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A COUPLED MOISTURE-HEAT MODEL FOR UNSATURATED SOIL
BASED ON LATTICE BOLTZMANN METHOD

LI Teng-feng , WANG Zhi-liang , SHEN Lin-fang , XU Ze-min

(Faculty of Civil Engineering and Mechanics, Kunming University of Science and Technology, Kunming, Yunnan 650500, China)

Abstract: By considering the moisture-heat coupling mechanism of unsaturated soil under heat source, the
double distribution functions are employed to describe the evolution of temperature field and moisture field
respectively, and the coupled moisture-heat model is established based on the lattice Boltzmann method.
Meanwhile, the corresponding program is compiled to verify the proposed model, using an example of
moisture-heat coupling problem in the semi-infinite space. Finally, the evolution of temperature field and moisture
field in unsaturated soil are discussed considering the effects of moisture-heat coupling mode, heat source
temperature, and soil porosity. The results show that the traditional one-way coupling mode could not characterize
the influence of moisture migration on the thermal conductivity of soil, which leads to deviation of temperature
field. The proposed two-way coupling mode is more reasonable. The evolution of temperature field and moisture
field are greatly influenced by the heat source temperature, and the volume moisture content also changes rapidly
at locations where the temperature of unsaturated soil rises fast. Under the same heat source, when the initial
volume moisture content is constant, the temperature increases faster for the soil with lower porosity, but the
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overall difference is not significant, which makes the distribution of volume moisture content very close.
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Table 1 The thermal physical parameters of each component
of unsaturated soil

AR pl(kg/m®) Cl(kdI(kg * C)) kwl(m + °C)
MRS A 2215 0.85 1.62
Koy 1000 418 0.56
25, 1.29 1.005 0.026

4.1 AEFREERANKAREESIIENF I

53 WA G B 1) 1 A (125 R L AR AL 7K 73
IERL IIRE) SO AR £ (R 25 87K 70 i A% X T
AR KSR ) RS S SRR AT ARk 3 K
FES A, X TR AR A AR 3 Aok
I AR OLEEAT T AUE T, THE A R A 4
Fios. Bl 4 mrkn, WS SR R AR AT AR
PRl L LE R ARG ER, LB I 8] (142
PIE R 22 5 @R R, a0 h 5, DI R
KinZiE 3.6 C. HHMMEMLEL, WA
AR R FR AR AT HUR B2 BRI 15
MR, AN T AR IRE ST A, pfh
A IUN AR A AR RS KR 2B Ja i K
JEIR/NEES, (HEEE SRS IR B AL, P
HAEREA Pz Q)T A, AT K
oriER Bl B K I EUNR B BUK 2 3 L
PR 73 2 R o A i FEAR: FEBOR 7 B (F IR IR

—a— XA A, t=1h
—o— WA, =15h
—A— XA, t=30 h
—— HAEEE, =1 h
—— HLAFEE, =15h
—A— RS, =30 h

BE S /m
(a) &S



VAl 2 159

—a— XA, t=1h
—o— XA, t=15h
—A— XA A, =30 h
—=— A, r=1h
—o— A, t=15h
. —— HFEFRA, =30 h
5 T 1 1 1 1 I
0.0 0.3 0.6 0.9 1.2 1.5
P2 /m
(b) k5%

4 AEFBEENNEESS KGN
Fig.4 Distribution of temperature field and moisture field
under different coupling modes

BHE), WmEEHEUK Y S £ S MER R
ANEIHLTT, WBLE SRR O E . BeAh, 1R
BRI AL, AR A BN AR AL R
FERR, KA IER R AT, RS KR AL
P T 2B PIR I K IE R s, 7 R R
IO B AL, TARRIARFIE KBS E 1, HXm
T A A Y 0 B K
4.2 AEIERFRIFEITKAFESTEZENEN

SR 5 A )L R AR AN A iR R 3 K
KW R, ERIRIREE To 23516 40 C.
60 C. 80 CH5UL T, 43 mlitit 1 A [\l % £ fA o
K3 R A AR, WK 5 fiaR. M
Kl 5 nT LA Y, AR R R, P AR
WIh iR 220k, AL . [, B
YRR L GO, oK R B2 T R R S e K
TARAER SRR AR AR L. /£ 15 h~30 h
WP, BT RO S, HARF & KR AR
e, #RIE N 40 'C. 60 'C. 80 CHY,

80

—a—T7=80C, t=30h

—e—T=60C, t=30h
—A—T=40C, t=30 h
—8— T=80C, t=15h
——T=60C, t=15h
——T=40C, t=15h

0.0 0.3 0.6 0.9 1.2 1.5
B8 /m

(a) W

......

—a—7=80C,
——T7=60C,
—a— T =40C,
—a—T7=80C,
——T7=60C,
—A—T=40C,
0.0 0.3 0.6 0.9 1.2 1.5
A5 /m

(b) K537
K5 AFEMERAIRHR 5 K0 i o Aia %
Fig.5 Distribution of temperature field and moisture field
under different heat source temperatures

BIfE 0.3 m M4 B AR E T m s, ol A
11.4°C. 7.2°C. 3.4 °C; AHMALE L FTX B AR
EIKE S5 R % 5.3% 3.4%. 1.6%.
4.3 AREFLBEEITKABETIENZN

R BT A VR A LB 28 06 IR BE 3 S K
A2, EORRFFIAR AR5 K 20 30% A%
IGOLT, FSLERE 730 E v 0.35. 0.50, it
B AR EES R ARFR S AR A, Wi 6
Fi. HAG) T HAREFLIRZ 78 0.35. 0.50, #)
GRS K ZR R 30%HT , RV H AR FIRTA SRk
B RB 915 4.93x107 mfs. 4.48x107 mP/s.
TERPFEEAEATN, Wi BRAEL, R EE) A
FLBRZE N 0.35 B L ARTH ERd FER R . BT 55 380
B R BUIBON R, (FRRE AR ZE A K. UK
SR EEEKE, UYIEHRIE KE—ER,
LB R, HARF S KRB R . 4R
MM, E TP A AR IR BE A A AH I, AT B A
& K A ZAN K

NN N N N~

0.0 0.3 0.6 0.9 1.2 1.5
P /m
(a) iEEH



160 T B %
3r [21  BEIR, Ak, SRR L iR R SRR I RS 1 T
0k REFREE AT TRE /)%, 2016, 33(4): 150 —156.
Chen Peipei, Bai Bing. SPH numerical simulation of
S st moisture migration caused by temperature in unsaturated
o soils [J]. Engineering Mechanics, 2016, 33(4): 150—156.
fa 20+ (in Chinese)
=Y [3] Selvadurai A P S. Heat-induced moisture movement in a
£ 15 ——1=0.35,t=1h . . .
——1n=0.35,71=15h clay barrier II. Computational modelling and
10 :Zig:gg:;j&h comparison with experimental results [J]. Engineering
——n=050,/=15h Geology, 1996, 41(1): 219—238.
S . . , 4~ n=050,1=30h [4] S, ZEL JHEE AT KRG A E R
0.0 0.3 06 09 12 3 FEROECEREN). shE AR R2E24R, 1997, 203F) 1):
#0755 /m
33—38.
(b) K537 Guo Qingrong, Li Yushan. Mathematical simulation of
B 6 AFEFLERZENRE S 5K 5350455 76 a3 heat ans water coupling flow in soil under unsteady
Fig.6 Distribution of temperature field and moisture field temperature [J]. Journal of China Agricultural University,
under different porosity 1997, 2(Suppl 1): 33—38. (in Chinese)
J [6] LW, Xgdh. AR BB T AR B LK S
5 4R BB R R[] TR /7%, 2013, 30(10): 128—132.
L. - Mao Weinan, Liu Jiankun. Different discretization
@) BT Boltzmann J5ik, SR A method using coupled water and heat transport mode for
ooy AR L 5K g i A 7, $2 i TE soil under freezing conditions [J]. Engineering
VAN A R K A SR . SR 2R 0 2 TR R 2 Mechanics, 2013, 30(10): 128—132. (in Chinese)
] (1 7K R 1] BHE AT T BB SR AR, SR et [6] LiuB C, LiuW, Peng S W. Study of heat and moisture
e e R . transfer in soil with a dry surface layer [J]. International
HISCHRTT SPH MEIEAT T X HTXSLE, Sk 7 A5 Journal of Heat and Mass Transfer, 2005, 48(21): 4579—
BT (AT FEPE 4589,
2) XFKAFEEM, B TFESGR RS [71  Gan Guohui. Dynamic thermal performance of horizontal
T R P K A 3T 8 6 i A A 1 3 B R 2 ground source heat pumps-The impact of coupled heat
R, T ARSI, BB 0 fa e oot i 5 )i U B
IR AT B Ze, A ST XU S Rz e B HE BT (D). P22 76 %30l K%,
B RS B . 2013,
3) EMEERIENE T, A [F R B 6 4k C:en_ Li.hNume:ical ir;vsstigatti_on :)f multitscale mult;p_le
. . e 1t N sicochemical coupled reactive transport processed in
WSS BRI S YRS 2 AR, IR T zn()e/rgy and environrr?ental discipline [pD]. >r<)i’an: Xi’an
B, H IR AR G IR R, L id Jiaotong University, 2013. (in Chinese)
AR, FR, IR AR E R A [91 Lin Qi, Wang shugang, Ma zhenjun, et al. Lattice
R AR A R A A Boltzmann simulation of flow and heat transfer evolution
SN s inside encapsulated phase change materials due to natural
) EMFERIEA T, PR AR E KR — convection melting [J]. Chemical Engineering Science,
SERS, XL 4> 524 0.35 F1 0.5 FIP AR AN 2018, 189: 154—164.
+, FLBRRE /PN AR, EEFEEERR, [HER [10] Gao Dongyan, Chen Zhengian, Chen Linghai, et al. A
RTINS, M FiAE BT AR A K 40 A e modified lattice Boltzmann model for conjugate heat
N transfer in porous media [J]. International Journal of Heat
ST and Mass Transfer, 2017, 105: 673—683.
BE WK [11] HEE, BEr SREEREAR CO, REIER MK

[11 UK, KUM= A A o b 4G 1% i oK 4 i # 1
HUEF S R). A L%, 2006, 27(12): 2085—2089.
Bai Bing, Liu Dapeng. Numerical integral solutions of
heat transfer and moisture transport in unsaturated porous
media [J]. Rock and Soil Mechanics, 2006, 27(12):
2085—2089. (in Chinese)

F Boltzmann #HF R[] &+ S1%, 2017, 38(3):
663—671.
Tian Zhiwei, Tan Yunliang. Lattice Boltzmann simulation
of CO, reactive transport in throat fractured media [J].
Rock of Soil Mechanics, 2017, 38(3): 663—671. (in
Chinese)

(B CHR[12] —[17]% 55 196 )



196

)

A
5

[26]

[D]. FE&t: P SUKRIBRART Sk, 2014.

Hu Liang. Experimental research and analysis of size
effect on model II fracture process of concrete [D].
Nanjing: Nanjing Hydraulic Research Institute, 2014. (in
Chinese)

PG, X AR, i, S BB AR A T R
WHFLICY/ RS 55 i i s VR ok 1 3L [ B i) 42 18
3, 2015.

Jia Jinsheng, Liu Zhongwei, Feng Wei, et al. The
experiment research of shear strength of cemented sand
and gravel [C]/ Chengdu: Proceedings of the 7th

International Symposium on Roller Compacted Concrete

[27]

[28]

Dams, 2015. (in Chinese)

SL352—2006, 7K Tyg#&E g HAFL[S]. dbxt: &
KK L H iR, 2006.

SL352 —2006, Test code for hydraulic concrete [S].
Beijing: China Power & Water Press, 2006. (in Chinese)
XRA, ook, R, & R EERRERK
PSR )], PEAEAROL R 2224k, 1999, 27(1):
43—46.

Deng Zongcai, Lu Yunbin, Li Zongli, et al. The
maximum circumferential strain fracture criterion for
mixed model of concrete [J]. Journal of Northwest A&F
University, 1999, 27(1): 43—46. (in Chinese)

(L85 160 )

[12]

[13]

My R, BEF, HH. HRFHNE T
Boltzmann KBl 05 5 [J]. THEJ1%, 2015, 32(5):
111—119.

Liu Ketong, Tang Aiping, Cao Peng. Large eddy
simulation of the aerodynamic derivatives of bridge
using lattice Boltzmann method [J]. Engineering
Mechanics, 2015, 32(5): 111—119. (in Chinese)

XUZENI, xR, A&, & HUT KB K-S A
TR GEBETE BRI FEMA (D). IRl 5 TR 272
%, 2017, 25(2): 258 —265.

Liu Jiangang, Liu Quan, Zhou Dongdong, et al. Influence
of groundwater transverse horizontal flow velocity on the
formation of artificial horizontal freezing wall [J].
Journal of Basic Science and Engineering, 2017, 25(2):
258 —265. (in Chinese)

HALL, WReHt, ook, 5. ARG R N+
TR B BRI A IR IR (Y], TRE Sy 5, 2018,
35(5): 109—117.

[15]

[16]

Xia Jinhong, Chen Zhixiang, Xia Yuanyou, et al.
Theoretical model and experimental verification on
thermal conductivity of frozen soil under different
negative temperature conditions [J]. Engineering
Mechanics, 2018, 35(5): 109—117. (in Chinese)

Wang Moran, Wang Jinku, Pan Ning, et al. Mesoscopic
predictions of the effective thermal conductivity for
microscale random porous media [J]. Physical Review E,
2007, 75(3): 036702-1—036702-10.

Guo Zhaoli,
Non-equilibrium extrapolation method for velocity and

Zheng Chuguang, Shi Baochang.
pressure boundary conditions in the lattice Boltzmann
method [J]. Chinese Physics, 2002, 11(4): 366—374.
Song Wenyu, Zhang Yaning, Li Bingxi, et al. A lattice
Boltzmann model for heat and mass transfer phenomena
with phase transformations in unsaturated soil during
freezing process [J]. International Journal of Heat and
Mass Transfer, 2016, 94: 29—38.



