
Centrifuge modelling of the use of discretely-spaced energy pile row to rein-1 

force unsaturated silt 2 
1Vitali, D., 2Leung, A. K.*, 3Feng, S. 4Knappett, J. A., and 5Li, M. 3 

4 

ABSTRACT: 5 

Discretely-spaced reinforced concrete (RC) energy pile rows have been proposed to be installed 6 

at the mid-height of soil slopes. While the pile row can provide mechanical reinforcement to the 7 

slopes, the piles can potentially be used to (i) intercept solar energy from roadways for heat storage 8 

in the ground to mitigate extreme high carriageway temperatures and also (ii) to extract shallow 9 

geothermal energy for road surface de-icing. In this study, a series of centrifuge model tests were 10 

conducted to evaluate the shearing behaviour of unsaturated silt with and without reinforcement 11 

by conventional piles and energy piles. Three-dimensional finite element coupled vapour-water-12 

heat transport analysis was also performed to further understand the effects of pile heating on the 13 

responses of temperature and pore water pressure of the soil. The measured and computed results 14 

revealed that the primary effect of pile heating was an increase in soil hydraulic conductivity due 15 

to the heat-induced reduction in water viscosity. The heated soil had enhanced water flow and 16 

hence developed higher suction. When subjected to translational slip, the silt reinforced by a row 17 

of closely-spaced RC energy piles exhibited a more ductile shearing response and a lower peak 18 

shear resistance, compared to that reinforced by conventional piles. The peak bending moments 19 

mobilised in the energy piles in the stable stratum were also smaller. At larger shear displacements, 20 

however, the shear resistance converged to a similar value, regardless of the suction and tempera-21 

ture. These suggest that the piles modified with additional energy transfer functionality can con-22 

tinue to act as reinforcement, potentially preventing soil from a sudden brittle failure, without at-23 

tracting additional flexural stresses onto the piles. 24 
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INTRODUCTION 26 

Extreme winter rainfalls and snowfalls due to climate change in the European temperate regions 27 

have caused increasing numbers of failures and disruption to road/railway embankments, brining 28 

significant socio-economic losses (Sassa & Canuti, 2009; Huges et al., 2008). While slope stability 29 

can be improved by soil nailing and piling (amongst other methods), traffic disturbance associated 30 

with road icing in winter is mitigated using de-icing salt, which aims to inhibit the crystallisation 31 

of water into ice and increase the grip of tyres. However, excessive use of salt can create environ-32 

mental problems such as flooding due to the potential blockage of drainage as well as soil and 33 

water contamination due to the leaching of chlorine ions, potential chloride attack of reinforced 34 

concrete of pavements, bridges and retaining structures along with practical problems associated 35 

with salt storage and logistics and the environmental impact of quarrying large amounts of salt. In 36 

summer, extreme high summer temperatures (e.g., 38.7 oC in UK, July 2019; which broke the all-37 

time maximum recorded temperature held by the UK Met Office) can also heat up the asphalt of 38 

the road as high as 50 oC. Such high temperatures lead to bitumen softening and damage due to 39 

rutting of the wearing course. While gritters might be brought in to spread dust and sand for road 40 

surface stabilisation, other measures are needed to reduce the thermal load of the road surface for 41 

protecting the infrastructure and preventing traffic disturbance. 42 

Discretely-spaced reinforced concrete (RC) pile rows have been a common engineering 43 

method for improving slope stability (e.g., Poulos, 1995; Kourkoulis et al., 2012; Al-Defae & 44 

Knappett, 2014) through the mobilisation of pile flexural strength (Smethurst & Powrie, 2007) and 45 

soil arching between the piles (Kourkoulis et al., 2010; Girout et al., 2016). An innovative and 46 

sustainable proposal advanced by the authors is to modify RC piles used for this purpose to be RC 47 

energy piles (Fig. 1). Solar energy may be intercepted and stored in heat-carrier fluid in a pipeline 48 

buried in the road pavement. The heat harvested can be pumped to the piles and the ground for 49 

heat storage when the road surface temperature is high. This operation leads to pile heating relative 50 

to the cooler surrounding soil. Using the same system, shallow geothermal energy at the bottom 51 

part of the piles (where soil is relatively warmer) may be extracted by the piles for road surface 52 

de-icing in winter months. The near-surface soil is affected by the winter atmospheric condition, 53 

and the soil temperature here would normally be lower than that in the pile carrying heated fluid. 54 

Hence, pile heating would also take place at shallow depths (where a slip surface may form) during 55 

this winter operation. 56 
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 57
Figure 1. A schematic diagram showing the use of discrete energy pile row for slope stabilisation 58

and road surface de-icing in “summer” and “winter” operation modes, respectively 59

 60

Centrifuge modelling has been chosen as the principal research tool to study the fundamental 61

mechanisms of the thermomechanical interaction between energy piles and unsaturated soil and 62

hence to evaluate any effect of pile heating on the lateral behaviour of the soil-pile reinforcement 63

system. By using a geotechnical centrifuge, testing a 1:Nth model at N times of the Earth’s gravity 64

(g) through centripetal acceleration recreates stress levels that are close to much larger full-scale 65

prototype systems (Taylor, 1995), correctly capturing the stress-dependent thermomechanical soil 66

behaviour at homologous points. Indeed, there are physical model and centrifuge tests that have 67

focused on the axial thermomechanical pile behaviour for building applications (Ng et al., 2014; 68

2015; Goode & McCartney, 2015; Stewart & McCartney, 2014; Wu et al., 2019). However, flexural 69

thermomechanical pile behaviour, relevant to the system in Fig. 1, has never been studied before.  70

Correctly modelling the flexural behaviour of RC piles in a centrifuge is challenging as it 71

requires careful selection of modelling materials to capture not only the nonlinear elasto-plastic-72

brittle behaviour (Knappett et al., 2011), but also thermal properties such as thermal expansion 73

coefficient of the energy pile (Vitali et al., 2016). Additionally, effects of pile thermal loading on 74

the changes in temperature and pore water pressure (PWP) fields in unsaturated soil (Leung et al., 75

2020), and eventually the shear response of the energy pile-reinforced soil, are not well understood. 76

This paper aims to investigate and quantify the effects of pile heating on the flexural soil-77

energy pile interaction within soil translational slip and subsequently to understand the implica-78

tions of energy pile use on the primary stabilisation function of the pile reinforcement. A series of 79

Potential slip surface
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centrifuge model tests was carried out to measure any changes in the soil PWP due to pile heating 80 

and how these changes may have affected the lateral behaviour of an unsaturated soil reinforced 81 

by a row of discretely-spaced energy piles. To assist in the interpretation of the centrifuge test data, 82 

three-dimensional (3-D), finite element, water-vapour-heat transport back-analysis was addition-83 

ally performed, with emphasis on the influences of pile heating on the soil water regime. 84 

 85 

PROBLEM SIMPLIFICATION 86 

The system of interest involves complex thermomechanical interaction between unsaturated soil 87 

and multiple energy piles in a sloping ground. Since the key objective of this study is to determine 88 

the thermo-hydro-mechanical behaviour of closely-spaced piles and the soil in their immediate 89 

vicinity for a given depth of soil slip, only a block of representative soil around piles, instead of 90 

an entire slope, was modelled in the centrifuge (Fig. 2). Following this simplification, the shear 91 

capacity of the soil-pile system can be determined by imposing a uniform translational displace-92 

ment onto the back of the boundary of the “unstable” soil above a predefined horizontal slip. These 93 

simplifications are deemed realistic when: (i) the piles are sufficiently far from both the crest and 94 

toe of the slope; (ii) there exists a predefined slip; and (iii) the position of the slip is not modified 95 

by the presence of piles (Kourkoulis et al., 2012). For condition (i), previous analyses (Poulos, 96 

1995; Kourkoulis, 2009) have shown that uniform loading applied at distances greater than 5D 97 

(where D is pile diameter or width) away from the back of piles would introduce a reasonably 98 

uniform displacement profile across the unstable soil. When the three conditions are satisfied, the 99 

ultimate load acting on a row of stabilising pile would be a function of only the sliding depth, the 100 

pile configuration, and both the pile and soil properties. 101 

The simplified block of a soil-pile system shown in Fig. 2 was tested in the centrifuge. Each 102 

pile has an aspect ratio (diameter : length) of 1:10. In total, three piles were considered within this 103 

block and they were socketed to a rigid bottom stratum for a length of 1D. The piles were spaced, 104 

centre-to-centre, at 4D, which is typical of field conditions (e.g., Smethurst & Powrie, 2007). The 105 

distance between the piles and the back of the model boundary was 6D. The distance between the 106 

edge piles and the model boundary was 2D (i.e. half of the pile spacing), so the block can be tested 107 

under a plane strain condition, representing a repeating cell as part of a long piled slope. 108 
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 109

 110

Figure 2. Model simplification for studying the shear behaviour of a block of soil reinforced by a 111

discrete row of three reinforced concrete energy piles in the geotechnical centrifuge 112
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CENTRIFUGE TEST PROGRAMME 113 

Test plan 114 

In total, four centrifuge tests were designed to evaluate the shear behaviour of a discrete energy 115 

pile row in unsaturated soil. All centrifuge tests were conducted using the 3.5 m radius Actidyn 116 

C67 geotechnical beam centrifuge at the University of Dundee, UK (Brennan et al., 2014), all at 117 

24 g (N = 24). Test 1 was a shearing-only test of an unsaturated silt without pile reinforcement. 118 

Test 2 was also a shearing-only test of the same soil type but reinforced by a discrete row of three 119 

conventional RC piles. Tests 3 and 4 were similar to Test 2, but reinforced by a row of three energy 120 

piles in each case and tested thermo-mechanically. Tests 3 and 4 represented the “operation” and 121 

“shutdown” modes of the system (further details below), respectively. 122 

 123 

Test soil 124 

The soil type tested was A50 silt with silica quartz content of more than 99.5%. The silt had a 125 

specific gravity of 2.65, and the particle diameters for 10%, 50% and 90% passing (i.e., d10, d50 126 

and d90) were 0.004, 0.04 and 0.1 mm, respectively. Hence, the ratio between the thickness of a 127 

LDSA sample and d50 was 7500. This is well above 4700, beyond which the friction angle would 128 

be expected to become independent of sample size and almost the same as that obtained from 129 

drained torsional simple shear (Wu et al., 2008). The drying and wetting water retention curves 130 

(WRC) of the silt, compacted to a dry density of 1.58 g/cm3 (equivalent to 95% degree of compac-131 

tion; adopted in all the centrifuge tests) with an initial water content (by mass) of 18.5%, are shown 132 

in Fig. 3. The silt had an air-entry value of approximately 20 kPa, and it loses almost all the mois-133 

ture as the matric suction reached 100 kPa. A noticeable hysteresis loop was observed after expe-134 

riencing a cycle of drying and wetting. Based on constant-head permeability tests, the saturated 135 

hydraulic conductivity of the silt, determined at the same soil compaction level, was 8.3 x 10-7 m/s. 136 

Direct-shear tests on saturated and unsaturated silt over ranges of net normal stress (5 – 200 kPa) 137 

and suction (0 – 90 kPa) were conducted. The test data was interpreted by the Mohr-Coulomb 138 

failure envelop in the effective stress space: 139 

߬ = ܿᇱ + ߪ)] − (௔ݑ + ௔ݑ)߯ − [(௪ݑ tan߶′               (1) 140 

where ܿ′ is cohesion; ߪ is total normal stress; ݑ௔ is pore air pressure (atmospheric); ݑ௪ is pore wa-141 

ter pressure; ߶′ is friction angle; and ߯ is an effective stress parameter, which may be defined as 142 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65



(s/se)0.55, after Khalili & Khabbaz (1998), where s and se are the matric suction (i.e. (ݑ௔ – ݑ௪)) and 143 

air-entry value, respectively. Based on the results shown in Fig. 4, the silt had a peak friction angle 144 

of 45.3o. The quartz-based silt, at dry condition, had a coefficient of thermal expansion of 0.55 145 

με/°C and a thermal conductivity (ߣ) of 6.5 W/(m K) (Cardarelli, 2008). Other silt properties are 146 

summarised in Table 1. 147 

 148 

Figure 3. Drying and wetting WRCs of the silt, fitted with the van Genuchten (VG; 1980) equation. 149 

Fitting coefficients for the drying curve are a = 0.00062 kPa-1; n = 1.09; m = 36.2; s = 0.32 and 150 

r = 0, and those for the wetting curve are a = 0.04 kPa-1; n = 2.5; m = 0.25; s = 0.25 and r = 0. 151 

 152 
Figure 4. Effective stress failure envelope of the silt 153 
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Table 1. Properties of the silt used in the physical model tests 154 

Parameter Value 
Index properties 
Specific gravity [-] 2.65 
d10 (particle diameter with 10% passing) [mm] 0.004 
d50 (particle diameter with 50% passing) [mm] 0.04 
d90 (particle diameter with 90% passing) [mm] 0.1 
Maximum dry density [kg/m3] 1.66 
Optimum water content [g/g] 0.191 
Mechanical properties 
Peak friction angle [o] 45.3 
Hydraulic properties 
Air-entry value [kPa] 20 
Saturated permeability [m/s] 8.3 x 10-7 

Thermal properties 

Thermal conductivity [W/(m K)] 6.5 
Coefficient of thermal expansion [με/oC] 0.55 

 155 

Model RC energy piles 156 

The model piles used in this study were made of the model concrete developed by Vitali et al. 157 

(2016) and Zhao et al. (2020). This model concrete can realistically capture both the thermal and 158 

mechanical properties of concrete at prototype scale and also the nonlinear quasi-brittle behaviour 159 

that is highly important for correctly modelling the flexural behaviour of laterally-loaded rein-160 

forced concrete structures. The model concrete was a mixture of -form surgical plaster, silica 161 

sand (Congleton HST95), water and copper powder (Phoenix Scientific Industries). While silica 162 

sand (particle diameter ranging from 0.06 to 0.3 mm, with d50 = 0.2 mm) is to geometrically scale 163 

down the size of aggregate in prototype concrete (Knappett et al., 2011), the addition of copper 164 

powder (diameter ranging from 0.002 to 0.1 mm) aimed to enhance the thermal properties of the 165 

mortar. Element tests conducted by Vitali et al. (2016) and Zhao et al. (2020) showed that adding 166 

6% copper powder (by volume) into the mix was able to reproduce the thermal conductivity (about 167 

0.73±0.09 W/(m K); mean ± standard error of mean) of concrete, while not adversely affecting the 168 

mechanical properties of the mortar. Like concrete, the thermomechanical behaviour of the model 169 

concrete was subject to uncertainties due to material variabilities and workmanship. Statistical 170 
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analysis performed by Knappett et al. (2018) showed that the model concrete exhibited a similar 171

coefficient of variation of mechanical strength (< 10%) to full-scale concrete. 172

By using the model concrete, model piles were produced. A design moment capacity of 230 173

kNm was chosen to size the pile section, based on the test results of non-energy pile-reinforced 174

slopes reported by Al-Defae & Knappett (2014) and Jeong et al. (2003). The pile design followed 175

Eurocode 2 (EN 1992-1-1, 2004). In order to achieve the design moment, a doubly-reinforced 0.6 176

m x 0.6 m square pile with a length of 6 m and a steel reinforcement ratio of 2.1% was required 177

(see section design in Fig. 5). Longitudinal reinforcement (bars) were applied both at the back and 178

in the front of the pile section, with two 18 mm-diameter and four 14 mm-diameter mild steel bars 179

on each side. Twenty-five transverse reinforcements (stirrups/shear links) of 14 mm diameter were 180

also needed and they were spaced at 240 mm along the pile length. 181

For conducting the 24 g-centrifuge tests, the pile dimension was scaled down at 1:24. The 182

model pile section is shown in Fig. 5. Stainless steel wire (Grade 316; Ormiston Wire Ltd) was 183

used to produce the scaled longitudinal bars and shear links. While the longitudinal bars were 184

produced by steel with a yield strength of 460 MPa and a model diameter of 1.25 mm (design 185

requirement: 1.12 mm), the shear links were produced using steel with a yield strength of 380 MPa 186

and a model diameter of 0.63 mm (design requirement: 0.59 mm). All the model longitudinal bars 187

and shear links were coated with a thin layer of fine sand using epoxy for providing mechanical 188

interlocking with the mortar (Knappett et al., 2011). 189

 190

Figure 5. Structural design of pile cross section and its small-scale modelling for centrifuge testing. 191

Note: the abbreviation “dia.” denotes diameter and HDPE stands for high-density polyethylene. 192
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Two U-shaped tubes were used to circulate water of different temperature in and out of the 194 

pile using a centrifuge-mounted heat circulation system developed by Vitali et al. (2018). The pipe 195 

was made of flexible silicon, which was bent to form a U-shaped tube within the pile. The pipe 196 

had an internal diameter of 1.5 mm, a tensile strength of 10 MPa and the thermal expansion coef-197 

ficient between 70 and 110 με/°C. The pipes were fixed onto the reinforcement cage (Fig. 6), which 198 

was assembled in an aluminium formwork, into which the model concrete was mixed with 6% 199 

copper powder (by volume) and then left to air-cure and harden for 28 days. 200 

 201 

(a) 202 

 203 

 204 

(b) 205 

 206 

 207 

(c) 208 

Figure 6. Model pile production: (a) positioning the steel reinforcement and U-shaped pipes; (b) 209 

strain-gauge installation on reinforcements; and (c) final product of the model RC pile after casting 210 

 211 

Four-point bending tests were conducted to determine the flexural properties of the model 212 

piles. These showed that the 1:24 scale RC energy piles produced by the methods and procedures 213 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65



above had representative prototype thermal expansion coefficient (15.8 με/°C), average peak mo-214 

ment capacity (336 kNm) and flexural rigidity (33 MNm2), expressed at prototype scale (Minto et 215 

al., 2016; Zhao et al., 2020). The characteristic moment capacity of the pile as measured in the 216 

bending tests was higher than the design moment capacity, reflecting both the effects of the partial 217 

factors in the EC2 design procedure and the slight over-reinforcement due to the use of the slightly 218 

higher diameters of the model longitudinal bars with respect to the design values. 219 

 220 

Test setup 221 

Following the model simplification made to the soil-pile system (Fig. 2), a large-area (300 x 300 222 

x 300 mm3) direct-shear apparatus (LDSA; Fig. 7) was developed to simulate the process of soil 223 

translational slip and to determine the shear resistance of the pile reinforcement in the centrifuge. 224 

The apparatus has two components. The first one is the shearing chamber, which is composed of 225 

four detachable aluminium square boxes stacked atop each other. These can be variously bolted 226 

together to create four potential shearing surfaces such that soil sliding at different depths can be 227 

modelled, with the upper-part moving. All the interfaces between the boxes are covered with pol-228 

ytetrafluoroethylene (PTFE) for minimising interface friction. The box interface has a frictional 229 

coefficient of 0.107. All horizontal force measurements presented in this study have been corrected 230 

for the box interface friction. Multiple ports are made on the sides of each box for installing ther-231 

mocouples and high-capacity tensiometers to monitor changes in soil temperature and PWP during  232 

 233 

Figure 7. Overview of the large-area direct-shear apparatus (LDSA) for simulating and monitoring 234 

the process of soil translational slip in the geotechnical centrifuge 235 
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testing. The second component of the apparatus is the motor, which is used to drive a worm shaft 236 

to apply displacement-controlled horizontal loading to the back of the shearing chamber. A load 237 

cell is used to measure the shear loading mobilised, while a pair of linear variable differential 238 

transformers (LVDTs) are installed at the front face of the box for measuring the shear displace-239 

ment (averaging the two measurements) and to check for any rotation about the vertical axis. 240 

Figure 8 shows the overview and schematic diagram of the model setup of the centrifuge 241 

test. At the bottom of the LDSA, a 25 mm thick solid aluminium plate was placed with machined 242 

square slots to simulate the bedrock in the field and allow the piles to be socketed. Before soil 243 

compaction, three dummy piles with identical dimensions to the model RC piles but made of solid 244 

aluminium were socketed into the plate to a depth of 1D. All the vertical surfaces of these piles 245 

were sleeved with polypropylene plastic sheets so that the post soil compaction extraction process 246 

would introduce minimal disturbance to the surrounding soil. The centre-to-centre spacing be-247 

tween these piles was 4D. Installing the dummy piles at this stage aimed to prevent damage to the 248 

RC piles during soil compaction. Thereafter, soil thoroughly mixed to a uniform water content of 249 

18.5% (by mass) was compacted into the LDSA by the moist tamping method. The soil compaction 250 

was divided into nine layers of equal height of 25 mm, targeting a uniform dry density profile of 251 

1.58 g/cm3. The targeted dry density and water content (by mass) corresponded to an initial degree 252 

of saturation of the soil of 70%. After soil compaction, the dummy piles were extracted from the 253 

soil carefully and the model package was completed by socketing the three model RC piles into 254 

the bottom plate. This pile installation method may be representative to the case of cast-in-situ RC 255 

piles in practice. 256 

 257 

Instrumentation 258 

The central model pile and surrounding soil in each test was instrumented to monitor its thermo-259 

mechanical behaviour during each centrifuge test. As shown in Fig. 8, three vertical arrays of four 260 

thermocouples at different depths were installed on the pile surface and also at 1D and 2D away 261 

from the pile surface within the soil, to monitor soil temperature changes induced by the model 262 

RC energy pile, both vertically and horizontally. Another array of five pairs of strain gauges (steel-263 

foil; model no.: CAE-06-062UW-350; Micro-Measurements Ltd.) were installed to the same cen-264 

tral model pile, four of which had approximately the same elevations as the thermocouples, for 265 
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monitoring mobilised bending moment during testing. The fifth pair of the strain gauges was in-266 

stalled in shallower pile depth of 25 mm (see the figure). Each strain gauge was affixed to a 0.3 267 

mm-thick steel tab using a temperature resistant adhesive and the assembly was attached to two 268 

adjacent longitudinal bars (Fig. 6), mimicking the installation method adopted in full-scale RC 269 

piles in the field. Each pair of strain gauges was wired through half-bridge connections to allow 270 

bending moment measurement without parasitic axial loads or thermal effects. By mounting one 271 

gauge along the principal axis of strain (i.e., axial direction) and the other gauge in the same di-272 

rection but on the opposite side of the model, temperature effects on the strain gauge responses 273 

can be eliminated (National Instruments, 2016). 274 

In addition, a vertical array of three miniature high-capacity tensiometers (HCTs; model no. 275 

EPB-PW-7BS; StrainSense Ltd.) were installed to measure soil PWP change. Each HCT had a 3-276 

bar ceramic stone, which can measure a range of PWP from -300 to 700 kPa. Prior to installation, 277 

each HCT was saturated following the rigorous procedures adopted by Zhou et al. (2006). Toll et 278 

al. (2013) have shown that temperature has minimal influence on the linear calibration factor (i.e., 279 

gradient of PWP and voltage; kPa/ V) of the HCTs. 280 

 281 

(a) (b) 

Figure 8. (a) Overview and (b) elevation view of the centrifuge model setup of the LDSA, together 282 

with the instrumentation plan (all dimensions are in mm) 283 
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Test procedures 285 

The test procedures of all centrifuge tests broadly consisted of three consecutive steps, namely: (i) 286 

centrifuge spin-up; (ii) pile continuous heating; and (iii) direct shearing. In Step (i), the model 287 

package of each test was spun up to 24 g. Step (ii) only applied to Tests 3 and 4, where all three 288 

model RC energy piles were heated internally by maintaining an average inlet temperature (i.e., 289 

measured in the water immediately before entering the piles) at 42.5 °C for 90 – 120 days (proto-290 

type scale). This inlet temperature was typical of energy pile operation (e.g., Ng et al., 2015; Stew-291 

art & McCartney, 2014). The adopted heating duration aimed to provide sufficient time to heat up 292 

the model RC pile so that the changes in pile surface temperature are representative of values 293 

normally recorded in the field (Loveridge & Powrie, 2013). Step (iii) applied to all four tests. In 294 

this step, constant-water-content shearing was carried out at 2.4 m depth (prototype), mimicking a 295 

translational slip. The shearing rate was controlled at 8.75 x 10-8 m/s (prototype), which is catego-296 

rised as a “very slow” landslide (Dixon & Spriggs, 2007). Test 3 aimed to model soil failure during 297 

the “operation” mode of the system (refer to Fig. 1) upon heat storage in summer or heat extraction 298 

for road de-icing in winter. In both cases, the energy piles are expected to be hotter than the sur-299 

rounding soil and actively heating; hence, in this test, the model piles were heated continuously 300 

during shearing. Test 4, on the contrary, modelled soil failure during the “shutdown” mode of the 301 

system under milder climate conditions, e.g. after a previous period of use but when heat is neither  302 

 303 

Table 2. Scale factors (N = prototype model) relevant to this study (after Iai et al., 2005) 304 
Quantity High-g scale factor 
General 
Length N 
Stress 1 
Pore water pressure or suction 1 
Stiffness 1 
Structural-related 
Bending stiffness N4 
Lateral force N2 
Lateral displacement N 
Bending moment N3 
Temperature-related (Zhao et al., 2020) 
Strain (thermal) 1 
Time (diffusion) N2 
Temperature change 1 
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harvested due to overcast weather in summer nor extracted in winter when the weather is warm 305 

enough to melt the road surface ice and not require active use of the system. From this point on-306 

wards, all quantities are expressed at prototype scale according to the scaling factors summarised 307 

in Table 2, unless stated otherwise. 308 

 309 

FINITE ELEMENT BACK-ANALYSIS 310 

To interpret the complex water-vapour-heat transport process involved in the heating of the un-311 

saturated soil by the energy pile rows, three-dimensional (3-D) finite element (FE) simulations 312 

were carried out to back-analyse the responses of soil temperature and PWP during the 90-day pile 313 

heating. The governing equations presented by Leung et al. (2020) were adopted. To describe the 314 

water liquid and vapour transport, the Richards equation (which is a combination of Darcy’s law 315 

and continuity principle) was used: 316 

డఏ(்,ట)
డ௧

+ డఏೇ(்,ట)
డ௧

= (߰,ܶ)௅ܭ)]∇ + )((߰,ܶ)௏ܭ ଵ
ఊೢ
∇߰ + ∇z) + (߰,ܶ)௅்ܭ) +  ௏்(ܶ,߰))∇T] (2) 317ܭ

where ܶ is soil temperature; ߰ is matric suction; ߠ(ܶ,߰) and ߠ௏(ܶ,߰) are volumetric liquid water 318 

content and volumetric water vapor content, respectively; ܭ௅(ܶ,߰) is the hydraulic conductivity 319 

of liquid water with respect to ߰ change; ܭ௏(ܶ,߰) is the hydraulic conductivity of the water vapor 320 

with respect to ߰ change; ߛ௪ is unit weight of liquid water; ܭ௅்(ܶ,߰) is the hydraulic conductivity 321 

of liquid water with respect to ܶ change; and ܭ௏்(ܶ,߮) is the hydraulic conductivity of water va-322 

por with respect to ܶ change. On the other hand, the equations derived by Philip and de Vries 323 

(1957) were adopted to simulate heat transport: 324 

(ߠ)௦ܥ డ்
డ௧

+ ଴ܮ
డఏೇ
డ௧

= [ܶ∇(ߠ)ߣ]∇ − ܶ∇௅ݍ௅ܥ − (௏ܶݍ)∇௏ܥ −  ௏ (3) 325ݍ∇଴ܮ

where ܥ௦(ߠ), ܥ௅ and ܥ௏ are the volumetric heat capacities of soil, liquid water and water vapor, 326 

respectively; (ߠ)ߣ is a moisture-dependent thermal conductivity function (Chung & Horton, 1987); 327 

 ଴ is latent heat of vaporisation 328ܮ ௏ are fluxes of liquid water and vapor, respectively; andݍ ௅ andݍ

of liquid water. The coupling between Eqs (2) and (3) was made via the psychometric law: 329 

௥ܪ = )݌ݔ݁ టெ
ఘೢோ்

) (4) 330 

where ܪ௥ is relative humidity; ߩ௪ is water density; ܯ is molecular weight of water; and ܴ is the 331 

universal gas constant (8.314 J/(K mol)). The mathematical formulation is similar to that reported 332 
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by Leung et al. (2020) but expressed in the 3-D condition for the problem of interest in this study. 333 

These equations were implemented into a finite element multi-physics platform, COMSOL v5.4. 334 

The soil hydraulic and thermal properties input to solve Eqs (2) – (4) are given in Table 3. 335 

The geometry of the finite element mesh and the thermal and hydraulic boundary conditions 336 

were identical to what was tested at prototype scale (Fig. 9, following Fig. 2). At the soil surface, 337 

a constant ambient temperature of 23.1 oC and a relative humidity of 50% were specified and the 338 

evaporation rate was determined by the equation proposed by Wilson et al. (1997). Heat exchange 339 

across all sides was permitted by specifying the following equation: 340 

ܳ௛ = ℎ(ܶ − ௔ܶ) (5) 341 

where ܳ௛ is the heat flux; ܶ and ௔ܶ are the soil temperature and ambient temperature, respectively; 342 

and ℎ is heat exchange coefficient, which was taken as 6.06 J/(m2 s K) (Liu, 2017). 343 

 344 

Table 3. Input parameters of soil’s hydraulic and thermal properties 345 

Parameters Value 
Water density [kg/m3] 1000 
Molecular weight of water [kg/mol] 0.018015 
Universal gas constant [J/mol K] 8.314 

VG parameters 
for fitting the 
drying water re-
tention curve 

Saturated volumetric water content [-] 0.32 
Residual volumetric water content [-] 0 
a [kPa-1] 0.00062 
n [-] 1.09 
m [-] 36.2 

Hydraulic conductivity of saturated soil at 20 oC [m/s] 8.3 x 10-7 
Surface tension at 25 oC [kg/s2] 0.07189 

1Soil thermal 
conductivity 

b1 [-] 0.228 
b2 [-] -2.406 
b3 [-] 4.909 

1the soil thermal conductivity was modelled as a function of soil volumetric water content (Chung & Horton, 346 
1987) and the parameters are for silica soil taken from Chung & Horton (1987). 347 
 348 

Test 3, which involved pile heating in the centrifuge test, was back-analysed. The simulation 349 

focused on the responses of soil temperature and PWP after reaching 24 g but before being subject 350 

to shearing. The initial soil temperature and PWP were specified based on the measurements made 351 

in the centrifuge test at 24 g. In this simulation, pile heating was modelled by specifying the dis-352 

tribution of pile surface temperature measured from the centrifuge test on the pile surface boundary. 353 
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Note that Test 4 (which also involved pile heating) was not separately modelled because the test 354 

condition and procedures before the shearing stage were identical to Test 3. To investigate the 355 

effects of pile heating on soil PWP changes, two additional simulations were conducted. One sim-356 

ulation considered pile heating but ignored vapour transport and water-vapour exchange, while the 357 

other ignored pile heating. 358 

 359 

Figure 9. Finite element mesh and boundary conditions adopted in the numerical back-analysis. 360 

 361 

RESULTS AND DISCUSSION 362 

Heat transfer mechanisms and temperature field 363 

Fig. 10 shows the measured variations of temperature change with time at different positions of 364 

the system in Tests 3 and 4. During heat transfer, some of the heat energy was absorbed by the 365 

model concrete due to its thermal mass and resistance, and thus not all of the heat energy was 366 

transported to the pile surface. Indeed, at the pile surface, the increase in temperature was 6 – 8 °C 367 

in both tests. For Test 3 when pile heating was maintained during the shearing stage (i.e., opera-368 

tional mode), the pile surface temperature continued to rise by a small amount until an increase in 369 

surface temperature of almost 10 °C was observed by the end of the test (Fig. 10(a)). These meas-370 

urements were input in all the exterior surfaces of the three piles in the finite element mesh shown 371 
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in Fig. 9. On the contrary, for Test 4, pile heating was stopped after a similar increase in pile 372 

surface temperature was achieved as in Test 3 (i.e., shutdown mode) before the shearing stage (Fig. 373 

10(b)); Before shearing started, the pile surface temperature had reduced by almost 5 °C and 374 

dropped to a level close to or lower than that in the surrounding soil. 375 

 376 

(a) 377 

 378 

(b) 379 

Figure 10. Temperature-time histories at the pile surface and the soil in (a) Test 3; and (b) Test 4. 380 
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As the pile heat was dissipated to the surrounding soil, the soil temperature at both 1D and 381 

2D away from the pile centre in both tests was increased (Figs 10 and 11). However, the amount 382 

of temperature rise in the soil (up to 5 °C) was less significant than that in the pile, primarily 383 

because the silt had a lower thermal conductivity and higher heat compacity. It can be seen from 384 

 385 

    (a)     (b) 386 

 387 

     (c)    (d) 388 

Figure 11. Vertical profiles of soil temperature 1D away from the pile surface at different elapsed 389 

time during the heating phase in (a) Test 3 and (c) Test 4, and at different shear displacements (d) 390 

during the shearing phase in (b) Test 3 and (d) Test 4. ‘M’ and ‘C’ in the legend mean measured 391 

and computed results, respectively. Note that the computed results apply to both Tests 3 and 4. 392 
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Fig. 11 that as the heating phase progressed in both tests, the soil temperature profile at 1D away 393

from the pile centre became more parabolic in shape. This profile shape was consistently found in 394

the FE simulation. The computed contours of soil temperature at sections A-A and B-B are given 395

in Fig. 12. The soil near the top and bottom of the block was cooler than that in between. This was 396

because of evaporation of near surface moisture, which was a cooling process that counteracted 397

the pile heating effect, as well as heat exchange with the atmosphere. The heat transfer from the 398

pile to the surrounding soil was less effective near the pile toe due to (i) the end-effect where the 399

two U-shaped tubes curved away from the pile surface and the cover depth was hence greater and 400

(ii) heat transfer to the aluminium base plate of the LDSA and eventually the thermal mass of the 401

model container of the centrifuge. This heat exchange at the bottom boundary was captured by the 402

FE analysis. The temperature contour shows that there was thermal interaction between the neigh-403

bouring piles (spaced 4D centre-to-centre) as indicated by the overlapping of the influence zone 404

of temperature. As the shutdown operation mode was activated and the heat supply to the piles 405

was stopped in Test 4 (Figs 10 and 11), there was associated reduction of soil temperature but the 406

magnitude of temperature drop was less significant than that in the piles because of thermal inertia 407

within the silt. 408

 409

Figure 12. Computed temperature contours of Test 3: (a) Section A-A; (b) Section B-B. 410
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Pore water pressure field 412

Figures 13(a) and 14(a) show the measured time histories and vertical distribution of PWP meas-413

ured at 1D away from the pile centre for Test 2 using the conventional piles. When 24 g was 414
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En
er

gy
 p

ile

En
er

gy
 p

ile

En
er

gy
 p

ile

En
er

gy
 p

ile

(a) (b)

T (oC)

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65



excess PWP during the rising-g level stage and gravity-driven downward water flow. Before shear-416 

ing, the PWP ranged between -5 to -10 kPa. During shearing, there were continuous reductions of 417 

PWP by approximately 10 kPa and the PWP appeared to converge to an approximately constant 418 

value of -19 kPa. 419 

 420 

(a) 421 

 422 

(b) 423 

Figure 13. Pore water pressure-time histories at 1D from the pile surface; (a) Test 2; (b) Test 3. 424 
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(a) (b) (c) 

Figure 14. Vertical profiles of pore water pressure (at 1D away from the pile surface) obtained 425

during the heating and shearing phases for (a) Test 2; (b) Test 3; and (c) Test 4. Note: M and C in 426

the bracket stands for measured and computed, respectively. In Figs (b) and (c), the computed lines 427

for ‘After heating’ and ‘No vapour flow’ overlap. 428

 429

The PWP responses, with time and with depth, of Test 3 using energy piles are depicted in 430

Figs 13(b) and 14(b), respectively. During the first five days of pile heating, there was a substantial 431

decrease in PWP at shallower soil depth (i.e. P.D1) with time and yet a further increase in PWP at 432

deeper depth (i.e. P.B1), consistently found from both the measurements and simulations. This 433

was because the initial PWP distribution was uniform with a value of -20 kPa; due to gravity, water 434

at shallow depths (where the total head was relatively high) seeped downward. After the water 435

redistribution during these five days, the PWP at all depths subsequently reduced with time, ap-436

parently following the same rate. The measured and computed PWP profiles after heating depicted 437

in Fig. 14(b) both showed that the PWP distributed hydrostatically with a gradient close to the unit 438

weight of water (i.e. 10 kN/m3). The computed PWP profiles for the two hypothetical cases, (i) 439

without pile heating and (ii) without vapour flow (but with pile heating), are superimposed in the 440

figure. In both cases, similar hydrostatic PWP distribution was found but the magnitude of PWP 441

in case (i) was higher (i.e. less negative) whereas that in case (ii) showed no practical difference. 442

The comparisons highlight that the primary effect of pile heating in Test 3 was an increase in soil 443
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hydraulic conductivity due to the heat-induced reduction of water viscosity (via the term ܭ௅்(ܶ,߰) 444 

in Eq. (2)). The gravity-induced downward water flow was thus accelerated by the pile heating. 445 

The effects of vapour transport and water-vapour exchange appeared to have only marginal influ-446 

ences on the observed PWP changes. A similar phenomenon was identified in Test 4 (Fig. 14(c)). 447 

Figures 15(a) and (b) show the computed PWP contours for Test 3 after pile heating, while 448 

Figures 15(c) and (d) depict the changes of horizontal PWP profiles due to pile heating across the 449 

shearing plane at 2.4 m depth. There was an evident drop of PWP near the pile surface as discussed 450 

earlier. Due to the thermal interaction between the piles (spaced 4ܦ centre-to-centre; section A-451 

A), the PWP between the two piles (e.g. 2ܦ away from the pile centre) was lower than that also at 452 

2D away from the pile centre at section B-B. Since the effects of vapour transport and vapour-453 

water exchange were minimal in this system, vapour condensation, and hence any associated in-454 

crease in PWP (like those identified by Baser et al. 2018), in the far field was negligible. 455 

456 

Lateral response of energy pile rows 457 

Figure 16 shows the shear load-displacement curves obtained from all centrifuge tests. The curve 458 

obtained from the conventional small-size direct shear apparatus is also shown for comparison, 459 

after applying the appropriate scaling laws. The total vertical stress applied in this test was the 460 

same as that expected along the sliding plane of the LDSA. While there was a similar initial stiff-461 

ness between the two unreinforced cases, the silt tested in the LDSA displayed a distinct peak 462 

followed by a more prominent post-peak softening response. These differences were attributed to 463 

the silt tested in the LDSA being drier (due to water redistribution during centrifuge spin-up) than 464 

that in the small shear apparatus, resulting in a higher suction and peak strength. When the silt was 465 

reinforced by the conventional pile row (Test 2), the system response was noticeably stiffer and 466 

stronger than both the unreinforced cases. The ultimate load at large displacement was 15% to 467 

35% higher. When the energy RC pile row was used and was operational during shearing (Test 3), 468 

the pile heating reduced both the initial stiffness and the peak shear load considerably compared 469 

to Test 2. Yet the ultimate load (at large displacement) appeared to converge to the same value as 470 

that obtained from the conventional RC pile case and the soil-energy pile system was more ductile 471 

(i.e., the difference between the peak and residual load were reduced). When the energy RC pile 472 

row had been shut-down before shearing (Test 4), the initial stiffness of the soil- energy pile system 473 

was similar to that observed in Test 3, yet the peak load was higher. The ultimate load, similarly, 474 
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 475

 476

(c) 477

 478

(d) 479

Figure 15. Computed PWP contour of Test 3: (a) Section A-A; (b) Section B-B and computed 480

horizontal PWP distribution at the shearing depth of 2.4 m (c) Section A-A; (d) Section B-B 481
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re-joined the load-displacement curves obtained from the other pile-reinforced tests and was al-482 

ways higher than the ultimate load of the two unreinforced tests. 483 

 484 

Figure 16. Measured shear load-displacement curves for the unsaturated silt with and without re-485 

inforcing by a discrete row of three conventional piles and energy piles 486 

 487 

As the silt was heated by the energy pile row, there were two major mechanisms that would 488 

be expected to have occurred yet counteract each other. The first one was potential increases in the 489 

peak shear strength and stiffness of the unsaturated silt due to the heat-induced increase in matric 490 

suction (see Fig. 14). The second mechanism is related to thermal softening, a thermomechanical 491 

phenomenon that describes the retraction of yield loci of the soil due to temperature increase. 492 

Uchaipichat & Khalili (2009) who conducted triaxial suction- and temperature-controlled drained 493 

compression tests showed that the peak deviatoric stress of their compacted silt (similar to the one 494 

tested in the present study) reduced when the shearing took place at elevated temperatures. The 495 

temperature-induced reduction of peak deviator stress was greater when the initial suction of the 496 

silt was higher. At large strain, the deviator stress-strain curves obtained from different tempera-497 

tures converged to the same single curve, regardless of the confining pressure and matric suction 498 

considered. Between these two mechanisms, the centrifuge observed shear behaviour of the soil-499 

energy pile system in Fig. 15 appears to tend to follow the second mechanism. 500 

The implications of these observations are that an energy pile row will act like a conventional 501 

reinforcement scheme when the heat transfer systems are inactive. During or shortly after use, 502 

there may be greater deformations observed in the slope if the external stressors take it close to 503 
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failure. However, if these are sufficient to cause the soil mass to slip, the reinforcement will prevent 504 

a sudden brittle failure (sudden large slip) and provide similar resistance to slip as a conventional 505 

pile stabilisation scheme (without the thermal functionality) in the post-failure regime. 506 

Figure 16 shows the bending moment profiles of the central model piles instrumented in 507 

Tests 2, 3 and 4, showing snapshots at different levels of shear displacement. Note that the pile 508 

head was allowed to move freely, so moment at the pile head was set to zero. Positive bending 509 

moments correspond to tension on the back side of the pile. When the shearing took place at 2.4 510 

m depth and reached 0.15 m displacement in the case of conventional pile (Test 2), significant 511 

moments were mobilised at the back of the bottom part of the pile in the stable soil (i.e., in the soil 512 

mass below the shearing plane), whereas much smaller moments were induced in the unstable soil 513 

above the plane. When shearing to 0.19 m, the peak moments found in the stable soil grew signif-514 

icantly, yet little further growth was observed in reaching 0.24 m displacement. During the entire 515 

shearing process, the moment measured near the shearing plane was close to zero, which is ex-516 

pected because the shear force there was maximum due to the applied lateral pressure from the 517 

moving soil. Two peak bending moments may be identified in Test 2, one smaller one in the slip-518 

ping soil and another larger one in the stable soil. In particular, the bottom-most peak moment was  519 

 520 

 (a) (b) (c) 521 

Figure 17. Mobilised bending moment profiles at different shear displacements (d) of 0.15, 0.19 522 

and 0.24 m for the case of (a) conventional pile (Test 2); (b) energy pile in operation mode (Test 523 

3); (c) energy pile in shutdown mode (Test 4). Moment capacity of 336 kNm was determined by 524 

the four-point bending tests from Zhao et al. (2020). 525 
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close to the characteristic structural capacity of the model RC pile (Zhao et al., 2020). Indeed, clear 526 

tension cracks were identified at the similar depth of the exhumed pile. Based on the shape of the 527 

moment profiles, “soil flow” might have taken placed, as suggested by Poulos (1995). In this fail-528 

ure mode, the soil mass above the shearing plane might flow around the upper portion of the piles, 529 

fully mobilising the soil strength in the stable mass before the pile flexural strength in the stable 530 

strata below the plane can be exceeded (Viggiani, 1981; Kanagasabai et al., 2011). 531 

Similar bending moment profiles were identified from the energy piles tested in Tests 3 and 532 

4, implying that “soil flow mode” might have also occurred in these cases. Yet, the magnitude of 533 

the peak bending moments in the stable strata was much smaller than that mobilised in the con-534 

ventional pile tested in Test 2. Correspondingly, no prominent tension cracks were observed in 535 

both the central model piles tested. The depth below the shear plane at which the moment peaked 536 

appeared to be shifted to a higher elevation. These observed changes suggested stress redistribution 537 

between the soil and the energy piles due to the changes in soil behaviour upon pile heating. The 538 

reduced loading on the energy piles at similar soil deformations is consistent with the overall lower 539 

stiffness of the combined soil-pile system observed in Fig. 16. According to theoretical analyses 540 

of soil plastic flow proposed by Ito & Matsui (1975) and Poulos (1995), at a given pile spacing, 541 

piles would attract less lateral force and less bending moment when the surrounding soil is weaker, 542 

in this case, because of thermal softening by the pile heating. Although horizontal load may be 543 

induced in the pile due to its thermal expansion under lateral restraint by the soil, such an increase 544 

is deemed to be negligible due to the relatively small coefficient of thermal expansion of the model 545 

RC pile (15.8 με/°C) and hence small thermal strain (compared to the soil strain during shearing). 546 

These observations suggest that use of a stabilising RC pile row for additional energy transfer 547 

functionality will not attract additional flexural stress to the piles during soil displacement and 548 

therefore will not adversely affect the structural integrity of the piles under in-service conditions. 549 

However, caution should be exercised in case of excessive slope movement (i.e. the piles being 550 

loaded to the ultimate limit state), which might introduce tension cracks to the RC pile section and 551 

result in potential leakage of the heat-circulating fluid from the embedded pipes, affecting the heat 552 

exchange functionality and the subsequent serviceability of the damaged system. 553 

 554 

 555 

 556 
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CONCLUDING REMARKS 557 

This study has evaluated the concept of using a discretely spaced energy RC pile row in slope 558 

stabilisation schemes to increase soil matric suction, reduce excessive temperatures on bituminous 559 

roadways in summer and provide a de-icing solution as an alternative to gritting in winter. The key 560 

focus has been on identifying how such use would affect the primary geomechanical stabilisation 561 

function of the pile row. To achieve this, centrifuge model tests were conducted to measure the 562 

shearing behaviour of unsaturated silt with and without reinforcement by conventional piles and 563 

energy piles. Finite element coupled vapour-water-heat transport analysis was performed to further 564 

understand the effects of pile heating on the responses of temperature and PWP of the soil. 565 

Continuous heating by three closely-spaced energy piles (i.e. during operation of the energy 566 

recovery/storage system in summer or winter) caused reduction of pore water pressure (increases 567 

in soil matric suction), particularly near to the soil surface, because of enhanced gravity-driven 568 

water flow as a result of an increase in soil hydraulic conductivity when the water viscosity reduced 569 

due to pile heating. Although the heat-induced increase in suction might have potentially increased 570 

the shear strength of soil in the vicinity of the energy piles, unexpectedly this mechanism did not 571 

lead to any increase in the maximum shear capacity of the soil-energy pile system. Indeed, peak 572 

reinforcement provided by the energy piles was lower than that observed by the conventional piles. 573 

However, at large shear displacements, the additional resistance provided by the energy piles was 574 

similar to that provided by the conventional piles yet significantly above the strength of the unre-575 

inforced soil. The shearing response of the energy pile row was more ductile than the conventional 576 

pile case. The exact underlying mechanism behind this unexpected behaviour is unclear at this 577 

stage, but based on existing limited knowledge of the thermo-hydro-mechanical behaviour of un-578 

saturated soil, it is reasonable to hypothesise that the observed reduction of shear capacity due to 579 

the pile heating was associated with soil thermal softening, with this mechanism having over-580 

whelmed any beneficial effects associated with suction-induced increase in shear strength. Shear-581 

ing the pile-reinforced unsaturated soil mobilised pile bending moment. For the given soil type 582 

and model RC pile design considered in this study, pile heating reduced the amount of pile moment 583 

mobilised at all depths, possibly because of the reduction of soil strength upon thermal softening. 584 

The findings of this study suggest that the piles modified with additional energy transfer 585 

functionality would prevent soil from a sudden brittle failure and provide similar ultimate re-586 

sistance to slip as a conventional pile stabilisation scheme (without the thermal functionality) in 587 
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the post-failure regime. Use of a stabilising energy pile row will not attract additional flexural 588 

stress to the piles due to the thermal operation and therefore will not adversely affect the structural 589 

integrity of the piles during soil displacement. This suggests that the concept of using an energy 590 

pile row within road embankments to mitigate some of the extreme weather effects associated with 591 

climate change (i.e. reduction in road surface temperatures in summer and road de-icing in winter) 592 

could be utilised alongside a primary role in mitigating large deformations associated with ground 593 

slip, and warrants further study. 594 
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Notations 
a A fitting parameter of the van Genuchten (1980)’s equation ܿ′  Cohesion ܥ௦(ߠ) Volumetric heat capacities of soil ܥ௅ Volumetric heat capacities of liquid water ܥ௏ Volumetric heat capacities of water vapour ߛ௪ Unit weight of liquid water ℎ Heat exchange coefficient ܪ௥ Relative humidity ܭ௅(ܶ,߰) Hydraulic conductivity of liquid water with respect to ߰ change ܭ௏(ܶ,߰) Hydraulic conductivity of the water vapor with respect to ߰ change ܭ௅்(ܶ,߰) Hydraulic conductivity of liquid water with respect to ܶ change ܭ௏்(ܶ,߮) Hydraulic conductivity of water vapor with respect to ܶ change ܮ଴ Latent heat of vaporisation of liquid water (ߠ)ߣ Moisture-dependent thermal conductivity function ܯ Molecular weight of water 
m A fitting parameter of the van Genuchten (1980)’s equation 
n A fitting parameter of the van Genuchten (1980)’s equation ߶′ Friction angle ݍ௅ Fluxes of liquid water ݍ௏ Fluxes vapor ܳ௛  Heat flux 

s Saturated volumetric water content 
r Residual volumetric water content ߠ(ܶ,߰)  Volumetric liquid water content ߠ௏(ܶ,߰) Volumetric water vapor content ܴ Universal gas constant ߩ௪  Water density 

S Matric suction 
se Air-entry value ߪ Total normal stress ܶ Soil temperature ௔ܶ Ambient temperature ݑ௔ Pore air pressure ݑ௪ Pore water pressure ߯ Effective stress parameter ߰ Matric suction 


