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1 Scope of the STSM 

The main goal of this STSM was to compare IFSTTAR and Polito approaches for thermal design of a 

thermo-active geostructure. Especially, two types of thermo-active geostructure were considered: 

diaphragm walls and tunnel linings. They both concern new metro projects. Indeed, the Grand Paris 

Express project (France) will include few geothermal stations and a new experimental section of 

Torino’s metro line 1 (Italy) is under construction with thermo-active lining segments. 

For this comparison, FEFLOW and FLAC3D, which are 3D finite elements software, were used for 

thermo-hydraulic calculation. 

The second goal of this STSM was to complete the table of contents of WG3 to prepare the next GABI 

meeting in Warsaw. 

2 Background 

With the development of cities, the need of energy growth and new sources should be found. New 

environmental policies imply to reduce the rejection of CO2 and to mix energy sources. In this way, 

the ground has a huge potential of heating and cooling because of it widely constant temperature 

between 10 m and 50 m [1]. Moreover, geothermal energy is maybe the most regular renewable 

energy. 

One solution for using this potential is to bury thermal exchanger pipe in foundations like pile, raft or 

diaphragm wall. The latter has the advantage to have a large surface of contact. These foundations, 

also called thermo-actives geostructures, can be applied for any kind of building. For example, 

underground metro station or tunnel linings have a great potential because it is fully in contact with 

the ground and place in the centre of cities. In this case, supply and demand are close which is one 

condition for a good utilization of geothermal energy. 

The soil thermal properties are greatly related to others ground properties like density, water 

content, etc. [2-3]. A lot of parameters are necessary to correctly design a thermo-active 

geostructure. Some authors [4-8] gave order of magnitude of power/energy exchange for preliminary 

design: 

• Pile with 0.3 < D < 0.5 m = 40 – 60 W/m run; 

• Pile with D ≥ 0.6 m = 35 W/m² earth-contact area; 

• Diaphragm walls or pile walls = 30 W/m² earth-contact area; 

• Base slabs: 10-30 W/m². 

Others [8-9] describe the influence of groundwater flow on these systems: 

• Groundwater flow < 0.5 m/d = energetic equilibrium is necessary to avoid thermal drift; 

• Groundwater flow > 1 m/d = energy performance is greatly improved.  
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In fact, when the groundwater flow is weak, the conduction is the main heat exchange phenomenon 

and heat exchange rate depends mainly on soil thermal conductivity. The critical value is defined 

when convection become stronger than conduction. The intensity of groundwater flow being the 

greatest factor of influence of heat exchange rate.  

However, this resource is not infinite and it is necessary to control the effect of a massive utilisation 

of the ground as an energy source. Nowadays, there is a lack of study on the impact on the ground of 

geothermal energy at a district or a city scale. Then it follows that there is also a lack of rules in most 

countries. 

3 Work carried out  

3.1 Seminar and discussion 

The first step of the STSM was to introduce current work of each institution. IFSTTAR’s work was 

presented during a seminar. Three main topics were described: French guidelines for thermos-active 

geostructures [10] which were an innovation in France, FLAC3D modelling of a diaphragm wall for 

thermo-hydraulical computation and scale model (20 m*20 m*3 m) of a smart city called SENSE-CITY 

which include three boxes representing diaphragm wall and a group of nine piles. The guidelines 

were outcomes from a French work group and represented two years of work. The FLAC3D model 

was the main subject of this STSM and a description is available in part 3.2. SENSE-CITY was under 

development and no results were available. 

Based on this seminar, a discussion was started to clarify hypothesis, boundary conditions of the 3D 

model, kind of approach, etc. Another discussion focused on Polito’s current work (Torino’s metro 

tunnel lining [9]) allowed to define different study cases and how to compare results from FEFLOW 

and FLAC3D.           

3.2 Modelling comparison 

3.2.1 Software functioning 

FEFLOW is usually used for hydraulic modelling of regional groundwater flow and diffusion of 

contaminating in 2D. A thermal module can also be used for thermal computation (thermal plume for 

example). A 3D aspect can be obtained by extrusion of a 2D model in the 3rd dimension. Moreover, 

no voids are accepted excepted if there are extended to the whole model dimension. In FEFLOW, 

exchanger pipes can be modelled with 1D elements (Figure 1) along the edges of a volumetric 

element, including flow and thermal exchange inside pipes. The computation can only be thermo-

hydraulic. 
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Figure 1 : Representation of the heat exchanger pipes in the tunnel lining with FEFLOW (Barla M., et al, 2016) 

FLAC3D is a more specific software, focus on geotechnics, soil and rock mechanics. Models can be in 

3D or pseudo-2D. Zones without mesh are accepted (excavation or air tunnel for example). 

Exchangers pipes cannot be modelled as 1D elements. Two solutions exist: assimilate pipes as point 

source  or represent pipes with volumetric element. First solution provides a good assessment when 

dimensions of different elements are greatly different which is the true in the case of thermo-active 

geostructures because pipes are in millimetres and geostructures in meter. Latest solution is more 

difficult to use and time consuming during computation. With FLAC3D, thermo-hydro-mechanical 

computations are possible. 

3.2.2 Diaphragm wall modelling 

In a first time, a FLAC3D model of a diaphragm wall (Figure 2) was reproduce with FEFLOW. 

 

Figure 2 : Modelling of a thermo-active diaphragm wall with FLAC3D (Delerablée Y., 2016) 

In this FLAC model, heating and cooling demand (Figure 3) were imposed on nodes (point source) 

which correspond to tube’s position all over diaphragm walls. Diaphragm wall were 30 m long and 

40m depth, tube’s spacing was 30 cm. No zones were modelled into excavation zone and a 

convective boundary condition was imposed on intrados side of walls. A groundwater flow was 

created thanks to differential of pore pressure between left and right boundaries. The model was not 

fully saturated (free aquifer). Different groundwater flow velocities were tested to evaluate impact 
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on heat exchange rate. Ground temperature was initialised at 12°C. Moreover, a sinusoidal variation 

of air temperature was imposed on the top of the model.  

 

Figure 3 : Heating and cooling demand for modelling (Delerablée Y., 2016) 

The aim of this modelling was to characterise thermal exchange between diaphragm walls and 

ground subjected to a specific demand and the role of groundwater flow. The question is: “What 

happen on ground temperature and heat exchange rate if I cover 100% of demand?” 

In FEFLOW, heating and cooling demand were imposed on pipes placed on same position as point 

source. Same boundary conditions and material properties as FLAC3D (Tableau 1) were used. 

Excavation zone was set with air properties. 

Tableau 1 : Material properties for modelling thermo-active diaphragm walls with FLAC3D and FEFLOW (Delerablée Y., 
2016) 

 FLAC3D FEFLOW 

Properties Ground Concrete Air Ground Concrete Air 

Solid particles density ρs (kg/m3) 2 000 2 500 - 2 000 2 500 - 

Fluid density ρw (kg/m3) 1 000 - - 1 000 - 1 

Porosity n (-) 0,4 - - 0,4 0 1 

Hydraulic conductivity* k (m/s) 1.10-5 - - 1.10-5 1.10-16 1.10-2 

Heat capacity of the fluid cw (J/kg.K) 4 185 - - 4 185 - 1.10-3 

Heat capacity of the solid particles cs (J/kg.K) 1 000 880 - 1 000 880 - 

Thermal conductivity of the fluid λw (W/m.K) 0,61 - - 0,61 - 0,53 

Thermal conductivity of the solid particles* λs (W/m.K) 1,5 1,8 - 1,5 1,8 - 

*ground was considered homogeneous with isotropic properties 
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3.2.3 Tunnel lining modelling 

In a second time, a FEFLOW model of a tunnel lining was reproduce with FLAC3D (Figure 4). 

 

Figure 4 : Modelling of a thermo-active tunnel lining (a) with FEFLOW, (b) with FLAC3D (Barla M., et al, 2016; Delerablée 
Y., 2016) 

Unlike diaphragm wall modelling, in this case the inlet temperature was imposed on pipes: 4°C in 

winter and 28°C in summer. Soil temperature was initialised at 14°C. Air temperature of the 

atmosphere and air temperature of the tunnel (Figure 5) were known by means of instrumentation. 

 

Figure 5 : Monitored tunnel internal temperature in the metro (Barla M., et al, 2016) 

Moreover, one pipes shape was choice (Figure 6). Outlet temperature was computed to calculate 

heat power exchange between the circulating fluid and concrete/ground to answer the question of 
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the heat exchange potential of such type of thermo-active geostructure. The model was not fully 

saturated (free aquifer). 

 

Figure 6 : pipes shape for tunnel lining (Di Donna A., 2016) 

Groundwater flow was modelled thanks to a difference of pore pressure between left and right 

boundaries. Different groundwater flow velocities were tested to evaluate impact on heat exchange 

rate.  

With FLAC3D, pipes volumetric elements were replaced by point sources.  Same boundary conditions 

and material properties as FEFLOW (Tableau 2) were used. No air properties were used and air 

tunnel temperature was imposed as boundary condition on tunnel’s intrados. 

Tableau 2 : Material properties for modelling thermo-active tunnel lining with FLAC3D and FEFLOW (Barla M., et al, 2016) 

 FLAC3D FEFLOW 

Properties Ground Concrete Air Ground Concrete Air 

Solid particles density ρs (kg/m3) 2 000 2 500 - 2 000 2 500 - 

Fluid density ρw (kg/m3) 1 000 - - 1 000 - 1 

Porosity n (-) 0,25 - - 0,25 0 1 

Horizontal hydraulic conductivity kh (m/s) 4,15.10-3 - - 4,15.10-3 1.10-16 1.10-2 

Vertical hydraulic conductivity kv (m/s) 2,075.10-4 - - 2,075.10-4 1.10-16 1.10-2 

Heat capacity of the fluid cw (J/kg.K) 4 200 - - 4 200 - 1.10-3 

Heat capacity of the solid particles cs (J/kg.K) 1 000 920 - 1 000 920 - 

Thermal conductivity of the fluid λw (W/m.K) 0,65 - - 0,65 - 0,53 

Thermal conductivity of the solid particles λs (W/m.K) 2,8 2,3 - 2,8 2,3 - 

3.3 Outcomes 

Both modelling had been started during this STSM. The two software are very different and to 

combine their approach brought some difficulties. The fact that FEFLOW can model a fluid flow inside 

pipes on the contrary of FLAC3D which use point source assessment is the most critical point. 

Moreover, getting familiar with FEFLOW took a lot of time.  That’s why no results are yet available. 

Concerning diaphragm walls modelling, discussion and comments brought some ideas to improve the 

FLAC3D model, including new set of properties and type of approach. Some issues cannot be 



 

p. 8 
Yvon Delerablée – STSM GABI – Scientific report 

neglected as outlet fluid temperature in pipes. New tests must be achieved before any comparison 

with FEFLOW. 

Regarding tunnel lining modelling with FEFLOW, a lot of results have been published by Politecnico di 

Torino. Next step is validation thanks to in situ data, other advanced modelling, etc. It implies that 

future results from FLAC3D could be easily compared to a reference.  

This STSM led to progress about how to manage a thermo-active geostructure’s project and key 

issues: outlet fluid temperature, role of groundwater flow, how to model pipes (volumetric element 

or point source assessment), position of pipes in a diaphragm wall or in a tunnel lining, computation 

based on demand or initial Heat Pump temperature, etc.       

4 Future plans 

Work undertaken during this STSM must be continue all over the COST GABI action. New meetings 

are already expected for next weeks to review the situation. These topics are of great interest for 

both institutions. 

An overview of these computations could be presented during Warsaw meeting (20-21/03/2017). 

When models will be exploitable, an article could be written about comparison and validation of 

numerical modelling. 

Data from experimental site of Torino’s new tunnel lining will allow to compare in situ real data with 

numerical results. It could be the aim of a new collaboration between both institutions. This 

experimental site is planned for May/June 2017. 

Other topics as mechanical behaviour of a thermo-active diaphragm wall submit to a groundwater 

flow could be study.  
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