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Principles of THM modeling
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THM modeling? What are we talking about?
Most construction materials are porous
 Co-existence of solid, liquid and gas phases
 Ongoing multiphysical processes
 Thermal
 Hydraulic
 Mechanical

Concrete porosity - blog.buildllc.com:
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Sewage treatment plant, Lausanne (source : Karakas&Français)
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To accurate model their behavior, we should consider different ongoing , simultaneous multiphysical
processes.
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Porous material

Remodeled soil

Heated clay

Drying-wetting processes
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Porous materials undergo multiphysical processes: they can be remodeled (mechanics), wetting and
drying cycles (hydro), heated (thermal)
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What’s THM modeling?
Principles of 3-way coupling in porous media
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Needed ingredients to build a model
 THERMAL

 HYDRAULIC

 MECHANICS

 Thermal conductivity

 Porosity

 Young’s modulus

 Heat capacity

 Density

 Poisson’s ratio

 …

 Permeability

 Thermal expansion coefficient

 …

 …

+ boundary and initial conditions ( T – H – M )
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Input material properties
This is a hot topic in modern geotechnics.
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Applications in geotechnical
engineering
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THM in modern geomechanics
Emerging topics
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Renewable energy

Landslides

Novel techniques for land protection

Environmental geotechnics
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Renewable energy: shallow and deep geothermal (source: coolingindia.com)
Natual hazard: thermally sensitive materials like clay (Prof. Alonso-UPC Barcelona, Prof. Veveakis-Duke
University (source: Duke University))
Land protection, erosion: novel techniques to study wetting-drying processes (Prof. TarantinoStrathclyde Univ.); sustainable techniques for soil stabilization using vegetated techniques (Prof.
Romero-UPC Barcelona); (source: Tarantino et al., 2019)
Evapotranspiration in vegetation and soil, solar radiation+conduction-convection, drying-wetting
cycles in soils, mechanical stabilyzing effect due to roots.
Environmental geotechnics: design of (radioactive) waste repositories (Nagra, LMS EPFL –Prof. LalouiEPFL) (source: Nagra)
Fourth coupling: THCM – Thermo Hydro Chemo Mechanical -> not discussed in this presentation
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Geothermal energy
Renewable energy for heating/cooling of the built environment

Source: geothermie-suisse.ch
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Geothermal: energy source that we can use to heat/cool the built environment, and to produce
electricity.
Temperature in the ground increases with depth.
Shallow portion of earth crust: few meters are affected by external air temperature, then it is lineat for
several hundreds of meters
We can use the soil as thermal reservoir (heat storage) and as a source to extract heat
Heat exchangers: plastic tubes with heat carrier fluid, connected to a heat pump
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Geothermal energy
Shallow geothermal

Source: vd.ch
WWW.KFSA.CH

12

Shallow groundwater exploitation
Geothermal probes, energy geostructures
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Shallow geothermal energy
…it is a multidisciplinary topic!

Source: nationalgeographic.com
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Multidisciplinarity: at the interface between engineering geology, civil, environmental and
geotechnical engineering, thermal engineering, architecture/urban planning, ecology
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Focus on geothermal applications
Challenges and simplified coupling using ZSoil
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Challenges
How can we model a geothermal system?
Do we need THM?
Can we simplify the problem?
Multiphysical phenomena in porous material
 Thermal : conductive-convective-radiative
heat transfer
 Hydraulic : seepage
 Mechanics : stresses and strains

Geometry and meshing
 Approximated geometry
 Interplay between spatial scales: heat
exchangers (centimeters!) -> geostructure
or infrastructure (102 m)
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Hydrothermal phenomena in heat exchangers
 Fluid flow in tubes
 Conductive transfer thorugh the pipe
 Convective tranfer in fluid flow direction

Time scale :
 most national standards require to ensure
long-term durability of the project -> over 50
years
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Needed ingredients to build your model
 Mass conservation

𝜕
𝑛𝜌
𝜕𝑡

+ div 𝜌 𝒗𝒓𝒘 = 0

 Energy conservation

div λ 𝐠𝐫𝐚𝐝𝑇 = 𝜌𝐶

𝜕𝑇
+𝜌 𝐶
𝜕𝑡

,

𝒗𝒓𝒘 𝐠𝐫𝐚𝐝𝑇

 Equilibrium equation

div 𝝈𝒊𝒋 + 𝜌𝒈𝒊 = 0
 Energy conservation

𝜌 𝑐 𝐴

𝜕𝑇

,

+ 𝜌 𝑐 𝐴 𝒖𝒇 𝐠𝐫𝐚𝐝 𝑇
𝜕𝑡
= div 𝐴 𝜆 𝐠𝐫𝐚𝐝 𝑇 ,
+ 𝑞̇

,

 Mass conservation
 Constitutive equations
 Initial and boundary conditions
Slide source: Zannin, 2020;
image property of LMS-EPFL
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Mass and energy conservation can be simplified, p.ex. if we do not have groundwater seepage
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Which calculations do we have to perform?
We need to ensure

Long-term durability
 Transient energy modelling

Mechanical stability
 Thermo-mechanical effects on geo-structures (soil-structure interaction in nonisothermal conditions)
Sometimes we can simplify the problem and avoid a fully-coupled THM analysis
 H-M : e.g., consolidation problem
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(feasible in ZSoil)

 T-M : e.g., soil-structure interaction

(feasible in ZSoil)

 H-T : e.g., transient thermal analyses

(upgrade needed in ZSoil)
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To do so, we have to carefully review the hypotheses, and check whether we can avoid to add some
ingredients to our model.
H-M is already well established within the Zsoil community, so I will not go through it.
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Thermo-Mechanical coupling
Non-isothermal soil-structure interaction

Heat flux time history applied to
the external surface, so that to
simulate geothermal operation

WWW.KFSA.CH
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The application of a temperature variation (deltaT) or a heat flux to a geostructure will cause
variations to the internal forces (non-isothermal soil-structure interaction)
Already present in Zsoil
Example: Pile modeled by employing continuum for structures, interface elements, and a heat flux
time history on the lateral faces
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Thermal-Mechanical coupling
Modification of mechanical properties by temperature changes
E.g., degradation of preconsolidation pressure with increasing temperature

Laloui & François (2009)
WWW.KFSA.CH
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Hydro-Thermal coupling
We need to link thermal and hydraulic properties of the constituents of the
porous material
Temperature dependency of water density, dynamic viscosity,
thermal conductivity and heat capacity

Source: Zannin et al. 2020, adapted from Nield & Bejan, 2006
WWW.KFSA.CH
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This topic remains a challenge for Zsoil.
Depending on the expected temperature levels, the solid properties can be temperature-independent
-> simplification of the problem
Temperature dependency of water properties is something that we normally neglect in classical
geotechnics, but it has consequences in geothermal applications !
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Hydro-Thermal coupling
Application to a thermo-active wall
Seepage in the longitudinal direction
T [°C]

100 m

H [m]

160 m

z
y
Source: Zannin et al. 2020

 Shallow geothermal systems: crucial impact on the quantification of the thermal exploitation !
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Corss section view, groundwater is still, we heat the soil boundary (geothermal activation). Nonisothermal condition causes variations in the fluid density etc… resulting in a local modification of the
seepage.
Different impacts depending on the seepage direction. Sometimes it can be negligible, sometimes not!
In geothermal, this can resul in a major impact on the thermal exploitation, as it can trigger a
convective-dominated heat exchange regime and fundamentally modify the thermal behavior of the
geostructures.
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Focus on geothermal applications
Application to a group of energy piles
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Example of application to geothermal energy
Energy pile group
 Geometry, input parameters
 Simplified energy modelling (transient thermal analyses)
 Thermo-mechanical modeling
 Results
 Possible developments : ZSoil’s heat exchangers feature
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Model geometry and inputs
2 x 2 energy pile group
Roller
T = 13°C

Free
T = 13°C

Roller
T = 13°C

Initial condition
T = 13°C

Symmetry plane
Adiabatic

Symmetry plane
Adiabatic

Fixed
T = 13°C

WWW.KFSA.CH
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To impose thermal and mechanical BC
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Model geometry and inputs
Energy pile group

Energy pile

Backfill

L = 30m
Heat flux time history imposed
to the pile lateral surface
Clay

Silty sand

Molasse (rock)

WWW.KFSA.CH
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Results
Energy pile group: transient thermal analysis
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2D cross section at pile mid-depth - perpendicular to y axis
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Results
Energy pile group: temperature profile in pile and soil
30
Pile center
d = 1m

25

Temperature [°C]

d = 3m

20

d = 5m

15

10

5

0
0
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180

270

360

Time [days]
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Temperature profile at different locations within the model:
Temperature amplitude decreases with distance from the pile: extent of thermally-affected zone is of
few meters.
Temperature follows the sinusoidal input with a time shift due to thermal inertia of materials (thermal
capacity and conductivity)
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Results
Energy pile group : pile vertical displacement
Heave

Settlement

0

-5

Depth [m]

-10

-15

-20

Heating

Null
point

-25

Cooling
-30
-0.005

-0.003

-0.001

0.001

0.003

0.005

Pile vertical displacement [m]
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Head free to move, tip constrained by the presence of a compressible material (rock)
Head heaves during heating, settles during cooling.
Tip settles duting heating, heaves during cooling.
There is a null-point along the pile! Very close to base because the pile is
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New development for detailed analysis
Heat exchangers geometry in ZSoil

Pile section

𝑣

𝑣

𝑣
𝑑
𝑑

Pile with embedded
heat exchanger

WWW.KFSA.CH
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Instead of modeling the heat flux at the pile boundary, we can model the detailed 3D heat exchanger
using the new Zsoil heat exchanger feature
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Results
Thermal behavior of the heat exchangers
14

𝑄̇ = 𝐴

𝜌 𝑐

,

𝑣 (T
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To study and optimize the heat exchangers behavior over different time scales:
Short time scales - intermittent heat pump operations
Longer times scales (few weeks) – long-term, continuous heat pump operations
To quantify the real heat extraction/injection potential
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Results
Temperature profile in the soil
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Local hydrothermal phenomena linked to heat exchange
Spatial extent of thermally-affected soil
Pile-soil-pile interaction (planes of symmetry)
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Concluding remarks
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Concluding remarks
 THM modeling makes it possible to tackle emerging sustainablerelated challenges (climate change, CO2 reduction, renewable
energy…)
 THM analyses are strongly needed to design wisely and responsibly
geotechnical systems and energy geostructres which allow us to
reduce the carbon footprint of our projects
 THM involves complexity in the modeling technique : additional
variables to be solved, calibration of material properties, increased
computational effort
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THM modeling requires
multidisciplinary knowledge
from the user
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Concluding remarks
 ZSoil is already well placed to tackle such phenomena
 Thermal analyses (T-M one-way coupling) which are currently feasible
with ZSoil :
 impact of temperature field on deformations
 detailed soil structure-interaction using heat exchanger elements
 However, ZSoil still needs upgrading to be able to tackle:
 hydro-thermal coupling e.g., conduction-convection heat transfer in
underground flow
 modification of mechanical properties due to temperature changes
(e.g., préconsolidation pressure, etc.)
 modification of hydraulic properties with temperature
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Thank you
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Find us
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