
UC San Diego
UC San Diego Previously Published Works

Title
Thermal resistance analysis of an energy pile and adjacent soil using radial temperature 
gradients

Permalink
https://escholarship.org/uc/item/8783h0fv

Authors
Faizal, Mohammed
Bouazza, Abdelmalek
McCartney, John S

Publication Date
2022-05-01

DOI
10.1016/j.renene.2022.04.002
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/8783h0fv
https://escholarship.org
http://www.cdlib.org/


 

1 

 

Thermal resistance analysis of an energy pile and adjacent soil using radial temperature 

gradients 

 

 

* Mohammed Faizal (Corresponding Author) 

Research Fellow, Monash University, Department of Civil Engineering, 23 College Walk, 

Clayton, Vic. 3800, Australia. Telephone: +613 9902 9988; Email: 

mohammed.faizal@monash.edu  

 

Abdelmalek Bouazza  

Professor, Monash University, Department of Civil Engineering, 23 College Walk, Clayton, 

Vic. 3800, Australia. Telephone: +61 3 9905 4956; Email: malek.bouazza@monash.edu 

 

John S. McCartney 

Professor and Department Chair, University of California San Diego, Department of Structural 

Engineering, 9500 Gilman Drive, SME 442J, La Jolla, CA 92093-0085, USA, Telephone: 

+1 858 534 9630; Email: mccartney@ucsd.edu   

 

 

 

 

 

 

 

 

 

 

 



 

2 

 

Abstract  1 

This paper examines the thermal resistances of energy piles and surrounding soils. A field-2 

scale bored energy pile was installed through stiff sandy clay and dense sand and instrumented 3 

to measure temperatures on the external walls of the heat exchanger pipes, at the pile-soil 4 

interface, and in the soil. The radial temperature gradients between the pipes and the pile-soil 5 

interface, and the pile-soil interface and the soil, were used to evaluate the pile and soil thermal 6 

resistances, respectively. The thermal resistances were on the same order of magnitude with 7 

values of 0.053 mK/W, 0.072 mK/W, and 0.066 mK/W for the pile, stiff sandy clay, and dense 8 

sand due to similarities in their thermal properties. The analysis suggests that pile and soil 9 

thermal resistances are influenced by the pile dimensions, number of pipes, concrete cover, soil 10 

type and duration of heating. Hence, meticulous interpretation of thermal resistances 11 

considering these parameters should be conducted to understand heat transfer processes in 12 

energy piles and surrounding soils accurately. Estimates of the pile thermal resistance from the 13 

equivalent diameter and thermal response test methods were found to be inconsistent with each 14 

other, highlighting the significance of considering in-situ radial temperature gradients in 15 

designing energy pile systems.   16 

 17 

Keywords: Energy pile; field tests; pile thermal resistance; soil thermal resistance; 18 

temperature gradients.  19 

 20 

 21 

 22 

 23 

 24 

Nomenclature 25 
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D  diameter of the energy pile (m) 26 

L U-loop; thermo-active length of the pile (m)     27 

L/D aspect ratio of the energy pile 28 

𝑄/𝐿 heat injected per unit length of the pile (W/m) 29 

𝑛  number of pipes in the pile 30 

𝜌  density of water (kg/m3) 31 

𝑉  volume flow rate of water (L/min, m3/s) 32 

𝐶௣  specific heat capacity of water (J/kgK)  33 

𝑓௜௡ fluid temperatures at inlet of the U-loops (°C) 34 

𝑓௢௨௧ fluid temperatures at outlet of the U-loops (°C) 35 

𝑘௖  concrete thermal conductivity (W/mK) 36 

𝑃௜௡  pipe temperatures at inlet of the U-loops (°C) 37 

𝑃௢௨௧  pipe temperatures at outlet of the U-loops (°C) 38 

𝑄௣  heat source per pipe (W/m) 39 

𝑅௖ concrete thermal resistance (mK/W) 40 

𝑅௣ total thermal resistance of the pile (mK/W) 41 

𝑅௣௕ thermal resistance between pipe and pile-soil interface (mK/W) 42 

𝑅ௌ௢௜௟  soil thermal resistance (mK/W) 43 

𝑟௕  pile radius (m) 44 

𝑟௘௙௙  effective radius of the pile (m) 45 

𝑟௢  outer radius of the pipes (m) 46 

𝑇௕  pile-soil interface temperatures (°C) 47 

𝑇௣  pipe temperatures (°C) 48 

𝑇ஶ undisturbed ground temperature (°C)  49 

∆𝑇௙  change in water temperatures between inlet and outlet of U-loops (°C)  50 
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 51 

Introduction 52 

Energy piles are constructed by installing closed-loop heat exchanger pipes within the 53 

reinforced concrete piles and operate by circulating a heat exchanger fluid from a ground source 54 

heat pump (GSHP) through the pipes. Heat exchanger pipes are commonly formed into U-55 

loops and attached to the reinforcement cages of the piles, although spiral configurations have 56 

also been used (Brandl 2006; Zarrella et al. 2013; Go et al. 2014; Wu et al. 2021). During 57 

GSHP operation, transient thermal gradients develop in the pile cross-section and the 58 

surrounding soil due to the thermal resistances of the pile material (often concrete) and the soil, 59 

respectively (Bourne-Webb et al. 2016; Faizal et al. 2016a; Abdelaziz and Ozudogru 2016a, 60 

2016b; Caulk et al. 2016; Han and Yu 2020; Moradshahi et al. 2021a). The thermal resistances 61 

of energy piles and the surrounding soils are necessary parameters required in the thermal 62 

design and analysis of energy pile systems. Currently, the interpretation of thermal resistances 63 

of field scale energy piles and surrounding soils using radial temperature gradients in the pile 64 

cross-section and the soil remain to be satisfactorily addressed. This is due to the lack of 65 

embedded instruments in existing field-scale energy piles to measure temperatures on the heat 66 

exchanger pipes in a pile and at the pile-soil interface.   67 

The thermal resistance of energy piles is commonly defined using methods developed 68 

for borehole heat exchangers. The widely known thermal response test (TRT) is an in-situ test 69 

where a heat pulse is applied to a heat exchanger by circulating fluid at a constant heat transfer 70 

rate for a given period (e.g., Gao et al. 2008; Park et al. 2013; Loveridge et al. 2014; Mimouni 71 

and Laloui 2015; Luo et al. 2018; Jensen-Page et al. 2018). The thermal resistance can be 72 

interpreted from TRT using the infinite or finite line source or cylinder source analyses. The 73 

equivalent diameter (or equivalent pipe) method is an alternative approach to estimate the 74 

thermal resistance of the energy pile by combining all the heat exchanger pipes in the pile’s 75 
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cross-section into a single equivalent pipe (Loveridge and Powrie 2014; Song et al. 2021). 76 

Finally, the conduction shape factor method considers the arrangement and number of pipes in 77 

the pile's cross-section to estimate the pile's thermal resistance (Loveridge and Powrie 2014). 78 

These methods provide reasonable estimates of thermal resistance of energy piles but do not 79 

consider the influences of temperature gradients within the pile cross-section.  80 

The primary goal of GSHP systems is to efficiently exchange heat between the 81 

circulating fluid and the soil in the underground thermal network. Therefore, it is a common 82 

perception that the thermal resistance of an energy pile or borehole heat exchanger is the 83 

thermal resistance between the fluid in the pipes and the perimeter of the heat exchanger in 84 

contact with the soil (e.g., De Carli et al. 2010; Bozis et al. 2011; Park et al. 2013, 2018; 85 

Loveridge and Powrie 2013, 2014; Alberdi-Pagola et al. 2018). Hence, the interpretation of the 86 

thermal resistance of energy piles would improve by investigating temperature gradients 87 

between the pipes and the pile-soil interface. Characterising the thermal resistance of energy 88 

piles from the pile internal thermal gradients remains a challenge due to the lack of temperature 89 

measurements of the pipes and the pile-soil interface at a field scale. Preliminary field tests 90 

conducted by Jalaluddin et al. (2011) and Loveridge et al. (2016) monitored temperatures of 91 

the heat exchanger pipes in the piles. Loveridge et al. (2016) further investigated the pile’s 92 

apparent thermal resistance by evaluating temperatures monitored at the pile cage and on the 93 

pipes of a single U-loop installed at the centre of the pile.  94 

Further field studies, considering the heat injection rates in the pipes and temperature 95 

measurements of the pipes and the pile-soil interface, are needed to provide more insight into 96 

the pile's internal heat transfer and the value of thermal resistance used in design. Due to their 97 

larger diameters than borehole heat exchangers, there are often multiple U-loops in energy 98 

piles, which means there are multiple heat sources in an energy pile. Hence, a more complex 99 

thermal resistance circuit analysis may be necessary between the pipes and the interface. 100 
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Furthermore, pile thermal resistance analyses from radial temperature gradients can be applied 101 

to piles with any length-to-diameter aspect ratios, compared to TRT tests which only work well 102 

with large length-to-diameter ratios (Loveridge et al. 2014).   103 

 Several analytical and numerical modelling studies have characterized the internal heat 104 

transfer and thermal resistance of energy piles (e.g., Bozis et al. 2011; Li and Lai 2012; 105 

Loveridge and Powrie 2013, 2014; Lee and Lam 2013; Zarrella et al. 2013, 2017; Hu et al. 106 

2014; Abdelaziz and Ozudogru 2016a, 2016b; Caulk et al. 2016; Park et al. 2018; Maragna et 107 

al. 2019; Han and Yu 2020; Moradshahi et al. 2021a) but omitted transient internal temperature 108 

gradient measurements between the heat exchanger pipes and pile-soil interface typical of in-109 

situ conditions. The internal thermal resistances of borehole heat exchangers have been 110 

thoroughly studied (e.g., De Carli et al. 2010; Lamarche et al. 2010; Bauer et al. 2011; Koenig 111 

2015; Javed and Spitler 2017; Cui et al. 2018) but the lessons learned cannot be applied to 112 

energy piles as different thermal behaviour of piles is expected due to differences in dimensions 113 

and number of heat exchanger pipes.  114 

The thermal resistances of individual soil layers around field-scale energy piles have 115 

also received limited attention, even though the temperature gradients in the soil have been 116 

extensively studied (e.g. Li et al. 2006; Bourne-Webb et al. 2009; Murphy et al. 2015; Singh 117 

et al. 2015; Yu et al. 2015; Faizal et al. 2016b; Chen et al. 2017; Guo et al. 2018). Park et al. 118 

(2018) developed numerical models using fluid temperature measurements in energy pile field 119 

tests to investigate the ground thermal resistances around energy piles. Still, they did not 120 

include any sensors to measure temperature variations at the pile-soil interface. Further field 121 

studies on evaluating soil thermal resistances from measurements of thermal gradients between 122 

the pile-soil interface and the soil will provide valuable insights into soil thermal resistances 123 

under actual boundary conditions. Soil thermal resistances are also beneficial for designing 124 

many underground structures that experience temperature changes, such as energy 125 
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geostructures (tunnels, walls, and basement slabs), buried pipes transporting 126 

sewerage/water/gas, buried high-voltage electric cables, and underground nuclear storage 127 

facilities. 128 

This paper evaluates the thermal resistances of a cast-in-place energy pile and the soil 129 

from the heat injection rates in the heat exchanger pipes and temperatures measured at the 130 

external walls of the pipes, at the pile-soil interface, and in the soil. An improved understanding 131 

of the thermal resistances of the energy pile and the surrounding soil obtained from in-situ 132 

measurements is valuable in accurately predicting the thermal performances of GSHPs coupled 133 

with energy piles and other energy geostructures. A comparison with available measurements 134 

of heating tests on energy piles in different soil deposits from the literature is also used to help 135 

understand the ranges in thermal resistances for different energy pile geometries in different 136 

soil layers. 137 

  138 

Experimental Setup and Procedure  139 

The energy pile was installed below a six-storey student residential building.  The site 140 

soil profile is a dense sandy soil referred to as the Brighton group (Barry-Macaulay et al. 2013, 141 

Faizal et al., 2018, 2019a,b). The instrumentation of the energy pile, relevant to the current 142 

study, is shown in Figure 1. No groundwater was encountered up to the depth of the pile. The 143 

energy pile had a diameter of 0.6 m and a length of 10 m. The concrete used had a water to 144 

cement ratio of 0.42 and consisted of 7 mm aggregated cement, slag, fly ash and water. The 145 

thermal conductivity of the concrete was numerically back-analysed in previous studies 146 

conducted on this site and had a value of 1.5 W/mK (Moradshahi et al. 2021a; 2021b). The 147 

thermal conductivities of the soil from numerical back-analysis were 1.1, 1.7, 2, and 2.3 W/mK 148 

for depths of 0 – 0.5 m, 0.5 – 3.5 m, 3.5 – 6 m, and 6 – 12.5 m, respectively (Moradshahi et al. 149 

2021a; 2021b). The setup was heavily instrumented with vibrating wire strain gauges and 150 
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thermocouples described in detail in Faizal et al. (2019 a, b). The soil profile and the locations 151 

of sensors in the pile and surrounding soil are shown in Figure 2.  152 

There were four high-density polyethylene (HDPE) pipe U-loop heat exchangers with 153 

outer and inner diameters of 25 mm and 20 mm, respectively, attached symmetrically to the 154 

inside of the reinforcement cage of the pile (Figure 1a and b). The nominal concrete cover 155 

between the edge of the pipes and the pile-soil interface was 95 mm. The horizontal spacing 156 

between the pipes in a given U-loop was approximately 200 mm. The pipes and sensors were 157 

installed before lowering the reinforcement cage in the drilled hole. Concrete was then slowly 158 

poured using 100 mm diameter removable polyvinyl chloride (PVC) tremie pipes housed in 159 

steel guides welded onto the reinforcement cage (Figure 1b). The individual pipes of all the 160 

loops were connected to a plumbing manifold placed in a pump room 15 m away from the 161 

energy pile. Each U-loop's inlet and outlet fluid temperatures were recorded using Type T 162 

thermocouples installed in the manifold. Type T thermocouples were also installed on the 163 

external walls of the pipes, in the soil and at the pile-soil interface (Figure 2).  164 

The thermocouples on the pipe walls were attached using cable ties (Figure 1b) at 165 

depths of 1.3 m, 5 m, and 9.8 m in the first U-loop and at depths of 1.3 m and 9.8 m in the other 166 

U-loops (Figure 2). The interface thermocouples were installed by tying them to a steel cable 167 

with a deadweight attached to its end and lowered along the side of the borehole wall after the 168 

pile cage was installed in the borehole and before pouring concrete (Figure 1c and d). These 169 

interface thermocouples were placed at depths of 1.1 m, 3.6 m, and 6.6 m (Figure 2). The 170 

thermocouples in the soil were installed at radial distances of 0.63 m and 1.95 m from the edge 171 

of the pile and at approximately every 2 m depth up to a depth of 12 m. These thermocouples 172 

were attached to a 20 mm diameter PVC pipe and inserted into a 100 mm diameter borehole 173 

backfilled with a cementitious grout. The data from all the thermocouples were recorded using 174 

Pico Technology’s USB-TC08 data loggers. 175 
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A heating test was conducted on the energy pile using an inlet water temperature and 176 

flow rate of approximately 48°C and 11 L/min, respectively. The heating unit was placed near 177 

the plumbing manifold in the pump room. All the four U-loops were connected in series. The 178 

pile was heated for 18 days, followed by 50 days of natural temperature recovery. The fluid 179 

and soil temperatures in this heating test were reported in previous studies conducted at the site 180 

(Faizal et al. 2019a; Moradshahi et al. 2021a). However, the pipe and interface temperatures 181 

and the thermal resistance of the pile and the soil were not reported in any of the previous 182 

studies conducted at this site.  183 

 184 

Results and Discussions 185 

Fluid Temperatures and Heat Injection Rates  186 

The fluid temperatures and heat injection rates into the pile are shown in Figure 3. The 187 

fluid temperatures in the heating unit were not regulated by a thermostat so the inlet fluid 188 

temperatures were not constant with time.  The fluid temperatures at the inlet and outlet of 189 

successive individual pipes, according to Figure 2, can be hypothetically represented by the 190 

following relation for a heating case:    191 

 192 

𝐿ଵ𝑓௜௡ ൐ 𝐿ଵ𝑓௢௨௧ ൒ 𝐿ଶ𝑓௜௡ ൐ 𝐿ଶ𝑓௢௨௧ ൒ 𝐿ଷ𝑓௜௡ ൐ 𝐿ଷ𝑓௢௨௧ ൒ 𝐿ସ𝑓௜௡ ൐ 𝐿ସ𝑓௢௨௧    (1) 193 

 194 

where L is the loop number, 𝑓௜௡ and 𝑓௢௨௧ are fluid temperatures at the inlet and outlet of the U-195 

loops, respectively, and 1 – 4 are loop numbers. Given that the U-loops were connected in 196 

series, the fluid temperature at the outlet of each loop is expected to be similar to the fluid 197 

temperature at the inlet of the consecutive loop if there were no heat losses.  198 

 The fluid temperature results shown in Figure 3a agree well with relation 1. At the end 199 

of the experiment, the fluid temperature reduced from approximately 48°C at the inlet of loop 200 
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1 to 44°C at the outlet of loop 4. The fluid temperature at the outlet of each loop is also similar 201 

to the fluid temperature at the inlet of the consecutive loop, confirming that there were 202 

negligible heat losses between consecutive loops for the series arrangement of the loops in the 203 

energy pile.  204 

 The heat injected by each U-loop per unit length of the pile 𝑄/𝐿 (W/m), was calculated 205 

using the following equation: 206 

 207 

𝑄/𝐿 ൌ  𝜌𝑉𝐶௣∆𝑇௙/𝐿            (2) 208 

 209 

where 𝜌 is density of the heat exchange fluid (water) (1000 kg/m3), 𝑉 is the volume flow rate 210 

of the heat exchange fluid (11 L/min or 0.00018 m3/s), 𝐶௣ is the specific heat capacity of the 211 

heat exchange fluid  (4200 J/kgK), L is the thermo-active length of the pile (10 m) and  ∆𝑇௙ is 212 

the change in the heat exchange fluid temperatures between the inlet and outlet of each U-loop.  213 

The changes in fluid temperatures per U-loop shown in Figure 3b were between 0.7 – 214 

1.3°C. Unlike the consistent drop in fluid temperatures in successive pipes (Figure 3a), the 215 

changes in fluid temperatures in individual loops were inconsistent with the largest change 216 

observed in loop 1 and the lowest in loop 3 (Figure 3b), signifying that the heat injection rates 217 

per U-loop were inconsistent as well, as shown in Figure 3c. The low temperature difference 218 

in loop 3 could be due to differences in water flowrates between the loops. However, this could 219 

not be verified because the water flow rates in the individual loops could not be measured in 220 

the field test. The total change in fluid temperature and heat injection rate between the inlet of 221 

loop 1 and exit of loop 4 was approximately 4°C and 315 W/m, respectively. The heat injection 222 

rates in the U-loops were between 50 – 100 W/m, with the highest in loop 1 and lowest in loop 223 

3. Thus, the heat injection rates from the U-loops were not symmetrical in the pile cross-section, 224 

even though the loops were arranged symmetrically in the pile.        225 
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 226 

Pile Thermal Resistance  227 

The thermal resistance of the pile was evaluated from the temperature differences 228 

between the pipes and the pile-soil interface between 1.1 to 1.3 m depth below the ground 229 

surface. Each pipe in a given U-loop acts as a heat source in the pile. Thus, there were eight 230 

heat sources in the cross-section of the pile at a given depth. Given that it was practically 231 

impossible to measure the fluid temperatures inside the pipes at a given location, the pipe 232 

temperatures were considered the temperatures of the heat sources. The pipe temperatures were 233 

evaluated at a depth of 1.3 m only since the thermocouples on both the inlet and outlet pipes of 234 

all the U-loops were only installed at this depth (Figure 2). Hence, to investigate the 235 

temperature change between the pipes and the interface at a similar depth, only the interface 236 

temperatures measured at a depth of 1.1 m were used in this study (Figure 2). These depths 237 

were close enough to have minimal variations in temperatures with depth. At this depth, the 238 

initial fluid, pipe, and interface temperatures were approximately 20°C.   239 

The thermal resistance circuit adopted to investigate the thermal resistance of the pile 240 

is shown in Figure 4. A number of assumptions were made in analyzing the circuit:  241 

1. The thermal resistance analysis was based on the steady state radial heat transfer between 242 

the pipes and the pile-soil interface at the considered depth, while vertical heat transfer 243 

in the pile was ignored.  244 

2. Since the pile-soil interface temperatures, 𝑇௕, were measured at a single location at the 245 

considered depth, the interface temperatures were assumed to be the same over the 246 

circumference of the pile-soil interface at that depth.  247 

3. The concrete was assumed to be a homogenous solid; hence, the heat transfer mechanism 248 

between the pipes and the interface was assumed to be conduction only. 249 
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4. The heat injection rate from a given U-loop shown in Figure 3c was equally divided 250 

between the two pipes in that loop; hence, there were eight heat sources in the pile.  251 

5. The heat injection perimeter of the pile was assumed to be the circumference of the 252 

reinforcement cage where the heat exchanger pipes are installed. There were eight 253 

symmetrical pipes on the heat injection perimeter in the present paper, but they can be 254 

any number depending on the specific case studied. 255 

6. The region enclosed within the heat injection perimeter is referred to as the inner shell. 256 

The region between the heat injection perimeter and the interface is referred to as the 257 

outer shell. The outer shell is the focus of the analysis since heat transfer between the 258 

heat exchange fluid and the soil occur in this region, as will be discussed later.  259 

7. The thermal properties and resistances of the fluid and the pipe were ignored since the 260 

pipe wall temperatures were considered as the heat source temperatures. Hence, the pile 261 

thermal resistance is the thermal resistance of the concrete in the outer shell.  262 

8. The analysis is based on transient field results. Therefore, any effects due to internal 263 

building activities, thermal capacity of the concrete and fluid, thermal interaction 264 

between the pipes, dimensions of the pipes and the pile, and location of the pipes in the 265 

pile were already accounted for in the temperature measurements and are not considered 266 

separately in the analysis.  267 

 268 

The thermal resistance between a pipe in the heat injection perimeter and the pile-soil 269 

interface, 𝑅௣௕ (mK/W), was obtained using the following equation: 270 

 271 

𝑅௣௕ ൌ
೛்ି்್
ொ೛

              (3) 272 

 273 
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where 𝑇௣ and 𝑇௕ are the pipe and pile-soil interface temperatures (°C or K), respectively, and 274 

𝑄௣ is the value of the heat source from the pipe (W/m).  275 

The pipe temperatures at the inlet and exit of each U-loop and the pile-soil interface 276 

temperature are shown in Figure 5. Similar to the fluid temperatures, the individual pipe 277 

temperatures during heating, according to Figure 2, can be hypothetically represented by the 278 

following relation:   279 

 280 

𝐿ଵ𝑃௜௡ ൐ 𝐿ଵ𝑃௢௨௧ ൒ 𝐿ଶ𝑃௜௡ ൐ 𝐿ଶ𝑃௢௨௧ ൒ 𝐿ଷ𝑃௜௡ ൐ 𝐿ଷ𝑃௢௨௧ ൒ 𝐿ସ𝑃௜௡ ൐ 𝐿ସ𝑃௢௨௧ ൐  𝑇௕     (4) 281 

 282 

where L is the loop number, 𝑃௜௡ and 𝑃௢௨௧ are the pipe temperatures at inlet and outlet legs of 283 

the U-loops, respectively, 𝑇௕ is the pile-soil interface temperature, and 1 – 4 are loop numbers. 284 

Similar to the fluid temperatures, assuming there were no heat losses, the pipe temperature at 285 

the outlet of each U-loop is expected to be similar to the pipe temperature at the inlet of the 286 

consecutive U-loop at a given depth.     287 

 The results shown in Figure 5 generally agree well with relation 4, i.e. the maximum 288 

temperature is the pipe wall temperature at the inlet of the first U-loop and decreases to the 289 

lowest temperature magnitude at the pile-soil interface. The pipe temperatures decreased with 290 

the increasing number of pipes and dropped from 46°C from the inlet of loop 1 to 43°C at the 291 

exit of loop 4. However, the fourth U-loop does not satisfy relation 4 since the outlet pipe 292 

temperature was higher than the inlet pipe temperature. There were also slight differences 293 

between pipe temperatures at the outlet and inlet of successive U-loops (between loops 2 – 4). 294 

These variances were likely due to the differences in the heat injection rates from the U-loops 295 

into the pile (Figure 3c). The different pipe temperatures indicate that there was no thermal 296 

symmetry in the pile cross-section at any given time.  297 
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 The thermal resistance of the pile (i.e., the outer shell thermal resistance shown in 298 

Figure 4) was evaluated using the pipe and pile-soil interface temperatures shown in Figure 5 299 

and equation 3. As indicated earlier, the thermal resistance of pile or borehole heat exchangers 300 

is the thermal resistance between the fluid in the pipes and the interface of the heat exchanger 301 

and the soil (De Carli et al. 2010; Bozis et al. 2011; Loveridge and Powrie 2013, 2014; Park et 302 

al. 2013, 2018). This hypothesis is valid since heat transfer occurs radially from the pipes to 303 

the ground. Hence, even if the inner shell was a thermal insulator or was utterly hollow, there 304 

will still be heat transfer between the pipes and the pile-soil interface. Also, the results are 305 

consistent with the analysis of Loveridge and Powrie (2014) that indicated that the concrete 306 

cover thickness over the pipes played a significant role in affecting the thermal resistance of 307 

the pile, where a higher concrete cover led to higher thermal resistance.  308 

 The temperature differences between the pipes and the pile-soil interface are shown in 309 

Figure 6a. The values ranged between 0.9 – 3.4°C at the end of the experiment. The temperature 310 

difference between the first pipe and the pile-soil interface was the largest since the fluid and 311 

pipe temperatures were largest in the first pipe as shown in Figures 3a and 5. It is to be noted 312 

that the temperature measured at the pile-soil interface was considered constant over the 313 

circumference of the pile edge. In reality, this may not be the case, as the heat injected into the 314 

pile from the pipes was not symmetrical, as shown in Figure 3c.  315 

The individual pipe-interface thermal resistances are shown in Figure 6b and were 316 

calculated using equation 3. The values ranged between 0.02 to 0.07 mK/W towards the end of 317 

the experiment, with the largest value for the first pipe, which had the largest pipe-interface 318 

temperature difference. The individual thermal resistances vary with time due to variations in 319 

temperature differences between the pipes and the pile-soil interface shown in Figure 6a.  320 

The total thermal resistance of the pile, 𝑅௣, was obtained by averaging the eight 321 

individual pipe-interface thermal resistances in the outer shell (Figure 6b). The 𝑅௣ value varied 322 
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with time and had a value of approximately 0.053 mK/W at the end of the experiment, shown 323 

in Figure 6c. This value is for the setting investigated in the current study (i.e. pile diameter 0.6 324 

m, a concrete cover of 95 mm, pile thermal conductivity of 1.5 W/mK, and eight symmetrical 325 

pipes in the cross-section). It can be applied to similar pile dimensions, number of pipes and 326 

their location in the pile cross-section. Loveridge and Powrie (2014) evaluated pile thermal 327 

resistances using the conduction shape factor analysis and reported similar 𝑅௣ of approximately 328 

0.056 mK/W for a pile diameter of 0.6 m, concrete cover of approximately 95 mm, pile thermal 329 

conductivity of 1.5 W/mK, and eight symmetrical pipes in the cross-section.  330 

The 𝑅௣ value in the present study was compared against the concrete thermal resistance, 331 

𝑅௖, estimated using the commonly used equivalent diameter approach (Loveridge and Powrie 332 

2014) where all the pipes are lumped together, using the following equation:   333 

 334 

𝑅௖ ൌ  
୪୬ ቆ

ೝ್
ೝ೐೑೑

ቇ

ଶగ௞೎
                         (5) 335 

 336 

where 𝑟௕ is the pile radius, 𝑘௖ is the concrete thermal conductivity, and 𝑟௘௙௙ is the effective 337 

radius given as: 338 

 339 

𝑟௘௙௙ ൌ  𝑟௢√𝑛            (6)    340 

 341 

where 𝑟௢ is the outer radius of the pipes, and 𝑛 is the number of pipes in the pile. The thermal 342 

resistance using the equivalent diameter approach was 0.2269 mK/W (Figure 6c) and was 343 

almost four times larger than the 𝑅௣ obtained using the radial thermal gradients. The equivalent 344 

diameter approach has limits since it relies on the dimensions of the pipes and the pile and the 345 
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thermal conductivity of the concrete and does not consider the heat injection rates and radial 346 

temperature gradients within the pile.  347 

Some of the effective thermal resistances of field-scale energy piles using thermal 348 

response tests (TRT) from previous studies are summarized in Table 1. Thermal response tests, 349 

even though widely used, have some limitations such as assumption of homogenous soil 350 

medium with a uniform initial temperature, application of steady-state heat flux, discarding 351 

part of the dataset, and only applicable for piles with large length-to-diameter aspect ratios 352 

(Loveridge et al. 2014; 2017).  Also, TRT results do not monitor the transient and spatial pipe, 353 

interface and soil temperatures. Still, the TRT results shown in Table 1 provide valuable 354 

insights into the influence of different pile configurations on the pile thermal resistance 355 

between the heat exchanger pipes and the pile-soil interface.  356 

As seen in Table 1, for a given pile diameter-to-length aspect ratio and concrete cover, 357 

the effective thermal resistance of the pile reduces with the increasing number of U-loops due 358 

to an increase in heat sources in the pile cross-section. Therefore, a higher number of U-loops 359 

would be expected to reduce the pile thermal resistance in the outer shell of the pile cross-360 

section. For a given number of U-loops, the effective thermal resistance reduces with increasing 361 

pile aspect ratio due to an increase in the heat transfer area over the pile length. This, in turn, 362 

could also influence the temperature difference between the heat injection perimeter and the 363 

pile-soil interface, and thus the thermal resistance. The influence of concrete cover is not 364 

evident in Table 1. However, as reported by Loveridge and Powrie (2014), a reduction in 365 

concrete cover will reduce the thermal resistance in the outer shell of the pile. The comparative 366 

analysis further suggests that estimating thermal resistances using existing methods (i.e. 367 

thermal response tests and equivalent diameter method) might result in design inconsistencies 368 

since they overlook the thermal gradients between the pipes and the pile-soil interface.  369 

       370 
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Soil Thermal Resistance  371 

The thermal resistances of three soil layers were evaluated at depths of 1.1 m, 3.6 m, 372 

and 6.6 m, corresponding to the locations of the pile-soil interface temperatures. A schematic 373 

of the thermal resistance circuit of the soil is shown in Figure 7. The analysis was based on 374 

heat conduction in a composite or multi-layered cylinder (Çengel and Ghajar 2011). The energy 375 

pile transfers heat into the soil, leading to temperature differences in the soil between the pile-376 

soil interface, 𝑇௕, and the undisturbed ground temperature, 𝑇ஶ, at a given radial distance where 377 

soil temperatures are not affected by the operation of the energy pile (e.g. Singh et al. 2015; 378 

Faizal and Bouazza 2018; Guo et al. 2018). The soil temperatures in the two boreholes are 379 

represented by 𝑇ଵ and 𝑇ଶ. The heat input, 𝑄, is the total heat injection rate calculated using the 380 

fluid temperature difference between the inlet of loop 1 and exit of loop 4, shown in Figure 3c. 381 

The heat input remains constant throughout the radial resistance network. The thermal 382 

resistance between two temperature points is calculated using equation 3. Since the thermal 383 

resistances are in series between 𝑇௕ and 𝑇ஶ, the total thermal resistance of the soil, 𝑅ௌ௢௜௟, at a 384 

given depth is the sum of the individual resistances.   385 

The soil thermal resistance circuit was analysed based on the following assumptions:  386 

1. The heat transfer between 𝑇௕ and 𝑇ஶ at the depth of interest was considered to be in the 387 

radial direction only, while vertical heat transfer in the soil was ignored.  388 

2. Since the analysis is based on temperature differences between different points in the 389 

soil, the soil was assumed to be a thermally homogenous solid medium with conduction 390 

as the heat transfer mechanism.  391 

3. The pile and the soil were assumed to be in perfect contact, and thus the presence of any 392 

thermal contact resistances at the pile-soil interface is ignored at such a large scale.  393 

4. The analysis is based on direct temperature measurements in the field. Therefore, any 394 

effects due to internal building activities, thermal capacity of the soil, and variations of 395 
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thermo-hydro-mechanical properties of the soil were already accounted for in the 396 

temperature measurements and are not considered in the analysis. 397 

 398 

The pile-soil interface temperatures at the three depths, d, are shown in Figure 8a. The 399 

initial temperatures were approximately 18°C at d = 3.6 m and d = 6.6 m, and 20°C at d = 1.1 m. 400 

The pile-soil interface temperatures ranged between 38°C to 43°C, with the highest at 401 

d = 1.1 m. Being closer to the surface, the interface at d = 1.1 m would experience higher heat 402 

energy from the inlet fluid than the other depths.  403 

The soil temperatures, shown in Figure 8b, were not measured at the exact depths of the 404 

pile-soil interface temperature measurements. They were assessed at depths of 1 m, 3.05 m and 405 

average values were taken between 5 m and 7.28 m to obtain radial thermal gradients between 406 

the pile-soil interface and the soil at depths of 1.1 m, 3.6 m, and 6.6 m, respectively. The 407 

average of initial soil temperatures measured at the two boreholes before the heating 408 

experiment was considered as the undisturbed ground temperatures in the far-field, 𝑇ஶ. The 409 

temperatures in borehole 1 (BH1) were much larger than the temperatures in borehole 2 (BH2), 410 

which recorded very low changes for the duration of the experiment. It is commonly known 411 

that soil temperature changes are largest near energy piles, reduce with increasing radial 412 

distance, and become negligible at a given radial distance from the pile (e.g. Singh et al. 2015; 413 

Faizal and Bouazza 2018; Guo et al. 2018; Bergström et al. 2020). The soil temperatures were 414 

between 28°C – 29°C at BH1 and approximately 20°C at BH2 at the end of the experiment.  415 

The temperature differences between the temperature points are shown in Figure 8c (and 416 

evaluated with respect to the schematic shown in Figure 7). The temperature differences were 417 

the largest closest to the pile between 𝑇௕ and 𝑇ଵ, and have very low magnitudes between 𝑇ଶ 418 

and 𝑇ஶ. At borehole 2, the soil temperatures at d = 1 m went slightly below the initial soil 419 

temperature, possibly due to some thermal effects from internal building activities, as shown 420 
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in Figure 8b. This resulted in negative temperature differences between 𝑇ଶ and 𝑇ஶ, but with 421 

very low magnitudes (Figure 8c). The individual thermal resistances are shown in Figure 8d. 422 

Similar to the temperature difference trends, the largest were 𝑅ଵ closest to the pile and lowest 423 

were 𝑅ଷ the furthest from the pile. Due to negative temperature differences between 𝑇ଶ and 𝑇ஶ, 424 

𝑅ଷ also had some negative values, although these values were close to zero and can be 425 

considered negligible compared to the other two resistances.   426 

The soil thermal resistances increase with the heating time due to a continuous increase 427 

in soil temperatures, with a lower rate of change in thermal resistance towards the end of the 428 

test. This analysis suggests that a longer heating duration of the piles is preferred to estimate 429 

soil thermal resistances after soil temperatures have reached a certain level of thermal 430 

equilibrium. The total soil thermal resistances, 𝑅ௌ௢௜௟ , shown in Figure 8e, were 0.072 mK/W at 431 

d = 1.1 m and 0.066 mK/W at d = 3.6 m and 6.6 m at the end of the experiment. These were 432 

obtained by summing the individual thermal resistances per depth, shown in Figure 8d. The 433 

𝑅ௌ௢௜௟ values have slight differences, possibly due to different soil profiles and densities. As 434 

shown in Figure 2, the soil profile at d = 1.1 m was stiff to very stiff sandy clay, and dense sand 435 

at d = 3.6 m and 6.6 m. Soils with higher densities would be expected to have lower thermal 436 

resistances due to more efficient heat transfer from increased interparticle contacts and less air-437 

filled voids (Bourne Webb et al. 2020). There are insignificant differences between 𝑅ௌ௢௜௟ values 438 

and pile thermal resistance, 𝑅௉, shown in Figure 6c. The 𝑅௉ values can be higher or lower than 439 

the 𝑅ௌ௢௜௟ values, depending on the concrete cover between the heat exchanger pipes and the 440 

pile-soil interface. Decreasing the concrete cover will reduce 𝑅௉ (Loveridge and Powrie 2014), 441 

and it should be noted that 𝑅ௌ௢௜௟ could be different for different soil types, saturation levels, 442 

thermal properties, densities and groundwater flow. The thermal properties of the pile and the 443 

soil will also influence the pile and soil thermal resistances (Loveridge et al. 2012). In any case, 444 

the thermal resistance of the soil should be lower than the thermal resistance of the pile for 445 
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efficient heat transfer between the heat exchanger fluid and the soil, and hence, efficient 446 

thermal performance of the GSHP.   447 

The temperature changes and thermal resistances of some other types of soils around 448 

field energy piles are presented in Figure 9 and Table 2. Only selected studies with sufficient 449 

data were used to estimate the soil thermal resistances. The thermal resistances were estimated 450 

according to the schematic shown in Figure 7. The pile temperatures monitored in these field 451 

tests are assumed to be the pile-soil interface temperatures due to a lack of instrumentation at 452 

the interface. As a result, the soil thermal resistances shown in Figure 9 were larger than the 453 

soil thermal resistance values obtained in the current study (Figure 8e). It is known that 454 

temperature gradients exist across the cross-section of energy piles. For example, numerical 455 

studies showed that the temperature difference between the centre and edge of the pile could 456 

be up to 4°C (Moradshahi et al. 2021b).  457 

The thermal resistances shown in Figure 9 increase with heating time and have slight 458 

differences due to the differences in soil types, heat injection rates, and the duration of thermal 459 

response tests. The temperature changes of soil also cause moisture movement in the soil, 460 

which gives rise to the soil's coupled convective and conductive heat transfer processes (e.g. 461 

Faizal et al. 2021); this coupled heat and mass transfer analysis was, however, not possible to 462 

conduct with the available field data. The thermal resistances of unsaturated dense sands 463 

reported by Singh et al. (2015) and unsaturated dense sand-sandstone reported by Murphy et 464 

al. (2015) had slight differences, with values of 0.128 mK/W (Figure 9a) and 0.159 mK/W 465 

(Figure 9b) at the end of the heating tests, respectively. The energy piles used in these two tests 466 

had similar diameters, thermo-active pile lengths, and hence similar aspect ratios (Table 2). 467 

However, the heat injection rates were different. Also, the in-situ conditions, such as soil initial 468 

water contents and densities and pile installation effects on the soils, would not have been the 469 

same. The thermal resistances of saturated stiff clay reported by Guo et al. (2018) (Figure 9c) 470 
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and saturated clayey sand with groundwater flow at a hydraulic conductivity of 1 x 10-5 m/s 471 

reported by Lines and Williams (2019) (Figure 9d) were 0.112 mK/W and 0.169 mK/W, 472 

respectively, at the end of the tests. The duration of these tests was low compared to the tests 473 

conducted by Singh et al. (2015) and Murphy et al. (2015), and ground temperature changes 474 

likely did not stabilize. Also, the presence of groundwater flow reported in the study by Lines 475 

and Williams (2019) is a slow process and probably did not significantly affect the soil 476 

temperatures in the short test duration (Figure 9d). Nevertheless, the results shown in Figure 9 477 

and Table 2 give an upper range of thermal resistances of different soils that could be used as 478 

a first approximation for designing energy pile systems and other energy geostructures.        479 

  480 

Conclusions  481 

This study investigated the thermal resistances of a field-scale energy pile and the 482 

surrounding dense sand using radial thermal gradients in the underground thermal network. 483 

The thermal resistance of the energy pile was evaluated using the temperature gradients 484 

between the heat exchanger pipes and the pile-soil interface and had a value of 0.053 mK/W at 485 

the end of the heating test. Comparing the analysis presented in the current study with the 486 

common equivalent diameter method and thermal response tests from other studies indicated 487 

that quantifying radial thermal gradients between the pipes and the pile-soil interface at a field 488 

scale is essential for assessing thermal resistances of energy piles for design purposes. These 489 

existing methods do not monitor the in-situ transient and spatial pipe, interface and soil 490 

temperatures. They might result in design inconsistencies if radial thermal gradients are not 491 

accounted for when estimating the thermal resistances. The current analysis suggests that pile 492 

thermal resistance is low for lower concrete cover, larger aspect ratios and a larger number of 493 

U-loops in the pile.  Therefore, these parameters (i.e. concrete cover, pile dimensions, and 494 
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number of U-loops) should be carefully accounted for when estimating pile thermal resistances 495 

to avoid design errors.  496 

The soil thermal resistance was evaluated using the temperature gradients between the 497 

pile-soil interface and the soil. The thermal resistance of stiff sandy clay (0.072 mK/W) clay 498 

and dense sand (0.066 mK/W) had similar values, likely due to similar densities and thermal 499 

properties. There were slight differences between the pile and soil thermal resistances, likely 500 

due to the concrete cover of the pipes in the pile. Installing the heat exchanger pipes closer to 501 

the pile-soil interface would be expected to reduce the pile thermal resistance. The current 502 

analysis suggested that the soil thermal resistances could be influenced by the soil types, the 503 

in-situ thermo-hydro-mechanical conditions of the soil, and duration of tests; hence, a careful 504 

interpretation process should be adapted for different sites. The range of soil thermal 505 

resistances reported in this paper can be used as a reference in the preliminary design stages of 506 

energy piles installed in different soil types.   507 
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Table 2. Soil thermal resistances around energy piles estimated from other field tests (D = pile 774 
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Figure 2. Schematic of the energy pile showing the locations of thermocouples across the 809 

cross-section and with depth (L, loop; P, pipe; f, fluid).  810 
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 818 

Figure 3. Fluid temperatures and heat injection rates: (a) fluid temperatures at inlet and outlet 819 

of each U-loop (modified from Faizal et al. 2019a), (b) difference between inlet and outlet fluid 820 

temperatures in each U-loop, and (c) heat injected by each U-loop into the pile.  821 
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 836 

 837 

Figure 4. Thermal resistance circuit of the pile cross-section. 838 
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 857 

Figure 5. Pipe temperatures at the inlet and outlet of each U-loop at a depth of 1.3 m and pile-858 

soil interface temperatures at a depth of 1.1 m. 859 
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 873 

Figure 6. Pile thermal resistances and temperature differences between pipes and interface: a) 874 

temperature differences between pipes and pile-soil interface, b) individual pipe-interface 875 

thermal resistances, and c) comparison of the total pile thermal resistances.   876 
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 890 

Figure 7. Schematic of the thermal resistance network of the soil around the energy pile. 891 
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 906 

Figure 8. Soil temperatures and thermal resistances: a) pile-soil interface temperatures, b) soil 907 

temperatures, and c) soil temperature differences, d) individual soil thermal resistances, and e) 908 

total soil thermal resistances (d = depth).     909 
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 916 

Figure 9. Temperatures and thermal resistances of various soils around energy piles: a) 917 

unsaturated dense sand, b) unsaturated dense sand-sandstone, c) saturated stiff clay, and d) 918 

saturated clayey sand with groundwater flow (R = radial distance from the edge of the pile).  919 
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