeling (PNM) allows to simplify the geometry
into an idealized graph of interconnected pores and throats, see Fig. 7, which can be
extracted from imaging data or generated synthetically. While it sacrifices detailed
spatial resolution, it offers significant computational efficiency and is widely used for
upscaling flow properties such as relative permeability.

Figure 7: Visualisation of a PNM of the pore space (right), in comparison to a standard
unstructured FEM mesh (left) [GAH+16].

Mechanics

Mechanical behavior at the microscale is often dominated by interactions at grain
contacts, making Discrete Element Method (DEM) particularly adequate. DEM ex-
plicitly models individual grains as rigid or deformable bodies and tracks their inter-
actions through contact laws. These contacts can include normal and tangential stiff-
ness, friction, cohesion. DEM is especially effective for simulating granular materials,
where macroscopic behavior such as shear strength, strain localization, dilation, and
compaction emerges from grain-scale rearrangement and force transmission. Outputs
from DEM, such as force chains, contact networks, and kinematic fields, offer insight
into the grain-scale origins of bulk constitutive behavior. DEM domains are typically
initialized using particle packing algorithms, as discussed previously, and can incor-
porate particle shape effects via clumps or polyhedral elements. Recent advances
using the Level-Set Method have enabled the development of LS-DEM [KAVA18],
which allow for the explicit incorporation of image-based microstructures into DEM
by accurately capturing complex grain shapes and interfaces extracted from imaging
data.
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Figure 8: Results of triaxial compression of 22,351 grains sand specimen solved with
LS-DEM. Before and after images [AK16].

3.3 Multiphysics couplings
Many of the critical geomechanical processes of renewable energy technologies in-
volve interactions between multiple physical phenomena from the thermo-hydro-mechanical-
chemical (THMC) phenomena that operate concurrently at the microscale. The dif-
ferent existing laws of physics are encompassed into the conservation of three main
quantities; momentum, mass and energy in which the primary variables are respec-
tively displacement, pressure and temperature. A multiphysics coupling is represented
by a physical phenomenon interacting with another. One example is thermal advection
where heat is transported by the motion of the fluid (in contrast with diffusion):

∂T

∂t
+ v · ∇T = α∇2T +

q

ρcp
(1)

As observed, the multiphysics coupling is characterized by the presence of a physi-
cal variable other than the primary one in a governing physical law. At a more in-
direct level, multiphysics couplings can express themselves in the equations of state
where physical properties such as material properties can depend on different physical
variables. One example is fluid viscosity that is influenced by both temperature and
pressure which in turns influences fluid flow, in the Navier-Stokes equations.

Because of domain decomposition, multiphysics coupling at the microscale often re-
duces to a transfer of variables across the pore–grain interface, where distinct physical
processes interact. This interface plays a central role in fluid–structure interaction,
governing how flow, deformation, and chemical reactions influence each other. For ex-
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ample, fluid pressure acting on grains can induce mechanical deformation, leading to
grain rearrangement and thus changes in pore geometry and connectivity. Conversely,
grain displacements can alter local flow pathways, see both implemented in Fig. 9. In
chemically active systems, reactive fluids may dissolve or precipitate material at the
pore–grain interface, dynamically reshaping the microstructure. These feedbacks are
essential to capture in simulations, as the microstructure alterations directly influence
the structure-properties relationship.

Figure 9: Fluid-structure interaction solved in FEM on a digital sandpack sample.
Fluid velocity streamlines are generated in the pore space and concentration of stresses
are visualised in the grains [LCVP17].

4 Upscaling principles

Separation of scales occurs when the macroscopic length scale is larger than the mi-
croscopic length scale by more than 3 orders of magnitude which the case when con-
sidering bulk behaviour of rocks with regards to their microstructure. To percolate
information of the micro-scale to the macro-scale, we perform an upscaling using
a homogenization method. The upscaled macroscopic response is called effective.
Those multiscale methods are meant to couple the micro-scale and macro-scale mod-
els.

4.1 laws of mixtures
Different types of methods can be used to upscale. We can resort for example to
simple empirical relationships which are the laws of mixtures. The first one from
Voigt assumes that the effective medium is under a constant strain. For a two-phase
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medium, the effective value of the property is equivalent to setting two springs in
parallel, and is expressed as:

Xeff = ϕ1X1 + (1− ϕ1)X2 (2)

Where ϕ1 is the volume fraction of phase 1. For Reuss law, the assumption is constant
force and similarly, the effective value of the property for a two-phase medium is
equivalent to two springs in series and is expressed as

1

Xeff
=
ϕ1
X1

+
1− ϕ1
X2

(3)

Those two formulas correspond respectively to kinematic or traction condition. Kine-
matic condition pushes the system to its maximal entropy and corresponds therefore
to an upper bound of the effective property estimation, while the traction condition is
oppositely the minimum. An illustrative example is plotted in Fig. 10. These simple
methods quickly show limitations given the complexity of microscale. When trying
to consider the exact microstructure, we need to resort instead to REV-based methods

Figure 10: Laws of mixtures for Young’s modulus of a porous medium with ratio
between the base material and the weak inclusions of 0.2.

4.2 Representative Elementary Volume
While the micro-scale is heterogeneous whether in structure or in property distribu-
tion, upscaling can only be valid when the large scale is statistically homogeneous.
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We define as such a Representative Elementary Volume (REV) above which size the
effective property of interest does not fluctuate, see the cone of convergence in Fig. 11.
The REV is defined for the property to upscale and the length scale considered. When
focusing on upscaling the rock microstructure, the length scale is the average grain
size. And studies show that the REV size for hydraulic conductivity of a rock is of-
ten larger than for its geometrical properties such as specific surface area or porosity
[MBB12]. As we consider a natural material, non-periodic, the REV size needs to be
sufficiently large enough to eliminate boundary effects.
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Figure 11: Schematic of a REV cone of convergence for permeability, illustrated with
results on samples of different sizes [ZL24].

4.3 Averaging theorem
Effective quantities are obtained by averaging the microscopic fields. The average of
the quantity X over the domain Ω is defined as:

⟨X⟩ = X =
1

VΩ

∫

Ω

XdV (4)

For the relationship macro to micro, we obtain:

XM = Xm (5)

This relation is derived from the Hill-Mandel condition which expresses an irrefutable
principle of thermodynamics. Hill’s lemma states that the energy has to be conserved
across scales. As a consequence, the macroscopic work has to be equal to the average
of the microscopic work. From this condition, the averaging of other quantities can be
derived similarly.
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At the microscopic scale, any quantity can be expressed as a fluctuating field around
the averaged value:

Xm = Xm + X̃m (6)

Where X̃ is the fluctuation. Therefore we have:

XM = Xm + X̃m = Xm + X̃m (7)

This expression implies that the fluctuations need to average out on the domain for Eq.
6 to be valid. This is indeed the case when considering the domain size above REV,
as per its definition. It showcases once more the need to consider a domain above the
REV size for upscaling.

4.4 Upscaling
To obtain an effective property, we refer to the macroscopic constitutive law. The law
is inverted to compute the property using the macroscopic fields values obtained from
our simulation. Not all fields need to be averaged because the value of the boundary
condition imposed on the system to close it corresponds directly to the macroscopic
value of this variable. The other macroscopic variables are obtained by homogenizing
the microscopic fields heterogeneously distributed in the simulation result.

To give an example, we go through the steps of upscaling the rock Young’s modulus
from its microstructure :

1. Set up a numerical experiment of uniaxial mechanical test with displacement-
control of the digital rock sample above the REV size. The simulation solves
for elasticity at the micro-scale. The macroscopic constitutive law for elasticity
– Hooke’s law – reads as:

σ = E · ϵ (8)

2. The macroscopic axial strain can be directly calculated from the prescribed dis-
placement at the boundary.

3. The macroscopic axial stress is averaged from the microscopic axial stress over
the full sample.

4. The effective Young’s modulus is calculated from Eq. 8.

In some instances, standalone upscaling like this is not possible. It is the case for
complex systems where the macroscopic constitutive law cannot be directly defined.
Instead of upscaling the effective property, the upscaled macroscopic variables are
directly transferred. This allows to not make any constitutive assumption about the
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material behaviour. It is also the case when the process to upscale is path- or history-
dependent, such as irreversible processes like plasticity or. The micro-scale system
requires therefore information from the macro-scale about the macroscopic state vari-
ables as the system evolves. Only then can the upscaled properties be fed to the
macro-scale that can advance the simulation. The two scales are now coupled. When
both scales are solved with finite element, these multiscale methods are called FE2.

5 Perspective

Microscale geomechanics provides essential insights into the physical processes that
govern reservoir-scale behaviour during subsurface operations. Developing predictive
models grounded in these microscale mechanisms enhances our ability to assess the
long-term feasibility, efficiency, and safety of emerging sustainable energy technolo-
gies.

The challenge lies for the most part in the inherent complexity of natural systems, aris-
ing not only by the heterogeneous microstructure but also from the multiphysics nature
of subsurface processes, which are stimulated by the subsurface operations. One of
the most persistent challenges is the incorporation of geochemical reactions, whether
involving native fluids that become reactive under elevated thermal conditions–as in
geothermal systems or radioactive waste storage–or injected fluids such as CO2 and
H2, which can react with the rock matrix. Increasingly, engineered fluids with tailored
chemical properties are also used for enhanced resource recovery, introducing further
layers of reactive behaviour that must be captured at the microscale.

Additional complexity stems from the mechanical and dynamic nature of stimulation
strategies. Unlike conventional reservoir operations, sustainable energy technologies
can involve cyclic or transient loading, such as in seasonal hydrogen storage or the vi-
bratory installation of offshore wind farm foundations. Understanding and modelling
the grain-scale rearrangement is essential for these cases. Similarly, the initiation and
propagation of fractures – whether mechanically induced before geothermal opera-
tions or thermally triggered by radioactive waste storage – is at the forefront of the
micromodelling research tasks.

On the experimental front specifically imaging, several trends are progressing rapidly.
The quest for higher resolution remains central and recent contributions increasingly
focus on enhancing image quality and interpretability through advanced postprocess-
ing techniques based on machine learning [WBAM21] to achieve super-resolution and
multi-mineral classification/segmentation. Meanwhile, imaging under realistic condi-
tions is gaining traction, with efforts to conduct in situ experiments within the imaging
devices, producing valuable 4D datasets that capture the evolution of microstructure
over time under mechanical, hydraulic, thermal, or chemical loading.

Looking ahead, bridging the gap between microscale observations and engineering-
scale decisions remains an open frontier. Integrating detailed microstructural data into
robust, scalable models will be key to designing resilient technologies. As the global
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energy transition advances, microscale geomechanics will continue to play a founda-
tional role in developing safe, efficient, and adaptive renewable energy technologies.
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Cyclic behavior of geomaterials for energy
applications

Luc Simonin, Hadrien Rattez

Institute of Mechanics Materials and Civil Engineering, UCLouvain,
Louvain-la-Neuve, Belgium

The transition to sustainable energy systems introduces new challenges for engineer-
ing, particularly in the context of cyclic loading experienced by subsurface materials.
Offshore wind turbines, geothermal systems, and underground energy storage, all im-
pose repetitive mechanical, thermal, or hydraulic loads on geomaterials, from a few
to millions of cycles. This chapter presents a comprehensive overview of the fun-
damental mechanisms governing cyclic behavior in soils and rocks, and emphasizes
their dependence on loading path, frequency, and drainage conditions. A suite of ex-
perimental tools, from element testing to centrifuge and large-scale field modeling,
is introduced alongside numerical strategies for simulating cyclic behavior using ad-
vanced constitutive frameworks. Special attention is given to the modeling limitations
at high cycle counts and the importance of using explicit accumulation strategies.
Real-world applications, focusing on offshore wind turbine foundations and installa-
tion techniques highlight how cyclic loading is a current challenge in both academia
and industry. The chapter concludes with a call for deeper integration of material
memory, and multiphysical modeling to advance both academic understanding and
engineering practice.

1 Introduction

Energy solutions such as offshore wind farms, geothermal systems, or underground
hydrogen storage involve an interaction with the ground in the presence of cyclic and
multi-physical loading. Cyclic loading refers to the repeated application of stress or
strain over time, with possible variations of amplitude, frequency, mean value, and
direction. Unlike motonic loading, cyclic loading involves fluctuating forces - such
as those induced by waves, wind, machinery, earthquakes, or thermal cycles - that
can lead to gradual accumulation of deformation and stress, progressive damage, or
pore pressure changes in saturated soils. Understanding the effects of such loading
is critical for the design and the long-term performance assessment of energy-related
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geo-structures.

The cyclic response of geomaterials can differ significantly depending on the charac-
teristics of the cyclic loading, its duration, and the presence of fluid. Classical cyclic
phenomena such as accumulation of plastic strains, pore pressure evolution, stiffness
and damping changes are further complicated by the variety of material types, pres-
sure and temperature conditions, but also due to the intrinsic heterogeneity of the
tested material. As such, developing adequate laboratory tests and procedures to char-
acterize soil behavior under cyclic loading, as well as constitutive models to predict
these phenomena is an essential area of active research in geotechnical engineering.

In this chapter, the fundamentals of cyclic behavior will be further explained, testing
procedures and modeling frameworks and strategies presented, and a series of exam-
ples related to energy structures will illustrate the challenges of cyclic loading and
current areas of research within the geomechanics community.

2 Fundamentals of cyclic behavior

Cyclic loading in geomechanics arises when geomaterials are subjected to time-varying
actions, whether mechanical, thermal, or hydraulic. Unlike monotonic loading, which
applies a continuously increasing load, cyclic loading involves repeated or fluctuating
stress or strain paths, potentially leading to long-term degradation or stabilization of
the material. These loadings may originate from environmental conditions (waves,
tides, earthquakes, temperature variations), operational cycles (wind turbine rotation,
injection/withdrawal of fluids), or installation processes (impact or vibratory driving).

2.1 Vocabulary of cyclic loading
Cyclic loading is characterized and governed by the following parameters:

• Amplitude (A): The magnitude of stress or strain cycles which influences whether
the response is plastic or leads to instability.

• Mean value (Lav): Non-zero average stress which leads to ratcheting (see 2.2)
and directional deformation.

• Number of cycles (N ): Critical in determining fatigue life, and varies widely
from a few cycles (earthquakes) to tens of millions (offshore wind turbine life-
cycle).

• Frequency (f ): Influences drainage conditions (with increasing frequency and
decreasing drainage length: drained→ partially-drained→ undrained) and dy-
namic response.

• Loading path: uniaxial or multi-directional cyclic loading paths have different
implications for material behavior.
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• Cyclic type: Regular harmonic loading is often studied in laboratories, while
real field loading is pseudo-random, variable in frequency, amplitude and mean
value. Capturing this complexity is essential in modern analysis.

• Origin of cycles: The mechanical, thermal, or hydraulic nature of the cycles
governs the active coupling mechanisms.

Figure 1 presents on the left a sinusoidal loading characterized by its constant fren-
quency, mean value and amplitude, and on the right is an example of a pseudo-random
loading.

Figure 1: Harmonic cyclic loading (left) and pseudo-random cyclic loading (right).

Cyclic loadings, with reference to Figure 1, can be designated as:

• Two-way loading: Lav = 0.

• One-way loading: Lmin = 0 (and Lav = Lmax/2).

• Partial two-way loading: Lav ̸= 0, Lmin < 0 and Lmax > 0.

• Partial one-way loading: Lav ̸= 0, Lmin > 0 and Lmax > 0.

2.2 Key mechanisms in cyclic behavior
Geomaterials subjected to cyclic loading can exhibit several complex, often compet-
ing, phenomena:

• Ratcheting: Under asymmetric or biased cycles (one way, or partial two-way,
see Figure 2), materials may accumulate permanent deformation with each cy-
cles, a process referred to as ratcheting. This is common in sands and clays
under unidirectional cyclic shearing. This can be observed in element tests on
clay[WASB13] and sand [WT16b], small-scale tests [LHB10], or medium-scale
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field tests [BMB+20]. Wichtmann lists a number of case studies where struc-
tures suffered accumulated settlements [Wic16].

• Changes of strength, stiffness, damping: the evolution of the strength, stiffness
and energy dissipation with cycle of the material or, with a broader view, of the
geo-structure, depends on the nature of the material. For example in clean sand,
it has been observed in laboratory tests on reduced-model of offshore wind tur-
bine foundations that the strength was not affected by cycles, while the secant
stiffness increased with cycles and the energy dissipation reduced [Ric19], but
some other studies had conflicting conclusions. For clays, cyclic loading im-
pacts the materials by generally reducing their strength and stiffness, primarily
due to structural breakdown [LMNS20]. Similarly, in rocks or cemented soils,
cyclic loading causes progressive degradation of stiffness and strength. The
causes for those materials are microcracks initiation and coalescence that can
lead to fatigue failure under mechanical or thermal cycling [Bur63, GFOK18].

A theoretical illustration of ratcheting, change of stiffness and damping in sand
are provided in Figure 2. Intermediate cycles are omitted for clarity: the ratch-
eting rate diminishes with the number of cycles, the secant stiffness and the
damping here respectively increases and decreases (but there are conflicting ob-
servations in the literature).

Figure 2: Idealized accumulation of deformation, change of stiffness, and damping
with cycles under one-way cycling.

• Pore pressure evolution: In saturated soils, cyclic loading in undrained or partially-
drained conditions can lead to a build-up of pore pressure with stress or strain
cycles in sand [WT16a, WT16b] and clay [WT18]. The reduction in effective
stress as a result of this pore pressure build-up leads to a reduction in shear
strength and stiffness. Pushed to the extreme, the mean effective stress, and
thus the shear strength, can vanish: this is called liquefaction, where the ma-
terial behaves as a liquid and very large deformation can thus occur. This is
illustrated in Figure 3 for an undrained two-way cyclic stress-controlled test on
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medium dense Karlsruhe fine sand [WT16b]: in part (a), depicting deviatoric
stress against mean effective stress, the mean effective stress progressively de-
creases with cycles until it reaches 75kPa where it enters the cyclic mobility
phase and its characteristic butterfly-shaped loops in which the soil liquefies; in
the matching part (b), depicting deviatoric stress against deviatoric strain, the
cycles before cyclic mobility are overlaid in the center of the figure because
their strain amplitude is little, but large strains develop during the cyclic mobil-
ity phase.

Figure 3: Undrained triaxial test on medium dense Karlsruhe fine sand, data from
[WT16b].

• Shakedown: In saturated clays, low-amplitude cyclic loading initially induces
plastic strain accumulation, but this accumulation progressively diminishes and
eventually stabilizes, leading to a state where no further permanent deformation
occurs, see for example [GLW+20].

Cyclic loading of geomaterials is thus governed by a wide combination of interrelated
mechanisms, each strongly dependent on the specific loading path and the characteris-
tics of the geomaterial. These phenomena are inherently multiphysical, involving me-
chanical, hydraulic, and sometimes thermal processes, and their interactions remain
only partially understood. Our experimental capabilities allow us to observe some of
these mechanisms in isolation or under controlled boundary conditions, but reproduc-
ing and generalizing their behavior to full-scale geo-structures remains a challenge.
Consequently, constitutive models and design methods are, by necessity, simplifica-
tions based on limited experimental evidence. In section 3, we present the current
tools available to explore and model these behaviors.

2.3 Difference between soil and rock behaviour
The response of soils and rocks are governed by fundamentally different mechanisms:

• Soils, particularly granular or fine-grained saturated soils, exhibit volume change,
pore pressure evolution, and fabric rearrangement. Their cyclic behavior in-
volves an accumulation of shear strain in the average loading direction, as well
as a contractive or dilative behavior, that depend on the drainage rate.
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• Rocks respond primarily through the initiation and propagation of microcracks,
and their failure depends on the amplitude of the loading relative to their tensile
or fatigue strength [CC18].

2.4 Material memory and fabric effects
Cyclic loading affects and is affected by the evolving microstructure of geomaterials.
Soils tend to realign their particles and contacts, leading to anisotropy and evolving
stiffness, while rocks may develop oriented fracture networks. The concept of ma-
terial memory, the influence of past stress and strain paths on current behavior, is
especially relevant in cyclic loading and must be accounted for in both experimental
interpretation and constitutive modeling.

3 Testing and modeling cyclic behavior

Understanding and predicting the cyclic response of soils and rocks for energy-related
geotechnical systems requires an understanding of the material behavior and of the
structure across scales. Element testing must capture essential material behavior at the
meso-scale, allowing the exploration of well-defined stress and strain paths. Small-
to medium-scale experiments aim to reproduce large-scale structures to recreate and
observe large-scale phenomena involving large domains of geomaterial and complex
boundary conditions. Numerical models must make use of the element testing in the
definition of the material behavior, use the experiments as benchmarks, and be a tool
to translate this into reliable predictions for full-scale complex structures subjected to
prolonged and variable cyclic loading. This section presents cyclic element testing,
physical modeling, constitutive frameworks, and computational strategies for large-
scale, often coupled, simulations.

3.1 Element testing: Laboratory Tools for Cyclic Loading
Cyclic element testing provides the basis for quantifying the response of geomaterials
under controlled loading paths. The most commonly used devices, illustrated in Figure
4, include:

• Cyclic triaxial testing: This device allows a soil element to be tested under
axisymmetric conditions. This test can be controlled with stress or strain, and
it allows control of the amplitude, frequency and mean stress, as well as taking
into account history of the material with, for example, initial anisotropic stress
state. In addition, bender elements can be installed to measure the small strain
properties of the specimen. Uniaxial testing (used widely for rocks) is taken
into account as a particular case of triaxial tests (no confining pressure).

• True triaxial testing: This triaxial test on cubical samples allows to apply three
different principal stresses, instead of the two in classical triaxial testing.
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• Cyclic simple shear testing: The sample is laterally sheared under a constant
vertical stress, allowing for more realistic stress conditions and the possibility
of multi-directional shear loading patterns.

• Torsional shear and hollow cylinder tests: These devices offer multi-axial load-
ing capabilities and control over principal stress rotation, essential for simulat-
ing complex load paths such as those in offshore foundations.

• Resonant column test: A cylindrical soil specimen is subjected to torsional vi-
bration and its resonant frequency is found. Shear wave velocity, shear modulus
and damping are then calculated. This device allows to determine small strain
characteristics of a soil

Figure 4: Different element testings: a) Triaxial test, b) True triaxial test, c) Direct
shear test, d) Hollow cylinder torsional test, e) Resonant column test

Depending on the geo-structure, these element tests should be conducted at representa-
tive pressure levels, take into account site specificity (e.g. partial drainage with inflow
by [AA24]), and site history (e.g. effect of pre-shearing and isotropic pre-loading by
[IO78]). In addition, the stress and strain paths around the geostructure should be
identified to carry out adequate element testing. For example, cyclic stress-controlled
tests will be interesting for lateral loading of offshore wind turbine foundation where
the loading is defined by the forces applied by the waves and the wind (see4.1, while
cyclic strain-controlled tests might be more interesting for vibratory installation of
piles (see 4.2) where the amplitude of the shearing at the pile-soil interface is the
focus.

Large database of cyclic triaxial tests are available for sand from [WT16b, WT16a,
DRM+23], and for clay from [WT18, DRMN22]. These database are available from
the SoilModels website [Soi].

3.2 Reduced-Scale Modeling
While element testing is indispensable for characterizing the fundamental cyclic be-
havior of geomaterials, it does not capture the complex interactions between soils,
rocks, and geotechnical structures subjected to cyclic loading. Conversely, full-scale
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field data, whether from instrumented structures, operational monitoring, or post-
event observations, provides the most realistic insight into system behavior. However,
such data is often unavailable for novel or yet-to-be-constructed systems, or may be
inaccessible due to proprietary restrictions or lack of instrumentation and observa-
tion. Large-scale field experiments, though highly valuable, are logistically demand-
ing and economically prohibitive. In this context, reduced-scale physical modeling
serves as a critical intermediary, offering practical and controlled means to investi-
gate soil–structure interaction under representative cyclic conditions. It remains a cor-
nerstone of experimental geotechnical research, particularly for validating numerical
models and informing design methodologies where full-scale data is lacking. Chal-
lenges in reduced-scale modeling include:

• Boundary conditions: Proper simulation of in-situ stress states, drainage condi-
tions, and load transmission is critical. For example, rigid boundaries can affect
energy dissipation in dynamic testing.

• Scaling laws: When thermal, hydraulic, or mechanical effects are coupled, scal-
ing becomes non-trivial. Centrifuge modeling addresses gravity-induced stress
representativeness (see the chapter ”Physical model experiments in geomechan-
ics for the energy transition”).

• Material representativeness: Use of reconstituted samples, scaling of particle
size, or substitute materials may distort cyclic response.

Despite limitations, reduced-scale models have been successfully used to study cyclic
loading of offshore wind turbine monopile foundations by, for example, [Aba15], pro-
viding important validation for numerical models.

3.3 Constitutive Modeling of Cyclic Behavior
In parallel with experimental approaches, numerical modeling plays a central role in
predicting the response of geotechnical structures under cyclic loading, particularly in
applications where direct testing is not feasible or where parametric exploration is re-
quired. However, accurately representing the behavior of soils and rocks under cyclic
loading is inherently challenging. It demands constitutive models that can reproduce
the key features of cyclic response (see 2.2). These phenomena are often strongly in-
fluenced by loading history, amplitude, frequency, and drainage conditions, requiring
models that incorporate memory effects, stress-path dependency, and in many cases,
multi-physical couplings.

In soil mechanics, no consensus on a framework to model cyclic loading has been
reached, but the following classes of models are used and under constant development:

• Original contributions in the ”classical” elasto-plasticy with models by [MP83,
PZL85, OYS+94, IMRC05] for sand, for clay by [RB68, WD93], or [PW99]
for sand and clay.

• Bounding surface [DH80] models, such as the SANISAND family of mod-
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els [DM04, PDP20, RTD25] or models by [Hir87, WDS90, CD21] for sand,
[DMP06, RTP16] for clay, and [BZ19] for clay and silt. Bounding surface plas-
ticity allows plastic strains to develop even within the yield surface, by defining
a bounding surface that encloses all admissible stress states. The stress point
maps to an image point on this surface via a mapping rule, and the degree of
plasticity depends on the distance between the two, thus capturing smooth tran-
sitions between elastic, plastic, and cyclic behaviors.

• Hypoplastic [KH05] models, such as [WB94, GTTK20] for sand, [Ma4, TT20,
MTB+24] for clay, or [TT23] for silt. Hypoplasticity is a constitutive frame-
work that directly relates stress rate to the current stress and strain rate, without
separating elastic and plastic components. It captures the inherently nonlin-
ear, pressure-sensitive, and rate-independent behavior of soils through tenso-
rial equations. Although standard hypoplastic models reproduce hysteresis and
large strain loops, they lack memory effect, limiting their accuracy under small
cyclic paths, but extensions such as intergranular strain have been developed to
address this.

• Multi-surface plasticity originally developed by [Mr7, Iwa67] and adapted to
soil mechanics by Prévost [Pr8], with models for sand by [Sim23]. Multi-
surface plasticity models cyclic behavior by defining multiple yield surfaces
in stress space, each governing a portion of the plastic response. As loading
progresses, surfaces are activated sequentially, enabling the capture of phe-
nomena such as kinematic hardening, hysteresis, and the Bauschinger effect.
This framework offers a relatively simple yet effective way to simulate com-
plex cyclic responses, especially when surface properties are systematically dis-
tributed.

Another original consitutive modelling approach is barodesy [KOL15].

Interested readers can refer to the ALERT doctoral school [MTH21].

3.4 Modeling strategies for geo-structures
Advanced numerical approaches, such as finite element (FEM), discrete element (DEM
and FEM–DEM), or material-point (MPM) methods, allow detailed simulation of
soil–structure interaction under cyclic loading, granted that adequate constitutive mod-
els are used. Also, the discrete element method (DEM, or coupled with FEM: FEMx-
DEM) can be an effective tool to address cyclic loading at the micro-level, and the
material-point method (MPM) or Coupled-Eulerian–Lagrangian (CEL) schemes are
potent tools to study large deformations. While powerful, these methods are generally
limited to simulating a relatively small number of cycles. This is sufficient for seismic
or some foundation installation analyses but inadequate for applications subjected to
high-cycle loading (e.g., offshore wind turbine foundations life cycle, where millions
of cycles are expected). For such large number of cycles, alternatives to model the
lifetime of the geo-structure have to be found. Taking the example of offshore wind
turbine foundations, modeling strategies can consist in:
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• using empirical relationship to predict the behavior of the structure at a macro-
level, such as in [LHB10].

• simplifying the foundation to a macro-element or one dimensional system to
enable the simulations of many cycles at a lower calculation cost. This can take
the form of HARM by [Aba15] or Redwin by [PGEJ18], or their combination
[AP25].

• using cyclic contour diagrams [And15] to interpret the response under cyclic
loading of a structure by interpreting the cyclic loading into equivalent packets
of constant amplitude cycles for which the response is directly inferred from a
cyclic contour diagram.

• using advanced finite element analysis for characteristic cycles, and then extrap-
olating the behavior for large number of cycles. For example, the high-cycle
accumulation (HCA) model by [NWT05] uses full-cycle simulation for the first
few cycles to capture key amplitudes, then applies an explicit accumulation rule
for large cycle counts.

Coupled thermo-hydro-mechanical (THM) FEM or finite difference models have been
specifically developed and utilized to simulate the impact of cyclic heat transfer and
water flow on the mechanical behavior of geomaterials mostly in the context of en-
ergy piles and more recently for Hydrogen storage. For energy piles, models have
explicitly considered cyclic effects, with plastic deformations being captured through
the constitutive models of the soil or the soil-pile interface [LMNS20].

4 Examples for offshore wind turbines

4.1 Cyclic Loading During the Lifetime of Offshore Wind Turbine
Foundations

Offshore wind turbine (OWT) foundations are subjected to millions of loading cycles
over their operational lifespan due to the combined effects of wind, waves, rotor-
nacelle-tower dynamics, and operational events such as installation and decommis-
sioning (discussed in the following subsection). These cycles vary in amplitude and
frequency, leading to complex loading paths that affect both the structural and geotech-
nical response of the foundation system.

Several foundation types exist depending on water depth and site conditions, includ-
ing fixed-bottom (e.g., monopiles, jackets, gravity-based, suction caissons) and float-
ing solutions, each with different cyclic loading profiles. For instance, monopiles are
primarily subjected to lateral cyclic loading, jackets to axial loads in their different
piles, and floating systems to combined loading on anchors, including shared anchor-
ing systems. These foundation types are detailed in the dedicated chapter on offshore
wind systems.

This subsection focuses on the most commonly used solution for fixed-bottom off-
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shore wind in intermediate water depths: the monopile foundation. Monopiles are
large-diameter hollow steel piles driven into the seabed, typically with low length-to-
diameter (L/D) ratios, often behaving more rigidly compared to the slender piles used
in traditional offshore oil and gas platforms.

Historically, the design of offshore piles relied on the p − y method, wherein the
monopile is modeled as a one-dimensional beam discretized into finite elements, with
the soil resistance represented by non-linear springs relating lateral soil pressure (p)
to lateral displacement (y). Early p − y curve formulations [Mat70] formed the ba-
sis for industry standards, including those issued by the American Petroleum Institute
[Ins07]. These models assumed slender, flexible piles and therefore often underesti-
mate the influence of base resistance and side friction for the stiffer, shorter monopiles
used in wind energy applications.

To address these limitations, the PISA (Pile Soil Analysis) joint industry project [BHB+20]
introduced a more rigorous approach using advanced 3D finite element analysis to de-
rive site-specific and geometry-consistent soil reaction curves. The PISA framework
improved monotonic design fidelity and led to optimized foundation sizing. The pro-
gressive improvement of monopile geotechnical design over the last 20 years is further
illustrated in [MWT25], who reported a 32% reduction in steel tonnage for a typical
monopile due to improved geotechnical characterization and design procedures.

While these advances have matured the design under monotonic loading, they have
shifted the design focus toward cyclic loading, where existing standards, such as
[Ver14], remain limited. For example, cyclic degradation is often treated via a sim-
plistic reduction of ultimate strength (see Figure 5), ignoring ratcheting, stiffness and
damping evolution, which are key mechanisms that can alter foundation performance
over time. These mechanisms are particularly important for dynamic systems such
as OWTs, where shifts in foundation stiffness may lead to changes in the natural fre-
quency of the structure, potentially moving it closer to excitation frequencies from
waves, wind, or rotor-blade harmonics, thus increasing the risk of resonance. Cyclic
loading is central in a number of current joint-industry projects such as PICASO
[BBB+25] or MIDAS-CLAY [KKC+25]. These projects make use of all the avail-
able tools presented in section 3:

• element testing to develop adequate constitutive models that feed into numerical
models,

• numerical models that are bench-marked against medium-scale field testing and
small-scale laboratory testing,

• numerical models that are then used to model more complex full-scale scenar-
ios,

• numerical strategies and engineering processes are developed to address the
cyclic loading of monopiles in order for the industry to optimize their design.

Recent research has proposed several advanced modeling strategies to overcome these
limitations, as outlined in the previous section 3.4. Explicit cyclic modeling strate-
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Figure 5: Historical simplified consideration of cyclic loading for clay (left) and sand
(right), to be compared to Figure 2.

gies are particularly promising for long-term applications, as they enable extrapola-
tion of long-term response from selected representative loading scenarios. For exam-
ple, while it remains computationally infeasible to simulate millions of load cycles
directly, one can model the most critical storm events and then use extrapolation tech-
niques, to infer accumulated effects from the smaller, less impactful cyclic loads. This
approach helps mitigate errors due to constitutive model drift or numerical artifacts
that may accumulate over long simulations.

4.2 Cyclic Loading During Installation and Decommissioning of
Wind Turbine Foundations

As discussed in Section 2.2 of the ”Geotechnical Challenges for Offshore Wind Tur-
bine Foundations” chapter, the conventional installation method for monopiles, impact
hammering, is increasingly challenged by multiple factors. These include regulatory
restrictions on underwater noise emissions, the risk of uncontrolled pile penetration
(pile run), and the technical difficulty of scaling up impact hammer systems to accom-
modate XXL monopiles.

Impact driving is, by nature, a cyclic loading process. Typically operating at a rate
of approximately 40 blows per minute, each hammer strike generates large displace-
ments, stress redistribution around the pile, and significant pore pressure fluctuations.
Although this method has a long history of practical use, predictive driving models
remain relatively crude, and the accurate simulation of this process using numerical
methods is an ongoing research challenge. These models are critical not only for
improving driveability predictions, but also for assessing the effect of installation-
induced changes on the subsequent lateral response of the pile.

An emerging area of research for offshore wind is vibratory pile driving, in which a
vibratory hammer applies vertical vibrations, typically in the 10–40 Hz range, via a
system comprising counter-rotating eccentric masses attached to the pile head. This
technique, with a long onshore history for sheet-piles and smaller piles, is generally
quieter and potentially faster than impact hammering. However, existing driving mod-
els such as GRL-WEAP and HyperVIB [HW17] were not developed with offshore or
large-diameter monopile applications in mind, leading to uncertainty in their predic-
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tive capabilities for these cases.

In addition to modeling driveability, a central question concerns how vibratory instal-
lation influences the long-term lateral behavior of monopiles compared to those driven
by impact. During vibratory driving, vertical pile oscillations appear to reduce skin
friction along the shaft, but the underlying mechanisms remain poorly understood.
Significant research efforts are therefore underway, employing a range of experimen-
tal and numerical approaches discussed throughout this chapter, including:

• Medium- and laboratory-scale field testing within the SIMOX project [PdSPE+23].

• Small-scale centrifuge modeling [MBB+25, SROV+25].

• Discrete Element Method (DEM) simulations [FBC+].

• Coupled Euler–Lagrangian modeling approaches [SMSW21].

• Element testing under cyclic undrained strain-controlled conditions [WT16a],
which provide insight into material response but require improved understand-
ing of vibration transmission mechanisms to connect to full-scale pile behavior.

Looking ahead, decommissioning will become an increasingly relevant challenge as
the earliest offshore wind farms approach the end of their design life. Vibratory driving
is considered a promising technique for pile extraction, particularly for retrieving the
embedded portions of monopiles. Research in this area is gaining momentum, as
efficient, low-impact decommissioning will be essential for the lifecycle sustainability
of offshore wind infrastructure.

5 Conclusions and Perspectives

Cyclic loading is a defining challenge in the geotechnical design of energy-related
infrastructures. Across different energy sectors, geomaterials are subjected to highly
variable and repeated loadings that can induce complex mechanical responses includ-
ing strain accumulation, stiffness degradation, pore pressure buildup, and, in extreme
cases, liquefaction or failure. These responses are controlled not only by the ampli-
tude and frequency of the loading, but also by the specific nature of the geomaterial,
the drainage conditions, and thermal or hydraulic couplings.

This chapter has outlined the wide range of physical phenomena observed under cyclic
loading and the corresponding tools available to investigate and model them. From
laboratory-scale element testing to physical modeling in geotechnical centrifuges and
advanced finite element simulations, a multi-scale, multi-disciplinary approach is nec-
essary to make progress. Special emphasis was placed on the selection and develop-
ment of constitutive models that can capture key cyclic features and the modeling
strategies suitable for either low-cycle (e.g., seismic or installation events) or high-
cycle (e.g., operational loading of offshore wind turbines) regimes.

Looking forward, a number of research directions are emerging. These include:
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• Real-time field monitoring of cyclic performance using distributed sensors and
fiber optics.

• Development of digital twins integrating sensor feedback with advanced numer-
ical modeling.

• AI-driven forecasting tools that can assimilate large datasets of cyclic loading
to anticipate long-term deformations or failure.

• Cross-disciplinary approaches incorporating materials science, mechanics, and
data science to develop next-generation predictive models.

In conclusion, cyclic loading must be approached as a multiphysical, multiscale prob-
lem that connects laboratory insights to full-scale, real-world performance. Its mastery
is essential for the long-term reliability, safety, and sustainability of energy transition
infrastructure.
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