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Abstract 

Thermo-active structures exchange heat with the ground to provide thermal energy to buildings. 

Consequently, the ground is subjected to changes in temperature, inducing thermo-hydro-mechanical 

(THM) interactions within the soil. To provide insights into the origin and manifestations of the main 

mechanisms taking place in complex fully THM-coupled finite element (FE) analyses, simple, one-

dimensional problems are firstly analysed in this paper and compared to analytical expressions 

developed for determining thermally-induced excess pore water pressures in undrained problems with 

different displacement restraints. Subsequently, various dimensionless parameters are established to 

evaluate the impact of varying ground properties on the observed THM interactions and their evolution 

with time. Finally, the findings from simple one-dimensional problems are verified in the context of 

THM modelling of thermo-active retaining walls, where the structural response of walls is shown to be 

highly transient and influenced by different phenomena prevailing over different periods involving 

thermal expansion of soils, volumetric deformations due to pore water generation and dissipation, and 

interactions with mechanical boundary conditions. The results also highlight the importance of 

performing fully coupled THM analyses and of a correct estimation of the hydraulic and thermal 

properties to guarantee a safe design of thermo-active structures. 

 

 

Keywords: THM-coupled behaviour; Finite element modelling; Retaining walls; Porous media; 
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1 Introduction 1 

Ground Source Energy Systems (GSES) provide sustainable heating and cooling to buildings (Brandl, 2 

2006) and are increasingly being installed in densely built environments. These systems, which can be 3 

buried within geotechnical structures (such as foundation piles or walls), exchange heat with the ground 4 

at shallow depths (up to 300 m) and hence lead to a change in temperature of the surrounding soil mass. 5 

Thermo-active structures have been the subject of considerable research (e.g. Laloui et al., 2006; 6 

Bourne-Webb et al., 2009; Stewart and McCartney, 2013; Loveridge and Powrie, 2013; Ng et al., 2014; 7 

Makasis et al., 2018; Bourne-Webb et al., 2019; Sterpi et al., 2020) due to the uncertainty in their 8 

mechanical response when subjected to changes in temperature, and the need to guarantee their safety 9 

and serviceability, as well as that of any underground structure in their vicinity. 10 

Typically, geotechnical structures are designed by means of numerical analyses, where the soil layers 11 

are explicitly modelled. Soils are multi-phase porous media, with saturated soils consisting of a mixture 12 

of solids and fluid, where the latter fills the pore space between the solid particles. Low permeability 13 

soils, such as clays, display a complex behaviour when subjected to temperature changes. Indeed, it was 14 

demonstrated by numerous laboratory studies undertaken on different types of clays, such as Pontida 15 

and Pasquasia clays (Baldi et al., 1988), Boom clay (Sultan et al., 2002), Kaolin (Cekerevac and Laloui, 16 

2004) and soft Bangkok clay (Abuel-Naga et al., 2007a), that, when exposed to a temperature change, 17 

excess pore water pressures develop within the soil samples. As a consequence, their strength and 18 

stiffness will be affected. Thus, it is clear that when designing systems inducing temperature changes 19 

within the soil, numerous aspects of non-isothermal soil behaviour have to be considered. To model 20 

these in finite element (FE) simulations, fully coupled thermo-hydro-mechanical (THM) analyses are 21 

required, where the interaction between the three physical systems, i.e. the mechanical, hydraulic and 22 

thermal systems, is accounted for (Olivella et al., 1996; Lewis and Schrefler, 1998; Thomas and He, 23 

1997; Gatmiri and Delage, 1997; Cui et al., 2018) . When compared to isothermal analyses (i.e. hydro-24 

mechanical analyses), additional interactions occur in soils due to temperature changes, such as thermal 25 

expansion and temperature-induced pore fluid pressures. Moreover, mechanical constitutive models 26 

(e.g. Laloui and Francois, 2009; Abuel-Naga et al., 2007b) have also been developed to account for the 27 
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irreversible deformation (i.e. thermal plasticity) observed in laboratory tests when soils are subjected to 28 

temperature changes. 29 

While several studies on soil-structure interaction by means of fully coupled THM analyses have been 30 

carried out for single thermo-active piles (e.g. Gawecka et al., 2017; Di Donna and Laloui, 2015; Liu 31 

et al., 2020) and groups of thermo-active piles (e.g. Dupray et al., 2014; Jeong et al., 2014), only limited 32 

literature exists on the THM behaviour of thermo-active retaining structures (Rui and Yin, 2018; Sailer 33 

et al., 2019a; Sailer et al., 2019b; Dai and Li, 2019; Barla et al., 2020). As a result, further research on 34 

thermo-active retaining walls is required, particularly as Sailer et al. (2019a) concluded that these 35 

structures display a highly transient behaviour and that their mechanical response is significantly 36 

affected by THM interactions taking place in the soil. 37 

This study aims at characterising how complex coupled thermo-hydro-mechanical phenomena taking 38 

place in the soil affect the different aspects of soil-structure interaction under non-isothermal conditions 39 

occurring in a thermo-active retaining wall problem and identifying their impact on the structure’s 40 

behaviour. For this purpose, simple one-dimensional problems are analysed first, to characterise the 41 

different mechanisms taking place in the soil. To assist in the interpretation of the results, analytical 42 

expressions for calculating excess pore water pressures resulting from changes in temperature in 43 

undrained conditions are developed. Furthermore, to evaluate the impact of ground properties on the 44 

observed THM interactions, various novel dimensionless parameters are established. Subsequently, the 45 

long-term behaviour of a thermo-active retaining wall is investigated, highlighting the influence on its 46 

response of the THM interactions identified in the simple one-dimensional problems. It should be noted 47 

that the conclusions are equally valid for other types of geothermal structures (e.g. piles or tunnel 48 

linings) and may be considered relevant when analysing existing or new underground structures in the 49 

proximity of a heat source. 50 

All the analyses presented in this paper were performed using the Imperial College Finite Element 51 

Program (ICFEP, Potts and Zdravković (1999)), capable of modelling fully coupled THM behaviour 52 

(see Cui et al. (2018) for more details). As the focus of this work is the comprehensive characterisation 53 

of the fundamental THM-coupled phenomena occurring in the soil, thermo-plastic soil behaviour was 54 
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not taken into account. This option, similar to that adopted by existing studies (e.g. Di Donna et al., 55 

2016; Salciarini et al., 2017; Rui and Yin, 2018), enables a simpler derivation of analytical expressions 56 

for estimating pore-water pressure generation under undrained conditions performed in this paper. The 57 

sign convention is such that positive values refer to tensile axial forces, bending moments as a result of 58 

tension on the excavated side of the wall and compressive pore water pressures. 59 

2 Thermo-hydro-mechanical interactions in one-dimensional problems 60 

Thermo-hydro-mechanical interactions are assessed by analysing two one-dimensional problems 61 

characterised by different mechanical and hydraulic boundary conditions, with the aim of representing 62 

the conditions within the retained (Problem A – one-dimensional expansion) and excavated (Problem 63 

B – fully restricted) sides of a thermo-active wall simulated in a 2D plane strain analysis (Figure 1).  64 

It should be noted that the idealisation of the retained side assumes the soil mass is free to expand in 65 

the horizontal direction. This may not reproduce accurately the deformation mode of the soil mass in 66 

this region, where an important displacement in the vertical direction takes place. However, the adopted 67 

approximation of the problem offers the advantage of a simple one-dimensional model where the 68 

displacements occur in the same direction as heat transfer and water flow. Furthermore, it allows a 69 

useful comparison to be established with the analytical solutions for excess pore water pressure 70 

generation in one-dimensional elements proposed in the next section. Hence, the adopted simplification 71 

was deemed appropriate for the characterisation of the THM interactions occurring within the retained 72 

side. 73 
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 74 

Figure 1: Schematic representation of idealisation of one-dimensional problems in a retaining wall analysis 75 

2.1 Generation of excess pore water pressures 76 

2.1.1 Hydraulic equation in coupled THM problems 77 

The general hydraulic equation for a fully coupled THM analysis implemented in ICFEP, adopting a 78 

compression-positive sign convention, is expressed as (Cui et al., 2018):  79 

 
−∇ ∙ {𝑣𝑓}⏟      

(𝑖)

+
𝑛

𝐾𝑓

𝜕𝑢

𝜕𝑡
− 3𝑛(𝛼𝑤 − 𝛼𝑠)

𝜕𝑇

𝜕𝑡⏟          
(𝑖𝑖)

+ 𝑄𝑓 =
𝜕(𝜀𝑣,𝑡𝑜𝑡 − 𝜀𝑣,𝑡ℎ)

𝜕𝑡⏟          
(𝑖𝑖𝑖)

 (1) 

 80 

where 𝑣𝑓 is the vector of seepage velocity, 𝑛 is the porosity, 𝑢 is the pore water pressure, 𝐾𝑓 is the bulk 81 

modulus of the pore fluid, 𝛼𝑤 and 𝛼𝑠 are respectively the linear thermal expansion coefficients of the 82 

pore water and the soil skeleton, 𝑇 is temperature, 𝑄𝑓 is any source or sink of pore fluid, 𝜀𝑣,𝑡𝑜𝑡 and 𝜀𝑣,𝑡ℎ 83 

are respectively the total and thermal volumetric strains (note that the difference between the two latter 84 

strains define the mechanical volumetric strains 𝜀𝑣,𝑚𝑒𝑐ℎ = 𝜀𝑣,𝑡𝑜𝑡 − 𝜀𝑣,𝑡ℎ), and 𝑡 is time. If the presence 85 

of 𝑄𝑓 is disregarded, there are three terms which define different mechanisms that contribute to the 86 

variation of pore water pressures in a coupled THM analysis (Cui et al., 2018): 87 

• the term labelled as (i) represents pore water pressures changes due to water flow into and out 88 

of the soil element due to a hydraulic head gradient and is controlled by the permeability (or 89 
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hydraulic conductivity) of the soil (Darcy’s law). The change in pore water pressures computed 90 

as a consequence of this phenomenon will be called “hydraulically-induced”; 91 

• the term labelled as (ii) calculates changes in pore water pressures as a result of the difference 92 

between the linear coefficients of thermal expansion of soil (𝛼𝑠) and water (𝛼𝑤). Since the latter 93 

is typically larger than the former, an increase in pore water pressures is observed during 94 

heating, with the opposite registered during cooling. The excess pore water pressures arising 95 

due to this mechanism will be designated as “thermally-induced”;  96 

• the term labelled as (iii) relates to the mechanism where changes in pore water pressures take 97 

place due to the variation of pore space arising from mechanical volumetric strains 𝜀𝑣,𝑚𝑒𝑐ℎ and 98 

these will be termed “mechanically-induced” (i.e. coupled-consolidation).  99 

2.1.2 Analytical expressions for excess pore water pressures in undrained conditions 100 

Simple analytical expressions for the calculation of excess pore water pressures can be defined for soil 101 

subjected to undrained conditions. Under such conditions, it is assumed that no flow of water occurs, 102 

hence 𝑣𝑓 and 𝑄𝑓 in Equation 1 are equal to zero. Furthermore, approximating 𝜕𝜀𝑣,𝑡𝑜𝑡 𝜕𝑡⁄  as ∆𝜀𝑣,𝑡𝑜𝑡 ∆𝑡⁄ , 103 

𝜕𝜀𝑣,𝑡ℎ 𝜕𝑡⁄  as ∆𝜀𝑣,𝑡ℎ ∆𝑡⁄ , 𝜕𝑢 𝜕𝑡⁄  as ∆𝑢 ∆𝑡⁄  and 𝜕𝑇 𝜕𝑡⁄  as ∆𝑇 ∆𝑡⁄ , and noting that ∆𝜀𝑣,𝑚𝑒𝑐ℎ = Δ𝑝′ 𝐾𝑠⁄ , 104 

Equation 1 can be re-written as:  105 

 
 
∆𝑢

𝐾𝑓
𝑛 − 3𝑛(𝛼𝑤 − 𝛼𝑠)∆𝑇⏟          

(𝑖𝑖)

= 
∆𝑝′

𝐾𝑠⏟
(𝑖𝑖𝑖)

 

 

(2) 

where ∆𝑝′, Δ𝑢 and Δ𝑇 are the changes in mean effective stress, pore water pressure and temperature, 106 

respectively, and 𝐾𝑠  is the bulk modulus of the soil skeleton. In Equation 2 – and in those in the 107 

following sections – the labels (ii) and (iii) refer to the mechanisms outlined in the previous paragraph. 108 

Single element representation of Problem A 109 

Problem A is represented by an element subjected to plane strain conditions being free to expand 110 

laterally in one direction only, as shown in Figure 2(a). Due to these mechanical restrictions, stress 111 
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changes will occur as a result of thermal soil expansion, leading to pore water pressure generation, 112 

which, for a linear-elastic material, can be quantified as follows (see Appendix A):  113 

 
∆𝑝′ =

2

3
(
𝛼𝑠 ∙ ∆𝑇 ∙ 𝐸 − ∆𝑢 ∙ 𝜈

1 − 𝜈
) −

∆𝑢

3
  

 

(3) 

where 𝐸 is the Young’s modulus and 𝜈 the Poisson’s ratio. 114 

Substituting the expression above into Equation 2 (noting that 3𝐾𝑠 = 𝐸 (1 − 2𝜈⁄ )) and rearranging, the 115 

excess pore water pressure calculated due to a change in temperature ∆𝑇 is equal to: 116 

 

∆𝑢 =
3𝑛(𝛼𝑤 − 𝛼𝑠) ∙ Δ𝑇

𝑛
𝐾𝑓
+

1
3𝐾𝑠

(
1 + 𝜈
1 − 𝜈

)
⏟          

(𝑖𝑖)

+
2𝛼𝑠 (

1 − 2𝜈
1 − 𝜈

) ∙ Δ𝑇

𝑛
𝐾𝑓
+

1
3𝐾𝑠

(
1 + 𝜈
1 − 𝜈

)
⏟          

(𝑖𝑖𝑖)

 

 

(4) 

Single element representation of Problem B 117 

Problem B is subjected to a further restriction in the lateral direction (𝑥-direction, see Figure 2 (b)) 118 

compared to Problem A. Therefore, there will be an additional stress component, which leads to a 119 

change in mean effective stress, ∆𝑝′, equal to (see Appendix A): 120 

 ∆𝑝′ = 3𝐾𝑠 ∙ 𝛼𝑠 ∙ Δ𝑇 

 

(5) 

Substituting this expression into Equation 2 and rearranging, the excess pore water pressure for a fully 121 

restricted soil element in undrained conditions is calculated as follows: 122 

 
∆𝑢 = 3(𝛼𝑤 − 𝛼𝑠) ∙ 𝐾𝑓 ∙ Δ𝑇⏟            

(𝑖𝑖)

+ 3𝛼𝑠 ∙
𝐾𝑓

𝑛
∙ Δ𝑇

⏟        
(𝑖𝑖𝑖)

  

 

(6) 
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 123 

Figure 2: Single element representation of (a) one-dimensional expansion and (b) fully restricted 124 

2.2 Analysis of Problem A - One dimensional expansion 125 

As previously stated, Problem A aims at approximating the conditions within the retained side of a 126 

thermo-active wall problem by considering a strip of soil analysed in plane-strain conditions which is 127 

free to expand in the horizontal direction. The geometry is shown in Figure 3, where the finite element 128 

mesh consists of 100 eight-noded quadrilateral elements, each 1.0 m in height and 0.5 m wide, with 129 

displacement degrees of freedom at each node and pore water pressure and temperature degrees of 130 

freedom at the corner nodes. The boundary conditions of the problem (see Figure 3) are as follows: a 131 

constant temperature boundary condition of 15°C was applied at the nodes of the left-hand boundary to 132 

model a source of heat, with no water flow allowed across this boundary; no changes in temperature 133 

and pore water pressure were imposed at the right-hand boundary, simulating the conditions of a far 134 

field boundary. To retain its characteristics as a one-dimensional problem, the nodes along the top and 135 

bottom boundaries were free to displace laterally but not vertically and no heat flux or water flow was 136 

allowed across these boundaries. An initial temperature of 0°C and hydrostatic pore water pressures 137 

were assumed. The soil was considered linear-elastic and the material properties are outlined in Table 138 

1. The total duration of the analysis was of 5 years and suitable time-steps were chosen according to 139 

Cui et al. (2016) to avoid oscillations arising from thermal shock. 140 

 141 

Figure 3: Schematic of the analysed case of one-dimensional expansion 142 
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 143 

Bulk modulus of soil skeleton [MPa] 𝐾𝑠 83.3 

Poisson’s ratio [-] 𝜈 0.3 

Permeability [m/s] 𝑘 1.0×10-10 

Thermal conductivity [W/mK] 𝜆 2.0 

Volumetric heat capacity [kJ/m3K] 𝜌𝐶𝑝 3000.0 

Coefficient of thermal expansion of soil [m/mK] 𝛼𝑠 1.0×10-5 

Coefficient of thermal expansion of water [m/mK] 𝛼𝑤 6.9×10-5 

Bulk modulus of fluid [GPa] 𝐾𝑓 2.2 

Porosity [-] 𝑛 0.5 

Table 1: Material properties of one-dimensional problems 144 

The changes in temperature and pore water pressures along the strip of soil at different time instants are 145 

displayed in Figure 4. For a single element subjected to a ∆𝑇 of 15 °C, the excess pore water pressures 146 

in undrained conditions calculated with Equation 4 are equal to 195.8 kPa. Conversely, the change in 147 

pore water pressures, and therefore in hydraulic head, generated at the heat source (i.e. 𝑥 = 0.0 m) in 148 

Problem A is equal to 80.4 kPa, i.e. less than half of the value computed with Equation 4. This indicates 149 

that the problem is not fully undrained and that water flow occurs due to the resulting pore water 150 

pressure gradient. Indeed, it can be noted that, as highlighted in Figure 4, further away from the heat 151 

source, excess pore water pressures develop even in regions where changes in temperature have not yet 152 

taken place, which are due to term (i) of Equation 1 (i.e. hydraulically-induced). Clearly, this suggests 153 

that, in the analysed problem, water flow is occurring at a faster rate than heat transfer, which, in the 154 

present case, is dominated by conduction. With time, as the heat front propagates and thus additional 155 

pore water pressures are generated due to changes in temperature, the hydraulically-induced excess pore 156 

water pressures increase as a larger volume of water flows through the soil mass towards the right-hand 157 

side boundary, which acts as a drain. At the heat source, the excess pore water pressures remain 158 

unaltered during the analysed time frame due to a combination of effects, the most important of which 159 

being the fact that the system has not yet reached thermal steady state, as seen in Figure 4 (a). This 160 
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means that in the vicinity of the heat source thermally-induced pore water pressures are continuously 161 

generated, compensating for any drainage taking place towards the drainage boundary, on the right-162 

hand-side of the mesh. This balance between consolidation and heat conduction – and its role in the 163 

coupled THM phenomena taking place in this problem, is analysed in greater detail in Section 3.2. 164 

In order to analyse the mechanically-induced excess pore water pressures, a further analysis was 165 

performed where 𝛼𝑤 = 𝛼𝑠 = 1.0 × 10
−5. Hence, only term (iii) in Equation 1 and 4 contributes to the 166 

generation of pore water pressure as a consequence of temperature changes. In fully undrained 167 

conditions, the analytical solution in Equation 4 would suggest a rise in pore water pressures at the heat 168 

source of 22.4 kPa, which is approximately 90% less than in the previous case, indicating that the largest 169 

part of the generated excess pore water pressures is linked to the fact that 𝛼𝑤 > 𝛼𝑠, i.e. are thermally-170 

induced (term (ii) in Equation 1). Similar to the previous case, the value obtained in the FE analysis is 171 

equal to 9.2 kPa, i.e. less than 50% of what is determined using the analytical solution. Moreover, the 172 

evolution with time of the distribution of pore water pressures within the soil strip are similar in shape 173 

to those calculated previously (i.e.  𝛼𝑤 ≠ 𝛼𝑠 ), though reduced in magnitude by approximately 90%. 174 

Thus, it can be concluded that the differential thermal expansion between the two soil phases (soil 175 

skeleton and pore fluid) affects the magnitude of the thermally and hydraulically induced excess pore 176 

water pressures, whereas their development with time is controlled by rate of dissipation and hence by 177 

the permeability of the material. 178 
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 179 

Figure 4: One dimensional expansion – distributions with distance from heat source of (a) change in temperature 𝛥𝑇 and 180 

(b) change in pore water pressure 𝛥𝑢 at three different time instants 181 

2.3 Analysis of Problem B - Fully restricted 182 

To simulate the soil conditions beneath the excavation, a similar case to the previous one (same material 183 

properties listed in Table 1) was analysed. The geometry of the problem is illustrated in Figure 5, where 184 

the same orientation and dimensions are adopted as in Problem A (i.e. 50 m long, heat source on the 185 

left-hand boundary) to allow for more direct comparisons between the two sets of analyses. The 186 

presence of the axis of symmetry on the boundary away from the heat source (right-hand boundary in 187 

the configuration shown in Figure 5) was modelled by introducing an additional mechanical restriction 188 

in the horizontal direction and by preventing water flow across the boundary. Moreover, while it is clear 189 

that symmetry considerations should have meant that no heat flux should be allowed across this 190 
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boundary, such option was discarded as it would reduce the scope for comparisons with Problem A. 191 

Therefore, a no change in temperature was imposed, meaning that, depending on the width of 192 

excavation, the adoption of this boundary condition may not reproduce accurately the temperature field 193 

beneath the excavation. However, it is considered appropriate for the purpose of identifying the 194 

fundamental mechanisms involved. All other boundary conditions are identical to those adopted in 195 

Problem A. 196 

 197 

Figure 5: Schematic of the fully restricted case 198 

The pore water pressure distributions calculated for this problem (Figure 6) are substantially different 199 

– both in terms of magnitude and variation with lateral extent – from those computed for Problem A. 200 

As expected, the pore water pressures are larger due to the larger mechanical volumetric strains resulting 201 

from the additional stress component in the horizontal direction (as shown by Equation 6). Furthermore, 202 

since water is not allowed to leave the system, pore water pressures accumulate over the entire 203 

horizontal distance, increasing with time as additional pore fluid pressures develop with further changes 204 

in temperature. In terms of comparison with the analytical solution (Equation 6), it should be noted that 205 

this was established assuming that the entire soil mass would change temperature simultaneously, 206 

which, as seen in Figure 6, does not correspond to the modelled thermal response in the FE analysis. It 207 

is therefore unsurprising that substituting Δ𝑇 = 15°𝐶 in Equation 6 returns significantly higher values 208 

of pore water pressure (i.e. 7821  kPa). A more adequate comparison consists of using in Equation 6 209 

the average temperature at a given time instant obtained in the FE analysis (Figure 6 (a)). The predicted 210 

change in pore pressure is then in good agreement with the average pore water pressure computed in 211 

the FE analysis: for example, after 5 years, the average temperature change across the entire soil domain 212 

is equal to 3.47° (Figure 6 (a)), which, according to Equation 6, should result in excess pore water 213 

pressures of 1809 kPa. This value is in excellent agreement with the average excess pore water pressures 214 
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computed in the FE analysis, which are equal to 1804 kPa (Figure 6 (b)), demonstrating the value of 215 

this analytical approach in the interpretation of the complex coupled phenomena taking place in the soil 216 

mass. 217 

Lastly, it is interesting to point out that, when assuming 𝛼𝑤 =  𝛼𝑠 , the calculated pore water pressures 218 

close to the heat source are approximately 25% of those shown in Figure 6, a slightly larger proportion 219 

than that determined in Problem A (10%). 220 

 221 

Figure 6: Fully restricted – distributions with distance from heat source of (a) change in temperature 𝛥𝑇 and (b) change in 222 

pore water pressure 𝛥𝑢 at three different time instants 223 
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3 Influence of soil properties on THM interactions 224 

3.1 Dimensionless parameters 225 

3.1.1 Relative thermo-hydraulic diffusivity 226 

As demonstrated by the results of the simplified problems analysed in the previous section, the 227 

significance and nature of THM interactions are related to the rates of heat transfer and water flow, 228 

which are controlled, respectively, by the thermal and hydraulic diffusivity of the soil. The differential 229 

equation of one-dimensional heat transfer by conduction is expressed by Equation 7:   230 

 𝜕𝑇

𝜕𝑡
= 𝛼𝑇

𝜕2𝑇

𝜕𝑥2
 (7) 

 231 

where 𝛼𝑇 is the thermal diffusivity [m2/s], which is defined as the ratio of the thermal conductivity 𝜆 232 

[W/mK] and volumetric heat capacity 𝜌𝐶𝑝 [J/m3K]. 233 

Similarly, the differential equation of one-dimensional consolidation is defined as:  234 

 𝜕𝑢𝑒
𝜕𝑡

= 𝛼𝐻
𝜕2𝑢𝑒
𝜕𝑥2

 (8) 

 235 

where 𝛼𝐻  is the hydraulic diffusivity [m2/s], which is often also referred to as the coefficient of 236 

consolidation 𝑐𝑣, and 𝑢𝑒 is excess pore water pressure (kPa). The hydraulic diffusivity can be expressed 237 

as: 238 

 
𝛼𝐻 =

𝑘

𝑆𝑠
 

 

(9) 

with 𝑘 [m/s] being the permeability and 𝑆𝑠 [1/m] the specific storage, which is defined as (Jorgensen, 239 

1980) 240 

 
𝑆𝑠 = 𝜌𝑤𝑔(

𝑛

𝐾𝑓
+
1

𝐾𝑠
) (10) 
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where 𝜌𝑤 is the density of water [kg/m3], 𝑔 the specific gravity [m/s2], 𝑛 the porosity [adim], and 𝐾𝑓 241 

and 𝐾𝑠 are the bulk moduli [kN/m2] of the pore fluid and the soil skeleton, respectively. 242 

To measure the relative rates between the two phenomena, the dimensionless parameter 𝛼𝑇𝐻  is 243 

introduced: 244 

 𝛼𝑇𝐻 = 
𝛼𝑇
𝛼𝐻

 

 

(11) 

Clearly, given its analytical definition, the variation of 𝛼𝑇𝐻 is mainly controlled by the value of the 245 

permeability, 𝑘, as all other material properties vary within a significantly more limited range. 246 

3.1.2 Degree of heat transfer 247 

As previously outlined, the thermal diffusivity controls the rate of heat transfer. Thus, analyses with 248 

different values of 𝛼𝑇 but equal thermal boundary conditions, will reach thermal equilibrium at different 249 

time instances. For the purpose of comparing such problems, the dimensionless parameter 𝑅  is 250 

introduced, establishing a parallel with the theory of one-dimensional consolidation. By using this 251 

parameter, the same temperature distributions are considered for analyses with different values of 𝛼𝑇, 252 

even if that corresponds to different time instances. Furthermore, it allows the determination of how far 253 

the problem is from steady state. Indeed, similar to the average degree of consolidation (Craig, 2004), 254 

the average degree of heat transfer 𝑅 indicates the ratio, in terms of a percentage, between the amount 255 

of heat transferred up to a given time instant and the total heat transfer required to reach steady state, 256 

and is expressed as: 257 

 

𝑅 = 
∫ Δ𝑇𝑒 𝑑𝑥
𝐿

0

∫ Δ𝑇𝑓 𝑑𝑥
𝐿

0

 

 

(12) 

where Δ𝑇𝑒  is the distribution of temperature change at a given time, Δ𝑇𝑓 is the final distribution of 258 

temperature change (i.e. at steady state, when 𝑡 → ∞) and 𝐿 is the length of the one-dimensional solid. 259 
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A value of 𝑅 = 0 means that heat transfer has not yet begun, whereas a value of 𝑅 = 1 implies that 260 

thermal steady state has been reached. 261 

The distributions of Δ𝑇𝑒  and Δ𝑇𝑓 , hence also the evolution of 𝑅  with time, depend on the initial 262 

conditions and the boundary conditions of the analysed problem. Assuming a uniform initial 263 

temperature of 0°C, with the temperature boundary conditions specified in the previous section, i.e. 264 

fixed temperatures on both boundaries (one being the heat source and the other the constant far field 265 

temperature), the temperature distribution at steady state, Δ𝑇𝑓, is triangular. Conversely, if no heat flux 266 

would be allowed through the boundary opposite the heat source (e.g. modelling an axis of symmetry, 267 

which would apply to Problem B), this would lead to a final temperature distribution which is constant 268 

and equal to the induced temperature at the heat source. Curves of the degree of heat transfer 𝑅 against 269 

the dimensionless time 𝐹𝑜 (i.e. Fourier number, expressed as 𝛼𝑇𝑡 𝐿
2⁄ , where 𝑡 is time) for these two 270 

conditions are depicted in Figure 7, where the similarity to the consolidation curves can be clearly 271 

identified. Analytical solutions for the calculation of Δ𝑇𝑒 with the outlined boundary conditions are 272 

presented in Appendix B. 273 

 274 

Figure 7: Relationship between degree of heat transfer 𝑅 and Fourier number 275 

3.1.3 Degree of pore water pressure generation 276 

Thermally and mechanically induced excess pore water pressures 277 
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At very small distances from the heat source, the soil elements are subjected to an almost-uniform 278 

temperature field and therefore the conditions of the single element represented in Figure 2 (a) are best 279 

reproduced. Thus, a comparison with the excess pore water pressures calculated through the analytical 280 

solutions in Section 2 can be performed. For this purpose, the following dimensionless parameter is 281 

introduced: 282 

 
𝑢∗ = 

Δ𝑢𝐹𝐸
Δ𝑢𝐴𝑁

 

 

(13) 

representing the ratio between the computed excess pore water pressure at the heat source in the FE 283 

analysis (Δ𝑢𝐹𝐸) and the one obtained using the analytical solution (Δ𝑢𝐴𝑁) expressed in Equation 4 (note 284 

that Equation 6 requires full mechanical restriction of the soil, which generally does not correspond to 285 

the conditions near the heat source). Hence, the parameter 𝑢∗ measures how undrained the problem is, 286 

with 𝑢∗ = 1 indicating a fully undrained case (i.e. the FE analysis yields the same result as the perfectly 287 

undrained problem assumed in the analytical solution) and 𝑢∗= 0 meaning that any generated excess 288 

pore water pressures have dissipated. 289 

Hydraulically-induced excess pore water pressures 290 

In order to quantify the amount of excess pore water pressures generated ahead of changes in 291 

temperature due to water flow, a further dimensionless parameter, 𝜔, is defined, with the parameters 292 

needed for its calculation being schematically represented in Figure 8. The parameter 𝜔 evaluates the 293 

percentage of excess pore water pressures computed at a given value of 𝑅 and 𝑥-coordinate where 294 

changes in temperature have not yet occurred (∆𝑢𝑅,𝑥(∆𝑇=0°C)) with respect to the maximum excess pore 295 

water pressure generated during the analysis (∆𝑢𝑚𝑎𝑥, typically at the start of the analysis, i.e. 𝑅 = 0, 296 

and at the heat source (𝑥 = 0.0)): 297 

 
𝜔 =  

∆𝑢𝑅,𝑥(∆𝑇=0°C)

∆𝑢𝑚𝑎𝑥
 

 

(14) 
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This parameter is needed to consistently compare the amount of hydraulically-induced excess pore 298 

water pressures between analyses characterised by different values of 𝛼𝑇𝐻.  299 

 300 

Figure 8: Schematic representation of calculation of 𝜔 301 

3.2 Parametric study on Problem A 302 

A parametric study on the influence of 𝛼𝑇𝐻  on the different mechanisms involving pore pressure 303 

generation and dissipation, i.e. those due to changes in temperature and those due to water flow, was 304 

carried out on Problem A. Different values of 𝛼𝑇𝐻 were analysed by varying the permeability, as shown 305 

in Table 2, with the values for all other parameters remaining as listed in Table 1. Moreover, additional 306 

analyses were carried out where other parameters were varied (e.g. thermal conductivity) in order to 307 

obtain the same value of 𝛼𝑇𝐻. The results showed that, despite the different combination of parameters, 308 

the same response was obtained, confirming that 𝛼𝑇𝐻 controls the magnitude of the THM interactions.  309 

𝒌 [m/s] 𝜶𝑻𝑯 

1.0×10-14 8.0×103 

1.0×10-12 8.0×101 

1.0×10-10 8.0×10-1 

1.0×10-9 8.0×10-2 

1.0×10-8 8.0×10-3 

1.0×10-7 8.0×10-4 
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1.0×10-6 8.0×10-5 

1.0×10-5 8.0×10-6 

Table 2: Performed analyses for parametric study on the influence of 𝛼𝑇𝐻 310 

3.2.1 Influence of 𝛼𝑇𝐻 on excess pore water pressures at the heat source 311 

Figure 9 shows the variation with 𝛼𝑇𝐻  of 𝑢∗  calculated at the first increment of the analysis (i.e. 312 

𝑅 ≅  0), where Δ𝑢𝐴𝑁 was obtained using Equation 4. The results show that, for high values of 𝛼𝑇𝐻, the 313 

ratio 𝑢∗ is unity, meaning that the FE analysis yields pore water pressures identical to those predicted 314 

by the analytical solution. This suggests, as expected, that soils characterised by large values of 𝛼𝑇𝐻 315 

display an undrained behaviour when subjected to temperature changes. As the value of 𝛼𝑇𝐻 reduces, 316 

𝑢∗ decreases, reaching a value of 0 at very low 𝛼𝑇𝐻. Indeed, for such magnitudes of 𝛼𝑇𝐻, no or very 317 

little excess pore water pressures are generated due to the rate of pore water pressure dissipation being 318 

significantly higher than that of heat transfer.  319 

 320 

Figure 9: Variation of 𝑢∗ at the heat source at beginning of the analysis with 𝛼𝑇𝐻 321 

Figure 10 shows the evolution of 𝑢∗ at the heat source with 𝑅 for selected values of 𝛼𝑇𝐻. For very high 322 

values of 𝛼𝑇𝐻, the curve remains approximately constant at a value of 𝑢∗= 1, starting to drop only as 323 

thermal steady state approaches (i.e. 𝑅 = 1). This indicates that, with high 𝛼𝑇𝐻, dissipation of pore water 324 

pressures occurs only when no further changes in temperature take place. As the value of 𝛼𝑇𝐻 decreases, 325 

the value of 𝑅 at which 𝑢∗ starts reducing also decreases, meaning that excess pore water pressure 326 

dissipation starts earlier and while temperature changes are still occurring. Indeed, a low value of 𝛼𝑇𝐻 327 
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indicates that water flow is faster when compared to heat transfer, with the time needed to reach 328 

hydraulic equilibrium being less than that required for achieving thermal steady state.  329 

 330 

 331 

Figure 10: Variation of 𝑢∗ at heat source with 𝑅 for different 𝛼𝑇𝐻 332 

3.2.2 Influence of 𝛼𝑇𝐻 on hydraulically-induced excess pore water pressures  333 

To investigate the influence of 𝛼𝑇𝐻 on the amount of pore water pressures generated prior to changes 334 

in temperature, two time instants corresponding to two values of 𝑅 were considered, namely 𝑅 = 0.1 335 

and 𝑅 = 0.5. For these stages of the analysis, the variations of 𝜔 with 𝛼𝑇𝐻 are shown in Figure 11, 336 

demonstrating that hydraulically-induced excess pore water pressures are also largely influenced by the 337 

value of 𝛼𝑇𝐻. It should be noted that the position of the heat front was established at the 𝑥-coordinate 338 

of the first node where the change in temperature, ∆𝑇, is less than 0.002°C. 339 

At time instant 𝑅 = 0.1, for high values of 𝛼𝑇𝐻,  𝜔 is equal to 0, since, as previously observed, such 340 

values of 𝛼𝑇𝐻 lead to an undrained soil response, hence low water flow. Similarly, for very low values 341 

of 𝛼𝑇𝐻, 𝜔 is very small. In this case, excess pore water pressures are immediately dissipated given the 342 

higher rate of water flow when compared to heat transfer. It should be noted that, although the lowest 343 

value of 𝛼𝑇𝐻 still displays a 𝜔  of about 5%, this corresponds to negligible pore water pressures in 344 

absolute terms as the ones generated at the heat source (∆𝑢𝑚𝑎𝑥) are very small (see Figure 9). For 345 
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intermediate values of 𝛼𝑇𝐻, 𝜔 reaches values of up to of 70%, indicating that the balance between the 346 

thermal and hydraulic systems is such that water flow occurs at a sufficiently fast pace that leads to 347 

excess pore water pressures in regions where no changes in temperature have yet taken place. Hence, it 348 

can be expected that for these combinations of parameters, excess pore water pressures may develop up 349 

to considerable distances away from a heat source.  350 

For 𝑅 = 0.5, 𝜔 is very low for all the analyses, because, as time progresses and heat propagates, larger 351 

amounts of pore water pressures dissipate and leave the system through the right-hand boundary. It is 352 

interesting to note that the peak of the curve of 𝜔 shifts to a different value of 𝛼𝑇𝐻 with increasing 𝑅, 353 

thus a direct correlation between 𝜔 and 𝛼𝑇𝐻 cannot be established as this mechanism is time-dependent. 354 

In fact, 𝜔 for different values of 𝛼𝑇𝐻 varies differently with 𝑅: for a low value of 𝛼𝑇𝐻, 𝜔 varies more 355 

rapidly with 𝑅 in respect to soils with a high value of 𝛼𝑇𝐻 since, with those conditions, the pore water 356 

pressures dissipate at a faster rate, confirming the conclusions drawn from Figure 10. 357 

 358 

Figure 11: Variation of 𝜔 with 𝛼𝑇𝐻 for 𝑅 = 0.1 and 𝑅 = 0.5 359 

4 Observed THM interactions in a thermo-active retaining wall problem 360 

4.1 Problem description 361 

To illustrate the impact of the THM interactions on a thermo-active retaining wall, the problem studied 362 

by Sailer et al. (2019a) is re-analysed. This consists of an 18 m-deep and 800 mm-thick diaphragm wall 363 
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supporting an 11 m-deep excavation reported originally by Wood and Perrin (1984). The permanent 364 

horizontal structures include a concrete base slab (1.5 m thick) and the three additional slabs (350 mm 365 

thick). The geotechnical conditions – stratigraphy, pore water pressure regime and at-rest coefficient of 366 

earth pressure profile – are typical of those found in London and are described in detail in Sailer et al. 367 

(2019a), together with the adopted construction sequence. While this wall was not used as a heat 368 

exchanger, its response to excavation and construction was well characterised by the comprehensive 369 

monitoring system deployed at the site. This enabled Sailer et al. (2019a) to validate their numerical 370 

model for this retaining wall by showing a good agreement between the monitoring data and the FE 371 

predictions. 372 

For brevity, only the essential characteristics of the thermal stage of the analysis are described here, 373 

with additional details being provided in Appendix C. Plane strain, fully coupled Thermo-Hydro-374 

Mechanical (THM) analyses using ICFEP were carried out in this study. The FE mesh, shown in Figure 375 

12, models half width of the excavation (30 m) and consists of eight-noded quadrilateral solid elements. 376 

Each node includes displacements and temperature degrees of freedom, whereas the elements 377 

representing consolidating materials (LC – London Clay and LGC – Lambeth Group Clay) have also 378 

pore pressure degrees of freedom associated to the corner nodes. The domain was restrained in the 379 

vertical direction along the bottom boundary and in the horizontal direction along the lateral and bottom 380 

boundaries. The Made Ground (MG), the Terrace Gravels (TGD) and Thanet Sand (TS) were simulated 381 

to be free-draining materials. Along the right-hand lateral boundary, hydraulic boundary conditions 382 

were such that no change in pore water pressure takes place. Furthermore, in order to simulate the 383 

presence of a drainage system, as reported by Wood and Perrin (1984), a pore water pressure of 0 kPa 384 

was prescribed along the interface between the underside of the base slab and the soil. 385 

It is specified that prior to the application of the thermal load, the pore water pressures due to excavation 386 

and construction of the basement were fully dissipated in order to eliminate their effects on the 387 

subsequent THM analysis. The initial temperature was assumed to be 13°C and the heat exchange was 388 

simulated by applying a prescribed temperature change of 15°C over 10 days (i.e. 1.5°C/day) to all 389 

elements of the diaphragm wall, with the final temperature of 28°C being kept constant for 10 years. 390 
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The ground surface and the right-hand far field boundary were kept at constant temperature throughout 391 

the analysis, whereas no heat flux was allowed across all other boundaries of the domain and at the 392 

interface between the soil and the building.  393 

All mechanical, hydraulic and thermal soil properties were adopted from Gawecka et al. (2017) and can 394 

be found in Appendix C.  395 

 396 

Figure 12: FE Mesh for the analysed thermo-active retaining wall problem. 397 

4.2 Effects of THM interactions  398 

4.2.1 Pore water pressures 399 

The distributions of both changes in temperatures (∆𝑇) and pore water pressures (∆𝑢) along a horizontal 400 

line at mid-depth of the embedded part of the wall were computed for different time instants. These are 401 

shown for both the excavated and retained sides of the wall in Figure 13 (a) and (b), respectively. The 402 

three mechanisms of excess pore water pressure generation identified in Section 2 can be clearly 403 

observed in this complex boundary value problem and are marked in Figure 13 as: (i) due to water flow, 404 

(ii) induced by a temperature change, and (iii) as a consequence of a mechanical restriction (the latter 405 

being more evident in the excavated side due to the closer proximity to the boundary). Naturally, closer 406 

to the heat source pore water pressures are highest and driven mostly by temperature changes, as these 407 

are highest in this area of the problem. Moreover, the presence of additional drainage boundaries means 408 
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that pore-pressures around the heat source dissipate faster in the wall problem than in the simplified 409 

one-dimensional problems considered in Section 2. At larger distances from the structure, ∆𝑢 develop 410 

in areas where temperature changes have not yet taken place (i.e. ∆𝑇 = 0°C, marked in the figure as 411 

“i”), as was observed when analysing Problem A. It is also particularly interesting to note the similarity 412 

between the distributions of pore water pressures in the long term (10 years) beneath the excavated area 413 

and those computed in Problem B (labelled as “iii” in Figure 13 (b)): the building up of a uniform profile 414 

of excess pore water pressures is due to the mechanical restriction imposed at the axis of symmetry. 415 

However, in the case of the retaining wall, when compared to the one-dimensional problem, the pore 416 

water pressures tend to accumulate later in time and to be of lower magnitude due to the availability of 417 

other drainage paths and the less effective mechanical restriction provided by the deforming soil mass.  418 
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 419 

Figure 13: Retaining wall problem - distribution of change in temperature 𝛥𝑇 and change in pore water pressure 𝛥𝑢 at for 420 

different time instants on (a) the retained side and (b) the excavated side 421 

4.2.2 Structural forces  422 

The behaviour in terms of heat transfer and pore water pressure dissipation observed in the previous 423 

section are now analysed in terms of their impact on the structural forces in the wall, shown in Figure 424 

14 from the start of the thermal stage (i.e. disregarding the forces due to excavation and construction). 425 

Specifically, Figure 14 (a) depicts the evolution of axial forces with time recorded at the point within 426 

the embedded part of the structure where the largest changes in axial forces take place (i.e. at a depth 427 

of 14.0m below ground level (bgl)). In Figure 14 (b) the development with time of the bending moment 428 

close to the base slab is displayed, as in this section the largest positive bending moment is calculated. 429 
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It can be noted that the evolution with time of forces is highly non-linear, as it is controlled by different 430 

phenomena which prevail at different times. For reference, the maximum axial forces and bending 431 

moments evaluated at these depths during excavation and construction are equal to 400 kN and 960 432 

kNm, respectively. 433 

Initially, when the wall is heated and consequently expands, the axial forces are compressive and 434 

increase as further changes in temperature are applied (zone marked as “SR” – Soil Restriction – in 435 

Figure 14 (a)). The compression is induced by the restriction the soil applies against the thermal 436 

expansion of the wall through shearing at the soil-structure interface. It should be noted that at the same 437 

time, the soil around the wall warms up and compressive excess pore water pressures are generated due 438 

to the positive change in temperature (see Equation 2), which lead to tensile volumetric changes of the 439 

soil, hence partially reducing the restriction. With time, as more heat is transferred to the soil, it 440 

thermally expands, further reducing its restriction to the expansion of the wall. Indeed, in this time 441 

frame (zone “TE” – Thermal Expansion), the structure is subjected to tensile actions, which reduce the 442 

initially generated compressive axial force and lead to the development of tensile forces within the 443 

structure. Subsequently, the soil exerts compressive forces on the structure, reducing the tensile axial 444 

force and producing a final value which is compressive and larger than the one generated during phase 445 

“SR”. This compression, highlighted in Figure 14 (a) as zone “DC” (Dissipation and subsequent 446 

Consolidation), is caused by the dissipation of the compressive excess pore water pressures close to the 447 

structure, which induces soil settlement and thus compression of the wall.  448 

Similarly, the evolution of the bending moment with time can be divided into three different periods, 449 

within which different mechanisms lead to changes in the bending moment (Figure 14 (b)). As 450 

previously seen, the propagation of heat within the soil mass leads to soil expansion, which will occur 451 

both in the vertical and horizontal direction. Since the temperatures are higher within the excavated side 452 

due to insulated boundaries close to the heat source (i.e. the building and axis of symmetry), the soil 453 

mass expands more in this area. As a consequence, the bottom of the wall moves towards the retained 454 

soil. Therefore, in the time interval where soil thermal expansion dominates the problem (zone “TE” in 455 

Figure 14 (b)), the bending moment increases. As the compressive excess pore water pressures dissipate 456 
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and the soil consequently contracts, the wall moves back towards its initial position and the bending 457 

moment decreases, which is marked as zone “DC”. There is a subsequent increase in bending moment 458 

which is due to further horizontal soil movements towards the retained soil. This movement, taking 459 

place in zone “BC” (effect of mechanical Boundary Condition), is caused by the interaction of the 460 

thermal expansion of the soil with the lateral boundary, i.e. the axis of symmetry, where the imposed 461 

boundary conditions restrict horizontal movements, hence impeding further expansion in that direction. 462 

As seen previously for the pore water pressure mechanism “iii”, the effects of this mechanical restriction 463 

are experienced only once the heat front has reached the boundary. Hence, it can be concluded that, for 464 

a thermo-active retaining wall, the magnitude of bending moments, as well as pore water pressures 465 

within the excavated side, will be highly influenced by the width of the excavation. 466 
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 467 

Figure 14: Development with time of structural forces due to thermal loading: (a) axial force at depth of 14. 0 m bgl and (b) 468 

bending moment at depth of 10.5 m bgl 469 

4.3 Effect of 𝛼𝑇𝐻  470 

In section 3.2 it was shown that the parameter 𝛼𝑇𝐻 controls the development of the excess pore water 471 

pressures and hence the THM interactions in a simplified one-dimensional problem. Therefore, this 472 

section investigates the effect of varying this parameter on the response of the thermo-active retaining 473 

wall problem described above. Since the wall is embedded within different materials with different 474 

properties and the permeability of the consolidating materials was modelled as being stress-dependent 475 

(see Appendix C), a unique value of 𝛼𝑇𝐻 for the entire model cannot be established. Furthermore, the 476 

hydraulic diffusivity (Equation 9) depends on a further non-constant parameter, i.e. the bulk modulus 477 

of the soil 𝐾𝑠, which varies with both the stress level and the volumetric strain (Appendix C includes a 478 
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summary of the constitutive relations used). Therefore, as an approximation, the chosen values of 479 

permeability and mean effective stress were those at mid-depth of the embedded section of the wall (i.e. 480 

at 14.5 m depth, within London Clay) at the start of the thermal analysis, 1 m away from the wall on 481 

the retained side. Furthermore, the current value of the elastic bulk modulus, 𝐾𝑠, was approximated by 482 

its maximum value, 𝐾𝑚𝑎𝑥, given by the small strain stiffness model employed in the analysis (IC-G3S 483 

model, Taborda et al. (2016)): 484 

 
𝐾𝑚𝑎𝑥 = 𝐾0  (

𝑝′

𝑝′𝑟𝑒𝑓
)

𝑚𝑘

 

 

(15) 

where 𝐾0 and 𝑚𝑘 are model parameters listed in Appendix C, 𝑝’ is the mean effective stress evaluated 485 

at mid-depth of the embedded wall on the retained side (255.0 kPa) and 𝑝′𝑟𝑒𝑓 is the reference mean 486 

effective stress (100.0 kPa). Similarly, the thermal parameters of London Clay were used to calculate 487 

𝛼𝑇. 488 

Based on the methodology outlined above, values of 𝛼𝐻  and 𝛼𝑇  of 3.8 × 10−7  m2/s and 9.8 ×489 

10−7 m2/s, respectively, were determined for the analysis presented in the previous section (denoted as 490 

“Base case” in Table 3). This leads to a ratio of 𝛼𝑇𝐻  of 2.6 × 100. To illustrate the impact of this 491 

parameter on the behaviour of the thermo-active retaining wall, two additional analyses were 492 

performed: one with a value of 𝛼𝑇𝐻 increased by two orders of magnitude (i.e. “high” in Table 3, 𝛼𝑇𝐻 =493 

2.6 × 102) and one where it is reduced by two orders of magnitude (i.e. “low” in Table 3, 𝛼𝑇𝐻 =494 

2.6 × 10−2). As shown in Table 3, this was achieved by adjusting the parameters for the adopted 495 

permeability model.  496 

Analysis 

𝑘0  

[m/s] 

𝑘𝑒𝑚𝑏 

[m/s] 

𝛼𝐻  

[m2/s] 

𝛼𝑇  

[m2/s] 

𝛼𝑇𝐻 

[-] 

High 1.0×10-12 5.5×10-13 3.8×10-9 

9.8×10-7 

2.6×102 

Base case 1.0×10-10 5.5×10-11 3.8×10-7 2.6×100 

Low 1.0×10-8 5.5×10-9 3.8×10-5 2.6×10-2 

Table 3: Parameters of parametric study for THM interactions in thermo-active retaining wall problem 497 
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4.3.1 Influence on pore water pressure generation 498 

Figure 15 depicts the temperature and pore water pressure distributions within the retained side at mid-499 

depth of the retaining wall for the three analyses at three different time instants. It can be clearly noted 500 

that the magnitudes and evolution of pore water pressure generation are influenced by the value of 𝛼𝑇𝐻, 501 

to an extent similar to that observed in the simplified one-dimensional problem (Problem A). In general, 502 

the results show that higher thermally-induced pore water pressures are predicted for higher values of 503 

𝛼𝑇𝐻.  504 

Regarding the pore water pressures generated in the vicinity of the heat source, these increase with 505 

increasing 𝛼𝑇𝐻, as seen for Problem A, since larger values of 𝛼𝑇𝐻 correspond to problems where the 506 

response is closer to being characterised as undrained. Moreover, in such cases, the dissipation with 507 

time of these pore water pressures is significantly slower. Conversely, for a low value of 𝛼𝑇𝐻, the excess 508 

pore water pressures close to the wall are very low, as was observed in Problem A. However, it should 509 

be noted that, in the retaining wall problem, additional mechanical effects contribute to the generation 510 

of pore water pressures, such as the thermal expansion of the wall. Furthermore, the presence of 511 

additional free draining boundaries influences the rate of dissipation.  512 

Similar to what was observed for Problem A, excess pore water pressures develop ahead of changes in 513 

temperature, as marked on Figure 15. Indeed, at the beginning of the analysis (i.e. 10 days – 𝑅 = 0.05), 514 

a high value of 𝜔 (51%) is obtained for a low value of 𝛼𝑇𝐻=1.6×10- 2, which rapidly decreases with 515 

time due to the high rate of dissipation; conversely, considerably lower values are obtained for higher 516 

values of 𝛼𝑇𝐻. It should be noted that, as mentioned earlier, in the retaining wall problem, due to the 517 

presence of additional hydraulic boundary conditions, the dissipation process is accelerated. 518 

Furthermore, the mechanical restriction in the horizontal direction along the right-hand side far field 519 

boundary leads to mechanically induced pore water pressures similar to those observed in Problem B, 520 

hence the increase with time observed for the high value of 𝛼𝑇𝐻. 521 
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 522 

Figure 15: Distribution of change in temperature 𝛥𝑇 change in pore water pressure 𝛥𝑢 along a horizontal line at mid-depth 523 

of the wall for different time instants (a) 𝛥𝑇, (b) 𝛥𝑢 for 𝛼𝑇𝐻 = 2.6×102 , (c)  𝛥𝑢 for 𝛼𝑇𝐻  = 2.6×100and (d) 𝛥𝑢 for 𝛼𝑇𝐻 = 524 

2.6×10 -2 525 
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4.3.2 Influence on structural forces 526 

Figure 16 shows the effect of 𝛼𝑇𝐻 on the evolution with time of thermally-induced axial forces and 527 

bending moments. It confirms that the transient behaviour of a thermo-active retaining wall is largely 528 

controlled by the generated excess pore water pressures during the heating stage and by the ability of 529 

the soil to dissipate them. In fact, both phenomena lead to mechanical volumetric changes within the 530 

soil mass, which affect the mechanical response of the structure.  531 

 532 

Figure 16: Influence of 𝛼𝑇𝐻on changes in (a) axial force at depth of 14.0 m bgl and (b) bending moment at depth of 10.5 m 533 

bgl 534 

In Figure 16 (a), the three previously identified phenomena affecting the development of axial force 535 

with time are highlighted, i.e. the restriction through shearing (“I-II”), thermal expansion (“II-III”) and 536 
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dissipation of compressive pore water pressures (“III-IV”). The time periods over which each of these 537 

prevails depends directly on the value of 𝛼𝑇𝐻 – in some cases some of these phenomena may be even 538 

absent. The restriction through shearing along the soil-structure interface (“I-II”) is larger for a lower 539 

value of 𝛼𝑇𝐻  because a small amount of compressive excess pore water pressures are generated. 540 

Consequently, the soil swells less, inducing a larger restriction to the structure, which leads to a larger 541 

initial compressive axial force. Conversely, although larger excess pore water pressures are generated 542 

for a higher value of 𝛼𝑇𝐻 (which would indicate more swelling), the axial force during the first 10 days 543 

of heating is rather similar to the base case which is characterised by an intermediate value of 𝛼𝑇𝐻. 544 

Interestingly, this suggests that the reduction of the restraint to the wall expansion resulting from soil 545 

swelling is compensated by its higher volumetric stiffness arising from behaving in a more undrained 546 

manner (i.e. its low permeability prevents additional changes in volume from taking place). In the long 547 

term, the axial force for the case of low  𝛼𝑇𝐻 is merely controlled by soil thermal expansion (“II-III”), 548 

hence a reduction in compressive axial force is observed. This is due to the fact that the low magnitudes 549 

of generated excess pore water pressures (see Figure 15 (d)), which also dissipate at a fast rate, do not 550 

contribute to changes in volume of the soil with time. On the other hand, with a high value of 𝛼𝑇𝐻, the 551 

period over which the axial force is governed by soil thermal expansion (“II-III”) is larger in respect to 552 

the base case because excess pore water pressures dissipate at a slower pace and therefore the resulting 553 

changes in volume take place at a later stage of the analysis (i.e. “III-IV”). 554 

The evolutions with time of the bending moment (see Figure 16 (b)) confirm some of the patterns 555 

identified based on the variations of axial force. In effect, for the low value of 𝛼𝑇𝐻, the bending moment 556 

is seen to be mainly affected by soil thermal expansion (“II-III”), with the stage where the dissipation 557 

of compressive pore water pressures dominates wall response being completely absent (“III-IV”). The 558 

opposite is observed for the two other values of 𝛼𝑇𝐻, where this stage appears to have substantial impact 559 

(though it tends to be less important and to take place at a later stage for larger values of 𝛼𝑇𝐻). For all 560 

analysed cases, the final part of the evolutions with time of the binding moment of the wall seem to be 561 

fundamentally controlled by the effect of the mechanical restriction to thermal expansion imposed by 562 

the mechanical boundary condition at the axis of symmetry (“IV-V”), which had been previously 563 
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identified in the context of Problem B. Since the presence of this boundary condition affects only the 564 

horizontal response of the embedded part of the retaining wall, it is perhaps unsurprising to see it 565 

influencing only the bending moment and not the axial force.  566 

5 Conclusions 567 

In the design of thermo-active structures, various thermo-hydro-mechanical (THM) interactions within 568 

the soil need to be taken into account in order to understand and predict the mechanical response of the 569 

structure. This study focusses on the effect of these interactions on the behaviour of a thermo-active 570 

retaining wall by performing fully coupled THM finite element analyses. To identify clearly the origin 571 

and impact of different THM interactions, simulations of simple, one-dimensional problems were 572 

performed, where the effects of mechanical restrictions and soil properties were investigated. 573 

Prior to performing the analyses of one-dimensional problems, analytical expressions for the calculation 574 

of excess pore water pressure and dimensionless parameters were defined in order to compare 575 

consistently simulations with different soil properties. The results of the analysed one-dimensional 576 

problems showed that: 577 

• There are three main processes that lead to generation of excess pore water pressures in a fully 578 

coupled THM analysis, namely changes in temperature (thermally-induced), water flow 579 

(hydraulically-induced) and mechanical actions (mechanically-induced);  580 

• These mechanisms depend on the thermal, hydraulic and mechanical boundary conditions as 581 

well as the soil properties. It was shown that the THM interactions are determined by the 582 

relative rate at which heat transfer and water flow progress. This was quantified through the 583 

dimensionless parameter 𝛼𝑇𝐻, expressed as the ratio of the thermal and hydraulic diffusivity; 584 

• A direct correlation between 𝛼𝑇𝐻 and the pore water pressures generated at the heat source (i.e. 585 

thermally-induced), exists, where Δ𝑢  is highest for large values of 𝛼𝑇𝐻 . Furthermore, the 586 

dissipation of the excess pore water pressures close to the heat source can also be related to this 587 

factor, where this happens earlier in time with lower 𝛼𝑇𝐻; 588 
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• Excess pore water pressures occur even before changes in temperatures occur. These are due 589 

to water flow (i.e. hydraulically-induced) and are time-dependent. While no direct correlation 590 

with 𝛼𝑇𝐻 can be established, it was shown that there are intermediate values of this parameter 591 

for which this phenomenon is enhanced.  592 

The above-mentioned mechanisms of pore water pressure generation have been observed also in the 593 

simulations of the retaining wall problem. The parametric study on the effect of varying 𝛼𝑇𝐻 within the 594 

thermo-active retaining wall analysis has shown that the main conclusions drawn from the simulations 595 

on simple geometries are also applicable to more complex boundary value problems. However, it should 596 

be noted that, in such a context, the results will be affected by the presence of more complex drainage 597 

patterns than those enforced in the one-dimensional problems. These analyses have also shown that the 598 

THM interactions within the soil, and their transient nature, have a significant effect on the structural 599 

response of the wall, with different phenomena prevailing over different time periods, namely thermal 600 

soil expansion, volumetric deformations due to pore water generation and dissipation, and interactions 601 

with the mechanical boundary conditions (which depend on the geometry of the problem). Varying the 602 

ground properties, hence altering the thermo-hydro-mechanical response of the soil, led to important 603 

changes in the behaviour of the structure. According to these results, it is evident that adequate estimates 604 

of the hydraulic and thermal parameters of the soil are important to guarantee a safe and reliable design 605 

of thermo-active walls. Furthermore, in order to account for the various interactions that take place in 606 

such problems, fully coupled transient THM analyses are required.  607 
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Appendix A Development of analytical expressions for excess pore water pressures in 611 

undrained conditions 612 

According to Equation 2 in Section 2, the hydraulic equation in undrained conditions, with compression 613 

positive sign convention, is expressed as: 614 
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∆𝑢

𝐾𝑓
𝑛 − 3𝑛(𝛼𝑤 − 𝛼𝑠)∆𝑇 =  

∆𝑝′

𝐾𝑠
 

 

(A1) 

Note that 𝑝′ is the mean effective stress (defined as (𝜎′𝑥 + 𝜎′𝑦 + 𝜎′𝑧) 3⁄ ) and that ∆𝑝′ 𝐾𝑠⁄  is equivalent 615 

to the change in mechanical volumetric strain, ∆𝜀𝑣,𝑚𝑒𝑐ℎ: 616 

 ∆𝜀𝑣,𝑚𝑒𝑐ℎ = ∆𝜀𝑥,𝑚𝑒𝑐ℎ + ∆𝜀𝑦,𝑚𝑒𝑐ℎ + ∆𝜀𝑧,𝑚𝑒𝑐ℎ 

 

(A2) 

where ∆𝜀𝑥,𝑚𝑒𝑐ℎ, ∆𝜀𝑦,𝑚𝑒𝑐ℎ, ∆𝜀𝑧,𝑚𝑒𝑐ℎ  are the changes in the mechanical strains in the 𝑥 , 𝑦 , and 𝑧-617 

direction, respectively, which, according to Hooke’s law for linear-elastic materials, are defined as: 618 

 ∆𝜀𝑥,𝑚𝑒𝑐ℎ =
∆𝜎′𝑥
𝐸

−
𝜈

𝐸
(∆𝜎′𝑦 + ∆𝜎′𝑧) (A3) 

 619 

 
∆𝜀𝑦,𝑚𝑒𝑐ℎ =

∆𝜎′𝑦

𝐸
−
𝜈

𝐸
(∆𝜎′𝑥 + ∆𝜎′𝑧) (A4) 

 620 

 
∆𝜀𝑧,𝑚𝑒𝑐ℎ =

∆𝜎′𝑧
𝐸

−
𝜈

𝐸
(∆𝜎′𝑥 + ∆𝜎′𝑦) (A5) 

 621 

Considering the problem depicted in Figure A. 1 (a), which is free to expand in the 𝑥-direction only, 622 

the total strains (𝜀𝑡𝑜𝑡 = 𝜀𝑚𝑒𝑐ℎ + 𝜀𝑡ℎ) along 𝑦 and 𝑧 are equal to zero and thus the mechanical strains in 623 

these directions are equal to the thermal strain, 𝜀𝑡ℎ = −𝛼𝑠 ∙ ∆𝑇 , but of opposite sign, i.e. 𝛼𝑠 ∙ ∆𝑇 . 624 

Furthermore, the total stress in the 𝑥-direction is equal to zero and hence the change in effective stress 625 

is given by ∆𝜎′𝑥 = −∆𝑢. As a consequence, equations A4 and A5 can be written as: 626 

 ∆𝜎′𝑦

𝐸
−
𝜈

𝐸
(∆𝜎′𝑧 − ∆𝑢) = 𝛼𝑠 ∙ ∆𝑇 (A6) 

 627 



36 
 

 ∆𝜎′𝑧
𝐸

−
𝜈

𝐸
(∆𝜎′𝑦 − ∆𝑢) = 𝛼𝑠 ∙ ∆𝑇 (A7) 

 628 

Which leads to: 629 

 
∆𝜎′𝑦 + ∆𝜎′𝑧 =

2(𝐸 ∙ 𝛼𝑠 ∙ ∆𝑇 − 𝜈 ∙ ∆𝑢)

(1 − 𝜈)
 (A8) 

 630 

Hence, the change in mean effective stress ∆𝑝′ is equal to: 631 

 
∆𝑝′ =

(∆𝜎′𝑥 + ∆𝜎′𝑦 + ∆𝜎′𝑧)

3
=
2

3

(𝐸 ∙ 𝛼𝑠 ∙ ∆𝑇 − 𝜈 ∙ ∆𝑢)

(1 − 𝜈)
−
∆𝑢

3
 (A9) 

 632 

Noting that 3𝐾𝑠 = 𝐸 (1 − 2𝜈⁄ ), substituting equation A9 into Equation A1 allows the change in pore 633 

water pressures to be expressed as: 634 

 

∆𝑢 =
3𝑛(𝛼𝑤 − 𝛼𝑠) ∙ Δ𝑇

𝑛
𝐾𝑓
+

1
3𝐾𝑠

(
1 + 𝜈
1 − 𝜈

)
+
2𝛼𝑠 (

1 − 2𝜈
1 − 𝜈 ) ∙ Δ𝑇

𝑛
𝐾𝑓
+

1
3𝐾𝑠

(
1 + 𝜈
1 − 𝜈

)
 

 

(A10) 

The problem depicted in Figure A. 1 (b) includes an additional restriction in the 𝑥-direction and thus 635 

the mechanical strains in all directions are equal to 𝛼𝑠 ∙ ∆𝑇, which leads to: 636 

 ∆𝜀𝑣,𝑚𝑒𝑐ℎ = ∆𝜀𝑥,𝑚𝑒𝑐ℎ + ∆𝜀𝑦,𝑚𝑒𝑐ℎ + ∆𝜀𝑧,𝑚𝑒𝑐ℎ 

= ∆𝜎′𝑥 + ∆𝜎′𝑦 + ∆𝜎′𝑦 − 2𝜈(∆𝜎′𝑥 + ∆𝜎′𝑦 + ∆𝜎′𝑦) = 3𝐸 ∙ 𝛼𝑠 ∙ ∆𝑇 

(A11) 

Which can be rewritten as 637 

 
3∆𝑝′ =

3𝐸 ∙ 𝛼𝑠 ∙ ∆𝑇

(1 − 2𝜈)
 (A12) 

 638 

Thus: 639 
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∆𝑝′ =

𝐸 ∙ 𝛼𝑠 ∙ ∆𝑇

(1 − 2𝜈)
= 3𝐾𝑠 ∙ 𝛼𝑠 ∙ ∆𝑇 (A13) 

 640 

Substituting Equation A13 into Equation A1 and rearranging, leads to the following expression for the 641 

change in pore water pressures: 642 

 
∆𝑢 = 3(𝛼𝑤 − 𝛼𝑠) ∙ 𝐾𝑓 ∙ Δ𝑇 + 3𝛼𝑠 ∙

𝐾𝑓

𝑛
∙ Δ𝑇 

 

(A14) 

 643 

Figure A. 1: Schematic representation of (a) one dimensional expansion and (b) fully restricted 644 

Appendix B Analytical solutions for the calculation of temperature distribution through 645 

solids of finite length 646 

The temperature distributions for different 𝑥 -coordinates and time instants for Problem A can be 647 

calculated analytically using the following expression (Carslaw and Jaeger, 1959): 648 

𝑇(𝑥, 𝑡)

=  𝑇0 + (𝑇1 − 𝑇0)
𝑥

𝐿

+
2

𝜋
∑

𝑇1cos 𝑛𝜋 − 𝑇0
𝑛

sin
𝑛𝜋𝑥

𝐿
𝑒−𝑛

2𝜋2𝐹𝑜+∑sin
𝑛𝜋𝑥

𝐿
𝑒−𝑛

2𝜋2𝐹𝑜

∞

1

∫ 𝑓(𝑥′) cos
(2𝑛 + 1)𝜋𝑥′

2𝐿

𝐿

0

∞

𝑛=1

𝑑𝑥′ 

 

(B1) 

where 𝑇0  and 𝑇1  are the temperatures imposed at coordinates 𝑥 = 0  and 𝑥 = 𝐿 , respectively, and 649 

∫ 𝑓(𝑥′)𝑑𝑥′
𝐿

0
 is the function of the initial temperature distribution. For the special case of a constant 650 

initial temperature distribution of 0°C or if changes in temperature from an initially constant 651 
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temperature distribution wish to be calculated, then one of the fixed temperatures will have a value of 652 

0°C and Equation B1 reduces to: 653 

 
𝑇(𝑥, 𝑡) =  𝑇0 + (𝑇1 − 𝑇0)

𝑥

𝐿
+
2

𝜋
∑

𝑇1cos 𝑛𝜋 − 𝑇0
𝑛

sin
𝑛𝜋𝑥

𝐿
𝑒−𝑛

2𝜋2𝐹𝑜

∞

𝑛=1

 

 

(B2) 

Similarly, the equation below (Carslaw and Jaeger, 1959) allows the calculation of the temperature 654 

distributions for the case where the boundary at 𝑥 = 0  is insulated and 𝑥 = 𝐿  is kept at constant 655 

temperature 𝑇0 and with an initial temperature profile 𝑓(𝑥), hence simulating the conditions of Problem 656 

B: 657 

 
𝑇(𝑥, 𝑡) =  𝑇0 +

2

𝐿
∑𝑒−(2𝑛+1)

2𝜋2𝐹𝑜/4 cos
(2𝑛 + 1)𝜋𝑥

2𝐿
{
2𝐿(−1)𝑛+1𝑇0
(2𝑛 + 1)𝜋

∞

𝑛=0

+∫ 𝑓(𝑥′) cos
(2𝑛 + 1)𝜋𝑥′

2𝐿
𝑑𝑥′

𝐿

0

} 

 

(B3) 

For the conditions mentioned above, the problem can be simplified to: 658 

 
𝑇(𝑥, 𝑡) =  𝑇0 +

2

𝐿
∑𝑒−(2𝑛+1)

2𝜋2𝐹𝑜/4 cos
(2𝑛 + 1)𝜋𝑥

2𝐿
{
2𝐿(−1)𝑛+1𝑇0
(2𝑛 + 1)𝜋

}

∞

𝑛=0

 

 

(B4) 

Appendix C Soil models and properties for retaining wall problem 659 

Concrete was modelled as a linear-elastic material with a stiffness of 30 GPa, as indicated in Wood and 660 

Perrin (1984). The Made Ground was modelled as a linear elasto-plastic material with a Mohr-Coulomb 661 

failure surface. All other soil layers were modelled as non-linear elasto-plastic materials with a Mohr-662 

Coulomb failure surface and the IC.G3S non-linear elastic stiffness model (Taborda et al., 2016). For 663 

consolidating materials, i.e. London Clay and Lambeth Group Clay, a non-linear permeability model 664 

was adopted, where the permeability decreases with increasing mean effective stress, 𝑝′, according to 665 

the following relationship: 666 
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 𝑘 = 𝑘0𝑒
−𝐵𝑝′ (C1) 

where the parameters 𝑘0 and 𝐵 are model parameters. 𝑘0= 10-10 an 𝐵=0.023. 667 

With the exception of Made Ground, the pre-yield behaviour of all the other soils is assumed to be 668 

reproduced by the non-linear small-strain stiffness model proposed by Taborda et al. (2016). According 669 

to this model, the tangent shear modulus, 𝐺𝑡𝑎𝑛, is given by: 670 

 

𝐺𝑡𝑎𝑛 =  𝐺𝑚𝑎𝑥 ∙ [𝑅𝐺,𝑚𝑖𝑛 +
1 − 𝑅𝐺,𝑚𝑖𝑛

1 + (
𝐸𝑑
𝑎
)
𝑏 ] ≥ 𝐺𝑚𝑖𝑛 (C2) 

where 𝐸𝑑 is the second invariant of the strain tensor (see Equation C3), 𝐺𝑚𝑖𝑛 is the minimum shear 671 

stiffness and 𝑎, 𝑏 and 𝑅𝐺,𝑚𝑖𝑛 are model parameters.  672 

 

𝐸𝑑 = (
4

6
∙ [(𝜀𝑥 − 𝜀𝑦)

2
+ (𝜀𝑦 − 𝜀𝑧)

2
+ (𝜀𝑧 − 𝜀𝑥)

2] + 𝛾
𝑥𝑦
2 + 𝛾

𝑦𝑧
2 + 𝛾

𝑥𝑧
2)

1
2
 (C3) 

In Equation C2, the maximum shear stiffness, 𝐺𝑚𝑎𝑥, is calculated using: 673 

 
𝐺𝑚𝑎𝑥 =  𝐺0 ∙ (

𝑝′

𝑝′𝑟𝑒𝑓
)

𝑚𝐺

 (C4) 

where 𝑝′  is the mean effective stress, 𝑝𝑟𝑒𝑓
′  is a reference pressure (assumed to be equal to the 674 

atmospheric pressure, i.e. 101.3 kPa), while 𝐺0 and 𝑚𝐺 are model parameters (in this paper, the latter 675 

is assumed to be 1.0, i.e. the shear stiffness varies linearly with 𝑝′). 676 

Similarly, the tangent bulk modulus, 𝐾𝑡𝑎𝑛, is given by: 677 

 

𝐾𝑡𝑎𝑛 =  𝐾𝑚𝑎𝑥 ∙ [𝑅𝐾,𝑚𝑖𝑛 +
1 − 𝑅𝐾,𝑚𝑖𝑛

1 + (
|𝜀𝑣|
𝑟 )

𝑠] ≥ 𝐾𝑚𝑖𝑛 (C5) 

where 𝜀𝑣 is the volumetric strain (i.e. the first invariant of the strain tensor, see Equation C6), 𝐾𝑚𝑖𝑛 is 678 

the minimum bulk modulus and 𝑟, 𝑠 and 𝑅𝐾,𝑚𝑖𝑛 are model parameters.  679 

 𝜀𝑣 = 𝜀𝑥 + 𝜀𝑦 + 𝜀𝑧 (C6) 

 680 
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In Equation C5, the maximum bulk modulus, 𝐾𝑚𝑎𝑥, is calculated using: 681 

 
𝐾𝑚𝑎𝑥 =  𝐾0 ∙ (

𝑝′

𝑝′𝑟𝑒𝑓
)

𝑚𝐾

 (C7) 

where 𝐾0 and 𝑚𝐾 are model parameters (as for the shear stiffness, the latter is assumed to be 1.0, i.e. 682 

the bulk modulus varies linearly with 𝑝′). 683 

The tables below summarise the linear and non-linear mechanical properties, as well as the thermal 684 

properties, of the concrete structure and soil layers employed in all analyses. 685 

 686 

Material 𝐸 [kPa] 𝜈 [--] 

Concrete 30×106 0.3 

Made Ground 10×103 0.2 

Table C. 1: Linear elastic properties 687 

Material 𝑐′ [kPa] 𝜑′ [°] 𝜓′ [°] 

Made Ground 0.0 30.0 0.0 

Terrace Gravel 0.0 35.0 17.5 

London Clay 5.0 25.0 12.5 

Lambeth Group Clay 25.0 27.0 13.5 

Thanet Sand 0.0 40.0 20.0 

Table C. 2: Mohr-Coulomb strength properties 688 

Material 𝐺0 [kPa] 𝑎 [--] 𝑏 [--] 𝑅𝐺,𝑚𝑖𝑛 [kPa] 𝐺𝑚𝑖𝑛 [kPa] 

Terrace Gravel 41939.61 0.000145 1.0 0.03511 3000 

London Clay 51743.55 0.000056 0.9 0.06450 2667 

Lambeth Group Clay 51924.52 0.000110 0.95 0.04662 2667 

Thanet Sand 65275.23 0.000046 0.85 0.02631 2000 

Table C. 3: Small strain stiffness properties 689 

 690 
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 691 

Material 𝐾0 [kPa] 𝑟 [--] 𝑠 [--] 𝑅𝐾,𝑚𝑖𝑛 [kPa] 𝐾𝑚𝑖𝑛 [kPa] 

Terrace Gravel 49843.08 0.000247 1.25 0.15440 3000 

London Clay 26692.73 0.000127 1.8 0.13275 5000 

Lambeth Group Clay 61331.71 0.000065 1.4 0.07589 5000 

Thanet Sand 29813.53 0.000155 1.1 0.27947 5000 

Table C. 4: Small strain stiffness properties 692 

Material 

𝛾𝑠 

[kN/m3] 

𝛼𝑠 

[m/mK] 

𝛼𝑤 

[m/mK] 

𝐾𝑓 

[GPa] 

𝜌𝐶𝑝 

[kJ/m3K] 

𝜆  

[W/mK] 

Concrete 24.0 8.5×10-6 -- -- -- -- 

Made Ground 18.0 1.7×10-5 --(*) --(*) 1900 1.40 

Terrace Gravel 20.0 1.7×10-5 --(*) --(*) 1900 1.40 

London Clay 20.0 1.7×10-5 6.9×10-5 2.2 1820 1.79 

Lambeth Group Clay 20.0 1.7×10-5 6.9×10-5 2.2 1760 2.20 

Thanet Sand 20.0 1.7×10-5 --(*) --(*) 1760 2.40 

(*) parameter not required since stratum is considered fully drained 

Table C. 5: Thermal and thermo-mechanical material properties (adopted from Gawecka et al., 2017) 693 
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