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Abstract: Energy piles are subject to a combination of mechanical and thermal loads during the normal service
process, and their load transfer characteristics will be changed, but the existing theoretical methods for the bearing
characteristics of energy piles are not yet complete enough. To study the working characteristics of single energy piles
under coupled thermo—mechanical loading, the analysis method of single energy piles under coupled thermo-—
mechanical loading based on the load transfer method and energy balance principle is proposed by considering the

effect of temperature on the load transfer function. The research results show that the thermal load affects the axial
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force and shaft resistance change laws, and the pile—top settlement values under different pile—top load levels are

analyzed. Under the mechanical load and heating/cooling condition, when the pile—top load level is low (<25%P,,

whereP, is the ultimate load) , the effect of temperature change on the pile—top settlement amplitude is significant,

and the pile top settlement amplitude can reach 55% (25%P,) ; especially in the mechanical load and cooling

condition, when the pile—top load level exceeds 75%P,, the pile—top settlement value is close to the limit value, and

special attention should be paid to the bearing performance of the pile foundation at this time.

Key words: geotechnical engineering; pile foundations; energy pile; load transfer method ; thermo—mechanical

coupling; bearing capacity
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Tab. 2 Parameters of soil layer distribution
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Tab. 3 Calculation scheme of thermo—mechanical coupling

-7 e Tof 25 /kN FHE T [t T
0%P, 0
25%P, 900
50%P, 2250 15°C 15°C
75%P, 3375
100%P, 4500

P9 L 10 431 45 H 1 AS [ fuf 28T T3 1050
Rif T 00 AT B3l T BB R B A i 2 . T LA i
- THIR T OLR BE Bl RO R AR
Bourne—Webb Z£"* Bl 73K Fll Ouyang %5 (1 1158
5B A IR . AT LR B B R AR
SEMEAR R K, b A R B AT A 2o ) B R AK B A
S B0 TR A il 7 34K AL 9 RIAT, 1009%P, A T3
Bl 75K, 2978 4 660 kN. fif 28— TACH , Ak B
T SR b 5 R R SR U N A A T A 2 7K
SRR/ AT B ST A A SZ DX B AT TOUAT 28K P 1
B R 2o A2 XA T )

i JI/kN
0 1000 2000 3000 4000 5000
0 v .
10
£
20 |
30 |

40 b
—o—0%P,AT=15 C
-=-= 50%P,,AT=15 C
—— 100%P ,AT=15 C

B9 REMFEZATHSHoHbE(Iia)

Fig. 9 Axial force distribution curve under different mechanical

25%P,,AT=15 C
75%P,,AT=15 C

load conditions (heating)

2023 4
HhJ3/kN
-1 000 0 1 000 2000 3000 4000 5000
0 = A =T |
g .
o
o
5]
10 =
E
= 00 | o 0%P,AT=-15 C
e —— 25%P ,AT=-15 C
—— 50%P ,AT=-15 C
30
- o= T5%PAT=—15 C
— 100%P,,AT=-15 C
a0k ‘

B 10 REFRTITHES b 57 i & (H4i8)
Fig. 10 Axial force distribution curve under different

mechanical load conditions (cooling)

334 MTRREEA

SR IR 5T IR Ao 28 % M TR DL R AR, P 11 45
B 38T R R 2 - R IR TR B TR
R AR Ak i 25 . pa &1 11 RT D, =k TR AR T R AR
TR T — B0 AR T4l 2F i 280 T8 S, far 38—
Fhl T B0 HETRUT R /N . R T 5 T 2 fir 28 X6 A7 0
DURE BRI, 5 UL IR A = |5, — s,]/s, X 100%,
Horprs, SR 2 7 27 4 AR R BETRICRE , s, by fir 48— 7t
YL/ R T T AR TR

T 4T /KN

0 1000 2000 3000 4000 5000
-10 T T T T 1

FETHC R /mm

30 —o— T #k
—a— [#4: g5 C

40 - —A— TS5 RS C

B 11 AETRAT #-I e b &
Fig. 11 Load-settlement curve of pile top

Xof A 28— L T 00 B T R AR AL R 4T 4 A AT
B, BT 2N 0%P, . 25%P, Fl 509%P, I, 4 T IT
WA 43 51 49 -1.84 mm . 2.10 mm 1 6.82 mm;25%P, I
509%P A FH T X0 TR IR B2 53 591k 53% F127%. 1]
VLRt Bt 5 A TO0 g 268 40 485 o, 390 ek et 2 38 i /)
& R TR S50 X AT TOUITC A 114 B e A T RAAE . % g 28—
B T 00 AE T R AR A o BT, °T LU L 0%P,
25%P, 1 50%P, B}, AF T50 37T B 2 43 %1 oA 2.09 mm
7.02 mm H1 12.30 mm ; 240k 17 2% K 25%P, F1 50%P,
F B T AR 254 o e 5 3K 3 559% 1 31%. b4, BlEE



57

VLA R R B VR R RE S ATE AT 2047 7k S TARASRMERIT Y

219

BETH A 280 48, TR (BB 4 O R iR b, T
107 B (<2590, ) I, ik JEE A 28000 Ak T I ek 119 52 1
BRI 5 8 W A BB DA: 3] A LA — L

WAk, 43 B far 2ok 1 0 B CRIAL F B — i i T
BL), 0L 4 MO0 5 BETRGTRE AL AL . n] i & AR T
W oA A (I T SR 0B ) | J 5 M TRT R SR TR AL, LA
Tl 8 A B M2 5 PR O A% 1 L T el ol Ak
Wi S EOETRAL RS [7) T

B TIUT 8K T 75%P, I, fi 2 -Re il T 00 T Ak
TRy 42.50 mm , 2 AR FRAE . N, Ao BE
AT P ) TR R 7 24442 ) AR T £ 287K F-

4 &Hit

AR SCHE T fr A% 3 1 30 1 AR B A A S A
B Z [ e i - G &R A i B AL AS 4R O A L 4
TR A R BRI AT O s, RS
T,

1) WEAACR AR P A AA AR AR | 3 3 2% I 32 X6
A8 338 BRIER) 5 0], 5 T o7 28 4% 36 125 PN i i - £ D 34
PE DI RAVE R T RB A TAERRME A 3BT 7k
PRI HE o B TC TG AT B A% 00 122 40 i, SR A BT
A5 RS S g S AR A TAEREME TR TR
Ptz

2) - TR AL, Bl A6 A T00 47 488 2 3/ i PR
B, BTV ARl 07 5008 AR A s fp - R T T
YR 0 i 28K P AR, B B A AE 2 P IX, HL %5 A
T ey A G K, 327 XK BB /)

3) AT H AR XA B I K R BRI AR
LU 5 BT 2R B, Bt PR i 22 300 K, el 122 R 7 %
B A s, EL A TR o B A 32 T2 ik R 50
M 5 Ay B S 5 B A A58 L e 388 R, Bl 7 R R 0 B
i, % L/d 55T 60 i), BE St AT S il 77 52 i R BUR K
i£%00.32.

4) BETRZYHAAT T, Kb AS [RIME 0 g 28T B4 A T3
TURE ST A R B, A T00 ey BRI (<25%P,) | TR 2
A8CINE )5 W) BTN 35 T M AR T4y 2K T 75%P,, HE T
DURE R I AR FRARL , A 75 253 A IR 3 PE e

S0k

[1] FADEJEV J, SIMSON R, KURNITSKI J, et al.
Energy,2017,122:

A review on
energy piles design, sizing and modelling[]] .

390-407.

(2]

(4]

(6]

(9]

[10]

[11]

[12]

SANI A K, SINGH R M, AMIS T, et al. A review on the
performance of geothermal energy pile foundation, its design
process and applications[J]. Renewable and Sustainable Energy
Reviews,2019,106:54-78.

TR, fE 55 O, A REIREA B AR AR P E DRI BUIR K
JEH[T]. H171%,2019,40(9) :3351-3362.

JIANG Q Q,JIAO Y Y, LUO J, et al. Review and prospect on
heat transfer and bearing performance of energy piles [J]. Rock
and Soil Mechanics,2019,40(9):3351-3362. (in Chinese)
BOURNE-WEBB P J, AMATYA B, SOGA K. A framework for
understanding energy pile behaviour [J]. Proceedings of the
Institution of Civil Engineers—Geotechnical Engineering, 2013,
166(2): 170-177.

T SRLLAN RGN . BE YR IELIEE A3 A A e 5 BUE Y
[J]. FARILFERH,2016,49(4) : 102-110.

LI X Y, GUO H X, CHENG X H. Experimental and numerical
study on temperature distribution in energy piles[J]. China Civil
Engineering Journal ,2016,49(4):102-110. (in Chinese)

WU D, LIU H L, KONG G Q, et al. Displacement response of an
energy pile in saturated clay[J]. Proceedings of the Institution of
Civil Engineers—Geotechnical Engineering, 2018, 171 (4) :
285-294.

LALOUI L, NUTH M, VULLIET L, et al. Experimental and
numerical investigations of the behaviour of a heat exchanger pile
[J]. International Journal for Numerical and Analytical Methods
in Geomechanics, 2006, 30(8): 763-781.

BOURNE-WEBB P J, AMATYA B, SOGA K, et al. Energy pile
test at  Lambeth College, London: geotechnical and
thermodynamic aspects of pile response to heat cycles [J].
Géotechnique, 2009, 59(3): 237-248.

MCCARTNEY J S, MURPHY K D. Strain distributions in full-
scale energy foundations (DFI young professor paper competition
2012)[J]. Journal of the Deep Foundations Institute,2012,6(2) :
26-38.

R R . R YR A A R g o s 3 F Y
[J]. AL TREHR,2014,36(6) : 1087-1094.

GUI' S Q, CHENG X H. In-situ tests on structural responses of
energy piles during heat exchanging process[J]. Chinese Journal
of Geotechnical Engineering, 2014, 36 (6) : 1087-1094. (in
Chinese)

PRGN, T2 A R AR ISURE A 28—l B S 1k
SRR T ], A R TR, 2017,39(2) :334-342.
LU H W, JIANG G, WANG H, et al. In-situ tests and thermo—
mechanical bearing characteristics of friction geothermal energy
piles[J]. Chinese Journal of Geotechnical Engineering,2017,39
(2):334-342. (in Chinese)

LS, B SR IVE S, A R P B A i A
AR RS [T ] A E AR, 2021, 34(3) 1 95-102.
KONG G Q,LU Z X,SUN Z W, et al. Thermal response testing of

i

China Journal of

Highway and Transport,2021,34(3):95-102. (in Chinese)

friction energy piles embedded in clay [J] .



220 RS R4l (A SR B2 RR) 2023 4F
[13] SURYATRIYASTUTI M E, MROUEH H, BURLON S. [22] BEAAE X 222 Mk prop 6 88 B B A AL 5 ) ]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

Understanding the temperature—induced mechanical behaviour of
energy pile foundations [J]. Renewable and Sustainable Energy
Reviews, 2012, 16(5): 3344-3354.

LORIA A F R, GUNAWAN A, SHI C, et al. Numerical
modelling of energy piles in saturated sand subjected to thermo—
loads [J].
Environment, 2015(1): 1-15.

ROTTA LORIA A F, LALOUI L.

mechanical Geomechanics  for Energy and the
Thermally induced group
effects among energy piles [J] . Géotechnique, 2017, 67 (5) :
374-393.

RANDOLPH M F, WROTH C P. Analysis of deformation of
vertically loaded piles[J]. Journal of the Geotechnical Engineering
Division, 1978, 104(12): 1465-1488.
KNELLWOLF C, PERON H, LALOUI L. Geotechnical analysis
of heat exchanger piles [J] . Journal of Geotechnical and
Geoenvironmental Engineering,2011,137(10) :890-902.
PASTEN C, SANTAMARINA J C. Thermally induced long—term
displacement of thermoactive piles [J]. Journal of Geotechnical
and Geoenvironmental Engineering,2014,140(5) : 06014003

BRRE U, YA AR ARE TR TR L)L A
+71%:,2019,40(1):70-80.

FEI K, DAI D, HONG W. A simplified method for working
performance analysis of single energy piles [J]. Rock and Soil
Mechanics,2019,40(1):70-80. (in Chinese)

PERIC D, COSSEL A E, SARNA S A. Analytical solutions for
thermomechanical soil structure interaction in end-bearing energy
piles [J] .
Engineering, 2020, 146(7) : 04020047 .

OLIA A S R, PERIC D. Thermomechanical soil-structure

Journal of Geotechnical and Geoenvironmental

interaction in single energy piles exhibiting reversible interface
behavior [J]. International Journal of Geomechanics, 2021, 21

(5): 04021065.

[23]

[24]

[25]

[26]

[27]

(28]

[29]

TR, 2008,30(3) :336-340.
ZHAO M H, LIU S S. Numerical simulation of negative skin
friction on single pile in multiple layer deposits [J] . Chinese
Journal of Geotechnical Engineering, 2008, 30(3) : 336-340. (in
Chinese)

FLEMING W, WELTMAN A J, RANDOLPH M F, et al. Piling
engineering[ M ]. New York: CRC Press, 2008.

MCCARTNEY J S, ROSENBERG J E. Impact of heat exchange
on side shear in thermo—active foundations [Cl/ Geo—frontiers
Congress 2011. Rrstom, USA: ASCE,2011: 488-498.

REESE L C, ISENHOWER W M, WANG S T. Analysis and
design of shallow and deep foundations [M]. New York: John
Wiley & Sons, 2005.

NG CW W, SHI C, GUNAWAN A, et al. Centrifuge modelling
of heating effects on energy pile performance in saturated sand[J].
Canadian Geotechnical Journal, 2015, 52(8): 1045-1057.

BN, R, R, L FERERRR AR - TG A R
AR [) ] A A )% S TR R, 2019, 38(12): 2525-
2534.

JIANG G, LI R F, WANG H, et al. Numerical analysis of the
bearing capacity of floating energy piles during the full process of
thermal-mechanical coupling [J]. Chinese Journal of Rock
Mechanics and Engineering, 2019, 38 (12) : 2525-2534. (in
Chinese)

IODICE C, DI LAORA R, MANDOLINI A. Analytical solutions
for ultimate limit state design of thermal piles [J] . Journal of
Geotechnical and Geoenvironmental Engineering, 2020, 146 (5) :
04020016.

OUYANG Y, SOGA K, LEUNG Y F. Numerical back - analysis
of energy pile test at Lambeth College, London[ C 1//Geo ~ frontiers
Geotechnical

Congress  Advances in

Geotechnical Special Publication,2011:440-449.

Engineering. Dallas:



