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Abstract: Based on poromechanics, coupling equations for unsaturated soil in the freezing process are
proposed, based on which numerical simulations under the un-directional freezing and thawing process
are carried out. The unsaturated frozen soil is dealt with porous media composed of solid soil grains,
unfrozen water, ice crystals, and in—pore gases. The coupling equations, including mass conservation,
momentum balance, energy conservation, dissipation inequality, and thermal balance equation, are
derived considering the phase changes of ice-water and water-vapor on the assumption of infinitesimal
transformations. Combining permeability and stress-strain features under the freezing and thawing pro-
cess, numerical solutions are carried out on closed unsaturated soil columns subjected to freezing and
thawing cycles. The computational results demonstrate that the values of freezing temperature at the
cold end affect the displacement distribution of the upper surface greatly, but have a slight influence on
the temperature distribution and water contents in frozen zones of the unsaturated soil column. The re-
sults can provide a guidance for design and construction in unsaturated soil in cold regions.
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ing-thawing process
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Table 2 Parameter values under frozen/thawed conditions
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Table 3 Parameters for different freezing-thawing cycles
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Fig. 2 Displacement curves of the upper surface in the freez-

ing-thawing process
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Fig. 4 Variations in water contents in the freezing-thawing

process
3 4 it

FEAR A AR B A AR WO L ok e R R OK

DL I ALBR AL B 2 AL 2 M A i, 5 /NVETE & R
ST T AR A R AR A AR T ORI A R
7 JE R Rk AR R A G R I ) R OC &R N AR
A, Xk B [ R Rl 2 AT R AR IRORT AR 4 T AR Y
G OR g R, I AT T R RGBT 0 BUE 4
Bro THE45 2% I TE [F] — VR Bl 9 2R R0, ¥ i Tt
B, AR i BN HLA RS B G R B v v
JEE R LG, [ U SRR PR Rl RS ¥ i iR
S —5C . — 15 CHY T A5 VR 25 5 18 14 57 & 53 51 78 BE
B o 8.58 em 4.2 em &b, HFifi #5 ¥ v it B A 3 K,
RESBH AL B AW TR EH ARG, % i
U RO A TS 1Y) B K 3R 5 e AN HL B A ¥ v
FEREAR , VR 45 B2 AN BT T B8, 3 K 3R 0 {7 B
Wiz T #

S T AR AR R A A R Rl AR R i A2 2 AR S
AR R AR AR 1 0 22 ) 38 37 15 A 388 DL KCBR ] VR
Filt sk R HEAT TR AR, B e B R R A Y FE IX
TR T F T4 L 53 B LAl

S E

(1] HahE, SRE, BEK, & . hEELIM] st
Bref L, 2000.

Zhou Y W, Guo D X, Qiu G Q, et al. Frozen soils in
China [ M ].Beijing: Science Press, 2000.(in Chinese)

[2] Andersland O B, Ladanyi B. Frozen ground engineer-
ing [M]. New Jersey:John Wiley &. Sons, 2004.

[3] Huang X, Rudolph D L. Coupled model for water, va-
pour, heat, stress and strain fields in variably saturated
freezing soils[J]. Advances in Water Resources, 2021,
154:103945.

[4] LiZ, ChenJ, Tang A, et al. A novel model of heat-
water-air-stress coupling in unsaturated frozen soil [J].
International Journal of Heat and Mass Transfer, 2021,
175: 121375.

[5] Lijith K P, Sharma V, Singh D V. A methodology to
establish freezing characteristics of partially saturated
sands [J]. Cold Regions Science and Technology,
2021, 189: 103333.

[6] LiuE, Lai Y, FengJ, et al. An elastoplastic model for
saturated freezing soils based on thermoporomechanics
[J]. International Journal of Plasticity, 2018, 107:
246-285.

[7] YinX, Liu E, Song B, et al. Numerical analysis of cou-
pled liquid wa- ter, vapor, stress and heat transport in

unsaturated freezing soil [J]. Cold Regions Science and

959



[8]

(9]

[10]

Technology, 2018, 155: 20-28.

Coussy O. Poromechanics [M]. Queensland: John
Wiley &. Sons, 2004.

Li N, Chen F, Xu B, et al. Theoretical modeling
framework for an unsaturated freezing soil[ J]. Cold Re-
gions Science and Technology, 2008, 54: 19-35.

Xiao W, Liu E, Yin X, et al. Numerical simulation of

coupled liquid water, stress and heat for frozen soil in

[11]

the thawing process [J].
2022,39(4):1492-1510.
P . R P T 3B 2R R S SR K - R A S
SrHTLD LR PR, 2021,

Xiao W. Analysis of coupled liquid water, stress and

Engineering Computations,

heat pf unsaturated clay of core wall under freeze-thaw
cycles [M]. Chengdu: Sichuan University, 2021. (in
Chinese)

(AR T %

W BB
- v

IR SIS S1IE S1IR JIIE SR JUIE JTIE STIE SVIE SHIE S1IE VIS 2TIE 2HIE IR SHIR SHIR SIIR SR JUIE JHIE JNIE JTIE VIR SNIE SHIE SHIE SNIE SVIE 211 SUIR SHIR SHIR S1IR J1IE JTIE JUIE SR JTIE STIE S1IE SUIE SHIE 21IE 2UIE 21IS 21IR SR SHIR SUIE J1IE JTIE J1IE J

(E#E904TT)

[18]

[19]

Zhang G, Xia C, Yang Y, et al. Experimental study on
the thermal performance of tunnel lining ground heat ex-
changers[J]. Energy and Buildings, 2014, 77: 149-157.
Zhang G, Xia C, Zhao X, et al. Effect of ventilation on
the thermal performance of tunnel lining GHEs[J]. Ap-
plied Thermal Engineering, 2016, 93: 416-424.
SREAE, SRESR, Z AR, 55 . F b IR A8 A% RE 18 i #k
RO Lr k1] AR E HR , 2015, 52(6)
170-176.

Zhang G Z, Zhang Y Q, Xia C C, et al. Tunnel heat-
ing system using geothermal energy and its construction
method [J]. Modern Tunnelling Technology, 2015, 52
(6): 170-176. (in Chinese)

Zhang G, Xia C, Yang Y, et al. Experimental study on
the thermal performance of tunnel lining ground heat ex-

changers[J]. Energy and Buildings, 2014, 77: 149-157.

[22]

[23]

[24]

[25]

Zhang G, Guo Y, Zhou Y, et al. Experimental study
on the thermal performance of tunnel lining GHE under
groundwater flow[J]. Applied Thermal Engineering,
2016, 106: 784-795.

Di Donna A, Barla M. The role of ground conditions on
energy tunnels’ heat exchange[J]. Environmental Geo-
technics, 2016, 3(4): 214-224.
T BT A AL . BT BT AR ] B
g« _E TR R B SR B IR, 2017

Department of Shanghai Geological Resources Manage-
ment. Shanghai geological environment bulletin [R].
Shanghai: Shanghai Municipal Bureau of Planning and
Natural Resources, 2017. (in Chinese)

Lemmela R, Sucksdorff Y, Gilman K. Annual variation
of soil temperature at depths 20 to 700 cm in an experi-
mental field in Hyryld, South-Finland during 1969 to
1973[J]. Geophysica, 1981, 17(1/2): 143-154.

IR 1IE 2118 211 J11E HIR VIR S1IR <1IR JTIE <UIR SHIR 2UIE <1IR ANIE <IIR SHIR JUIE 21IR SNIE 2UIR SHIR J1IE 21IR VIR 4TIR SUIR JNIE SUIE ATIE JTIE IR JHIE <HIR VIR JTIE 21IR SHIE 2HIE VIR JTIE 21IR SUIE SHIE 1R JTIE 21IR UIE J1IE SHIR VIR 2118 <1IS J1IE 2]

(E#EE944T0)

[15]

960

B, L5, XUe , 55 L RS E T PCC R4t
M B BEL 3 R T S LT ] B s T AR 2= 4l , 2017, 37
(4):511-517.

Huang X,Kong G Q,Liu H L, et al. Negative skin fric-
tion behavior of PCC energy pile under heating cycle
[J]. Journal of Disaster Prevention and Mitigation Engi-
neering,2017,37(4): 511-517. (in Chinese)

TR AR, e, A AR AU T ORI HE A T )
JSEAFPEBEL S AT L. B I T AR 24, 2019, 39(4)
665-672.

XulJ,Ren L. W, Ma Y, et al. Numerical analysis of ther-
mal response characteristics of micro steel tube pile un-

der winter working condition [J]. Journal of Disaster

[17]

Prevention and Mitigation Engineering, 2019, 39 (4) :
665-672.(in Chinese)

TR IR, FLANSE , 52 PR X, 45 T o 249 oRX AT B #4724
Pk 5 0 BB B (1. B 90 K TR 2l 2017, 37
(4):532-539.

Hao Y H,Kong G Q,Peng H F, et al. Analysis of ther-
mo-mechanical behavior of sigle pile tip constraint [J].
Journal of Disaster Prevention and Mitigation Engineer-
ing,2017,37(4) :532-539. (in Chinese)

TRV + 25 B - GB 50010—2010[S]. Jb 5t
el 8 ST Tl H A, 2011

S 3t R B R £ AR AR E - JGI/T 438—2018[S]. b
5o SR Tl AL L 2018.



