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Abstract 

Thermo-active retaining walls are geotechnical structures employed as heat exchanger to provide low-

carbon heating and cooling to buildings. To assess the thermo-mechanical response of such structures, 

finite element (FE) analyses are typically carried out. Due to the presence of heat exchanger pipes, the 

temperature distribution along the width of the wall is not uniform, implying that these problems are 

three-dimensional (3D) in nature. However, performing three-dimensional FE analyses including 

elements to model the heat exchanger pipes to simulate the advective conductive heat transfer, as well 

as the thermo-hydro-mechanical coupling to accurately reproduce the non-isothermal soil response, 

requires considerable computational effort. In this paper, a novel approach to simulate thermo-active 

walls in two-dimensional (2D) analyses is proposed, which requires the sole use of thermal boundary 

conditions. It is shown to reproduce the average wall behaviour computed in 3D to a high degree of 

accuracy for numerous wall geometries, a wide range of thermal properties of soil and concrete and 

different thermal boundary conditions along the exposed face of the wall. In addition, out-of-plane 

effects recorded in 3D analyses are assessed and an accurate simplified procedure to account for these 

when performing 2D analyses is developed.  

Keywords: Geotechnical Engineering; Retaining walls; Thermal effects.  



Notation 

𝑎, 𝑏, 𝑟, 𝑠  stiffness degradation parameters 

𝐴𝑤𝑎𝑙𝑙  area of wall in contact with the soil 

𝐵  width of wall 

𝐶𝑝  specific heat capacity 

𝑐′  cohesion 

𝐸  Young’s modulus 

𝐸𝑑  deviatoric strain 

𝐹  Force 

𝐺𝑡𝑎𝑛  tangent shear modulus 

𝐺0  maximum shear modulus at reference mean effective stress 

𝐻  Thickness of wall 

𝐾𝑡𝑎𝑛  tangent bulk modulus 

𝐾0  maximum bulk modulus at reference mean effective stress 

or coefficient of earth pressure 

𝐿  length of wall 

𝐿𝑒𝑥𝑝  exposed length of wall 

𝐿𝑒𝑚𝑏  embedded length of wall 

𝑚𝐺 , 𝑚𝐾  parameters defining the dependence of elastic stiffness on mean effective stress 

𝑝′  mean effective stress 

𝑝𝑟𝑒𝑓
′   reference mean effective stress 

𝑞  heat flux 

𝑄𝑤  water flow rate 

𝑅𝐺,𝑚𝑖𝑛  minimum normalised value of 𝐺𝑡𝑎𝑛 

𝑅𝐾,𝑚𝑖𝑛  minimum normalised value of 𝐾𝑡𝑎𝑛 

𝑇  temperature 

𝑇0  initial temperature 

𝑇𝑖𝑛  temperature at pipe inlet  

𝑇𝑖,2𝐷 temperature to be applied as a boundary condition in a 2D coupled THM plane strain 

analysis 

𝑇𝑖,𝐴𝑣,𝑒𝑥𝑝 average temperatures at time instant 𝑡 = 𝑡𝑖 across the width of the panel where the 

pipes are located for exposed section of wall 

𝑇𝑖,𝐴𝑣,𝑒𝑚𝑏 average temperatures at time instant 𝑡 = 𝑡𝑖 across the width of the panel where the 

pipes are located for embedded section of wall 

𝑇𝑜𝑢𝑡  temperature at pipe outlet 



 

 

𝑡  time 

𝛼  linear coefficient of thermal expansion 

𝛼𝑤  linear coefficient of thermal expansion of pore fluid 

𝛼𝑇,𝑠  thermal diffusivity of soil 

𝛾  bulk unit weight 

Δ𝑇  change in temperature 

휀𝑚𝑒𝑐ℎ  mechanical strain 

휀𝑡ℎ  thermal strain 

휀𝑡𝑜𝑡  total strain 

휀𝑣𝑜𝑙  volumetric strain 

𝜆  thermal conductivity 

𝜆𝑐  thermal conductivity of concrete 

𝜈  Poisson’s ratio 

𝜌  density 

𝜎𝑥, 𝜎𝑦, 𝜎𝑧 stress in the 𝑥, 𝑦 and 𝑧 direction 

𝜙′  angle of shearing resistance 

𝜓′  angle of dilation 

 

 



 

 

1 Introduction 1 

Thermal energy for space heating and cooling can be generated by thermally activating geotechnical 2 

structures. This is a technology that consists in equipping underground structures, such as foundation 3 

piles, tunnel linings or retaining walls, with heat exchanger pipes coupled to a heat pump, through which 4 

energy is exchanged with the ground. It is considered to be a sustainable source of energy, given the 5 

excess of thermal energy produced in relation to the electrical input. Furthermore, from an economic 6 

perspective, thermo-active structures are often more convenient than systems built for the sole purpose 7 

of heat exchange since the additional cost is limited to the material of the heat exchanger pipes, as these 8 

structures are in any case required in order to provide stability. 9 

Thermo-active retaining walls, which are the focus of this paper, present a complex behaviour when 10 

subjected to temperature changes, since they are partly exposed to an environment which affects their 11 

thermo-mechanical response. However, the interaction between the structure and the environment 12 

within the underground space depends on many factors and is hence difficult to evaluate (Bourne-Webb 13 

et al., 2016). Furthermore, this implies that the behaviour of the structure depends on its geometry, e.g. 14 

depth and width of excavation, and the configuration of the heat exchanger pipes within the structure.  15 

Limited field tests on thermo-active retaining walls which include strain measurements have been 16 

performed (Brandl, 2006), hence their mechanical response under non-isothermal conditions has been 17 

mostly characterised using numerical analysis, focusing on their serviceability and stability (e.g. 18 

Bourne-Webb et al., 2016; Sterpi et al., 2017; Rui and Yin, 2018; Sailer et al., 2019; Barla et al., 2018). 19 

Most of these studies concluded that, while the heat exchange does not have a detrimental effect on the 20 

stability of these structures, their serviceability may be compromised by the development of excessive 21 

movements, which are a consequence of the thermal expansion or contraction of the wall upon heating 22 

and cooling, respectively, and of the thermo-hydro-mechanical (THM) response of the surrounding soil. 23 

As discussed in Sailer et al. (2019), the complexity of problems involving thermo-active structures lies 24 

in the transient soil response resulting from changes in temperature. Indeed, as supported by 25 

experimental evidence (e.g. Campanella and Mitchell, 1968; Baldi et al., 1988; Cekerevac and Laloui, 26 

2004; Abuel-Naga et al., 2007), changes in temperature lead to volumetric deformations and, in low 27 

permeability soils, to the development of excess pore water pressures due to the differential thermal 28 

expansion between water and soil. For these reasons, when simulating thermo-active structures by 29 

means of numerical analyses (e.g. Finite Element (FE) simulations), the coupled thermo-hydro-30 

mechanical response of the soil is fundamental to capture the highly transient phenomena observed in 31 

this type of problem. 32 

In addition to the effect of the complex THM soil behaviour, the modelling procedure employed to 33 

simulate thermo-active structures is crucial to characterise their response to thermal loading. Thermo-34 



 

 

active walls, due to the presence of heat exchanger pipes, which represent discrete sources of heat, are 35 

three-dimensional problems in nature, with the temperatures varying in both horizontal directions and, 36 

more marginally, in the vertical direction. However, modelling such problems using three-dimensional 37 

(3D) fully coupled THM analyses requires significant computational effort, given the large dimensions 38 

of the numerical model, both in terms of geometry and required number of elements, and hence a very 39 

large number of degrees of freedom. Indeed, most of the studies which include three-dimensional 40 

analyses on thermo-active walls (e.g. Di Donna et al., 2017) were purely thermal, meaning that the 41 

contribution of hydro-mechanical aspects of soil behaviour was not investigated. To date, only the study 42 

by Sterpi et al. (2017) comprises a three-dimensional analysis investigating temperature effects on the 43 

mechanical response of a retaining wall. However, in that study, the analysed wall was embedded in 44 

coarse granular soil and therefore its hydraulic behaviour and interaction with the thermal and 45 

mechanical components of its response were ignored. Other published research on the thermo-46 

mechanical response of thermo-active walls has been performed in two-dimensions (e.g. Bourne-Webb 47 

et al., 2016; Rui and Yin, 2018; Sailer et al., 2019; Barla et al., 2018), without proposing a consistent 48 

approach to model this type of structures in a plane strain analysis that could replicate accurately its 49 

behaviour in three-dimensions.  50 

This paper aims at formulating a new and general method of simulating thermo-active walls in two-51 

dimensional plane strain analyses which is capable of capturing the fundamental aspects of their 52 

behaviour in terms of forces and displacements. The proposed method is validated by comparing the 53 

results of a thermo-active wall modelled by three-dimensional analyses where heat exchanger pipes are 54 

explicitly modelled with those of two-dimensional analyses computed with the new method. 55 

Furthermore, three-dimensional effects on forces, which cannot be reproduced by a two-dimensional 56 

plane strain analysis, are assessed and procedures to incorporate these within two-dimensional analyses 57 

are proposed. Throughout the paper, particular focus is given to the effect of the boundary condition 58 

along the exposed face of the wall, as this affects the mechanical response of the structure, as discussed 59 

in detail in Bourne-Webb et al. (2016). It should be noted that, in real problems, the thermal load or the 60 

environmental conditions (within the excavation and at the ground surface) may vary daily or 61 

seasonally. For simplicity, these aspects have not been accounted for in the present study. However, as 62 

will be shown, the proposed modelling methodology can be adjusted in order to consider these effects. 63 

The finite element analyses presented in this study are fully coupled THM simulations and were carried 64 

out using the Imperial College Finite Element Code (ICFEP, Potts and Zdravković, 1999). The THM 65 

finite element formulation and the thermal boundary conditions are described in Cui et al. (2018a) and 66 

Cui et al. (2016a), respectively. The adopted sign convention is such that positive values refer to tensile 67 

axial forces, bending moments as a result of tension on the excavated side of the wall and upwards 68 

vertical movements. 69 



 

 

2 Modelling the THM response of thermo-active walls in 2D plane strain analyses 70 

2.1 General considerations  71 

Thermo-active retaining walls usually consist of diaphragm wall panels within which heat exchanger 72 

pipes are installed, implying that these problems are intrinsically three-dimensional. The heat exchanger 73 

pipes can have different configurations: they may be installed vertically (i.e. forming U-shaped loops) 74 

or horizontally (Barla et al., 2018) and placed in different positions within the thickness of the wall, i.e. 75 

towards the retained side, the excavation side or even on both sides (e.g. Xia et al., 2012). Furthermore, 76 

it was shown by field data (e.g. Brandl, 2006; Sterpi et al., 2018), that the environment to which the 77 

wall is exposed may affect the temperature distributions across the thickness of the wall and within the 78 

soil. Therefore, in addition to the issues related to the 3D nature of conventional retaining walls (e.g. 79 

out-of-plane stiffness, see Zdravkovic et al. (2005)), the following considerations need to be taken into 80 

account when simulating a thermo-active wall problem in two dimensional analyses: 81 

(1) A 3D problem features non-uniform temperatures in the out-of-plane direction (i.e. the direction 82 

perpendicular to the plane of analysis when adopting 2D plane strain simplifications for 83 

retaining wall design, with the dimension of the wall in this direction herein designated as the 84 

width of the wall), which a two-dimensional analysis cannot, by definition, capture; 85 

(2) The heat exchange takes place through heat exchanger pipes where a fluid flows at a certain 86 

velocity, implying that, in general, the temperatures along these components of the system are 87 

not constant; 88 

(3) A significant period of time is required to achieve steady state in thermo-active structures, 89 

meaning that the temperature field varies both in space and time. 90 

2.2 Proposed simplified modelling approach 91 

Thermo-active wall problems simulated in three-dimensional analyses with the inclusion of pipe 92 

elements to model the advective-conductive heat transfer require significant computational effort and 93 

advanced numerical methods to overcome the instabilities occurring when simulating advection-94 

dominated heat fluxes, such as those occurring in pipes (Cui et al., 2018b; Gawecka et al., 2020). 95 

Therefore, the proposed approach to model this type of problem in two-dimensional plane strain 96 

analyses consists of replacing the need to use one-dimensional elements for simulating heat exchanger 97 

pipes with temperature boundary conditions, aiming at reproducing the average transient behaviour of 98 

thermo-active walls per metre width of wall panel. To achieve this, the following assumptions are made: 99 

(1) The pipes in the three-dimensional problem are installed vertically and form U-shaped loops 100 

within the panel (as is common practice, see Amis et al. (2010)), where the presence of the 101 

horizontal pipe segment connecting the vertical pipes is neglected, since limited change in 102 

temperature occurs within this portion of the pipe; 103 



 

 

(2) The temperature difference, ∆𝑇, between pipe inlet and outlet within a U-loop should be 104 

consistent with of the heat extraction/injection rates reported for thermo-active walls in the 105 

literature (i.e. 10 to 30 W/m2, see Brandl (2006), Angelotti and Sterpi (2018) and Sterpi et al. 106 

(2018)); 107 

(3) A linear variation in temperature between the inlet and outlet is considered, similar to other 108 

thermo-active structures (Loveridge et al., 2013). 109 

The proposed method is schematically represented in Figure 1 and consists of determining an equivalent 110 

temperature, 𝑇𝑖,2𝐷, to be applied as a boundary condition in a 2D coupled THM plane strain analysis 111 

along the corresponding position of the pipes in the original geometry (i.e. along line C-D in Figure 1 112 

(c)). 𝑇𝑖,2𝐷 is evaluated as the average temperature across the width of the panel (𝐵) (𝑦-direction in 113 

Figure 1) where the pipes are located (i.e. along line A-B in Figure 1 (a) and (b)) and takes into account 114 

the different temperature distributions above and below the excavation level using a weighted average: 115 

 
𝑇𝑖,2𝐷 =

𝐿𝑒𝑥𝑝 

𝐿
 𝑇𝑖,𝐴𝑣,𝑒𝑥𝑝 +

𝐿𝑒𝑚𝑏

𝐿
𝑇𝑖,𝐴𝑣,𝑒𝑚𝑏 

 

(1) 

where 𝐿𝑒𝑥𝑝 and 𝐿𝑒𝑚𝑏 are the exposed and embedded lengths of the wall (m), respectively, 𝐿 is the total 116 

length of the wall (m) and 𝑇𝑖,𝐴𝑣,𝑒𝑥𝑝 and 𝑇𝑖,𝐴𝑣,𝑒𝑚𝑏 are the average temperatures at time instant 𝑡 = 𝑡𝑖 117 

across the width of the panel (𝐵) where the pipes are located (i.e. along line A-B in Figure 1 (a) and 118 

(b)) for the exposed and embedded sections of the wall, respectively.  119 

The average temperatures 𝑇𝑖,𝐴𝑣,𝑒𝑥𝑝 and 𝑇𝑖,𝐴𝑣,𝑒𝑚𝑏 are computed by performing simple two-dimensional 120 

plane strain analyses of the wall problem in plan view, designated hereafter as “2D plan analysis”. It is 121 

important to note that these analyses are thermal-only (i.e. the simulation of the THM response of soil 122 

is not required). As depicted in Figure 1 (a) and (b), for the exposed section, the problem consists of a 123 

wall panel with soil only on one side, while along the face of the wall a boundary condition is prescribed 124 

that best represents the conditions within the underground space; for the embedded section, the wall 125 

panel is surrounded by soil on both sides.  126 

The 2D plan analyses are performed by applying a constant temperature boundary condition at the nodes 127 

corresponding to the positions of the pipes in the real problem (which are vertical according to 128 

assumption (1)). As per assumption (2) and (3), the average value of the temperature at these points can 129 

be estimated as 𝑇𝑖𝑛 − ∆𝑇 2⁄  (see Figure 1 (a) and (b)), where 𝑇𝑖𝑛 is the design inlet temperature. Clearly, 130 

in a real problem, the two pipe branches present different temperatures which also vary with depth; 131 

however, as a simplification, the same temperature, equal to the average temperature along the pipes, is 132 

applied to both nodes representing the pipes. The 2D plan analyses, for the excavated and embedded 133 

sections of the wall, are carried out for the required simulation time and, for each step of the analysis, 134 



 

 

𝑇𝑖,𝐴𝑣,𝑒𝑥𝑝 and 𝑇𝑖,𝐴𝑣,𝑒𝑚𝑏 are evaluated. Equation 1 is then employed to calculate the temperature to be 135 

applied in the 2D plane strain analysis of the wall to be analysed (Figure 1 (c)). 136 

 137 

Figure 1: Schematic representation of the proposed method (a) 2D plan analysis for exposed section, (b) 2D plan analysis 138 
for embedded section and (c) 2D THM analysis simulated with temperature boundary condition 139 

The following observations regarding the proposed method should be considered: 140 

• The temperature applied in the 2D plane strain analysis, 𝑇𝑖,2𝐷, is constant with depth. This 141 

assumption is considered to negligibly affect the results since the variation in temperature along 142 

the length of the pipe in a 3D problem is limited (Sterpi et al., 2018); 143 

• If the characteristics of the environment in front of the wall are not known, it is suggested that 144 

the temperatures are evaluated in 2D plane analyses for the two extreme scenarios, i.e. an 145 

insulated wall (i.e. no heat flux (NF) occurs across the wall-air interface) and a wall face 146 

maintained at constant temperature (CT), equal to the initial temperature. Hence, two different 147 

2D plan analyses for the exposed part are to be carried out to evaluate 𝑇𝑖,2𝐷 for the different 148 

boundary conditions along the exposed face of the wall and two separate THM analyses should 149 

be performed to evaluate the impact of these boundary conditions on the mechanical behaviour 150 

of the wall; 151 

• The mesh refinement in proximity of the pipes in the 2D plan analysis needs to be sufficiently 152 

fine to avoid mesh effects and the distances to the boundaries should be far enough to avoid 153 

boundary effects on the temperature distribution. 154 

• The adopted methodology is sufficiently general to be extended to problems involving walls 155 

embedded in layered soils (hence for cases with a variation in the thermal parameters of the soil 156 

in the vertical direction). For such scenarios, additional 2D plan analyses can be performed and 157 



 

 

weighting factors can be applied to take into account the thickness of the soil layer when 158 

evaluating 𝑇𝑖,2𝐷. 159 

3 Validation of the method for a reference case 160 

3.1 Problem description 161 

The analysed thermo-active wall is 20.0 m long, 1.0 m thick and consists of 2.0 m wide panels. It 162 

supports a 30.0 m wide and 16.0 m deep excavation and is embedded in London Clay. The heat 163 

exchanger pipes (internal diameter of 27.33 mm) are located at a distance of 0.1 m from the concrete 164 

face on the retained side, with a pipe-to-pipe spacing of 1.0 m, and reach a depth of 19.5 m, where they 165 

are connected by a horizontal pipe segment. As shown in Figure 2, which depicts the finite element 166 

mesh, only half of the domain is modelled due to the symmetry of the problem in the 𝑥-direction. In the 167 

out-of-plane direction (𝑦-direction in Figure 2), an entire panel was simulated as a form of representing 168 

a wall characterised by a significant length. While in terms of geometry, half of the panel would have 169 

sufficed, this further simplification is prevented by the asymmetry in thermal loading, as the direction 170 

in which the water circulates differs between the two branches of the U-loop. However, this would lead 171 

to a large increase in required computational effort, without significant gains in accuracy given the 172 

limited temperature changes across each U-loop. The wall is supported by horizontal slabs, where the 173 

floor slabs and the base slab were assumed to have thicknesses of 0.3 m and 1.0 m, respectively (see 174 

Figure 2 for details on their position). Two different conditions were assumed for the wall-air interface: 175 

an insulated wall (i.e. no heat flux (NF) takes place across this boundary), and a wall face maintained 176 

at constant temperature (CT) equal to the initial temperature (𝑇0) of 15°C. The initial ground conditions 177 

are characterised by a hydrostatic pore water pressure profile, where the water table is located at the 178 

ground surface, and a coefficient of earth pressure at rest, 𝐾0, of 1.0, with the soil having a bulk unit 179 

weight, 𝛾, of 20 kN/m3.  180 



 

 

 181 

Figure 2: Finite element mesh 182 

3.2 Material properties 183 

Concrete and pipes were modelled as linear-elastic materials. The former is characterised by a Young’s 184 

modulus, 𝐸, of 30 GPa and a Poisson’s ratio, 𝜈, of 0.3. The pipes, which are simulated in the 3D analysis 185 

only, have a sufficiently low stiffness such that their presence will not affect the mechanical behaviour 186 

of the wall. 187 

The soil was modelled as a non-linear elasto-plastic material, with a Mohr-Coulomb failure surface 188 

(𝑐′=5.0 kPa, 𝜑′=25.0°, 𝜓′=12.5°) coupled with the IC.G3S non-linear elastic stiffness model (Taborda 189 

et al., 2016), where the model’s equations and employed parameters are reported in Appendix A. The 190 

soil has a permeability of 1.0×10- 10 m/s and the coefficient of expansion of water, 𝛼𝑤, is equal to 191 

6.9×10- 5 m/mK. The other thermal properties are outlined in Table 1, where the linear coefficient of 192 

thermal expansion of concrete, soil and pipe are assumed to be the same, in order to remove any effects 193 

of differential thermal expansion between the various materials (see e.g. Bourne-Webb et al. (2016) and 194 

Sailer et al. (2018) for analyses quantifying these effects in thermo-active retaining walls).  195 

Material 

Linear coefficient of 

thermal expansion 

𝛼 

(m/mK) 

Volumetric specific heat 

capacity 

𝜌𝐶𝑝 

(kJ/m3K) 

Thermal 

conductivity 

𝜆 

(W/mK) 

Concrete 1.2×10-5 2615 1.60 

London Clay  1.2×10-5 1820 (*) 1.79 (*) 

Pipe 1.2×10-5 4180 0.60 
(*) adopted from Gawecka et al. (2017)                         

Table 1: Thermal material properties 196 



 

 

3.3 Modelling procedure for the 3D analyses 197 

Wall and soil elements were discretised using 20-noded hexahedral elements. For the simulation of the 198 

heat exchanger pipes, one-dimensional 3-noded elements (see Gawecka et al. (2018) for further details 199 

on their formulation) were employed. Their use in simulating ground source heat exchangers in three-200 

dimensional analyses, including borehole heat exchangers, thermo-active piles and thermo-active 201 

retaining walls has been illustrated in Gawecka et al. (2020) and Sailer (2020). All nodes include 202 

displacement and temperature degrees of freedom. The elements discretising the soil and the pipe 203 

elements also have pore fluid pressure degrees of freedom at the corner nodes (see Cui et al. (2016a) 204 

for details on hybrid elements).  205 

The finite element model was restrained from moving in the vertical direction (𝑧-direction) along the 206 

bottom boundary, and, in the horizontal directions (𝑥-direction and 𝑦-direction), a restriction was 207 

applied in the normal direction to each lateral boundary. The pore water pressures were not allowed to 208 

change during the analysis along the bottom and the right-hand side far field boundary, while the left-209 

hand side boundary (at 𝑥-coordinate of 0.0 m) and the planes at the two extreme 𝑦-coordinates were 210 

considered impermeable.  211 

Undrained excavation was modelled by adopting a short time period, where the final depth was reached 212 

by excavating layers of 2.0 m in thickness. The wall was supported by temporary props placed at depths 213 

of 3.0 m, 7.0 m and 11.0 m. These were simulated as a nodal spring with a stiffness of 100 MN/m acting 214 

in the middle of the panel (i.e. 𝑦 = 1.0 m, see Figure 1) and were initiated sequentially once excavation 215 

reached the appropriate depth. Once excavation was completed, the temporary props were removed 216 

releasing the nodal reaction forces while the permanent slabs were constructed. These were simulated 217 

as normal springs applied along the whole width of the wall panel. The assigned stiffness was such that 218 

the springs would simulate the presence of concrete slabs (𝐸=28 GPa and thickness values of 0.3 m for 219 

floor slabs and 1.0 m for the base slab). Once construction was completed, a pore water pressure of 0.0 220 

kPa was imposed at the base of the excavation to simulate the presence of a drainage layer. Before the 221 

application of the thermal boundary conditions, the pore water pressures generated during excavation 222 

were fully dissipated to allow the thermal effects on the behaviour of the wall during the following 223 

THM analyses to be isolated from those arising from the construction stages. Furthermore, before the 224 

application of the thermal load, the soil’s stiffness was reset to its maximum to account for the increase 225 

in stiffness given by the reversal in the load direction induced by the application of temperature 226 

(Gawecka et al., 2017, Schroeder et al., 2004). 227 

Six months of heat injection were simulated by applying a constant temperature of 30°C at the inlet 228 

node of the pipes (𝑇𝑖𝑛). At the outlet node, the coupled thermo-hydraulic boundary condition (Cui et 229 

al., 2016a) was applied. Within the pipes, the water was circulated at a constant velocity of 0.35 m/s 230 

(water flow rate of 2.05×10-4 m3/s).To avoid numerical instabilities within the pipes, where large water 231 



 

 

flow velocities are simulated (hence, the heat transfer is characterised by a large Péclet number – i.e. 232 

advection is predominant) the Petrov-Galerkin finite element method (Cui et al., 2018b) was adopted. 233 

Appropriate time steps were employed to avoid the thermal and hydraulic shock problems (Cui et al., 234 

2016b, Cui et al., 2019). Along the exposed face of the wall, either a no flux (NF) or a constant 235 

temperature (CT) boundary condition, as previously described, was applied. The ground surface was 236 

maintained at a constant temperature (equal to 𝑇0 = 15°C) throughout the analysis, while all other 237 

boundaries were considered adiabatic. The far-field boundaries were sufficiently far away from the heat 238 

sources not to affect the results. 239 

3.4 Modelling procedure for the 2D analyses 240 

3.4.1 2D plan analyses 241 

The 2D plan analyses were performed with a 2D mesh consisting of 8-noded quadrilateral elements, 242 

where the same mesh discretisation in the 𝑥-𝑦 plane of the 3D analysis (see Figure 2) was adopted. 243 

Since 2D plan analyses are solely required to evaluate temperatures (hence the mechanical and 244 

hydraulic behaviours are not considered), the elements present only temperature degrees of freedom at 245 

all nodes. The initial temperature of all the elements was 15°C. The temperature difference between the 246 

pipe inlet and outlet, ∆𝑇, was assumed to be 1.0°C, as this is considered to be an average temperature 247 

change per U-loop over the period of six months, corresponding to a heat flux of approximately 20 248 

W/m2 as reported in Appendix B (it should be noted that this temperature difference does not necessarily 249 

represent the temperature difference at the heat pump, since more than one U-loop is typically connected 250 

to a heat pump). Thus, a constant temperature of 29.5°C (given that 𝑇𝑖𝑛=30°C) was imposed at the 251 

nodes corresponding to the position of the pipes in the 3D analysis. Clearly, the value of ∆𝑇 across the 252 

pipes and hence of the temperature applied in the 2D plan analysis, depends on a variety of factors. 253 

However, as demonstrated by the parametric study detailed in Appendix B, the impact of the choice of 254 

this parameter on the response of the analysed thermo-active wall is limited, provided that a reasonable 255 

assumption is made. Three separate analyses were carried out, i.e. one for the embedded section and 256 

two for the exposed section with either a NF or a CT boundary condition. These analyses covered a 257 

period of 6 months with the same time discretisation employed in the thermal phase of the 3D analysis 258 

and, for each step of the analysis, the average temperatures 𝑇𝑖,𝐴𝑣,𝑒𝑥𝑝 and 𝑇𝑖,𝐴𝑣,𝑒𝑚𝑏 were evaluated and 259 

𝑇𝑖,2𝐷 was calculated for the two cases, as shown in Figure 3. As expected, without the possibility of 260 

transferring heat through the exposed boundary, the NF analysis is characterised by significantly larger 261 

temperatures than the CT case. 262 



 

 

 263 

Figure 3: Temperature values for boundary condition in 2D plane strain THM analysis with NF and CT boundary condition 264 

3.4.2 2D plane strain THM analyses 265 

The finite element mesh employed for the 2D plane strain THM analysis consists of 8-noded 266 

quadrilateral elements, with displacement and temperature degrees of freedom at each node and pore 267 

water pressure degrees of freedom associated to the corner nodes of the elements discretising the soil. 268 

The mesh refinement in the 𝑧-direction is equal to that of the three-dimensional mesh (Figure 2), while 269 

in the 𝑥-direction, the refinement of the 3D mesh on the plane containing the pipe elements (i.e. 𝑦=0.5 270 

m) was adopted.  271 

The initial conditions (i.e. pore water pressure profile, 𝐾0 and temperature) as well as the mechanical 272 

and hydraulic boundary conditions were the same as in the 3D analysis. Similarly, the same construction 273 

sequence was modelled for the stages prior to the application of changes in temperature. The presence 274 

of the temporary props and permanent floor slabs was simulated in the same way as in the 3D analysis 275 

(i.e. using springs), in order to provide comparable level of restraint to the retaining wall. Clearly, if a 276 

different modelling approach is used in the 3D analysis to simulate these structural components (e.g. 277 

solid elements), then this should be reflected in the 2D plane strain THM analysis. 278 

The heat exchange was simulated by applying a constant temperature boundary condition along a 279 

vertical line located at 0.1 m from the concrete face on the retained side, i.e. where the pipes are located 280 

in the 3D model. The values of temperature applied, 𝑇𝑖,2𝐷, vary with time and the boundary condition 281 

along the exposed face, as shown in Figure 3.  282 

3.5 Comparison between 3D and 2D results 283 

The results obtained by the 3D and 2D analyses of the problem described above are presented for the 284 

two extreme boundary conditions along the exposed face. The average soil and wall behaviour are 285 

analysed in terms of temperatures, structural forces and movements. All the quantities are reported as 286 

changes from the beginning of the application of the thermal load. 287 



 

 

3.5.1 Temperatures  288 

Figure 4 shows the change in temperature with time computed at mid-depth of the wall (i.e. 10.0 m 289 

below ground surface) and at three different distances from the wall on the retained side, i.e. at the soil-290 

wall interface (0.0 m), 1.0 m and 4.0 m from this interface. 291 

The two-dimensional analysis predicts a slightly lower temperature than the 3D analysis for the NF case 292 

(Figure 4 (a)), with a maximum difference of 0.5°C at the soil-wall interface. However, the difference 293 

in temperature reduces with the distance from the wall: at a distance of 4.0 m, the difference between 294 

3D and 2D reduces to 0.1°C. Conversely, the 2D analysis overpredicts the change in temperature for 295 

the CT case ((Figure 4 (b)), with a maximum difference of 0.7°C at the soil-wall interface, while at 296 

larger distances negligible differences are calculated. In general, it can be said that the proposed 297 

simplified 2D method is capable of reproducing the temperature field accurately, particularly when the 298 

considerable approximations in terms of modelling heat sources are taken into account. 299 

 300 

Figure 4: Comparison between computed temperature change with time in 3D and 2D at different locations at mid-depth of 301 
the wall within the retained side (a) NF analysis and (b) CT analysis 302 

3.5.2 Axial force 303 

The profiles of changes in average axial force per meter width of the wall at two different time instants 304 

is shown in Figure 5 (a) and (b) for NF and CT boundary condition, respectively. Furthermore, Figure 305 

6 shows the change in axial force with time at a depth of 14.0 m (the approximate location of the peak 306 

in this quantity throughout the analysis).  307 

The change in axial forces resulting from the two-dimensional analyses compare very well with those 308 

computed by the 3D model, both in terms of variations with depth and with time. The initial 309 

compression is very well simulated in the 2D analyses, where the difference in the peak, occurring 310 

approximately after 1 day of operation, is of less than 1.0 kN/m for both boundary conditions. Similar 311 

levels of agreement are computed in the long-term, with the tensile change in axial forces computed in 312 

the 2D analyses diverging from those recorded in 3D by a maximum of ±1.5 kN/m. It should be noted 313 

that the thermally-induced changes in axial forces in the short-term are quite small, as expected given 314 



 

 

the short embedment depth of the wall, which leads to a limited restraint of the soil against the thermal 315 

expansion of the wall (see Sailer et al. (2019) for an in-depth discussion on the behaviour of this type 316 

of structure). It should be noted that additional thermally-induced axial forces may be introduced by the 317 

presence of constraints in the vertical direction provided by the internal structural supports. 318 

 319 

Figure 5: Change in axial force with depth (a) NF and (b) CT 320 

 321 

Figure 6: Change in axial force with time at a depth of 14.0m 322 

3.5.3 Bending moment  323 

Before comparing the results of the 3D and 2D analyses, the effects of a non-uniform temperature 324 

distribution across the thickness (𝐻) of the wall on the calculated bending moment needs to be 325 

discussed. Indeed, as thermal loading is applied and the temperature difference between the pipes and 326 



 

 

the exposed face of the wall increases (see Figure 7(a)), larger thermal strains are generated on the 327 

retained side, leading to the wall bending towards the retained side, as depicted in Figure 8. However, 328 

due to the large stiffness of the concrete, an internal reaction, which leads to a reduction of the curvatures 329 

experienced by the wall, arises. This opposing reaction takes the form of mechanical strains which, 330 

when added to the thermal strains, results in significantly lower values of curvature (see Figure 7(b) for 331 

variations across the wall width of the different components of strain, noting that 휀𝑡𝑜𝑡 =  휀𝑚𝑒𝑐ℎ + 휀𝑡ℎ). 332 

Clearly, while the observed deformed shape is connected to the distribution of total strains, the bending 333 

moment of the wall is related to that of the mechanical strains. Hence, the tensile mechanical strains 334 

observed on the excavated side lead to a positive bending moment according to the adopted sign 335 

convention, which is in contradiction with the sign expected from the deformed shape. As a result, for 336 

thermally-loaded retaining walls, it can be concluded that there is a break in the link between the 337 

deformed shape and the bending moment, meaning that the former can no longer be employed to assess 338 

the variation of the latter.  339 

 340 

Figure 7: Schematic representation of (a) change in temperature and (b) vertical strains induced by temperature across the 341 
thickness of the wall 342 



 

 

 343 

Figure 8: Schematic representation of deformed shape for thermo-active walls with heat injected into pipes located on the 344 
retained side (i.e. 𝑇𝑖𝑛 > 𝑇0) 345 

As can be seen from Figure 9, which shows the profiles with depth of the average change in bending 346 

moment per unit width, the NF and CT cases display the same response in the short term, since the 347 

temperatures are very similar (refer to Figure 3). However, as shown clearly in Figure 10, which depicts 348 

the development of the change in bending moment with time at a depth of 8.0 m, the two cases behave 349 

differently in the long-term: for the NF case, the temperature difference across the wall’s thickness 350 

reduces with time since the wall saturates with heat and, thus, in the longer term, the bending moment 351 

reduces; conversely, in the CT case, given the boundary condition along the exposed face, there is a 352 

permanent temperature gradient across the wall’s thickness and, hence, the bending moment increases 353 

with time as the temperature within the pipes increases. 354 

Comparing the results obtained by the 3D and 2D analyses, it can be observed in Figure 9 and Figure 355 

10 that the average bending moment with depth and its development with time compare well. In the 356 

short term, negligible differences are computed; in the long term, for the CT case, the 2D analysis 357 

overestimates the bending moment within the exposed part of the wall by a maximum of 30 kNm/m 358 

(9%), while, for the NF case, the largest difference occurs at the position of the base slab, where the 2D 359 

analysis predicts a larger negative change in bending moment. The differences in the long-term change 360 

in bending moment are due to the slightly higher temperatures computed within the wall in the 2D 361 

analyses, which lead to a larger positive bending moment for the CT case and a larger reduction in 362 

positive bending moment for the NF case. 363 



 

 

 364 

Figure 9: Change in bending moment with depth (a) NF and (b) CT 365 

 366 

Figure 10: Change in bending moment with time at a depth of 8.0m  367 

3.5.4 Vertical wall movements 368 

Figure 11 shows the development of the change in vertical displacement measured at the top of the wall 369 

with time for both boundary conditions. The displacement, which is due to the thermal expansion of 370 

concrete and soil upon changes in temperature, is largest for the NF analysis, where the computed 371 

temperature changes are larger (see Figure 3 and Figure 4). The 2D analyses are able to capture both 372 

magnitude and changes with time to a high degree of accuracy, with differences of less than 0.5 mm 373 

(9%). 374 



 

 

 375 

Figure 11: Change in vertical displacement of top of wall with time 376 

4 Performance of the method 377 

To characterise the capabilities of the proposed method, the procedure described in the previous section 378 

was applied to a wide range of scenarios. Firstly, the same wall geometry was employed while varying 379 

the width of the wall panel (𝐵) and concrete thermal conductivity (𝜆𝑐). Subsequently, the impact of 380 

reducing the depth of excavation (𝐿𝑒𝑥𝑝) to 4.0 m was analysed. For these cases, a reduced soil thermal 381 

diffusivity (𝛼𝑇,𝑠 = 𝜆/𝜌𝐶𝑝) was adopted to enable a further variable to be considered within this study 382 

(with 𝜌𝐶𝑝= 3000 kJ/m3K and 𝜆= 2.0 W/mK). All the analyses carried out are summarised in Table 2. 383 

For each case, the performance of the method was analysed for both NF and CT boundary conditions 384 

along the exposed face of the wall. Note that in Table 2, Analyses I and II correspond to those outlined 385 

in the previous section. 386 

The excavation procedure for the analyses involving an excavation depth of 4.0 m was similar to the 387 

one of 16.0 m; however, given the large embedment depth, no temporary props were simulated. 388 

Furthermore, only two slab levels are simulated, i.e. a top and a base slab. For all the cases, a ∆𝑇 of 389 

1.0°C has been assumed when performing the 2D plan analyses. 390 



 

 

Analysis 𝐿 

(m) 

𝐿𝑒𝑥𝑝 

(m) 

𝐿𝑒𝑥𝑝/𝐿 

(m) 

𝐵 

(m) 

BC exp 

face 
𝛼𝑇,𝑠 

(m2/s) 

𝜆𝑐 

(W/mK) 

I (*) 20.0 16.0 0.8 2.0 NF 9.8×10-7 1.6 

II (*) 20.0 16.0 0.8 2.0 CT 9.8×10-7 1.6 

III 20.0 16.0 0.8 1.0 NF 9.8×10-7 1.6 

IV 20.0 16.0 0.8 1.0 CT 9.8×10-7 1.6 

V 20.0 16.0 0.8 2.0 NF 9.8×10-7 3.2 

VI 20.0 16.0 0.8 2.0 CT 9.8×10-7 3.2 

VII 20.0 16.0 0.8 2.0 NF 9.8×10-7 0.8 

VIII 20.0 16.0 0.8 2.0 CT 9.8×10-7 0.8 

IX 20.0 4.0 0.2 2.0 NF 6.7×10-7 1.6 

X 20.0 4.0 0.2 2.0 CT 6.7×10-7 1.6 

XI 20.0 4.0 0.2 1.0 NF 6.7×10-7 1.6 

XII 20.0 4.0 0.2 1.0 CT 6.7×10-7 1.6 
(*) reported in Section 3 

Table 2: List of analyses carried out for validation of the method 391 

The behaviour simulated by the 3D analyses listed in Table 2 and the respective 2D analyses modelled 392 

with the proposed method is compared in terms of a wide range of key quantities for thermo-active 393 

walls, such as the maximum changes in compressive and tensile axial force, positive bending moment 394 

and vertical displacement at the top of the wall. 395 

The results of all the analyses are displayed in Figure 12, where the full and empty symbols relate, 396 

respectively, to analyses with an NF and CT boundary conditions along the exposed face of the wall. 397 

The thick line indicates a 100% match between the 3D and 2D results, whereas the region bounded by 398 

the dashed lines contains results with a deviation of ±10%. 399 

The results predicted by the 2D analyses using the proposed method approximate the behaviour of the 400 

3D analyses to a high degree. Indeed, for all the analysed quantities, the majority of the 2D analyses 401 

display values which are within ±10% of the ones computed in the 3D analyses. Furthermore, in those 402 

cases where larger differences are computed, the 2D analyses generally overestimate the results given 403 

by the 3D analysis, thus ensuring conservative design. It can also be noted that there is no pattern 404 

suggesting that any of the investigated parameters or boundary conditions produces a greater deviation 405 

between the 2D and 3D analyses, confirming the applicability of the method to a wide range of cases. 406 

Moreover, the excellent agreement between the 3D and 2D results provides confidence in the proposed 407 

methodology, allowing the analysis of thermo-active retaining walls using two-dimensional plane strain 408 

analyses, which require a reduced computational effort. 409 



 

 

 410 

Figure 12: Summary of the results of the comparison between 3D and 2D analyses (a) maximum change in compressive 411 
axial force, (b) maximum change in tensile axial force, (c) maximum change in positive bending moment and (d) maximum 412 

change in vertical wall displacement 413 

5 Evaluation and incorporation of 3D effects 414 

As previously discussed, the proposed method to model thermo-active walls in 2D plane strain analyses 415 

aims at reproducing the average wall behaviour in terms of forces and displacements. However, due to 416 

the three-dimensional nature of the problem, there are significant out-of-plane effects that cannot be 417 

captured by a 2D analysis and which affect the distribution of forces across the width of the wall panel 418 

(as observed by Sterpi et al. (2017)). This section characterises the out-of-plane behaviour observed in 419 

3D analyses and proposes approximations to compute these forces when designing thermo-active walls 420 

using a 2D plane strain analysis. 421 



 

 

5.1 Observed out-of-plane behaviour in 3D analyses 422 

The out-of-plane behaviour computed in the 3D analyses described in Section 3, for both CT and NF 423 

boundary conditions along the exposed face of the wall, is analysed in terms of axial forces and bending 424 

moments for two different portions of the wall across the width of the panel, i.e. the one where the inlet 425 

pipe is located and the middle portion of the panel, as depicted in Figure 13. The structural forces are 426 

computed based on the normal stress distributions within each portion of the wall and are subsequently 427 

divided by the portion’s width to obtain values per metre width of wall. Such normalisation means the 428 

final values are independent of the width of the considered portion and allows direct comparisons with 429 

the results from the 2D analyses. 430 

 431 

Figure 13: Mesh of wall panel in plan view with indication of the sections employed to analyse out-of-plane effects 432 

5.1.1 Axial force 433 

Figure 14 and Figure 15 show the change in axial force per metre width of wall, respectively for the NF 434 

and CT cases, calculated for the two portions of wall illustrated in Figure 13, and two different time 435 

instants. For reference, the average force of the whole panel and the one calculated in 2D are also 436 

displayed. 437 

The changes in axial force evaluated within the inlet and mid-section are considerably different from 438 

the average change in axial force of the whole panel. This is a consequence of the non-uniform 439 

temperatures in the out-of-plane direction (i.e. the 𝑦-direction). Indeed, the inlet section is characterised 440 

by larger temperatures when compared to the mid-section, due to the presence of the heat exchanger 441 

pipe. This temperature difference leads to internal actions and reactions due to the differential thermal 442 

expansion between the two portions of wall. In effect, the thermal expansion of the inlet section is partly 443 

restricted by the adjacent portions at lower temperature which expand less, inducing a mechanical 444 

compressive stress within this portion of the wall. The opposite is true for the mid-section of the wall, 445 

which is subjected to tensile forces due to the larger thermal expansion of the portions of the wall 446 

containing the pipes. 447 



 

 

These out-of-plane effects are most significant when large temperature differences exist across the 448 

width of the wall. For the analysed case, this occurs at the beginning of the analysis. Observing Figure 449 

14 (a) and Figure 15 (a), it can be noted that the inlet section experiences an increase in compression of 450 

200 kN/m, while the mid-section is subjected to 100 kN/m of tension. Furthermore, the analyses with 451 

different boundary conditions along the exposed face display similar behaviour as a result of the 452 

temperatures within the wall in the short-term being unaffected by the boundary conditions along the 453 

exposed face. With time, for the NF case, the temperatures become more uniform and hence the 454 

difference in forces between the wall sections decreases (see Figure 14 (b)). However, for the CT case, 455 

the temperatures remain non-uniform with time due to the applied boundary condition along the 456 

exposed face. Thus, larger out-of-plane effects are computed in the long term (Figure 15 (b)). It is 457 

evident that the 2D analyses are not able to capture the out-of-plane effects experienced by a three-458 

dimensional problem and hence a correction is required to enable the quantification of the variation of 459 

the change in axial force in the out-of-plane direction. 460 

 461 

Figure 14: Out-of-plane effects – Change in axial force with depth for NF boundary condition (a) 3days and (b) 6 months 462 



 

 

 463 

Figure 15: Out-of-plane effects – Change in axial force with depth for CT boundary condition (a) 3days and (b) 6 months 464 

5.1.2 Bending moment 465 

Figure 16 and Figure 17 show the change in bending moment per metre width of wall for the NF and 466 

CT cases, respectively, and for two different time instants. 467 

As was observed in Section 3.5.3, the bending moment induced by a change in temperature is affected 468 

by the magnitude of the temperature differential across the thickness of the panel, 𝐻 (i.e. distance 469 

between the retained and excavated sides of the wall), which induces mechanical strains. Naturally, a 470 

smaller temperature difference between the retained and excavated sides of the wall leads to lower 471 

bending moments. It is therefore unsurprising that, as can be noted in Figure 16 (a) and Figure 17 (a), 472 

the inlet section is subjected to a larger change in bending moment when compared to that of the mid-473 

section, since the temperature differential is higher within the portion of the wall containing the pipes. 474 

Indeed, the change in bending moment within the inlet section is 40 kNm/m larger in respect to the 475 

average one, while the one in the mid-section is 20 kNm/m smaller.  476 

Similar to the axial forces, the difference in bending moments between the various wall portions reduces 477 

with time for the NF case, as the temperatures become more uniform. As previously observed, the 478 

bending moment in the long-term for the NF case is driven by soil deformation rather than temperature 479 

gradients within the wall; thus, at the end of the analysis, the out-of-plane effects are negligible. 480 

Conversely, for the CT case, the temperature differential between the excavated and retained sides of 481 

the wall remains large due to the applied boundary condition along the excavated face, hence out-of-482 

plane effects are still present in the long-term (Figure 17 (b)).  483 



 

 

In absolute terms, the out-of-plane effects are more limited when compared to those calculated for the 484 

axial forces and are mainly relevant for walls subjected to a constant temperature along the exposed 485 

face. Furthermore, the change in bending moments computed in the 2D analyses tend to overestimate 486 

the maximum change in bending moment in 3D (see Figure 12 (c)). Thus, it is not considered that any 487 

additional corrections are required to take into account any out-of-plane effects for bending moments.  488 

 489 

Figure 16: Out-of-plane effects – Change in bending moment with depth for NF boundary condition (a) 3days and (b) 6 490 
months 491 



 

 

 492 

Figure 17: Out-of-plane effects – Change in bending moment with depth for CT boundary condition (a) 3days and (b) 6 493 
months 494 

5.2 Approximation to evaluate out-of-plane axial forces 495 

5.2.1 Method 496 

To evaluate the variation in axial force across the width of the wall (i.e. 𝑦-direction), an analytical 497 

procedure was developed. The problem is simplified by idealising the wall as a series of 𝑛 adjacent 498 

blocks, each at a given uniform temperature, 𝑇𝑖, of width 𝐵𝑖, thickness 𝐻 and 1.0 m in height, as 499 

schematically represented in Figure 18. To evaluate the interaction between the different blocks and 500 

obtain the resulting changes in axial forces, the following assumptions are introduced: 501 

(1) The blocks are unrestrained in the 𝑧-direction and the strain in this direction is equal for all the 502 

blocks; 503 

(2) The blocks are restrained in the 𝑥-direction; 504 

(3) The extremities of the blocks 𝑖=1 and 𝑖=𝑛 are restrained in the 𝑦-direction (i.e. the average 505 

strain across the entire block arrangement is 0 in this direction, but this component of strain in 506 

each block is not necessarily equal to 0); 507 

(4) The temperature of a single block is the average temperature of a considered portion of wall; 508 

(5) The blocks are made of concrete, with a linear elastic behaviour following Hooke’s law. 509 



 

 

 510 

Figure 18: Schematic of the problem 511 

Assumption (1) indicates that the structure is free to expand in the vertical direction (i.e. the total 512 

reaction along 𝑧 is equal to zero), which does not consider any restriction induced by the soil 513 

surrounding the wall. Furthermore, assuming equal strains in this direction for all blocks, while not 514 

entirely accurate, allows the problem to be solved analytically, producing conservative results. 515 

Assumption (2) results from the fact that the wall panel is assumed to be restrained along its thickness 516 

(𝑥-direction) by the presence of soil within the embedded part and the horizontal structures in the 517 

excavated section of the wall, while assumption (3) introduces a restraint in the out-of-plane direction 518 

(𝑦-direction) since it is regarded that walls have a considerable length in this direction, though it 519 

neglects the contribution of joints between panels (see Zdravkovic et al. (2005) for details). The average 520 

temperatures of the blocks are determined from the 2D plan analyses outlined in Section 2.2. These are 521 

calculated by numerical integration over the different portions of the mesh.  522 

The equations required to solve the above described problem are reported in Appendix C, which lead 523 

to a system of 3 × 𝑛 equations with 3 × 𝑛 unknowns, where these are the stresses within each of the 𝑛 524 

blocks in the three directions. Clearly, the forces in the 𝑧-direction yielded by the analytical procedure 525 

represent the deviation from the average force within a wall panel. Therefore, these values need to be 526 

added to the axial force obtained in the 2D plane strain analyses to determine the correct change in axial 527 

force for each individual portion of the wall. 528 

5.2.2 Application  529 

The variation in axial force across the width of the wall calculated by means of the proposed 530 

approximation procedure is evaluated for the reference case described in Section 3 with a constant 531 

temperature boundary condition along the exposed face of the wall (CT case), since larger three-532 

dimensional effects are evaluated for this case. It should be noted that this procedure was applied to all 533 

the cases outlined in Table 2 and similar conclusions were found. 534 

The wall panel shown in Figure 13 was divided into five blocks, as schematically represented in Figure 535 

19 with indication of their dimensions, while the material properties of concrete are those outlined in 536 

Section 3.2.  537 



 

 

 538 

Figure 19: Schematic of the system of blocks for evaluation of out-of-plane axial forces 539 

Figure 20 (a) and (b) show the changes in axial force per metre width after 3 days and 6 months of 540 

operation. The changes in axial force computed in the 3D analyses for the inlet section and mid-section 541 

shown in Figure 13 (i.e. blocks 2 and 3 in Figure 19) are compared to those evaluated through the 542 

analytical procedure outlined above and in Appendix C. 543 

After 3 days, the average changes in temperatures of the inlet section and mid-section were evaluated 544 

to be 1.47°C and 0.79°C, respectively; after six months, these have increased to 5.23°C and 4.84°C, 545 

respectively. Given the larger temperature difference between the two wall portions in the short-term, 546 

a larger variation in axial force across the width of the wall is estimated for this time instant. Indeed, 547 

the analytical procedure yields a compressive force within the inlet section, 𝐹𝑧,2 𝐵2⁄ , of -231.0 kN/m 548 

and a tensile force within the midsection, 𝐹𝑧,3 𝐵3⁄ , of 119.0 kN/m; after 6 months these decrease 549 

to -134.0 kN/m and 69.0 kN/m, respectively. As can be seen in Figure 20, when summed to the axial 550 

force computed in the 2D analysis, the corrected axial forces approximate very well the variation in 551 

axial force across the width of the panel registered in the 3D analysis. Larger differences are predicted 552 

in the short term, where the axial force calculated through the analytical procedure exceeds the one 553 

computed in 3D, on average, by 50 kN/m. In the long term, considerably higher accuracy is obtained. 554 

Furthermore, the discrepancy observed at the top and bottom of the wall, where the analytical procedure 555 

predicts higher changes in axial forces, are due to the adopted assumptions (i.e. constant temperature of 556 

the wall and uniform strain in the 𝑧-direction), which are not representative for the whole length of the 557 

wall. 558 



 

 

 559 

Figure 20: Axial force with depth – comparison between out-of-plane forces in 3D (CT case) and corrected forces (a) after 3 560 
days and (b) after 6 months 561 

6 Conclusions 562 

Thermo-active retaining walls are complex structures and, due to the presence of the heat exchanger 563 

pipes, intrinsically three-dimensional. To model accurately this type of problem in finite element 564 

analyses, three-dimensional analyses are required; however, these are computationally very expensive 565 

and require the use of advanced numerical methods to simulate the presence of the heat exchanger pipes 566 

and the conductive-advective heat transfer. This paper proposes a novel and practical approach to model 567 

thermo-active retaining walls in two-dimensional plane strain analyses which is able to capture the 568 

average behaviour of a wall simulated in 3D. Furthermore, it investigates out-of-plane effects due to 569 

non-uniform temperature fields in the out-of-plane direction which cannot be taken into account when 570 

performing a 2D plane strain analysis and provides an analytical procedure to estimate the change in 571 

axial forces within different portions of a wall panel. All analyses presented in this paper were carried 572 

out in ICFEP (Potts and Zdravković, 1999) and consist of fully coupled thermo-hydro-mechanical 573 

(THM) simulations, which are required to capture the transient nature of the modelled soil-structure 574 

interaction phenomena. 575 

The proposed method to model the average behaviour of walls replaces the use of special one-576 

dimensional elements for simulating the presence of heat exchanger pipes with the use of thermal 577 

boundary conditions, which are readily available in most FE codes. Indeed, the proposed methodology 578 



 

 

consists of performing first 2D analyses in plan view (termed herein 2D plan analyses), through which 579 

the temperature to be applied in the 2D THM plane strain analyses, 𝑇𝑖,2𝐷, of the wall are evaluated. The 580 

applicability of the proposed approach has been validated for numerous cases, which included varying 581 

the wall geometry, the depth of excavation, the thermal parameters of soil and concrete and the thermal 582 

boundary condition along the exposed face of the wall. It was shown that the 2D analyses are able to 583 

reproduce with a high level of accuracy the average wall behaviour computed by the original analyses 584 

in 3D. Similarly, a good estimate of the additional forces due to out-of-plane effects within a 3D 585 

problem is provided by the analytical procedure. Thus, a useful and practical methodology for the design 586 

of thermo-active walls is presented in this paper, enabling a reduction of the required computational 587 

effort associated with the accurate modelling of these complex structures. 588 

Based on the results discussed in this paper, the following issues specific to the design of thermo-active 589 

retaining walls should be noted: 590 

• The temperature distribution within the wall – both along its thickness and width – is highly 591 

dependent on the boundary condition along the exposed face and affects the magnitude of forces 592 

and displacements; 593 

• Bending moments due to temperature changes are no longer related to the deformed shape of 594 

the wall due to the development of mechanical strains as a consequence of temperature 595 

differentials across the wall’s thickness; 596 

• The boundary condition along the exposed face of the wall affects, as expected, the behaviour 597 

of the retaining wall. The constant temperature (CT) case leads to larger changes in bending 598 

moments, while the assumption of thermal insulation (no flux, NF) results in larger thermally-599 

induced displacements. Therefore, the design of the retaining wall may need to consider both 600 

cases to establish a conservative estimate of the implications of using this type of structure. 601 

Interestingly, the adopted boundary condition does not appear to affect the thermally-induced 602 

axial forces; 603 

• Out-of-plane effects exist due to non-uniform temperatures across the width of the wall which 604 

affect the distribution of forces. These are most significant in the short term, where larger 605 

temperature differences are registered, and lead to important variations in the distribution of 606 

changes in axial forces in the out-of-plane direction; 607 

• The out-of-plane effects, which are driven by the temperature distribution within the wall, are 608 

affected by the boundary condition along the exposed face of the wall and are larger when a 609 

constant temperature is simulated. 610 

 611 
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Appendix A. Small strain stiffness model 616 

The pre-yield behaviour of the soil is simulated adopting the IC3GS non-linear small-strain stiffness 617 

model proposed by Taborda et al. (2016). The following equations summarise the model’s capabilities, 618 

while Table A. 1 contains the model parameters employed in the analysis.  619 

The tangent shear modulus, 𝐺𝑡𝑎𝑛, is given by: 620 

 

𝐺𝑡𝑎𝑛 =   𝐺𝑚𝑎𝑥 ∙ [𝑅𝐺,𝑚𝑖𝑛 +
1 − 𝑅𝐺,𝑚𝑖𝑛

1 + (
𝐸𝑑
𝑎

)
𝑏 ] ≥ 𝐺𝑚𝑖𝑛 (A1) 

where 𝐸𝑑 is the second invariant of the strain tensor (see Equation A2), 𝐺𝑚𝑖𝑛 is the minimum shear 621 

stiffness and 𝑎, 𝑏 and 𝑅𝐺,𝑚𝑖𝑛 are model parameters.  622 

 

𝐸𝑑 = (
4

6
∙ [(휀𝑥 − 휀𝑦)

2
+ (휀𝑦 − 휀𝑧)

2
+ (휀𝑧 − 휀𝑥)2] + 𝛾

𝑥𝑦
2 + 𝛾

𝑦𝑧
2 + 𝛾

𝑥𝑧
2)

1
2
 (A2) 

In Equation A1, the maximum shear stiffness, 𝐺𝑚𝑎𝑥, is calculated using: 623 

 
𝐺𝑚𝑎𝑥 =   𝐺0 ∙ (

𝑝′

𝑝′𝑟𝑒𝑓
)

𝑚𝐺

 (A3) 

where 𝑝′ is the mean effective stress, 𝑝𝑟𝑒𝑓
′  is a reference pressure (assumed to be equal to the 624 

atmospheric pressure, i.e. 101.3 kPa), while 𝐺0 and 𝑚𝐺 are model parameters (in this paper, the latter 625 

is assumed to be 1.0, i.e. the shear stiffness varies linearly with 𝑝′). 626 

Similarly, the tangent bulk modulus, 𝐾𝑡𝑎𝑛, is given by: 627 

 

𝐾𝑡𝑎𝑛 =   𝐾𝑚𝑎𝑥 ∙ [𝑅𝐾,𝑚𝑖𝑛 +
1 − 𝑅𝐾,𝑚𝑖𝑛

1 + (
|휀𝑣𝑜𝑙|

𝑟 )
𝑠] ≥ 𝐾𝑚𝑖𝑛 (A4) 

where 휀𝑣𝑜𝑙 is the volumetric strain (i.e. the first invariant of the strain tensor, see Equation A5), 𝐾𝑚𝑖𝑛 is 628 

the minimum bulk modulus and 𝑟, 𝑠 and 𝑅𝐾,𝑚𝑖𝑛 are model parameters.  629 

 휀𝑣𝑜𝑙 = 휀𝑥 + 휀𝑦 + 휀𝑧 (A5) 

In Equation A4, the maximum bulk modulus, 𝐾𝑚𝑎𝑥, is calculated using: 630 

 
𝐾𝑚𝑎𝑥 =   𝐾0 ∙ (

𝑝′

𝑝′𝑟𝑒𝑓
)

𝑚𝐾

 (A6) 

where 𝐾0 and 𝑚𝐾 are model parameters (as for the shear stiffness, the latter is assumed to be 1.0, i.e. 631 

the bulk modulus varies linearly with 𝑝′). 632 



 

 

𝐺0 (kPa) 51743.55 

𝑎 (--) 0.000056 

𝑏 (--) 0.9 

𝑅𝐺,𝑚𝑖𝑛 (--) 0.06450 

𝐺𝑚𝑖𝑛 (kPa) 2667 

𝐾0 (kPa) 26692.73 

𝑟 (--) 0.000127 

𝑠 (--) 1.8 

𝑅𝐾,𝑚𝑖𝑛 (--a) 0.13275 

𝐾𝑚𝑖𝑛 (kPa) 5000 
Table A. 1: Small strain stiffness properties (adopted from Gawecka et al. (2017)) 633 

 634 

Appendix B. Impact of the assumed ∆𝑻 for the 2D plan analyses 635 

The proposed simplified modelling approach to model thermo-active retaining walls in 2D plane strain 636 

analyses requires the assumption of a variation of temperature, ∆𝑇 (equal to the difference between the 637 

temperature at the pipe inlet (𝑇𝑖𝑛) and outlet (𝑇𝑜𝑢𝑡)), along the pipe loop installed within the retaining 638 

wall. This parameter determines the amount of heat flux, 𝑞 (W/m2), generated by the geothermal system: 639 

 

𝑞 =
(𝜌𝐶𝑝)

𝑤
𝑄𝑤(𝑇𝑖𝑛 − 𝑇𝑜𝑢𝑡)

𝐴𝑤𝑎𝑙𝑙
 (B-1) 

where (𝜌𝑐)𝑤  is the volumetric heat capacity of water (kJ/m3K), 𝑄𝑤 is the fluid flow rate (m3/s), 𝑇𝑖𝑛 and 640 

𝑇𝑜𝑢𝑡 are the inlet and outlet temperatures (°C), respectively, and 𝐴𝑤𝑎𝑙𝑙 is the area of the wall panel in 641 

contact with the soil (m2). Thus, ∆𝑇 can be expressed as: 642 

 
∆𝑇 =

𝑞 ∙ 𝐴𝑤𝑎𝑙𝑙

(𝜌𝐶𝑝)
𝑤

𝑄𝑤 
 (B2) 

It should be noted that the heat flux, 𝑞, varies with time and depends on a large number factors, including 643 

but not limited to the embedment depth, the thermal parameters of soil and concrete, and the boundary 644 

condition along the exposed face of the wall (Di Donna et al., 2017; Sailer, 2020), with values ranging 645 

between 10 and 30 W/m2 reported in the literature. For the reference case analysed in Section 3, the 646 

values to be used in Equation B2 are: 𝐴𝑤𝑎𝑙𝑙= 40 m2, (𝜌𝐶𝑝)
𝑤

= 4180 kJ/m3K and 𝑄𝑤 = 2.05×10-4 m3/s. 647 

In this study, the impact of varying ∆𝑇 on the mechanical response of the wall is analysed. Two 648 

additional scenarios are compared to the one presented in Section 3 (i.e. ∆𝑇 = 1.0°C, hence 𝑞 ≅ 649 

20 W/m2): (1) a ∆𝑇 of 0.0°C, implying that no heat transfer takes place (i.e. 𝑞 = 0 W/m2); (2) a ∆𝑇 of 650 

2.0°C, which translates into a heat flux of approximately 40 W/m2 according to Equation B2. The 651 

computed average temperatures resulting from the 2D plan analyses, 𝑇𝑖,2𝐷, and used as input in the 2D 652 

THM analyses are depicted in Figure B. 1. As expected, these are higher when a ∆𝑇 of 0.0°C is assumed 653 

(which corresponds to the upper limit of the shaded area depicted in  Figure B. 1). 654 



 

 

 655 

Figure B. 1: Temperature values for boundary condition in 2D plane strain THM analysis with NF and CT boundary 656 
condition 657 

The results in terms of changes in temperature, axial force and bending moment, and vertical 658 

displacement of the top of the wall with time are displayed in Figure B. 2, Figure B. 3 and Figure B. 4, 659 

respectively (note that, in these figures, the upper limit of the shaded area corresponds to ∆𝑇 = 0.0°C 660 

and the lower limit to ∆𝑇 = 2.0°C). 661 

It can be observed that, in general, the value of ∆𝑇 assumed to perform the 2D plan analyses has a 662 

limited effect on the mechanical response of the wall in 2D and the temperature changes evaluated 663 

within the soil. Indeed, all the analysed quantities vary within a range of ±4% of the values computed 664 

with a ∆𝑇 of 1.0°C. Furthermore, it can be noted that the assumed ∆𝑇 does not affect the time dependent 665 

behaviour, since the development with time of forces and displacements is the same (i.e. peaks 666 

occurring at the same time instants). Thus, it is considered that, provided that the chosen value of ∆𝑇 667 

lies within a reasonable range, it does not affect the validity of the proposed methodology. Furthermore, 668 

assuming a ∆𝑇 of 0.0°C provides more conservative results, since larger temperature changes are 669 

predicted. 670 



 

 

 671 

Figure B. 2:  Comparison between computed temperature change with time in 3D and 2D for different ∆𝑇 at different 672 
locations at mid-depth of wall within the retained side (a) NF analysis and (b) CT analysis 673 

 674 

Figure B. 3: Comparison between  3D and 2D for different ∆𝑇 (a) change in axial force with time at a depth of 14.0m and 675 
(b) change in bending moment with time at a depth of 8.0m 676 

 677 

Figure B. 4: Comparison of change in vertical displacement of top of wall with time between  3D and 2D for different ∆𝑇   678 



 

 

Appendix C. Correction for out-of-plane axial forces 679 

The correction for the evaluation of the variation in axial force across the width of the panel is 680 

determined by solving analytically the system depicted in Figure 18. Given the assumptions listed in 681 

Section 5.2.1 and noting that: 682 

• the total strain (휀𝑡𝑜𝑡 ) is equal to 휀𝑡𝑜𝑡 =  휀𝑚𝑒𝑐ℎ + 휀𝑡ℎ, where 휀𝑚𝑒𝑐ℎ and 휀𝑡ℎ  are respectively the 683 

mechanical and thermal strains;  684 

• the mechanical strain in direction 𝑥, 휀𝑚𝑒𝑐ℎ,𝑥, is calculated as 휀𝑚𝑒𝑐ℎ,𝑥 =
1

𝐸
[𝜎𝑥 − 𝜈(𝜎𝑦 + 𝜎𝑧)], 685 

where 𝐸 is the Young’s modulus and 𝜎𝑥, 𝜎𝑦 and 𝜎𝑧 are the stresses in the three cartesian 686 

directions. A similar relationship holds for the strains in the 𝑦 and 𝑧 direction;  687 

• the thermal strain in each direction is defined as 휀𝑡ℎ =  𝛼𝑇𝑖, with 𝛼 being the linear coefficient 688 

of thermal expansion and 𝑇𝑖 the average temperature of block 𝑖; 689 

• to take into account the different temperatures within the exposed and embedded sections of 690 

the wall, 𝑇𝑖 =
𝐿𝑒𝑥𝑝

𝐿
𝑇𝑖,𝑒𝑥𝑝 +

𝐿𝑒𝑚𝑏

𝐿
𝑇𝑖,𝑒𝑚𝑏; 691 

the following equations can be established to evaluate the stresses in each direction generated by 𝑛 692 

adjacent blocks at different temperatures for a specific time instant.  693 

From assumption (1) it can be established that the sum of the forces in the 𝑧-direction, 𝐹𝑧, is equal to 694 

zero: 695 

 

∑ 𝐹𝑧,𝑖 = 0      𝑖 = 1, … , 𝑛

𝑛

𝑖=1

 

 

(C1) 

which can be rewritten as: 696 

 

∑ 𝜎𝑧,𝑖𝐴𝑧,𝑖 = 0      𝑖 = 1, … , 𝑛

𝑛

𝑖=1

 

 

(C2) 

 

Furthermore, assuming that the total strain in the 𝑧-direction is equal for all adjacent blocks leads to:  697 

 휀𝑡𝑜𝑡,𝑧,𝑖 = 휀𝑡𝑜𝑡,𝑧,(𝑖+1)      𝑖 = 1, … , (𝑛 − 1) 

 

(C3) 

 

which can be expressed as: 698 

 1

𝐸
[𝜎𝑧,𝑖 − 𝜈(𝜎𝑥,𝑖 + 𝜎𝑦,𝑖)] + 𝛼𝑇𝑖 −

1

𝐸
[𝜎𝑧,(𝑖+1) − 𝜈(𝜎𝑥,(𝑖+1) + 𝜎𝑦,(𝑖+1))] − 𝛼𝑇(𝑖+1) = 0 

𝑖 = 1, … , (𝑛 − 1) 

(C4) 

 



 

 

 699 

Assumption (2) indicates that the total strain of each block in the 𝑥-direction is equal to zero: 700 

 휀𝑡𝑜𝑡,𝑥,𝑖 = 0      𝑖 = 1, … , 𝑛 

 

(C5) 

 

which is equivalent to: 701 

 1

𝐸
[𝜎𝑥,𝑖 − 𝜈(𝜎𝑦,𝑖 + 𝜎𝑧,𝑖)] + 𝛼𝑇𝑖 = 0      𝑖 = 1, … , 𝑛 

 

(C6) 

 

 702 

Assumption (3) implies that the force in the 𝑦-direction, 𝐹𝑦, of each block is the same: 703 

 𝐹𝑦,𝑖 = 𝐹𝑦,(𝑖+1)      𝑖 = 1, … , (𝑛 − 1) 

 

(C7) 

 

Hence: 704 

 𝜎𝑦,𝑖𝐴𝑦,𝑖 − 𝜎𝑦,(𝑖+1)𝐴𝑦,(𝑖+1) = 0      𝑖 = 1, … , (𝑛 − 1) 

 

(C8) 

 

In addition, the displacement in this direction, 𝛿𝑦, is equal to zero: 705 

 𝛿𝑦 = 0 

 

(C9) 

 

which can be expressed as the sum of the total strain along 𝑦 occurring in each of the blocks multiplied 706 

by its width 𝐵: 707 

 

∑ 𝐵𝑖휀𝑡𝑜𝑡,𝑦,𝑖 = 0      𝑖 = 1, … , 𝑛

𝑛

𝑖=1

 

 

(C10) 

 

which equates to: 708 

 

∑ 𝐵𝑖 {
1

𝐸
[𝜎𝑦,𝑖 − 𝜈(𝜎𝑥,𝑖 + 𝜎𝑧,𝑖)] + 𝛼𝑇𝑖} = 0      𝑖 = 1, … , 𝑛

𝑛

𝑖=1

 

 

(C11) 

 

According to this procedure, a system of 3 × 𝑛 equations with 3 × 𝑛 unknowns has to be solved, where 709 

these are the stresses within each of the 𝑛 blocks in the three directions. In the equations above, 𝐴𝑗,𝑖 710 

indicates the area of block 𝑖 normal to the direction 𝑗.  711 



 

 

Once the stresses are computed, the force per metre width in the 𝑧-direction in each block 𝑖 is evaluated 712 

as: 713 

 𝐹𝑧,𝑖

𝐵𝑖
=

𝜎𝑧,𝑖𝐴𝑧,𝑖

𝐵𝑖
 

 

(C12) 

 

This is summed to the axial force per metre width computed in the 2D analysis, 𝐹𝐴𝑋,2𝐷, to obtain the 714 

variation of axial force in the out-of-plane direction: 715 

 
𝐹𝐴𝑋,𝑖 =

𝐹𝑧,𝑖

𝐵𝑖
+ 𝐹𝐴𝑋,2𝐷 

 

(C13) 

 

Which is equally expressed as: 716 

 
𝐹𝐴𝑋,𝑖 =

𝜎𝑧,𝑖𝐴𝑧,𝑖

𝐵𝑖
+ 𝐹𝐴𝑋,2𝐷 

 

(C14) 
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