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Thermo-mechanical behavior of energy piles based on coupled THM model
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Abstract: The energy piles can underpin the superstructures and provide low-carbon, environmentally friendly and sustainable
cooling/heating functions, leading to ever-growing attention received from the civil and energy industries. The
thermo-hydro-mechanical (THM) coupling may significantly affect the interaction between the energy piles and the
surrounding soils, and thus the load-bearing and deformation characteristics. In this study, the basic governing equations for full
THM coupling are derived based on the standard mixture theory of porous media. The finite element method THM for and its
implementation in COMSOL software are verified through comparisons with the analytical solutions to the saturated
non-isothermal consolidation problem. Based on the THM coupled framework, a two-dimensional finite element model for the
energy piles is further established considering the change of fluid properties with temperature and different pile-soil contact
models, and the specific configuration and modeling procedures are described. The results indicate that the proposed model can
predict the distribution and evolution of stresses, strains and displacements on the energy piles, and further capture the
multi-physical behaviors associated with the piles and soils. This study highlights the importance of the consideration of THM
coupling effects, which can provide a useful guidance for the multi-physical problems involved in the design, construction and
utilization of the energy piles.

Key words: energy pile; coupled thermo-hydro-mechanical model; pile-soil interaction; finite element; model verification

0 3 = 5P RS RE R 3 SRR, R v BBt 15 5
TGRSR KR, SRR ARSI —

EEWME: EBXRARRFESE LTH (52179112); ERAHEFER

FEER L2 O 21 T 2D NS I (B KBkl — - B ST (51825803 WiTH2SEIEHT R RIH (2021019)
hE “BRIAIE. BB BERRRE, b YR AHA: 2022-07-25

*BE1EH (E-mail: fushenliu@zju.edu.cn)



2130 "+ T OB % M

2023 4F

Uz . AR A — MR IR, ERE . F2
SE N SER AT AR RRYR, HAARORM SRS IR R
R

H R REVEAE M AR RETRME . BB EE, fKEE
MR R G, (EREVRAE A R AR )3T R AT e
ERZE, I RSCGRI I IE T R4, R
R AR T @SR . 125 20 a YA ST FEIIE B
T REIRMEAE RN B BRI AT . R R VR B R 4T
g FERe, REUEME T T @ LGB RS . FEE S
PIHI S HA . AT ARG LR IEROR, REIR
PR BE LA S5 P S5 5, 54 T R AR AR L
P, BUZE RSB S T TR A A

i I SR A RS W] LRI S RE U AE I IA A T I 2
Y& 17 N . Laloui ZF1AI Bourne-Webb 25214y 51|
J& 1 REVEAE R~ me) S P i A7 16, X 37 oA b - A
Rk, AR T BRI RS- ARG A e H 2 T
PEo AR EREED] B R A SR A A T
REVE I PR 45 A Vi) ISR B 1 o D 7 1K 16 RS G
FAS T, PR A ROBE Y A6t P T e e IR i) 2
AR . Stewart 255 Goode IIEEE), Ng Z57%}
R A - 2 A i A R AN R AR AR R TR T R T B0
RURES, RS T AR IR 7] - AR 43 A7 FU A AR 2 R
PE o B E A BRI AL 9 S5 OVR) F A AL ER B 7T T iR
FEFRRT BETRME T J74T NI R2 e o 2% 8 31 37 RIS AL 3
Itk B E R G R S RIR T, —eg
KH T HUE /M 7512, Laloui 251, Wang 2511 Loria
ZEI2131 0 Qagey ZEU411 di Donna 25161, Rui 2517,
TR RS, 223 A ONGUE T BR A7 50 ATRE AL S
G5, JEHHT T ORI

REVR It P A8 Ak SO A 7= AR B I ) 528
BEJE AR I K- E IR, R bt A B
1R AR A D54 1, o i S ) A AR s Al th
PBERIF R =AM . Laloui 281K 2% R& i RS
FESIAPRIIRE SRR, A SCEE T IR b =124
AR, [FIB R T AR R R R AR, BETTRE
TEHE FA— IR G AT 9, FF ELEC A 7 - a) 48 X R RS
A e [ PERR I RSEAUSE R o B 90 R T eI 15
Th i TR AT R 1 2 i & el R 2% .

1 THM & IEE R EIGIE
1.1 THM BESHEN
Z AN R IK-FIRE TR E T 2N A T
FE TR 28, AR HRRIE AR
BAF. ZEEMCE . N EREK . R,
Coussy?Y MIF R GEFI AR W] WS R 122 R

ST T LR 22 S RE - LB - S B M ) — R
Booker &P 1 44 i B2 17 5 A0 8 AR T T H R ARAE,
F& 7 PRI R A v R A AR IR R [ 5 8 1) e
Mrff. Bai PG H T — 4L MR HE RS S AR R
(IR, IF LA T & PR & 1R 100 R 258 & TOT R 5210
Coussy ™ M Z LA 7 /) 22 B ARG Rk HE S T —4E
% FLBRNE A ot A2 IR P fer 284 F R AT % Olivella
RN R T T 2 AL 5 Bl R F gy A R AR AU
J¥ CODE_BRIGHT. Coussy®!. De Boer®!. Lewis
SFROIF e 1 AN 5 AR AN 2 F LA e R 0 4
FLBR- 77 5 B BR TT o0 7 o
1.2 THM B&IER
MEE . JREMAEES 3 A EZMA R, T
F THM = efa A0 A, S RAEs
T FLBRIE A7 [ A A7 7 A RGRL A A FL R A o ()i AL
P Wang!''!, Coussy># De Boer!**!,
EFP A KM FRIBIE ST ET RN
V.o+pb=0 (N
X o NERNJKE, ZRNIE: p NIREWIR
b AR ERE. MNIIKERSN
o=0'-bps§ )
K o HAMPIIKE; b oA Biot &% p NFLKR
AR T): 8 4 Kronecker 5, FR AL k& .
AR —HEMAE, SRPEN AR AT 4 5
de* =E'1d0"—(ﬂs/3)5d9 o (€))
e e Nk NS TR R E NRIEEHRE; B, Ak
R 25 0 MiRE.
SRR
BV v +c,p—P.0+V-v" =By -VO=0. (4)
e v ABEMEEZREERE: o, NIREYINESE
REG B NIREVINAETRIAIK R v° ik TuiE
[ERE. Hrhe,, B, TH&HIEXL, vl HIATE
SEPRIE X

=g
HEE;

¢, =nc, +(b—-n)c, (5)
Bn=np +(b-n)p, > (6)
WL vpipg )

X n NEANTILBRE: ¢, c Al RR AR
A48 REG B, B, 53 I it A ] 4 ) R AR 4
K 25 b AZANTRNBIESR:  u NIRRT
R p NURAREE: g NEIJINERE.

RE RSP IE TN
(PC),0+p C¥° -VO+BKN -v, — K60+

Veq-B,0p-v"[-(1-B0)Vp+pgl=pr- (8
X (p0), WIREWINIE L K A EAE 220



510 I, fE B8 THM AR A I A BEERE - 01T 9 b 2131

AR g ARRRE; pr NIRRT K (p0),
A E S g T L E R X

(pC),, =np;C; +(1-n)p,C, ©)
q=-1,V0 , (10)
Am =0l +(1-mA, & (11)

K Gy C o ANRRFIE AR LL TS A, NI
EUIN T SIEAEG A, A BN E AT S
B (D, (4, (8) EALn[15 THM &4 5afE
AW TR . 1P IR SRR 3 N
FESA BRI RS FLBEEDARE 3 A E, HREA
s RE, FZA2E5Eam, FFAERmm.
F4, Adinolfi ZERTW) N IK- I E IR
WK 7 IR T AR BRI AR 2
Bt R AR A T AR AL . ARSIl I 2 iAok H R It
BR8],
6.31x107°60° —0.060* +18.920 —950.7
(273.15K <0 <293.15K)
Pr = 5 03 ) » (12)
1.03x107°0° - 0.010> + 4.970 + 432.26
(293.15 K <0 <373.15K)

i, =1.38-0.020 +1.36x1070> —4.65x107 0" +

8.9x107°0% —9.08x1076° +3.85x10°0°
(273.15K<0<413.15K) (13)

C, =12010.15-80.410 +0.316° - 5.38x107*0" +

3.63x1070* (273.15K <0<553.75K) , (14)

2, =—0.87+8.95x10°60-1.58x107°6° +
7.98x10°60°(273.15 K <0 <553.75K) . (15)

1.3 THM B EEILHIEERIE

K 2 Y351 B4 COMSOL Multiphysics?®!
HALHIAIA BT THM F5EA RITEAL. N 1 5 iEsy
RIERAYE, K COMSOL B AFIBIEE SR . Wang!! i)
B 45 IR 5 Bai SEP R AT 24T X B 2347 o

AR g T RD A S ] 5 1), ST E g5,
JUMATRE RS K 3 26 AP 1 Btz . B4R N 0.3 m,
A2 0.1 me ZERWILRIR YN 50°C. J12EA R
SR TN B A 73 F=—1X 107 Pa, JEHRHE &
G, rAN0, 0.1 m AL A RIAE » J7 )
Kit%. KITIAFFM N TEOHEKIA R (p=0), H
BTN AHKID T . DTy TR E I
B (0=0°C), HeilFndehi ft. 54 A
TR AT R A 2 LA AR I 3 AN, 1)
B E RN us IKIE p FIRSE 0. AES5H = MBI
1 (646 MNEITH 360 AT RD B RS K 1
ANVUATERIRG (3 ANBAJTTAT 8 AN ) A Lh B

AHAEL. R 1A TS .
1 AFIEFRELS MRS 2

Table 1 Material parameters for saturated non-isothermal

consolidation [11-22]
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Fig. 1 Geometric model and boundary conditions for saturated

non-isothermal consolidation
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Table 2 Material parameters for energy piles and soils in

centrifuge tests [

ZH JiQIE FRAL
FEM B & Ee 3.452x1010 Pa
FERTIARA BE ve 0.18 1
T PR Eoi 1.222x10* Pa
A HIIEHA B veo 0.3 1
TR I 76 F 3 ko 5%107 m/s
BER) 2 EE p, 2564 kg/m?
TEE o 1916 kg/m?
KIEE p, ) kg/m?
PEI R 25 o, 8x10- K-!
LRI R o, 1.17x10° K!
PR HE A C, 855 J/(K-kg)
TR C, 1190 J(K-kg)
KL C, () J(K-kg)
PE SRR EL A, 1.92 W/(m-K)
T FREIA, 1.2 W/(m-K)
KSR A, 0) W/(m-K)

COMSOL 548 25 5 Fll Wang SO, 285 SR 0T L
WE 4 Frs. B4 () S0FReh EAETHES . . e
A S AR SR 2 L R A RS AR A, I B
PEEEFLL (r, 2) ARG H . B AR
PEHETIER (0, 0) Kb F8 ) b, TR (0, —0.38)
MR AR AR, X R LSRR LK
PR IS R E 45 3. RIS AT LA H YR
PR 2 EAERIR I 2R A R OB, X2 i T4
I 2211l 1) g 28K B 1t A T 51 62 o B L i
W, MER - EH A . W 4 (b)) s, BRI
0 VAT - ST BE R B AR At R IR R o L 57
T 3B BN B, TR A B R R I,
PER AT BN AN W 4 (o), Bepa R AR AR
IS AR AR S50, BRSO TR (18 1) AR 558

0.06 -
Wang%[ml
- = -COMSOL
0.04
(0.125, 0)
fo0r| _—
® —
| ©, -0.19)
=
B 0
~0.02 ©, -0.38)
-0.04 L L | )
0 5 10 15 20
I [l /h

(a) REBRAEFN L 18 16 43 B B 7L ol 2%



2134 Hs

T

2023 4F

40

WangZ(10]
- — -COMSOL

30

-20 I I I )
5 10 15 20
i [A]/h
(b)) #E L FE DY R B R 2R
or
-0.05
_o0.10- .
-0.15+
£
3 -0.20}
IS
-0.25 - 10h
\et=20h
-0.30- —a—WangZs10)
o35 - COMSOL /
~0.40 . : L '
0 0.005 0.010 0.015 0.020
e [ A%

() R S0 i 5 2 43 A
4 AXERE Wang FOMRMLEREIZTEL

Fig. 4 Comparison between simulated results and those from

Wang et all'”
0 05 7m
H———
o1 4
+EAL
551 0 —_—
+EA2
12+ [0 o)
HPNF
+ZB
PN iUl
2+ [0
+2C
2551
1 o
AT T~ S
- M P~
+2D
52m-— D

5 RN AIRTEBH LR S0 R &M
Fig. 5 Geometric model and boundary conditions for finite

element analysis of field tests

R/ C

-5

o 5 10 15 20 25 30
i} /d

6 X536 1 HREINTEME_EAYR e R i2rhsk
Fig. 6 Time histories of temperature imposed on piles in Test 1
T F B AT B B P 8 1] S AR K . T TOAR  E. 1 fER
A, DTSR A B AR, ISR R, L
e 5 [ AR S /N o [ A E YA JER 8 4 15 ) S AR A o
T A PR, I AR B AR B2 A R AR .
b, b ST LR e B bR R,
HAEHERE (z=-0.38 m) [T, (HIZHIHAL £ 100 s
I FEATE B AR A7, W AR T #uie S ARG,
FLH T B R o
2.3 RAOREEIBRT AT

AT7iEE THM # &4 FROGEL Laloui S5 21T
FEMIREIEME I R AL RS, AT X L AT e R AL
RIGHIE e, G2 TRER IR 3t
T 8 HREIHEREI ALK G 1~8), &
IV 28 d, HAINAGRSE 12 d WAIFFEE 16 do
REVGUE [7] IS 7K 32 S5 A0 far B BT 3, A R 2R fE g
EHVIREE, TSRS IR )79 1088 kN
Jr 5 e e s PSS A P KRR N, AR R T
TR TN — IR e B R . HEAT IR 1 It T
WIARITAG, HETUTCSS AT 8 BEAT I8 7 Wi T 58 A
BETHEE M A BB B de Ko PRl A SO Uy 2R
IR BT . 06 1 AR RT3 Ag=21°C, T
BB ) B KT K AG=15°C.

REVEAE PR LT R AL S5 A an ] 5 B 150
PR 4209 7 m, IR 52 me BEUEME AR
0.5 m, KEEHN26 m, HF+RZS5ERE . L%
TRES 2.1 1R, BTG AN TR i 7
B 15°C R MEARNEIGE, R56 1 rh Hvir b
I )AL E 6 Frontle REVEAE A L SRRy i 1
MR BE R R E Dy e R R R B, S
T RS SRR AR DG SCHR (16, 34, 3518f5E, & 3 4
THESH. Mg RHAREM =MIEHI0, B8 6399
ANFRTCAN 3455 AN L, AEAE A S ML, Ak )
HE XS M 57 o



10 Z=

IRg, 55, 258 THM R & B AREIRIE AT R i

2135

& 3 RO hAERN LA AR H 16

Table 3 Material parameters for energy piles and soils in field tests

[1,16]
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FRIMBEHE AR 0/(° ) 19.1 18.5 16.1 18.9 24.5 —
TR R 0.346 0.335 0.289 0.342 0.456 —

7 LLREG 1 9B B 1 IR AN 2045 RN iR
FESRBAULE R, 7T LAF HH 52 B B2 R 8 0 32 2L
BRTAERITREE, PRI R SR 0 45 AN 28 A |2
P83 BV ] OB 4 2R

AfAI=12 d =28 d
m = m, =

degC degC
-2f - -2 35
-4 -4
18
-6 -6 3.0
-8} 16 -8
—10} 14 -10 25
-12r -12
12 20
-14} -14
10 16
-6 - 15
-18+ 8 -18
-20 6 -20) 1.0
-22 4 =22
-24 -24 0.5
2
-26 -26
0 0
0 5 m m

7 KB 1 AL ENERELREE LN A0S
Fig. 7 Distribution of temperature variation at end of heating and

cooling periods in Test 1
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