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Abstract 11 

Energy piles, due to their dual roles, are exposed to temperature change throughout their life time, which 12 

may cause axial displacements, additional axial stresses and changes in the shaft resistance along their 13 

lengths. The extent of these effects highly depends on the level of restrictions along the energy piles, from 14 

the surrounding soil, as well as from the superstructure. A full-scale in-situ test has been performed on three 15 

energy piles, with the purpose of investigating their thermo-mechanical behaviour with respect to the 16 

corresponding end-restraining conditions. Thermal loads with maximum temperature of 45°C and 17 

minimum of 8°C were applied to the test piles for a 6-week period along with conventional mechanical 18 

load tests. Two of the test piles were designed to have base resistance from the very dense sand layer while 19 

the shorter pile was tipped into a stiff clay layer with the purpose of representing different end-restraining 20 

conditions. Moreover, the thermal loads were applied to the longer piles with and without the presence of 21 

mechanical load at the head. In this paper, the full-scale in-situ test setup is presented, along with the test 22 

results of the three test piles giving emphasis to the restraining effects of the mechanical load at the head 23 

and the base resistance from underlying soil layers. It is concluded from the results that the distribution of 24 

thermally induced axial stresses and the mobilization of shaft resistance during heating and cooling episodes 25 
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are highly dependent on the location of the dominant restriction. Moreover, the end-restraining effects fade 26 

away at depths farther from the dominant restriction, leading to the degree of freedom of test piles with 27 

diverse end-restraining conditions to converge.  28 

Keywords: energy pile; in-situ testing; thermo-mechanical loading; end-restraining conditions 29 

1. Introduction  30 

Energy piles represent an effective means to meet the world request of less dependence on fossil fuels by 31 

being designed as dual purpose elements targeting geothermal heat exchange and structural support for 32 

buildings. Although they have been widely implemented in Europe, especially in Austria (Brandl, 2006), 33 

Germany (Katzenbach, 2013), Switzerland (Laloui and Di Donna, 2011) and the UK (Amis and Loveridge, 34 

2014), and are gaining popularity in the United States, their thermo-mechanical behaviour has not yet been 35 

fully understood.   36 

Unavoidably, energy piles tend to elongate and contract proportional to their thermal expansion coefficient 37 

with increase and decrease in temperature, respectively. However, their response to thermal loads (i.e. 38 

thermal displacements, thermally induced axial stresses, mobilized shaft resistance) is unique to each case, 39 

since it is primarily dependent on the end-restraining conditions. A higher portion of the thermal 40 

expansion/contraction will actually take place along energy piles having lower end-restraints (lower 41 

structural load at the head or weak soil around), resulting in higher axial displacements, hence large change 42 

in mobilized shaft resistance, while having low thermally induced axial stresses. On the other hand, energy 43 

piles that are restrained against thermal expansion/contraction will experience larger thermally induced 44 

axial stresses and low axial displacements. Hence, the end-restraining conditions have the leading role in 45 

terms of the thermo-mechanical behaviour of energy piles and thorough understanding of their effects is of 46 

paramount importance.  47 

The response of energy piles to thermo-mechanical actions has been investigated through several 48 

experimental studies including full-scale in-situ tests (Laloui et al., 2006; Bourne-Webb et al., 2009; 49 
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McCartney and Murphy, 2012, Mimouni and Laloui, 2015; You et al., 2016), centrifuge tests (Stewart and 50 

McCartney, 2013, Goode et al, 2014; Ng et al., 2014) and model-scale tests (Kalantidou et al, 2012), along 51 

with the numerical analysis employed to model their behaviour (Di Donna and Laloui, 2015; Batini et al., 52 

2015; Rotta Loria and Laloui, 2016). Among these studies, several of them put emphasis on the 53 

investigation of end-restraining conditions (Laloui et al., 2006; Amatya et al., 2012). In the study of Laloui 54 

et al. (2006), thermal loads were applied to a test pile before the construction of the superstructure as well 55 

as after the construction of each floor in order to investigate the influence of various structural load 56 

magnitudes on the thermally induced axial stresses and shaft resistance generation. Amatya et al. (2012) 57 

applied one long and two short heating-cooling cycles to a test pile with mechanical load at the head, while 58 

the heat sink pile was subject to opposite thermal loads with free head conditions. Although the results were 59 

presented for both of the piles, the piles having different lengths and being subjected to opposite thermal 60 

loads does not allow an in-depth comparison related to the end-restraining conditions. Therefore, the main 61 

objective of this paper is to provide a clear understanding of the effect of end-restraining conditions on the 62 

response of energy piles by providing comparative results of a full-scale in-situ test.   63 

Full-scale in-situ tests were performed in Houston, Texas in order to investigate the effects of end-64 

restraining conditions on the response of energy piles to thermo-mechanical actions. Two of the three test 65 

piles, with the same geometry and embedded in the same soil profile, were subjected to heating-cooling 66 

cycles with and without maintained mechanical load at the head.  Moreover, similar thermo-mechanical 67 

loading history was imposed to two of the test piles, one constructed entirely in a stiff to very stiff clay 68 

layer and one bearing on very dense sand. Vibrating wire strain gages (VWSG), thermal integrity profile 69 

wires and thermistors were installed to monitor the strain and temperature variations along the test piles 70 

throughout the in-situ tests to investigate the energy pile response to thermo-mechanical and pure thermal 71 

loads.  In this paper, the full-scale in-situ test implementation and setup are described in detail along with 72 

the information on the soil and pile properties. Moreover, temperature, thermally induced axial stress and 73 
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mobilized shaft resistance profiles are shown for the three test piles. Finally, graphs comparing their 74 

response are presented by focusing on the end-restraining conditions.  75 

2. Details on the Full-Scale In-situ Tests  76 

Site Layout and Test Setup 77 

The test site, located in Houston, Texas is presented in Fig. 1., where the positions of the three test piles, 78 

three heat sink piles, eight reactions piles and observation boreholes are indicated. Three test piles of 45.7 79 

cm in diameter were installed using Augered Cast-In Place (ACIP) pile installation technique. The longer 80 

piles, Test Pile-1 (TP-1) and Test Pile-3 (TP-3), are 15.24 m, having base resistance from the very dense 81 

sand layer and Test Pile-2 (TP-2) is 9.14 m in length, extending solely in stiff to very stiff clay. For 82 

reinforcement, the rebar cage for the test piles is comprised of four full length vertically placed #7 bars 83 

spaced equally with #3 steel bar rings spaced every 0.3 m throughout the length of the 0.3 m diameter cage.  84 

In addition, a #8 centre bar is placed along the full length of the pile (Bar sizes #3, #7 and #8 are indicated 85 

in U.S standard units which correspond to #10, #22 and #25, respectively in metric system).  86 

In addition to the three test piles, eight reaction piles were installed to be employed for the conventional 87 

pile load tests, as well as for the application of maintained mechanical loads during the thermo-mechanical 88 

tests. Regarding the heat sink piles, three test piles from thermal conductivity tests performed at the same 89 

site in 2009 (Brettmann and Amis, 2011) were employed in the in-situ test.  90 

The in-situ test setup involved two water to water, ground source heat pumps, each of them with 7 kW 91 

nominal capacity. The use of two heat pumps enabled the thermal load application to two piles at the same 92 

time, providing convenient conditions in terms of the total duration of the in-situ test. One of the heat pumps 93 

was directly connected to TP-1 and the other one was switched between TP-2 and TP-3. Furthermore, in 94 

order to enable the heat exchange, each heat pump was connected to a test pile and a heat sink pile which 95 

can be viewed as the elements used to extract/withdraw the heat energy from/to the ground during the 96 

heating/cooling of the test piles. In other words, they have exact opposite heating-cooling regimes compared 97 
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to the test piles. In addition to the ground source heat pumps, heating equipment also included storage tanks, 98 

thermal expansion tanks, geothermal circulation pumps, flow meters and pressure meters. The location of 99 

the aforementioned equipment and the way they are connected to each other and to the test and heat sink 100 

piles are presented in Fig. 1. 101 

 102 

Fig. 1. Plan view of the test site, Houston, TX 103 

Soil Profile 104 

Four boreholes have been employed for the soil characterization at the in-situ test site: one from a prior 105 

thermal conductivity test (Brettmann and Amis, 2011) which is marked as BH (2009) in Fig. 1, the other 106 

three for the present test which are marked as BH-1, BH-2 and BH-3. The soil profile according to BH 107 

(2009) is presented in Fig. 2.g. Moreover, pocket penetrometer and standard penetration test (SPT) results 108 

from the same borehole are presented in Fig. 2.d and Fig. 2.e, respectively. Finally, the results of the 109 

laboratory thermal conductivity tests are shown in Fig. 2.f.  110 

For the current in-situ test, besides the soil information from the 2009 Study, soil samples were extracted 111 

from 3 boreholes (BH-1, BH-2 and BH-3) 0.5 m away from each of the test piles (Fig. 1). The 112 

characterization of the collected samples, performed by Laboratory of Soil Mechanics at EPFL is 113 

summarized in Fig. 2.a, Fig. 2.b, and Fig. 2.c, which shows the water content, Atterberg Limits and 114 

overconsolidation ratio along BH-1 (Rotta Loria et al., 2014).  115 
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 116 

Fig. 2. Soil profile and characterization at the site a) Water content; b) Atterberg limits; c) Overconsolidation ratio; 117 
d) Undrained shear strength; e) Standard penetration blow count; f) Thermal conductivity; g) Soil profile 118 

Instrumentation 119 

For the heating system, a single loop polyethylene (PEX) pipe, 25.4 mm in nominal diameter, with a wall 120 

thickness of 3.2 mm was attached to the #25 centre bar, keeping an average distance of 6.4 cm between the 121 

inlet and outlet loop. A pair of VWSGs were fastened to the reinforcing cage, at six depths along TP-1 and 122 

TP-3 and at four depths along TP-2. In addition, thermal integrity profiler (TIP) wires were installed along 123 

the test piles. The layout of the pile instrumentation is shown in Fig. 3. Moreover, two thermistors were 124 

inserted inside the geothermal loops, with the use of thermal wells, entering and exiting all three energy 125 

piles to monitor the temperature of the circulating fluid. Finally, three thermistors were placed inside 126 

observation boreholes (BH-1, BH-2 and BH-3), at three depths, to monitor the temperature change in the 127 

soil at close proximity of the test piles. All the sensors remained operational throughout the in-situ test 128 

except one VWSG at 11.9 m depth along TP-3.  129 
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 130 

Fig. 3. Layout of energy pile instrumentation 131 

Schedule of the In-situ Tests  132 

Two types of in-situ test procedures were implemented for this investigation. The first one has been 133 

designed to investigate the response of an energy pile to the application of multiple cyclic thermal loads 134 

without a maintained mechanical load, which was applied to TP-1. For this type of the in-situ test, TP-1 135 

was loaded to find its ultimate capacity of 2558 kN in accordance with ASTM D1143 before the application 136 

of thermal cycles. Following removal of the mechanical load, maximum temperature of 43°C and minimum 137 

of 8°C were applied by increasing and decreasing the temperature of the heat exchanger fluid 10°C each 138 

day. A total of 5 thermal cycles were applied to TP-1 during a period over 6 weeks, as shown in Fig. 4.a. 139 

After the thermal cycles were completed, the test pile was re-loaded to 2558 kN.  The pile deflection at this 140 

load was 20 mm during the initial loading and 12 mm when it was re-loaded. 141 

 142 

Fig. 4. Thermal loads applied to a) Test Pile-1; b) Test Pile-2; c) Test Pile-3 143 
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For the second type of the in-situ test, TP-2 and TP-3 were subjected to a single heating-cooling cycle under 144 

maintained mechanical load. For this test, the piles were loaded employing a hydraulic jack, loading frames 145 

and four reaction piles, to a design load with a factor of safety of 2, which was maintained during thermal 146 

loading, throughout the entire test.  Then, a single heating-cooling cycle with a maximum temperature of 147 

45°C and a minimum temperature of 8°C was applied separately to each of the piles. During the application 148 

of the thermal cycles, the temperature of the heat exchanger fluid was increased and decreased in total of 149 

14 steps which are shown in Fig. 4.b and Fig. 4.c.  150 

The heating system remained intact until two major leaks in the closed loop system of TP-1 and TP-2 151 

towards the end of the in-situ test, due to which the operation of both heat pumps were terminated. The 152 

effect of the early termination of the cooling period of TP-1 can be observed in Fig. 4.a, where the last 153 

cooling cycle does not reach the minimum target temperature of 8°C as the previous cycles. However, the 154 

aforementioned leak was fixed on time which allowed the application of the last heating episode and the 155 

termination of the test as planned. However, the leak at TP-2 was never detected. As a result, TP-2 was left 156 

to return back to its in-situ temperature naturally. Once the heat pump connected to TP-2 was turned off, 157 

the temperature of the fluid in the loop entering and exiting TP-2 has increased very rapidly by the high 158 

outside temperature, resulting in the kink towards the end of Fig. 4.b. 159 

3. Full-scale In-situ Test Results  160 

Calibration of the In-situ Test Data  161 

The strain data along test piles were recorded by VWSGs, which experienced temperature changes 162 

throughout the in-situ test as well, having a considerable effect on the recorded data. Therefore, the recorded 163 

strain data needs to be first calibrated in order to eliminate the effect of the expansion/contraction of the 164 

vibrating wire itself due to temperature variations, which yields the observed strain along the test piles. The 165 

observed strain is the change of unit length of the pile that would be measured by a dial gage attached to 166 

the surface, hence it shows the actual expansion/contraction of the pile. Moreover, the blocked strains, 167 
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occurring due to the restriction against thermal expansion/contraction of the pile and yielding thermally 168 

induced axial stresses, are obtained at each VWSG level employing Equation 1.  169 

𝜀 , = 𝜀 , − 𝜀 ,                                                                                                                             (1) 170 

𝜀 , = ∆𝑇 𝛼                                                                                                                                              (2)  171 

where εfree is the theoretical strain that would occur if the piles were free of any restrictions, εobs is the 172 

calibrated strain data recorded in the field, ΔT is the change in temperature at each VWSG level and αth is 173 

the coefficient of thermal expansion of the pile material, which is determined as 12.9 με/°C by Turner-174 

Fairbank Highway Research Center Facility in McLean, Virginia.  175 

Equations (3) and (4) have been employed to calculate thermally induced axial stresses and thermally 176 

mobilized shaft resistance along the test piles, respectively:   177 

𝜎 , = 𝐸  𝜀 ,                                                                                                                                     (3) 178 

𝜏 , =
( , , )

∆   
                                                                                                                                  (4)  179 

where σth,i and τth,i are the thermally induced axial stress and thermally mobilized shaft resistance, 180 

respectively; Apile and Dpile are the cross sectional area and diameter of the test piles, respectively and ΔL is 181 

the length of the pile section between subsequent VWSGs. The Young’s modulus of the pile is calculated 182 

using the grout strength results according to the relationship given in ACI 318 (2014), as 36 GPa, 30.9 GPa 183 

and 32.5 GPa for TP-1, TP-2 and TP-3, respectively.  184 

Temperature Profiles along Test Piles and Observation Boreholes  185 

The temperature profiles along the three test piles during the first heating-cooling episode are presented in 186 

Fig. 5, where the average temperature change along the entire length of the piles with respect to the in-situ 187 

conditions is noted as well. The temperature data shown in Fig. 5 is obtained just before changing the input 188 



10 
 

heat exchanger fluid temperature, in order to represent the highest temperature variation for a particular 189 

day.  190 

It is observed in Fig. 5.b that the in-situ temperature profile of TP-2 is lower than the other two piles. The 191 

reason behind this is the fact that the thermal cycles were applied to TP-2, after the thermo-mechanical test 192 

was finalized on TP-3, as the two piles were connected to the same heat pump. Prior to the thermal load 193 

applications on TP-2, the integrity check of the circulation pipes by circulating water at 22.7°C, resulted in 194 

a decrease in temperature above 2.67 m depth by 3.2°C. The depths below 2.67 m were not affected since 195 

the in-situ temperature for those depths are close to 22.7°C.  196 

 197 
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 199 

Fig. 5. Temperature profiles along a) TP-1; b) TP-2; c) TP-3 during the first heating and cooling episodes 200 

Another observation from Fig. 5 is the maximum temperature experienced by the three test piles, where 201 

TP-2 has the maximum temperature increase (ΔT=10.1°C) while TP-1 and TP-3 reach lower temperature 202 

increase with 7.8°C and 8.4°C, respectively. As shown in Fig. 4, TP-2 was exposed to a longer heating 203 

episode compared to the other two piles, which is considered the main reason behind this phenomenon. 204 

Finally, due to the failure of the closed loop system of TP-2 in the course of the cooling episode, the cooling 205 

experienced by TP-2 (ΔT=-3.3°C) is lower compared to the other two piles (ΔTTP-1=-6.5 and ΔTTP-3=-5.6). 206 

In the section dedicated to the comparison of the three test piles for end-restraining effects, the thermally 207 

induced axial stress and mobilized shaft resistance data are normalized by the corresponding temperature 208 

change, in order to discard the effect of unequal temperature variations along the piles.   209 

The temperature records of the soil 0.5 m away from the test piles are presented in Figure 6.a, 6.b and 6.c 210 

for TP-1, TP-2 and TP-3, respectively. The thermal load applied to TP-1 during heating cycle was greater 211 

than the one during cooling cycle, which resulted in an overall increase of 3°C in the temperature of the 212 

soil after five heating-cooling cycles, as shown in Fig. 6.a. Fig. 6.b shows the temperature in the soil 213 

adjacent to TP-2, which increased by 4.6°C at the end of the heating episode in comparison with the in-situ 214 

temperature. At the end of the subsequent cooling episode, the temperature was still 2.4°C higher than the 215 

in-situ temperature. Finally, the temperature of the soil close to TP-3 is presented in Fig. 6.c, which 216 

increased in average 3.2°C compared to the in-situ temperature of the ground. In the long-term, the 217 

temperature of the soil adjacent to TP-3 was still 1.5°C higher than the in-situ temperature, which is related 218 
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to the ongoing thermo-mechanical tests applied on TP-1 and TP-2, both of which had higher imposed 219 

temperature change during heating episode, compared to the one during cooling episode.    220 

 221 

Fig. 6. Temperature profiles along a) BH-1; b) BH-2; c) BH-3 throughout the field test 222 

Energy Pile Response to Pure Thermal Loads  223 

During the full-scale in-situ test, TP-1 was exposed to thermal variations without a mechanical load at the 224 

head to investigate the effects of pure thermal loads on the energy pile behaviour as well as the influence 225 

of head-restraining conditions through comparison with TP-3. Thermally induced axial stresses along TP-226 

1 during the first heating and cooling episode are presented in Fig. 7.a and Fig. 7.b, respectively, positive 227 

sign representing tensile axial stresses. As a consequence of the absence of mechanical load on TP-1 during 228 

the thermal cycles, the observed strains are equal to the free thermal expansion at the head of the pile, 229 

resulting in zero blocked strains. Hence, the thermally induced axial stresses at that level are equal to or 230 

very close to zero in Fig. 7. Maximum thermally induced axial stress during the heating episode is observed 231 

at the VWSG at 8.7 m depth, which is in the order of 1600 kPa. Finally, at the VWSG level closest to the 232 

pile toe (14.4 m depth), axial compressive stress of 850 kPa is experienced by TP-1 during the peak 233 

temperature increase, which is caused by the restraining effect of the very dense sand layer on the thermal 234 

expansion of the pile.  235 
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 236 

Fig. 7. Thermally induced axial stress profile along TP-1 during a) Heating episode and b) Cooling episode 237 

During the subsequent cooling episode, similar to the heating case, maximum tensile axial stress occurs at 238 

8.7 m depth with a magnitude of 1040 kPa. Thermally induced axial stress close to the pile toe (14.4 m), is 239 

in the order of 470 kPa, tensile in nature, due to temperature decrease.  240 

Mobilized shaft resistance along TP-1 during the heating and cooling episode is shown in Fig. 8.a and Fig. 241 

8.b, respectively. In the figure, downward shaft resistance is represented by negative sign. At peak heating, 242 

an average of 21 kPa downward shaft resistance is mobilized above 8.7 m depth due to upward displacement 243 

of TP-1 with respect to the surrounding soil as a result of temperature increase. On the other hand, at the 244 

lower section of TP-1, an average upward shaft resistance of 14.4 kPa is mobilized, due to downward 245 

movement of TP-1. The mobilized shaft resistance profiles along TP-1 at the peak cooling are presented in 246 

Fig. 8.b. An upward shaft resistance at the upper section with an average magnitude of 13 kPa and 247 

downward shaft resistance at the lower section with an average magnitude of 11 kPa are observed due to 248 

overall thermal contraction of the pile.  249 
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 250 

Fig. 8. Mobilized shaft resistance profile along TP-1 during a) Heating episode and b) Cooling episode 251 

Energy Pile Response to Thermo-Mechanical Loads 252 

Thermo-mechanical load application to TP-2 and TP-3 in the course of the full-scale in-situ test allowed 253 

the investigation of two phenomena (1) the effect of head-restraining conditions on two identical energy 254 

piles: TP-1 being free at the head and TP-3 having a maintained mechanical load during induced 255 

temperature changes; and (2) the effect of base-restraining conditions on two energy piles subjected to 256 

similar thermal variations: TP-2 having base resistance in a stiff clay layer and TP-3 bearing on a very 257 

dense sand layer.    258 

The compressive axial stresses along TP-2 due to mechanical loading and combined effects of mechanical 259 

loading and heating are presented in Fig. 9.a. The mechanical stresses are due to the design load (430 kN) 260 

applied before the thermal loads, while the thermo-mechanical stresses are the ones observed at the end of 261 

the heating episode. The thermally induced axial stresses are inferred from the mechanical and thermo-262 

mechanical stresses as being their difference which are shown in Fig. 9.b.  263 

Compressive axial stress with a magnitude of 2645 kPa is observed at the head of TP-2 due to the 264 

application of mechanical load, as shown in Fig. 9.a. The subsequent heating episode results in an increase 265 

in the compressive axial stresses at the head of TP-2 by 720 kPa. In other words, the restraining effect of 266 

the maintained mechanical load on the thermal expansion of TP-2 results in 27% increase in the axial 267 
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compressive stresses, compared to the one originally induced by mechanical loading. The maximum 268 

thermally induced axial compressive stress due to heating is observed at the VWSG level between 2.7 m to 269 

5.8 m depth, which points out the location of the highest imposed restriction on the thermal expansion of 270 

TP-2. The axial stresses at this depth are in the order of 1020 kPa. Finally, the presence of the stiff clay 271 

layer at the base of TP-2 results in an increase in compressive stresses in the order of 510 kPa compared to 272 

the mobilized base resistance due to only mechanical loading. 273 

 274 

Fig. 9. Axial stress profile along TP-2 during heating episode due to a) combined effects of thermal and mechanical 275 
loading, b) thermal loading (excluding the effect of mechanical loading) 276 

The thermo-mechanical and thermal axial stresses at the peak cooling episode, following the preceding 277 

heating period are shown in Fig. 10.a and Fig. 10.b, respectively. During cooling, the gradual decrease in 278 

the compressive axial stresses at the head of TP-2, compared to the peak heating episode can be observed 279 

in Fig. 10.a.  280 
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 281 

Fig. 10. Axial stress profile along TP-2 during cooling episode due to a) combined effects of thermal and 282 
mechanical loading, b) thermal loading (excluding the effect of mechanical loading) 283 

The sole effect of temperature decrease on TP-2 is shown in Fig. 10.b, which are deduced as the difference 284 

between the thermo-mechanical and mechanical stresses. Therefore, the stresses having a positive sign 285 

should not be conceived as tensile stresses occurring along TP-2 but as a decrease in the compressive axial 286 

stresses. A decrease in the compressive stresses, which are caused by prior mechanical loading and heating, 287 

is observed along the length of TP-2.  288 

At the peak cooling episode, the axial stress at the head of TP-2 is 300 kPa higher than the one caused by 289 

mechanical loading, which is considered to be caused by the early termination of the cooling episode due 290 

the failure in closed loop system. However, the transition of TP-2 from the heated state is still significant. 291 

The most pronounced effect of cooling is observed at the VWSG level at 5.8 m depth where the compressive 292 

axial stresses are reduced by almost 190 kPa compared to the mechanical loading case.  293 

The change in mobilized shaft resistance along TP-2 due to heating and cooling episodes are shown in Fig. 294 

11.a and Fig. 11.b, respectively, which are deduced as the difference between the shaft resistance due to 295 

thermo-mechanical loading and the one due to the mechanical one. During peak heating, a decrease of 16.3 296 

kPa and an increase of 24 kPa in the shaft resistance above 2.7 m and below 5.8 m are observed, 297 

respectively. It is also observed that the shaft resistance between the depth 2.7 m and 5.8 m remained almost 298 
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the same during the entire heating episode, which also points out the location of the so-called “null point” 299 

(Bourne-Webb et al., 2009). On the other hand, the behaviour is inverse during the peak cooling where an 300 

average increase of 10 kPa and a decrease of 1 kPa in the shaft resistance above and below 5.8 m are 301 

observed in Fig. 11.b, compared to the mechanical loading case.   302 

 303 

Fig. 11. Mobilized shaft resistance profile along TP-2 during a) Heating episode and b) Cooling episode (excluding 304 
the effect of mechanical loading) 305 

Axial stresses along TP-3, due to the combined effects of mechanical and thermal loading are presented in 306 

Fig. 12.a and the deduced effect of the thermal loading is presented in Fig. 12.b. Axial stress at the head of 307 

TP-3, caused by mechanical loading (6900 kPa), is increased by 17% (1200 kPa) at the peak heating 308 

episode, which is due to the restrained thermal expansion of the pile by the maintained mechanical load. 309 

The maximum thermally induced axial compressive stress (1850 kPa) during peak heating is observed at 310 

5.8 m depth, which points out the depth of the highest imposed restriction on the expansion of TP-3. Finally, 311 

the presence of the very dense sand layer at the base of TP-3 results in an increase of 740 kPa compared to 312 

the base resistance due to only mechanical loading.  313 
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 314 

Fig. 12. Axial stress profile along TP-3 during heating episode due to a) combined effects of thermal and 315 
mechanical loading, b) thermal loading (excluding the effect of mechanical loading) 316 

The thermo-mechanical and thermal axial stresses at the peak cooling episode, following the preceding 317 

heating period are shown in Fig. 13.a and Fig. 13.b, respectively. Similar to TP-2, the compressive axial 318 

stress at the head of TP-3 caused by thermo-mechanical loading is slightly higher (100 kPa) than the one 319 

due to mechanical loading. The decrease in compressive stresses induced by cooling are more pronounced 320 

below the head of the pile. Due to the restricted contraction of TP-3, maximum decrease in the compressive 321 

axial stresses of 490 kPa is observed at 8.9 m depth, compared to the mechanical loading case. Finally, 322 

comparing the axial stresses towards the base of TP-3, due to only mechanical loading and thermo-323 

mechanical loading, a decrease of 170 kPa is observed.  324 
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 325 

Fig. 13. Axial stress profile along TP-3 during cooling episode due to a) combined effects of thermal and 326 
mechanical loading, b) thermal loading (excluding the effect of mechanical loading) 327 

The mobilized shaft resistance along TP-3 during the heating and cooling episode are presented in Fig. 14.a 328 

and Fig. 14.b, respectively. An average decrease of 13 kPa above 5.8 m is observed in Fig. 14.a, compared 329 

to the one due to mechanical loading case. Below 5.8 m, TP-3 has a downward displacement due 330 

temperature increase, compared to the initial mechanical loading phase, which results in an increase in shaft 331 

resistance by 14.5 kPa.  332 

At the peak cooling episode, the contraction of TP-3 due to temperature decrease results in an increase in 333 

mobilized shaft resistance by 7.3 kPa, above 8.9 m. On the other hand, the shaft resistance below 8.9 m 334 

shows an average decrease of 3.4 kPa, in comparison with mechanical loading case. A variation of the depth 335 

of the null point along TP-3 during the transition from the heating (5.8 m) to cooling episode (8.9 m) should 336 

also be noted, which is further explained in the following sections.  337 
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 338 

Fig. 14. Mobilized shaft resistance profile along TP-3 during a) Heating episode and b) Cooling episode (excluding 339 
the effect of mechanical loading) 340 

4. Effects of End-Restraining Conditions on the Behaviour of Energy Piles  341 

In this section, a comparison of the degree of freedom, thermally induced axial stresses and mobilized shaft 342 

resistance along the three test piles is presented in order to investigate the head- and base-restraining effects 343 

on the behaviour of energy piles: (1) in terms of the thermo-mechanical loading characteristics: TP-3 being 344 

similar to TP-1 which allows the evaluation of the effects of maintained mechanical load at the head on the 345 

response of energy piles to the temperature changes; (2) in terms of pile characteristics: TP-3 having a 346 

schedule similar to TP-2 which allows the investigation of the effect of base resistance on the behaviour of 347 

energy piles. 348 

Effects on the Degree of Freedom 349 

The degree of freedom of the three test piles are presented in this section with the purpose of comparing 350 

the extent of the restriction they are subjected to. The degree of freedom is represented as the ratio between 351 

the observed thermal strains to the free strains along the pile (Knellwolf et al. 2011), which is given by 352 

Equation 5 and can take values from 0 (completely restrained pile) to 1 (completely free pile):   353 

𝑛 = ,

,
                                                                                                                                                       (5)  354 
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 355 

Fig. 15. Degree of freedom along TP-1, TP-2 and TP-3 during a) Heating episode and b) Cooling episode 356 

As shown in the previous sections, the imposed temperature variations along the test piles were not precisely 357 

equal. In order to discard this effect, the observed strains along the piles are plotted against corresponding 358 

temperature change, the slope of which is employed to calculate the degree of freedom, where the free 359 

thermal strain is determined by the coefficient of thermal expansion of the pile material with unit 360 

temperature change. The consequence of TP-3 being exposed to a mechanical load during the heating 361 

episode is observed in Fig. 15.a, where the degree of freedom of TP-3 is clearly lower than TP-1 at the first 362 

8.9 meters. Proceeding further down, the two piles have almost the same degree of freedom since the 363 

restraining effect of the maintained mechanical load is less pronounced getting away from the head of the 364 

piles. Although the comparison of TP-2 and TP-3 was intended to investigate the base restraining 365 

conditions, it is not entirely possible since the two piles have diverse degrees of freedom at the head. This 366 

phenomenon is caused by TP-2 and TP-3 having been exposed to different mechanical loading since the 367 

two piles did not have the same ultimate load capacity which is used to determine the design load applied 368 

on the test piles. However, the influence of low base resistance on TP-2 is still attainable, resulting in very 369 

high degree of freedom at that level.  370 

The degree of freedom of the three piles during the transition from the heating to cooling episode is 371 

presented in Fig. 15.b. Similar to the heating case, observed strains are equal to the free thermal strains at 372 

Degree of Freedom

0,0 0,2 0,4 0,6 0,8 1,0

D
e

p
th

 (
m

)

0

4

8

12

16

Test Pile-1 (TP-1)
Test Pile-2 (TP-2)
Test Pile-3 (TP-3)

Degree of Freedom

0,0 0,2 0,4 0,6 0,8 1,0

D
e

pt
h

 (
m

)

0

4

8

12

16

Test Pile-1 (TP-1)
Test Pile-2 (TP-2)
Test Pile-3 (TP-3)

0.0 0.2 0.4 0.6 0.8 1.00.0 0.2 0.4 0.6 0.8 1.00.0 0.2 0.4 0.6

a) b)

Degree of Freedom



22 
 

the head of TP-1. On the other hand, the degree of freedom of TP-3 is in the order of 0.8. To clarify the 373 

head restraining conditions on TP-2 and TP-3 during cooling episode, it should be noted that the mechanical 374 

load was applied to the two piles by means of a hydraulic jack reacting against a load frame anchored in 375 

four reaction piles. Therefore, the load frame at the head of TP-2 and TP-3 does not induce any restraining 376 

effect on the thermal contraction of the pile. The reason behind the 80% observed strains instead of 100% 377 

at the head of TP-3 is thought to be due to residual stresses at that section of the pile, which was caused by 378 

the prior heating episode. For the depth below 5.8 m, TP-1 and TP-3 have almost the same degree of 379 

freedom, as it was the case during the heating episode. For the case of TP-2, the degree of freedom at the 380 

head of the pile during cooling episode is larger than the one during heating episode, although the difference 381 

is not as drastic as in the case of TP-3.  382 

Effects on Thermally Induced Axial Stresses 383 

Fig. 16.a and Fig. 17.a show a comparison of thermally induced axial stresses along TP-1, TP-2 and TP-3 384 

during heating and cooling episodes, respectively. Solid lines in the figures show the hypothetical case 385 

which would occur if the test piles were completely restrained from thermally induced axial displacements. 386 

These lines are determined using the coefficient of thermal expansion and modulus of the pile material. The 387 

data points on Fig. 16.a represent the actual thermal stresses along the test piles plotted against the 388 

corresponding temperature increase at various depths, which were presented in previous sections. It should 389 

be noted that the axial stresses due to mechanical load are excluded from the presented data for TP-2 and 390 

TP-3.  391 
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 392 

Fig. 16. a) Comparison of thermally induced axial stresses along TP-1, TP-2 and TP-3 during heating, b) Thermally 393 
induced axial stresses along TP-1, TP-2 and TP-3 normalized by the fully-restrained conditions   394 

With the purpose of comparing the extent of the end-restraining effects, the percentage of the thermally 395 

induced axial stresses with respect to the fully restrained conditions for TP-1, TP-2 and TP-3 are presented 396 

in Fig. 16.b. The similarity between Fig. 15.a and Fig. 16.b is a consequence of the fact that energy piles 397 

will always tend to elongate/contract with temperature change, the part of this tendency which does not 398 

take place due to restraining effects will be induced as axial stresses and the remaining part will appear as 399 

observed strains. Hence, the two figures are mirror images of each other.   400 

Following from Fig. 16.b, the thermally induced axial stress at the head of TP-1 is equal to zero, due to 401 

absence of maintained mechanical load. On the contrary, thermally induced axial stresses are in the order 402 

of 80% of the fully restrained condition at the head of TP-3. Furthermore, TP-3 has 20% more compressive 403 

axial stresses compared to TP-1 at the second VWSG level (2.7 m for TP-1 and 2.9 m for TP-3). The 404 

significant difference is driven by the fact that these depths are close to the head of the piles, which are 405 

highly affected by the presence of the mechanical load. For 5.7-5.8 m depth, TP-3 has 13% higher 406 

compressive stresses than TP-1. After this depth, the two test piles have almost the same percentage of 407 

thermally induced axial stresses. Fig. 16.b clearly shows the influence of maintained mechanical load on 408 

the thermally induced axial stresses along energy piles, having a pronounced nature at the upper sections 409 

and fading away towards to base of the test piles.    410 
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Another consequence of the presence of maintained mechanical load appears in the distribution of the 411 

thermally induced axial stresses along the two piles. Since the shaft and base resistance are the only 412 

restraining factors along TP-1, the maximum restraining, hence the maximum thermally induced axial stress 413 

are at the middle section of the pile, being closer to the toe. Contrarily, the highest thermally induced axial 414 

stress is at the head of TP-3 and gets lower towards the base of the pile.    415 

Since the maintained mechanical load did not have a pronounced restraining effect against the thermal 416 

expansion of TP-2, axial stress profile of TP-2 is not comparable to the one of TP-3. Instead, thermally 417 

induced axial stresses along TP-2 has a trend similar to an energy pile characterized by almost identical 418 

head- and base-restraints. Nevertheless, maximum axial stress percentage is at the middle section of the 419 

pile but closer to the head of TP-2, which reveals higher head-restraint.  420 

Fig. 17.a shows the comparison of three test piles during the transition from the heating to cooling state. In 421 

the course of the initial cooling, although the piles experience a decrease in their temperature in comparison 422 

to the peak heating episode, their temperature profiles are still higher than the in-situ conditions. Therefore, 423 

the piles exhibit compressive axial stresses (TP-1) or larger compressive stresses with respect to the initial 424 

mechanical loading (TP-2 and TP-3). As the cooling episode progresses, the piles transition from thermal 425 

expansion to contraction. With the purpose of distinguishing the sole effect of decreasing temperature, the 426 

data points shown in Fig. 17.a are determined with reference to the peak heating states of the piles.  427 
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 428 

Fig. 17. a) Comparison of thermally induced axial stresses along TP-1, TP-2 and TP-3 during cooling, b) Thermally 429 
induced axial stresses along TP-1, TP-2 and TP-3 normalized by the fully-restrained conditions   430 

Although an almost linear trend is observed during the initial stages of cooling, this trend is less pronounced 431 

as the cooling progresses. It is observed from the data points that as the piles were cooled further, lower 432 

changes in axial stress were induced. The reason behind this phenomenon is thought to be due to the change 433 

in restraining conditions along the piles in the course of cooling, characterized by the loss of head and base 434 

restraints.  435 

A comparison of the decrease in compressive axial stresses with respect to the theoretical fully restrained 436 

conditions, which would occur if the thermal contraction of the test piles were completely prevented, is 437 

presented in Fig. 17.b. Since the hydraulic jack imposes the load on TP-2 and TP-3 through hydraulic 438 

pressure, and it is only bearing on the piles instead of being anchored, tensile forces applied by the hydraulic 439 

jack are not possible. Therefore, any change in the stresses at the head is due to the downward displacement 440 

of the pile (resulting in a decrease in the hydraulic jack pressure), instead of an imposed tensile stress. 441 

Considering the aforementioned mechanism, a decrease in the axial stresses at the head of TP-3 is 20% 442 

with respect to the fully restrained condition, while the one at the head of TP-1 is zero, since it is free to 443 

expand and contract at the head. At the second VWSG level, TP-3 has 14% higher decrease in the 444 

compressive axial stresses compared to TP-1. Finally, below this level, the two piles have almost the same 445 
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change in compressive axial stresses with respect to the peak heating episode. For the case of TP-2, the 446 

lower restraining effect of the mechanical load reflects on the axial stresses as a 5% decrease in the 447 

compressive stresses.  448 

The comparison presented in Fig. 17.b leads to two main conclusions: (i) the difference between the stress 449 

levels along the test piles are less pronounced during cooling episode, compared to the one of heating 450 

episode; (ii) the absence of the restraining effect through the hydraulic jack during cooling episode results 451 

in the null point to shift closer to the base of TP-2 and TP-3, which is due to thermally mobilized shaft 452 

resistance being the only restraining factor during cooling.   453 

Effects on Mobilized Shaft Resistance 454 

A comparison of the shaft resistance mobilization along the test piles during to heating and cooling episodes 455 

are presented in Fig. 18 and Fig. 19, respectively.  456 

For TP-2 and TP-3, the shaft resistance mobilized by the mechanical load is deduced from the overall shaft 457 

resistance, in order to emphasize the effects of only temperature change. Therefore, the data points on Fig. 458 

18 and Fig. 19 is the change in shaft resistance, relative to the mechanical loading case.  459 

At the pile section close to the head, the highest mobilized shaft resistance, which is in the order of 2.3 460 

kPa/°C is observed along TP-1. On the other hand, at the same section along TP-2 and TP-3, the thermally 461 

mobilized shaft resistance is significantly lower, having a magnitude of 1.6 kPa/°C. Towards the middle 462 

section of the test piles, the thermally mobilized shaft resistance has opposite direction for TP-1 and TP-3. 463 

While TP-1 has downward shaft resistance of 2.2 kPa/°C, the one of TP-3 is 1.3 kPa/°C in the upward 464 

direction due to the thermal displacement of that section relative to the mechanical loading case. It is 465 

observed from Fig. 18 that the thermally mobilized shaft resistance of TP-2 changes direction, which points 466 

out a shift of the null point in the course of the heating. Finally, for the part of the test piles close to the 467 

base, the mobilized shaft resistance values for TP-1 and TP-3 are similar to each other with a magnitude of 468 

1.7 kPa/°C, while the one of TP-2 is in the order of 2.2 kPa/°C. Larger shaft resistance mobilization towards 469 
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the base of TP-2 is considered to be caused by the lower bearing capacity of TP-2 in the stiff clay layer, 470 

compared to the two longer piles (TP-1 and TP-3) bearing in the very dense sand. 471 

  472 

Fig. 18. Comparison of mobilized shaft resistance along TP-1, TP-2 and TP-3 during heating episode 473 

As a conclusion from Fig. 18, the end-restraining conditions at the head and base of the energy piles have 474 

two main effects on the mobilization of shaft resistance being the direction and the magnitude. Regarding 475 

the direction, for the two identical piles, the null point is at 8.7 m depth for TP-1 and 5.8 m depth for TP-3, 476 

which points out that a longer portion of TP-3 elongated downwards due to being restricted by the 477 

maintained mechanical load at the head. Moreover, the null point of TP-2 changes direction in the course 478 

of thermal loading. While the thermally mobilized shaft resistance is in the downward direction at the 479 

beginning of the heating episode, it switches direction to upward, as a result of the increasing restraining 480 

effect from the load frame with the upward displacement of TP-2. Regarding the magnitude, TP-1 has the 481 

highest mobilized shaft resistance at the upper section, as a result of being free to elongate in that direction. 482 

On the other hand, TP-2 shows the highest shaft resistance mobilization at the lower section because of not 483 

bearing on the very dense sand layer.    484 

Fig. 19 shows the comparison of the mobilized shaft resistance for the three piles during cooling episode. 485 

During the initial stages of cooling, the thermally mobilized shaft resistance first decreases in magnitude 486 

and finally changes direction. For the upper part of the piles, the thermally mobilized shaft resistance 487 

0 4 8 12

M
ob

ili
se

d 
sh

af
t r

es
is

ta
nc

e
, q

s:
 k

P
a

-30

-20

-10

0

10

20

30

Temperature change, DT: °C 

TP-2 (0-2.7 m)
TP-2 (2.7-5.8 m)
TP-2 (5.8-8.6 m)

TP-1 (0-5.7 m)
TP-1 (5.7-8.7 m)
TP-1 (8.7-14.4 m)

TP-3 (0-5.7 m)
TP-3 (5.7-8.8 m)
TP-3 (8.8-14.6 m)



28 
 

transitions from downward to upward, while for the part towards the base of the piles the behaviour is the 488 

opposite. To have a clear understanding of how the shaft resistance changes during a decrease in 489 

temperature, the data points are determined with reference to the peak heating states of the piles.  490 

Unlike the case of heating, the head and base restraining effects vanish during the cooling episode. 491 

Therefore, mobilized shaft resistance is expected to be similar for three test piles. However, since the shaft 492 

resistance at the peak heating episode is taken as a reference point in Fig. 19, TP-1 and TP-2 have the 493 

highest change in the mobilized shaft resistance at the upper (2.6 kPa/°C) and lower section (2.1 kPa/°C), 494 

respectively.  With regards to the loss of the head and base restraints on the piles due to contraction, the 495 

main influence is on the null point along the piles. For TP-2, it is observed that the null point shifts to 5.8 496 

m during the cooling episode, in comparison to 2.7 m at the end of the preceding heating episode. Moreover, 497 

the null point of TP-3 changes depth from 5.8 m to 8.9 m in the course of the cooling episode.  498 

 499 

Fig. 19. Comparison of mobilized shaft resistance along TP-1, TP-2 and TP-3 during cooling episode 500 

5. Conclusions  501 

Full-scale thermo-mechanical in-situ tests have been performed on three energy piles with various end-502 

restraining conditions in order to investigate their behaviour when exposed to thermal loads. With the 503 

purpose of evaluating the effects of structural load, the in-situ test results of the two identical piles, having 504 
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end-bearing in very dense sand layer, one subjected to temperature cycles with and one without maintained 505 

mechanical load at the head have been compared in this paper. Moreover, the results of two test piles with 506 

different end-bearing conditions, subjected to similar thermal loads have also been examined. Conclusions 507 

have been drawn for the end-restraint effects on the thermo-mechanical behaviour of energy piles, which 508 

are as follows:   509 

 Degree of freedom is a competent way of comparing the actual contraction/expansion of energy 510 

piles, the profiles of which show that as the restraining conditions on energy piles decreases, the 511 

degree of freedom increases, which is the case for the upper section of TP-1 and the lower section 512 

for TP-2. Moreover, the end-restraining effects fade away at depths farther from the dominant 513 

restriction, which is the reason behind TP-1 and TP-3 having the same degree of freedom close to 514 

the base, during heating. Finally, degree of freedom profile reflects well the changes in the 515 

restraining conditions in the course of switching from the heated to cooled states with an increase 516 

along both TP-2 and TP-3 due to the loss of the restraining effects of the mechanical load.  517 

 Thermally induced axial stresses have exact opposite behaviour of the degree of freedom, since the 518 

tendency of the expansion/contraction of energy piles are induced as either thermal strains 519 

(constituting the degree of freedom) or thermally induced axial stresses, depending on the level of 520 

restriction.  521 

 The distribution of the thermally induced axial stresses during heating and cooling episodes are 522 

highly dependent on the location of the dominant restriction. Concerning the heating episode, the 523 

maximum axial stress along TP-1 occurs at the middle section, but closer to the base of the pile, 524 

while the one of TP-3 occurs at a shallower depth, closer to the head of the pile. Moreover, even 525 

though the restraining effect of the mechanical load on TP-2 is not as pronounced as the case of 526 

TP-3, the maximum axial stress along TP-2 still occurs above the mid-depth of the pile.  527 

 The comparison of the three test piles during cooling episode shows that the difference between 528 

the stress levels along the test piles are less pronounced, compared to the one of heating episode. 529 
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Furthermore, the absence of the restraining effect through the hydraulic jack during cooling episode 530 

results in the null point to shift closer to the base of TP-2 and TP-3, which is due to thermally 531 

mobilized shaft resistance being the only restraining factor during cooling.   532 

 The end-restraining conditions at the head and base of the energy piles have two main effects on 533 

the mobilization of shaft resistance: (i) the direction of the shaft resistance mobilization and (ii) the 534 

magnitude of the mobilized shaft resistance. Since the contraction/expansion of energy piles with 535 

low restraint are more pronounced, they have a higher shaft mobilization, as in the case of TP-1. 536 

Moreover, the depth of the null point, where the thermally mobilized shaft resistance changes 537 

direction, is closer to the dominant restriction (i.e. 8.7 m (TP-1) and 5.8 m (TP-3) during heating 538 

episode), since a longer portion of the pile tends to elongate/contract further from the dominant 539 

restraint.  540 

 During cooling, the differences between the test piles vanishes since the restraints from both 541 

maintained mechanical load and the base resistance are lost. Moreover, the depth of null points 542 

along TP-2 and TP-3 reflects well the loss of the head-restraints, where for TP-2 the null point 543 

shifts to 5.8 m during the cooling episode, in comparison to 2.7 m at the end of the preceding 544 

heating episode and for TP-3 the null point changes depth from 5.8 m to 8.9 m.   545 

 In brief, the tendency of the energy piles to elongate and contract due to temperature change is 546 

inevitable. The effects of this tendency on the axial displacements, stresses and mobilized shaft 547 

resistance, hence the thermo-mechanical behaviour of energy piles are highly dependent on the 548 

level of restrictions at the head and base of the piles. 549 
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