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Abstract  25 

The mechanical behaviour of an energy pile in saturated clay under thermo-26 

mechanical loading was studied using a model pile. Axial load was first applied to the 27 

pile head in steps to determine the resistance of the pile under mechanical load. 28 

Afterwards, thermo-mechanical tests were performed by applying a heating/cooling 29 

cycle to the pile under constant axial load. The results show pile head heave during 30 

heating and settlement during cooling. Irreversible settlement was observed after the 31 

thermal cycles. Tests performed with various axial loads show that the thermal 32 

irreversible settlement is greater under a higher axial load. 33 

 34 

Keywords: energy pile; small-scale model; saturated clay; creep; thermo-mechanical 35 

load. 36 

 37 

Number of words: 4526 38 
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1. Introduction 41 

Energy piles are usually used in thermo-active foundations to transfer the mechanical load of 42 

the building to the ground and to provide heat exchange between the same using a ground-43 

source heat pump system (Brandl, 2006; de Moel et al., 2010; Brandl, 2013; Mimouni & 44 

Laloui, 2014; Olgun et al., 2014). Full-scale tests on the thermo-mechanical behaviour of 45 

energy piles show that the temperature changes can modify stress and strain in the piles 46 

(Laloui et al., 2003; Bourne-Webb et al., 2009; Amatya et al., 2012; McCartney & Murphy, 47 

2012; Murphy et al., 2014; Wang et al., 2014). Reduced-scale tests on energy piles in sand 48 

show sometimes contradictory trends: their shaft resistance decreased in capacity after 49 

thermal loading was introduced, after Wang et al. (2011), while Ng et al. (2015) found an 50 

increase of shaft resistance after heating. Stewart & McCartney (2013) found that the 51 

behaviour of a scale-model energy foundation tested in a geotechnical centrifuge during 52 

transient heating and cooling, agrees well with observation on full-scale end-bearing energy 53 

foundations reported in the literature. Numerical simulations reveal that the effect of 54 

temperature on the mechanical behaviour of the piles is mainly related to its thermal 55 

expansion/contraction (Laloui et al., 2006; Péron et al., 2011; Yavari et al., 2014a).  56 

 57 

However, it is well known that temperature might slightly modify the mechanical properties 58 

of saturated clay (Cekerevac & Laloui, 2004; Hueckel et al., 2011; Hong et al., 2013; Laloui et 59 

al., 2014). In addition, irreversible volume change of soil induced by temperature variations 60 

(i.e. contraction of normally consolidated clay during heating, see Abuel-Naga et al. 2007) 61 

may have significant effects on the undrained shear strength of the soil, which may affect 62 

the foundation capacity during rapid loading. Also, heating could induce a small decrease of 63 

the shear strength of clay/concrete interface (Di Donna & Laloui, 2013; Murphy & 64 
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McCartney, 2014). As a result, beside the thermal expansion/contraction of the piles, other 65 

phenomena should be considered as well when studying the mechanical behaviour of 66 

energy piles in clay. Conducting full-scale tension load tests, Akrouch et al. (2014) found that 67 

heating increases the creep rate of energy piles in high plasticity clay.  68 

Beside direct effects of temperature changes, the impact of cyclic heating/cooling on energy 69 

piles has been studied in various works. Ng et al. (2014) performed centrifuge modelling of 70 

energy piles subjected to heating/cooling cycles in saturated clay under constant working 71 

load and observed cumulating irreversible displacement (thermo-mechanical ratcheting) 72 

over five thermal cycles. This irreversible settlement reached 3.8% of pile diameter in lightly 73 

overconsolidated clay and 2.1% of pile diameter in heavily overconsolidated clay. Yavari et 74 

al. (2014b) found that a heating/cooling cycle applied on a model pile inserted in dry sand 75 

under constant axial load induced an irreversible displacement of around 2% of the pile 76 

diameter. Amatya et al. (2012) analysed the results of several in situ experiments on energy 77 

piles and concluded that heating/cooling cycles induce volume change of the energy piles, 78 

which changes the pile-soil interaction. More precisely, the mobilized shaft resistance profile 79 

of a mechanically loaded pile may undergo significant changes during thermal loading. After 80 

Ng et al. (2014), beside the mobilisation of shaft resistance, thermo-mechanical ratcheting 81 

can be attributed to a cumulating irreversible reduction of confining stress at the pile-soil 82 

interface.  83 

In the present work, the mechanical behaviour of energy piles in saturated clay is 84 

investigated using a small-scale model. Heating/cooling cycles were performed under 85 

various constant axial loads. The pile head axial displacement was monitored during these 86 

thermo-mechanical loads. 87 

 88 

 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 



 

 5 

2. Experimental method 89 

The experimental setup is presented in Figure 1. This system is similar to that used in Yavari 90 

et al. (2014b). A pile was embedded in a container filled with saturated clay. The model pile 91 

was a closed-end aluminium tube with outer and inner diameters of 20 and 18 mm, 92 

respectively. The total length of the pile was 800 mm but only 600 mm was embedded in 93 

soil. The pile was coated with a layer of Fontainebleau sand (median grain size of 0.23 mm) 94 

by means of appropriate glue (Araldite). The added roughness will likely force failure to 95 

occur in the clay, which is softer, rather than at the interface. 96 

The axial load applied to the pile head was controlled by the water level in the tank. A force 97 

sensor placed on the pile head measured pile head axial load. A displacement sensor 98 

monitored the pile head settlement. A heating/cooling circulating bath (cryostat) allowed 99 

the control of the pile temperature. Its internal reservoir was filled with water and 100 

connected to an aluminium U-shaped tube (2 mm internal diameter) inside the pile. The pile 101 

was filled with water to ensure the thermal transfer between the U-shaped tube and the 102 

pile. One temperature sensor was inserted inside the pile to monitor its temperature during 103 

the experiments. Note that the pile temperature will not be homogenous but it may be an 104 

appropriate assumption for the nature of the analysis in the present study. 105 

Kaolin clay was used in this study. Its particle size distribution, obtained by laser diffraction 106 

method, is shown in Figure 2. It has a liquid limit of 57%, a plastic limit of 33%, and a particle 107 

density of 2.60 Mg/m3. More details about this material can be found in the work of 108 

Muhammed (2015). The soil powder was mixed with distilled water to a water content of 109 

29% and then stored in hermetically sealed boxes for more than 24 h to ensure moisture 110 

homogenisation. Soil compaction started with three layers of 100, 100 and 50 mm. A 111 
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vibratory hammer was used to compact the soil to a dry density of 1.45 Mg/m3 (that 112 

corresponds to a degree of saturation of 95% and a void ratio of 0.79). After the compaction 113 

of the first three layers, the pile was installed and the remaining soil was compacted around 114 

the pile by 100 mm thick layers. Attention was paid to ensure the homogeneity of soil next 115 

to the pile without touching the pile during soil compaction. Compaction layers are 116 

materialised using dashed lines in Figure 1. It should be noted that the average dry density of 117 

each compaction layer is controlled by the mass of soil used for compaction and the volume 118 

of the layer (thickness and diameter). Compacting the clay sample by several layers was 119 

chosen as an appropriate method to ensure its homogeneity prior to testing. Once 120 

compaction was finished, saturation was started by injecting water from the bottom of the 121 

container with a pressure of 20 kPa. To do so, the water tank was filled with water and its 122 

bottom was connected to the bottom of the soil container. At the end of the saturation, the 123 

level of water decrease and the final pressure was approximately 15 kPa. During this period, 124 

the water tank was blocked to avoid applying any force on the pile head. The soil surface 125 

was also covered with a thin layer of water and a plastic film to avoid water evaporation. 126 

This condition was maintained for 10 months until the estimated volume of water intake 127 

exceeded the initial air-filled pore volume. The soil was then assumed to be fully saturated. 128 

Measurement of the pile head displacement and visual inspection of the soil surface show 129 

that the soil surface did not move during saturation. Evaluation of the effects of saturation 130 

on the clay microstructure was not investigated. Note that Ng et al. (2014) consolidated 131 

kaolin clay slurry in order to obtain saturated clay sample for small-scale test but centrifuge 132 

was required to accelerate the consolidation process. In the present work, consolidation was 133 

not possible at 1-g condition. For this reason, compaction method was chosen to prepare 134 

the clay sample.  135 

 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 



 

 7 

After saturation of the soil mass, the pile was first subjected to mechanical loading tests. 136 

Axial load was increased from 0 to 100 N, and then by increments of 50 N. Each increment 137 

was kept for 60 min. Loading was continued until failure, corresponding to a pile head 138 

settlement of 10% of the pile diameter (2 mm). Two mechanical tests, F1 and F2, were 139 

conducted using this loading procedure to check the repeatability of the experimental 140 

procedure. It should be noted that regarding the complexity of the compaction and 141 

saturation procedures, all the tests in this study were conducted on a single pile embedded 142 

at the centre of a single soil mass. This process was adopted following the work of Akrouch 143 

et al. (2014). An interval of two weeks between two subsequent mechanical tests was 144 

imposed to allow the equilibrium of stress state after each test. The initial states of the 145 

subsequent mechanical tests were then assumed to be similar. 146 

After the mechanical tests, five thermo-mechanical tests were performed. Each test includes 147 

the following steps: (i) Increase of axial load to a given value which was maintained during 148 

the subsequent thermal cycle; (ii) Heating the pile from 22°C to 27°C; (iii) Cooling the pile to 149 

22°C; (iv) Cooling the pile to 17°C; (v) Heating the pile to its initial temperature (22°C); (vi) 150 

Remove the axial load at 22°C. The pile temperature was maintained at 22°C until the 151 

subsequent test started. Each step took 120 min, except the last one, which was longer (800 152 

min).  Five thermo-mechanical tests, denoted by F3, F4, F5, F6 and F7, were performed at 153 

100 N, 150 N, 200 N, 250 N and 300 N, respectively. This procedure allowed starting all the 154 

thermo-mechanical tests at the same pile temperature (22°C) and the duration of the last 155 

step (800 min) was assumed to be long enough to ensure the recovery of the system. That 156 

allows also performing one test per 24h and the five tests (F3-F7) in a week. 157 

3. Experimental results 158 
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As all the tests were performed using a single soil mass and a single model pile, the global 159 

response of the soil/pile system is first examined via load settlement curves of the entire 160 

tests in Figure 3. The results show the permanent downward movement of the pile in the 161 

soil, which is more explicit under purely mechanical loading (tests F1 and F2). From the 162 

results of test F1 and considering 2 mm (10% of pile’s outer diameter) as the pile settlement 163 

at failure, the pile’s resistance can be estimated at 500-550 N. Test F2 was stopped 164 

intentionally before failure.  165 

In Figure 4, the load-settlement curves of the thermo-mechanical tests (F3 to F7), which 166 

followed pile unloading in test F2, are shown at a larger scale. In each test, the pile response 167 

exhibits approximately the same stiffness during mechanical loading. The pile continues to 168 

settle during the applied thermal cycle under constant load. Unloading the pile leads to pile 169 

heave. The slope of the unloading branch is the same in all thermo-mechanical tests, except 170 

for test F4, which seems to be affected by a measurement problem. Also, the slope of the 171 

unloading branch in test F2 is identical to the corresponding phase of other tests.  172 

The pile behaviour in each individual test was then investigated. The pile settlement was 173 

therefore zeroed (in the results analysis and not in the test) at the beginning of each test. 174 

The pile head displacement curves of all the tests are plotted versus the pile head axial load 175 

in Figure 5. The results relating to tests F3 to F7 are the pile response after the application of 176 

the mechanical load and just before starting thermal cycling. A good repeatability of the 177 

load-settlement curves can be observed, even when the figure is zoomed at a small range of 178 

settlement (from 0 to 0.06 mm). 179 

The results of mechanical test F1 are presented in Figure 6, where the pile head settlement 180 

is plotted versus elapsed time for each loading step. That shows a quick settlement after the 181 
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load increase, followed by a stabilisation phase. As could be observed, for all the loading 182 

steps, the relationship between the settlement change and time (in a logarithmic scale) is 183 

linear under each loading step for t = 2 to 60 min. The creep rate could then be determined 184 

from the slope of each curve in Figure 5, based on the French standard (Afnor, 1999). 185 

Following this standard, for each loading step, the creep rate is calculated as the change of 186 

pile head displacement between 2 and 60 min (of elapsed time) divided by log(60/2).  187 

In Figure 7, the creep rate is plotted versus the axial load for all the tests. Note that in tests 188 

F1 and F2, the same procedure was followed (loading by steps), while in tests F3-F7, the 189 

target axial load was applied in one step. In spite of these different procedures, the 190 

relationships between the creep rate and the axial load are found to be similar in all tests; 191 

the creep rate increases quickly when the axial load exceeds 400 N. The fact that this rate 192 

depends only on the axial load and that it is independent of the loading path proves that it 193 

corresponds solely to creep and not to soil consolidation. After Edil & Mochtar (1988), the 194 

time-dependent displacement of a pile inserted in clay under a constant axial load is 195 

attributed primarily to creep of the pile-soil interface (slip) and shear creep of the soil 196 

surrounding the pile. 197 

The load and the temperature of the pile measured in tests F3 to F7 are plotted in Figure 8. 198 

As explained above, from its initial temperature (around 22°C) after mechanical loading, the 199 

pile was heated to 27°C, cooled to 22°C, then cooled to 17°C, and finally heated to 22°C. The 200 

results show that the duration of each step (120 min) is long enough to bring the pile’s 201 

temperature to the target value. During these heating/cooling steps, the pile head axial load 202 

was maintained constant (from t = 0 to 600 min) by keeping the same water level in the 203 

water tank (see Figure 1). However the load measured by the force sensor appeared not to 204 

be perfectly constant. This blip in load reading can be explained by the small friction 205 
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between the rod, which transfers the water tank load to the pile head, and the frame that 206 

supports it. Heating the pile induces a pile head heave. In this case, the measured load 207 

corresponds to the water tank load plus the friction force. Inversely, cooling the pile induces 208 

a pile head settlement, and the load measured corresponds to the water tank load minus 209 

the friction force. These changes, in the order of a few Newtons, can be ignored in this 210 

study.  211 

The results of tests F3-F7 are shown in Figure 9. Pile head settlement versus elapsed time is 212 

shown in Figure 9(a, c, e, g, i) for the whole test including mechanical loading, thermal cycle, 213 

and mechanical unloading. The pile settles under the mechanical load in the first 120 min of 214 

the test. It begins to heave while being heated from 22°C to 27°C. It settles during the 215 

subsequent cooling down to 17°C and heaves again during the last heating which increases 216 

the temperature back to 22°C. The final unloading (when the axial load is removed at t = 600 217 

min) induces a pile head heave. The time allocated to each thermal stage (120 min) may not 218 

be suitable for a relatively low-permeability material but the results show that the pile head 219 

displacement seems reached equilibrium at the end of each stage.  220 

The change of pile head settlement versus change of temperature during the thermal cycle 221 

(between 120 min and 600 min in Figure 9a, c, e, g and i) is exhibited in Figure 9b, d, f, h, and 222 

j. The thermal expansion curve of an aluminium pile, having a fixed toe and being free to 223 

expand/contract in other directions, is also plotted. Its slope is equal to the linear thermal 224 

expansion coefficient of aluminium (23×10-6/°C). This representation is similar to that used 225 

by Kalantidou et al. (2012), Yavari et al. (2014), and Ng et al. (2014). The experimental 226 

results show that the pile reacts immediately to temperature change and heaves with the 227 

first heating; however its heave is smaller than that of the pile thermal expansion curve. It 228 
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settles when it is cooled. Under 100 N of axial load (Fig 8b), the slope of the cooling branch is 229 

close to that of the heating. This slope seems higher at higher pile head loads and looks 230 

similar to the pile thermal expansion curve under 300 N (Fig 8f). The pile heaves during the 231 

second heating phase; the slopes of the two heating branches are almost equal.  232 

For further analysis of the pile displacement, the axial displacement distribution was plotted 233 

for each thermo-mechanical test (similar analysis have been done by Di Donna & Laloui, 234 

2015; Rotta Loria et al., 2015). The end of the mechanical loading (start of 1st heating) was 235 

taken as the reference, with an axial displacement equal to zero along the pile. The first 236 

heating induced a pile head heave (in the figure, the axial displacement at 0 mm depth is 237 

taken equal to the measured pile head heave at the end of the first heating). The thermal 238 

expansion strain of the pile during this heating of 5°C is equal to 5×23×10-6 =115×10-6, where 239 

23×10-6 is the coefficient of thermal expansion of the pile. The stress change during heating 240 

along the pile was not measured in this study. However, as the pile head load was fixed 241 

during heating, the axial load along the pile can be reasonably assumed to be smaller than 242 

20% of the maximal load (300 N). This assumption can be justified from other tests under 243 

similar conditions, i.e. heating a floating pile under constant pile head load (Bourne-Webb et 244 

al., 2009; Ng et al., 2015). The maximal axial stress change (20% of the maximal load divided 245 

by the pile section) along the pile during heating can then be estimated as 246 

20%×300/(0.01×0.01×3.14) = 19×104 Pa. That corresponds to an axial strain (axial stress 247 

divided by the pile equivalent Young modulus) of 19×104/13×109 = 15×10-6 (where 13×109 Pa 248 

is the equivalent Young modulus of the pile following Yavari et al., 2014a). This estimation 249 

shows that the axial displacement along the pile related to the stress change during heating 250 

can be ignored compared to the thermal expansion. The distribution of the axial 251 

displacement along the pile can then be estimated from the pile head displacement 252 
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(measured) and the pile thermal expansion calculated (see Figure 10). The results show that 253 

the pile toe settles during the first heating. The subsequent cooling induces heave at the pile 254 

toe except the case of the highest pile head load (F7), where settlement of the pile toe was 255 

observed. In addition, the higher the pile head load, the lower the pile toe’s heave during 256 

cooling. The second heating induces a settlement at the pile toe for all the tests. These 257 

trends are similar to that observed by Pasten & Santamarina (2014), using numerical 258 

modelling. 259 

In Figure 11, the pile head settlement induced by thermal cycling (between 120 min and 600 260 

min) is plotted versus the applied pile head axial load for each test. From the creep rate, 261 

shown in Figure 6, the settlement related to the creep during this period can be estimated. 262 

Note that Cui et al. (2009) showed that the temperature can significantly influence the time 263 

dependent behaviour of clay but their tests were performed in a large range of temperature 264 

(from 25°C to 80°C). In the present work, the temperature change is much smaller (from 265 

17°C to 27°C) and the pile head settlement related to creep (smaller than 0.005 mm for each 266 

period) is small compared to that related to the mechanical loading (see Figure 11). As a 267 

consequence, effects of temperature on creep settlement can be ignored. The settlement 268 

directly related to the thermal cycle can then be estimated: corrected value is the measured 269 

value minus the creep value (calculated from isothermal mechanical tests, see Figure 7). The 270 

results show that the settlement related to the thermal cycle is higher when the pile is 271 

subjected to a higher axial load. 272 

4. Discussion 273 

The results obtained on the mechanical loading part (Figures 5 and 7) show a good 274 

repeatability between the tests. The same settlement curve of the pile in all tests indicates 275 
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that the behaviour of the pile in one test is independent of the previous one. That suggests 276 

that the soil/pile system could have retrieved its initial equilibrium condition prior to the 277 

subsequent test. Actually, the pile has been loaded to failure during test F1 (Figure 3). For 278 

the subsequent test (F2), the pile shaft resistance would decrease due to the possible 279 

softening of the shear behaviour at the clay/pile interface (see Di Donna et al. 2016; Yavari 280 

et al. 2016). On the contrary, the pile toe resistance would increase if the clay consolidates 281 

after test F1. On one hand, the two mechanisms have opposite effects on the pile response; 282 

on the other hand, they could be negligible (because the clay has been already well 283 

compacted and the softening observed on a similar material by Yavari et al. 2016 is quite 284 

small under low stresses). That would explain why the mechanical response of the pile 285 

during test F2 is quite similar to that during test F1 (see Figure 5), suggesting that the waiting 286 

stage after failure test is sufficient for the clay to recover its initial mechanical properties. 287 

The choice of performing various tests in a unique mass of saturated clay can thus be 288 

considered as an appropriate one. 289 

It should be noted that the irreversible settlement observed during the thermal cycle is 290 

larger at a higher axial load. While testing dry sand, Kalantidou et al. (2012) and Yavari et al. 291 

(2014b) found that the effect of thermal cycle under constant axial load was reversible under 292 

low loads (smaller than 30% of the pile resistance) and irreversible under high loads. In the 293 

present work, where tests were performed within a wide range of axial load (from 20% to 294 

60% of the pile’s resistance), irreversible settlement is observed even at low loads (100 N 295 

corresponds to less than 20% of the pile resistance, which is between 500 and 550 N). Ng et 296 

al. (2014) have also observed irreversible settlement after thermal cycles under constant 297 

load at 40% of the pile’s resistance. However, in the work of Ng et al. (2014), thermo-298 

mechanical ratcheting was observed to level off after few thermal cycles. In the present 299 
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work, only one thermal cycle was applied and such phenomenon could not be observed. 300 

Concerning accumulated thermal displacement, Ng et al. (2014) obtained 2.1% and 3.8% of 301 

pile diameter after five cycles. In the present work, the irreversible thermal settlement 302 

obtained after one cycle was smaller that 0.5% of the pile diameter, which is in agreement 303 

with the work of Ng et al. (2014). 304 

Beside experimental works, irreversible settlement of energy piles subjected to thermal 305 

cycles has also been investigated through numerical modelling. Suryatriyastuti et al. (2014) 306 

used a load transfer approach to study the cyclic behaviour of energy pile and found that 307 

thermo-mechanical ratcheting observed under thermal cycle could be predicted by 308 

considering a cyclic strain hardening/softening mechanism at the soil/pile interface. 309 

However, in the work of Pasten & Santamarina (2014), the main features of energy piles 310 

subjected to static load and thermal cycles (i.e. irreversible settlement after thermal cycles 311 

and displacement accumulation depending on the static factor of safety) were reproduced 312 

by numerical simulations without considering the cyclic strain hardening/softening 313 

mechanism. Actually, the authors explained the irreversible settlement by the decrease of 314 

mobilised shaft shear stress with thermal cycles. Saggu & Chakraborty (2015) simulated the 315 

cyclic thermo-mechanical behaviour of a floating energy pile in sand, and found an 316 

irreversible settlement only for the first heating/cooling cycle. The subsequent cycles induce 317 

an irreversible uplift of the pile.  318 

In the present work, only one heating/cooling cycle was applied for each loading step. 319 

Thermo-mechanical ratcheting was observed for all the tests. In addition, this settlement is 320 

higher at a higher mechanical load. The mechanisms by which thermal cycles affect the pile 321 

behaviour can be explained from the profile of axial displacement shown in Figure 10. 322 
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Actually, after the mechanical loading, the first heating induces a pile expansion. This latter 323 

corresponds to a pile head heave (that was measured from the experiments) and a pile toe 324 

settlement. The pile toe settlement is induced by the reduction of the pile shaft resistance, 325 

which increases the load transfer to the pile toe (see Pasten & Santamarina, 2014). The 326 

subsequent cooling induces a pile contraction, which induces a pile head settlement 327 

(measured experimentally) and a pile toe heave (except for the case at high load, F7, where 328 

a pile toe settlement was expected). It should be also noted that the pile toe heave during 329 

cooling is lower at a higher mechanical load. Finally, the second heating, which brings the 330 

pile back to its initial temperature, induces again a pile toe settlement. The total pile toe 331 

settlement after the thermal cycle is positive and higher at a higher mechanical load. To 332 

explain these results, the pile toe settlement can be attributed to two mechanisms: (i) the 333 

compression of the clay below the pile toe; (ii) the displacement of the pile related to 334 

shearing of the clay surrounding the pile toe. If the first mechanism can be expected to be 335 

almost reversible, the second one is most likely irreversible. The observed thermo-336 

mechanical ratcheting can then be attributed to the second mechanism (shearing of the clay 337 

surrounding the pile toe). 338 

The thermally induced irreversible settlement could become significant in the design of 339 

energy piles in saturated clay. When all the piles of the foundation are equipped with the 340 

heat exchanger system, additional settlement of the foundation can be expected with 341 

seasonal temperature change of piles. When only a part of foundation piles is equipped with 342 

the heat exchanger system, cycles of temperature applied to these piles would reduce 343 

progressively their axial load while the axial load in the non-equipped piles increases, thus 344 

leading to redistributions of loads among the different piles.  345 
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5. Conclusion 346 

Thermo-mechanical loading was applied to a model pile in saturated clay. The pile head axial 347 

load, displacement and temperature were monitored. Analysis of the experimental results 348 

shows that: 349 

- Under mechanical loading, the creep rate (of the pile head displacement) increases as 350 

the pile head load approaches to pile ultimate resistance but remains negligible at 351 

low pile head load.  352 

- Under a constant pile head axial load, heating the pile induces pile head heave while 353 

cooling induces settlement. This behaviour is mainly related to the thermal 354 

expansion/contraction of the pile. 355 

- Irreversible settlement of the pile head is observed after the heating/cooling cycle 356 

under constant pile head axial load. This settlement is larger under higher axial loads, 357 

and is much more significant than that due to creep under isothermal conditions. 358 

The findings of this study, observed on a model pile, would be helpful when considering the 359 

long-term mechanical behaviour in the design of energy piles in saturated clay. Actually, 360 

seasonal piles temperature change could induce additional settlement of the foundation or 361 

redistribution of foundation load on the piles. 362 
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Figure 11. Results of tests F3-F7 for the thermal phase - Pile head settlement versus pile head axial 480 

load 481 

 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 



 

 23 

  482 

Figure 1. Experimental set-up 483 
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 485 

Figure 2. Grain size distribution curve of kaolin clay 486 
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Figure 3. Pile load-settlement curve obtained through 7 successive tests F1 to F7 492 
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Figure 4. Pile load-settlement curve obtained through tests F3 to F7 494 
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Figure 5. Load-settlement curves for the mechanical phase 497 
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Figure 6. Results of test F1 – Pile head settlement versus elapsed time for each loading step 500 
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Figure 7. Creep rate versus axial load for the mechanical phase 503 
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Figure 8. Axial load and temperature of the pile in tests: (a) F3; (b) F4; (c) F5; (d) F6; (e) F7.  511 
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 512 

Figure 9. Results of tests F3-F7 for the thermal phase – Pile head settlement and pile temperature change: (a, 513 

b) F3; (c, d) F4; (e, f) F5; (g, h) F6; (i, J) F7.  514 
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Figure 10. Results of tests F3-F7 for the thermal phase  - Estimated axial displacement along the pile: (a) F3; 516 

(b) F4; (c) F5; (d) F6; (e) F7. 517 
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Figure 11. Results of tests F3-F7 for the thermal phase - Pile head settlement versus pile head axial load 520 
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