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Vapour transfer and its effects on water content in freezing soils
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Abstract: The effects of vapour on water content in different unsaturated frozen soils have not been systematically analyzed in
the literatures. Based on the thermodynamic equilibrium theory and coupled water-heat theory, a new method for calculating
unfrozen water content and ice content is obtained. A new model is then established by importing this method to the coupled
heat and mass transfer theory. The unfrozen water content and ice content in this new model are only related to the hydraulic
parameters and temperature, which have specific physical meanings. The comparisons between the simulations and the test
results of sandy loam validate the new model. The simulated results also show that the temperature is the major factor to vapour
transfer instead of the suction. And the vapour transfer in silt and sand cannot be neglected with freezing except clay. The initial
water content, freezing temperature, freezing time and ground water table can all affect the vapour transfer in freezing soils. In a
word, even though the water content increament is low, remarkable frost heave will also occur due to the vapour in susceptible
frost heaving soils such as silt. Therefore, the vapour in unsaturated frozen soils must be paid more attention to in practical
engineering. This study strengthens the understanding of canopy effect and also validates that the canopy effect usually occurs
in covered freezing silt instead of sand or clay.
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Table 1 Hydraulic parameters of different soils

+24 0, 0, a/(m") n Ku/(10°ms™)
WERET 0471 0.049  9.800 3.73 6.110
w0490  0.065  0.546 232 2.550
AP 0380  0.068  0.800 1.09 0.556

IR B A FIFE 3G, Forboky 3 hnie 2
K, Wrke, mEhLILVFEEEMN. fKIEREME
B R A X 2 A R B RN . b RE KM RE B
%, BIEVERERAT, KA 5TR, MIREHKD L
FIVER BT R EPKIERE L, HBENEREE,
IKOMRAMET S, TS & KR %A AR, U RK
AL RERZIR J LA K IR B o IR TR RS
FEVEREM S, SEm Rk R R, HAFME RIE(HE
(0.026), ¥tz (Zh 0.01), MFiLJLFA DK
(L 4D, SRS KR INE WL LK (L
0.02), #rtikz, mELILFERAEZL OLES).

200 -
MY —— Bt
185 4 —#t
VI S 2
E el
M 5 -
£ T
N
2 -
s
0 e 1 1
0.1 0.2 0.3 0.4 0.5
WAKEBU B

B 3 RSk RS

Fig. 3 Volumetric liquid water contents

~ -
™ —#Ht
v Bt

18.5
18.0 1 1 1 1 1
0.01 0.02 0.03 0.04 0.05
TKPRTRAM B
& 4 KEFRSHE
Fig. 4 Volumetric ice contents
20 - ]
19} kY ’ -— B+
18- 3 — Bt
17 | i ---- it
£ 16 l
5
iz ni
3 L
2L
1 -
0 0.1 0.2 0.3 0.4 0.5

BHBE AR
Bl 5 SAFREKER

Fig. 5 Total volumetric water contents

R4S 58 N B KB B S /KE E A K 6 fr

e WTLAEH, AP R N ES KE B N
B, VEORA/KIY R NIER, M H AT AT R, 7
TAEJEER 0.5 m Vi Bl AR RS K R H A AR 1)
wahn, gl s fros, R o A e IR, EE
FARRARME, FETBATTRIRAN, B0 7KZ R 0.08
I, FEFRACA-0.285 m, AN LAE K2 I R K A7
AbHR R, R E A = SER, RIK ST
HARER TR FIER, SEUSHSKEA Frghn;
T T AS KA ) R IER BGUK, 1 VR 4 B T A T
BB EAN 0 m/s, XA BT UK AR RBE L T 7K 5 [ 4k
SRS . B ERREIREA ERS KBRS, HAd
BN 0 myso K RS KB B AR K, T TS i
HEHOCN 10 m/s, SR10, B AR LTI
KB EREE 10 " mvs, NIBESAGER T 1000 17,
DAL S /K A TR UK A R 2 LR IR, e okl e
Hant.

20

) R
/'l — Bt
isp | R
i
g !
®10F |
2 i
i
i
st s|
1
0 [ L )

-1 0 1 2 0 1.I75 3.I5
WAKER/(108m-s™) SAKERN(101m-s)
(a) (b)
B 6 WSKBEMSSKBE

Fig. 6 Liquid water and vapour fluxes

EEXTHIIR BRSO SO, B AR )
WIER &K HFN 0.16, FiLIWIAEE7KF 737109 0.16 &
0.31, HAhZRAFAAEL . VR4 58 UG HIBAU S RNkl 7~
9 fn. M 7 WTLAEH, WA A KRR
AR TR Prgg /)y, ARSI S KSR RGN 1 4
0.05. bt BRI E KRBT W EKE, K
HTEANEE RBEK, ERERIPEHTAE S I
o Wb AR VKRR o BN B 8 o, FTRAE

20 il
''''' T — Bt AKX
oo Bk MEBAAR
15F o #Ht. WAK
. — = . BEBS A%
i 10}
2
5 =
Q"e'"°"‘°~-~e._._o__
. . . e Y
0 0.1 0.2 0.3 0.4 0.5
R

7 BESKFROBESHERAKER (L. 1)
Fig. 7 Volumetric liquid and total volumetric water contents (sand

and silt)



1194 H O+ T OB % M

2018 4F

Wbt By R RERKUKERR D B 5k E) 0.07, 0.08,
R THIEAFE KA 0.08 I R vk & o 1 4846
FIKES 0.16 B, R LSRRG KA LT RA AR,
W LPEA VR T 9 s B & /K FEN 031
I, R BOK BN 0.04, X5 R LK
VEREAZE M RE- S 2.

20.0

19.5

£

i 19.0

it
185

18.0 1 1 1 1 1
0 0.02 0.04 0.06 0.08 0.10

il Sabig
E 8 wkiFRoH (ML, ML)

Fig. 8 Volumetric ice contents (sand and silt)

205 .-~ —
15%
£
i 10E
L o k: 0.16
5& —— BB 0.16
----7K: 031
— BB 031 —
0 0.05 0.0 0.15 020 025 030 035 0.40
KB

9 KERSBRBHREKE (FHD)

Fig. 9 Volumetric ice contents and total volumetric water contents

(clay)

5 SAKIEH —HETHEMmMERSH

SEAATCHRAER], FTLLRIL, AASKEEEE
e HR AR, AR L] LA, i
10, 11 Prome XFTFab Ak 1, iR E =4 a8k
T B B AA B KR B TR/, AEIRINIE BE RN, A
AT AO O I DT Rk 2 AN BE IS 1K . (EXS T2
+, HEMYGEESKRIRRE, A HARTZMEES
AR, AHARX TR AR SR ULATARR AN, RV
B KR I INTE — e R Lb TR B KINERE
T, HAEARNEE BHAKEE N, WASESKEMET
. xR, 6, 11 B, BRI ASK
R BRI ANREARSI, (Bl TRKMERE R 2 MiBiE
PERERLUT, DR MLRIME A RS KIE A, HITERAE
X “wAfr”, Bfgkstm Fiek, SEEKERLA
Ko H8R, fERbLr, BAEKIER LRMK, TEE
S E 2 E T, A AT REAE SR X BkaS IOk IF “IEAE
Tk, HARKAFIE TR BRI .

2 W R B RS ARYIE S KR T
3 MRS SRR R R E KR R (TR A
SRR E KR A —HE, AAETA T X A, K

A RIS 2 m A SRR S KR i 2, @it K
12 HIXFEE, ATRUREL: R/ LR L&
IREFEMAANK, TR = AT O R i .

204
! — #+: 0.08
158 o #4i: 0.16
i ---- Bt 0.08
g 3 o 1. 0.16
w103 ——#+: 0.08
it A Fit. 016
A Fit: 031
5 -_
0 2 4 6 8 10
F RS A (A KE /(102 m-s71)
10 ERFBFERNSTKEE
Fig. 10 Vapour fluxes due to suction
20

: 0.08
o @bt 0.16
---- ¥t 0.08
o Hit: 0.16
——$it: 0.08
A Fit: 016
A Bt 031
0 0.7 1.4 2.1 2.8 3.5
TS A S A KE R0 mes )
B 1 BEEAENSSKEE

Fig. 11 Vapour fluxes due to temperature

20.0 -
g
19.5F e
7
E
190
iz — 0.08
L o 0.08TLSAK
18.5 ol
A o 016ESAK
18.0 b L |
0.05 0.10 0.15 0.20
BB G KSR
(a) B+
20.0 - . .
°«
[ ] 1
9 s
19.5 | .
L ’
g ° [ ] '
B 190 s
iE R — 0.08
o o 0.08ESAK
1851 o ----0.16
. o 0.16 TS AK
18.0 31 $ s ! |
0.05 0.10 0.15 0.20 025 030
BERBE K
(b) Bt
20.0 K,A»
A
195} %
A
g — 0.08 A@
R 190t o 0.08FAKE
1z ----0.16 4
1850 ® 0.16ESA §
——031 §
A 031 RS AK i
18.0 I L é I f 13 ]
005 010 015 020 025 030 035
BARBIE kR
(c) FHt

12 MR R KRN B AR KRNI
Fig. 12 Effects of initial water content on total volumetric water

content



7

PUERR, 8. Uk KRS SO AR S KRR ) b 1195

EH AT SC A R R 3o 52 e RS 7K OE B 32 2
3, PRI THIRF 58 T0 305 5 0T s AR 5 /K R R 52
TREBIRE 23 9 N-1°C - 10°C , HAth 241 51 SCAH T,
HABEwEEKERN 031, HETRSMLES,
R /R TIER 2 m NI & K2k, il 13 By
o X TR, —1CHF SRR E K F R AL 0.19,
EL-10°CHE /N 0.04, HRg5BemifR vk, s ok
EHAERN. BAh, SEREAHESEKE, —1°CHf
I RARZEA K, KRR SR, SRR kK
I 2B WTIR TS« IR, TR R T o
TR A A R

20.0 -
LI
ou,
195} e
.o”
s A
E
i 19.0 |
1 —-1C
-----10C
1851 o —1TERAK
o -10CEHAAK
18.0 L L |
0.05 0.15 0.20 0.25
BBk
(a) B+
20.0 - °
o]
[}
[o]
195 o°
£
= 19.0 | )
1z o T L1k
1851 ---- =10
o —1CESAK
P\ o -10CESAK
18.0 1 O 1 1 |
0.05 0.10 0.15 0.20 0.25
BBk
(b) ¥+
200 -
195}
g
B 1900
fuid
1851 o —1TESAK
o -10CIHAAK
18.0 : 1 1 1 )
0.30 0.31 0.32 0.33 0.34 0.35
BB AR
(¢) #Ht

13 BB 2R EKEIF

Fig. 13 Effects of temperature on total volumetric water content

BRI, ToRIR S K BIRE 2 D,
ARSI T R TS RS R e B R, T T 25 7K
T BN RRIKE VIS, B A Lok
R SYALTIW I S iR DTN T/ N VA 78 S
Xof AR 7K Z R R o

PRGNS TG S ARAR S K ZR 2R AN 18] 14 J 7 o 5
FAEHREEAZE . WA, GRE B, A&
TR RS AR S 2 . X DL [ 90 d, AREER T

Hh [ = YRR S 0 X ()P R S5 I R], TR Tk A
R, RGN IRDR A, SRR IR R

200
19.5
£
B 190}
oz o
18.5 Co o 30 dEAAK
St ----904d
A o 90 dTARAK
18.0 8 L j
0.10 0.15 0.20 0.25
BB AR

14 FREERTEX 2 AT S KRS
Fig. 14 Effects of freezing time on total volumetric water content

MO AR B = BAR R E KR R S 15 fr
o MR RA BRI A R 08 5, 6, 20 me S
MBI R A ORIFAAR . I 3 FTANBAK BT m
2909 4m, HE 4 FEIREIREL)N 1.2 mo BIEA %1
R KA B 5 mi, BAK BT B i TR A
BT i KA 6 m B, B4HK I RS AR T
UREEREI o SXAE ] LA B T /K R Ak 22 B0 1 T
BRI T X TR FTBEW, SRR
NARALTE i, ARAKI SN ET RS . H 23K
fi2 5 mi, URESEEI SRR R ER N, e BAK
B EEH.

HIE 12 (b) AL ERIRK, SEABEIES
KIS B R AR R S KR B 5 4228 B A KINAIG
£70.05, MCRTVRSEIREN 1.2 m, KUHITE 1.2 m {5
W, T AESIKIIER, Ko 8N4 (2 S 1
M H M X T AR Z R FETEE, RESE
0C BNkl XA ERmIEIAE F 3 B R R =
i, AR AR AR S R, REEETIIIRAT
7E, BHIT 1Ko TR, Bk g B AR
IKBHETER, PRSI LB A AR &
IKFSIEIN T 0.05 Zidio Ky bR RAKEUR I+, B
BRGNS R R 7, EEE SRR
BRI, O L BEVRGE I, iR,
TG ™ B TR E, 51 2 B8 A AL

200 -
line B R AK
1954 symholi%?&j(
<><>
i 19.0 o
1z < w.’g:"’} _____
o o \‘\0\.
1851 "\ e
Qo\‘ "o,
GWT20 m %\ \GWT6 m
18.0 S S |
0.10 0.15 0.20 0.25 0.30

B A
15 TR 2R FR S KRB0

Fig. 15 Effects of ground water table on total volumetric water

content



1196 = + o Rk 2018 4
Construction, 2014, 44(2): 69 - 71. (in Chinese))
6 & ® [9] SAITO H, SIMUNEK J, MOHANTY B P. Numerical

(1) BREFMT, BT RKIERANZETEREK
ZEFE, AR LA 2 P R KIE R R ARG, T
A LA S KT

(2) WHRARRRE R I I <K IR,
HX AR E A IR, REKIER R EIIFRA KR
A, HASKIER X E RSB M WIia &
IKEIGINEE, AT L 22, (EXR LA
T AR

(3) BT 2 N OK B, Ao A
KT IR 2B WSS« RESI TG, /KRR
(EPNEES I N/ A TP WS- A B E

(4) BHIRYE, SO 45 R IK AU+
SRR, RIS K 7 3G INATI R e 7 A 8 25 1R
ik, PRl bR TR S A A K AR

(5) AL HTINER 7R “ 4 R8P,
WIGIE T “HRaa RN W K AR F R TR X
s, AR e 1

SE -

[1] SHENG D, ZHANG S, NIU F J, et al. A potential new frost
heave mechanism in high-speed railway embankments[J].
Géotechnique, 2014, 64(2): 144.

[2] HARLAN R L. Analysis of coupled heat - fluid transport in

partially frozen soil[J]. Water Resources Research, 1973, 9(5):

1314 - 1323.

[3] GUYMON G L, LUTHIN J N. A coupled heat and moisture
transport model for arctic soils[J]. Water Resources Research,
1974, 10(5): 995 - 1001.

[4] TAYLOR G S, LUTHIN J N. A model for coupled heat and
moisture  transfer Canadian

Geotechnical Journal, 1978, 15(4): 548 - 555.

[5] KUNG S K J, STEENHUIS T S. Heat and moisture transfer

during soil freezing[J].

in a partly frozen nonheaving soil[J]. Soil Science Society of
America Journal, 1986, 50(5): 1114 - 1122.

[6] ZHOU J, WEI C, LI D, et al. A moving-pump model for
water migration in unsaturated freezing soil[J]. Cold Regions
Science and Technology, 2014, 104: 14 - 22.

[71 MILLY P C D. A simulation analysis of thermal effects on
evaporation from soil[J]. Water Resources Research, 1984,
20(8): 1087 - 1098.

(8] % R, WP, RERH, AF. ARR “HARE RN [7]. L
ML, 2014, 44(2): 69 - 71. (LI Qiang, YAO Yao-ping,
HAN Li-ming, et al. Pot-cover effect of soil[J]. Industrial

analysis of coupled water, vapor, and heat transport in the
vadose zone[J]. Vadose Zone Journal, 2006, 5(2): 784 - 800.

[10] NAKANO Y, TICE A, OLIPHANT J. Transport of water in
frozen soil IV: analysis of experimental results on the effects
of ice content[J]. Advances in Water Resources, 1984, 7(2):
58 - 66.

[11] EIGENBROD K, KENNEPOHL G. Moisture accumulation
and pore water pressures at base of pavements[J].
Transportation Record:
Transportation Research Board, 1996(1546): 151 - 161.

[12] GUTHRIE W S, HERMANSSON A, WOFFINDEN K H.

Research Journal of the

Saturation of granular base material due to water vapor flow
during freezing: laboratory experimentation and numerical
modeling[C]// Current Practices in Cold Regions Engineering.
Orono, 2006: 1 - 12.

[13] ZHANG S, TENG J, HE Z, et al. Canopy effect caused by
vapour transfer in covered freezing soils[J]. Géotechnique,
2016, 66(11): 927 - 940.

[14] HANSSON K, SIMUNEK J, MIZOGUCHI M, et al. Water
flow and heat transport in frozen soil[J]. Vadose Zone Journal,
2004, 3(2): 693 - 704.

[15] NASSAR I N, HORTON R. Water transport in unsaturated
nonisothermal salty soil II: theoretical development[J]. Soil
Science Society of America Journal, 1989, 53(5): 1330 -
1337.

[16] NASSAR I N, HORTON R. Simultaneous transfer of heat,
water, and solute in porous media I: theoretical
development[J]. Soil Science Society of America Journal,
1992, 56(5): 1350 - 1356.

[17] NEWMAN G P, WILSON G W. Heat and mass transfer in
unsaturated soils during freezing[J]. Canadian Geotechnical
Journal, 1997, 34(1): 63 - 70.

[18] KELLENERS T J. Coupled water flow and heat transport in
seasonally frozen soils with snow accumulation[J]. Vadose
Zone Journal, 2013, 12(4): 108 - 118.

[19] KELLENERS T J, KOONCE J, SHILLITO R, et al
Numerical modeling of coupled water flow and heat transport
in soil and snow[J]. Soil Science Society of America Journal,
2016, 80(2): 247 - 263.

[20] LI Q, SUN S, XUE Y. Analyses and development of a
hierarchy of frozen soil models for cold region study[J].
Journal of Geophysical Research: Atmospheres, 2010, 115: 1
- 118.

[21] WANG A W, XIE Z H, FENG X B, et al. A soil water and



57 BUEER,

S5, R RSO RS KR S KR IR 7 Ay 1197

heat transfer model including changes in soil frost and thaw
fronts[J]. Science China Earth Sciences, 2014, 57(6): 1325 -
1339.

[22] SHENG D, AXELSSON K, KNUTSSON S. Frost heave due

to ice lens formation in freezing soils[J]. Hydrology Research,

1995, 26(2): 125 - 146.

[23] SHENG D, ZHANG S, YU Z, et al. Assessing frost
susceptibility of soils using PCHeave[J]. Cold Regions
Science and Technology, 2013, 95: 27 - 38.

[24]WILLIAMS P J. Properties and behavior of freezing soils[M].
Oslo: Norwegian Geotechnical Institute, 1967.

[25] ZHANG X, SUN S F, XUE Y. Development and testing of a
frozen soil parameterization for cold region studies[J].
Journal of Hydrometeorology, 2007, 8(4): 690 - 701.

[26] MIZOGUCHI M. Water, heat and salt transport in freezing
soil[D]. Tokyo: University of Tokyo, 1990.

[27] CARSEL R F, PARRISH R S. Developing joint probability
distributions of soil water retention characteristics[J]. Water
Resources Research, 1988, 24(5): 755 - 769.

[28] ZHANG S, SHENG D, ZHAO G et al. Analysis of frost
heave mechanisms in a high-speed railway embankment[J].
Canadian Geotechnical Journal, 2015, 53(3): 520 - 529.

[29] VAN GENUCHTEN M T. A closed-form equation for
predicting the hydraulic conductivity of unsaturated soils[J].
Soil Science Society of America Journal, 1980, 44(5): 892 -
898.

[30] MUALEM Y. A new model for predicting the hydraulic
conductivity of unsaturated porous Water
Resources Research, 1976, 12(3): 513 - 522.

[31] TAYLOR G S, LUTHIN J N. A model for coupled heat and

media[J].

moisture transfer Canadian
Geotechnical Journal, 1978, 15(4): 548 - 555.

[32] LAT Y, PEI W, ZHANG M, et al. Study on theory model of

during soil freezing[J].

hydro-thermal-mechanical interaction process in saturated
freezing silty soil[J]. International Journal of Heat and Mass
Transfer, 2014, 78: 805 - 819.

[33] MCKENZIE J M, VOSS C1, SIEGEL D I. Groundwater flow
with energy transport and water—ice phase change: numerical
simulations, benchmarks, and application to freezing in peat
bogs[J]. Advances in Water Resources, 2007, 30(4): 966 -
983.

[34] WU D, LAI'Y, ZHANG M. Heat and mass transfer effects of
ice growth mechanisms in a fully saturated soil[J].
International Journal of Heat and Mass Transfer, 2015, 86:

699 - 709.

li&
IKIZH
KL i 281
S, =[1+(-ahy ]"" , (A1)

K, Se=(Ow0)(0-0) N BB 65, 0, 751N
MR KR FRRETKE; a, n e m=1-1/n HTK
%ﬁﬂ%%ﬁ@ VG B & SHL.
VR 45 A T IOTRAS /K SRR 4% G300,
Ky =107 K, =10 K S/ [1-(1-5/")" ]2 . (A2)

A, Kon NIERZAE T RIS KSR K ML 5%,
K oNWANEE 250 18 Mualem RIS H, QN
Eéﬂjj 1 MAKZH.

GEESAE N RS K IR S E K i SR,
Ky =K hG,~3L (A3)
Yo dT

X, Gur NHEK T, ASCH 4y, M 25 CIRE
KM ST, B 71.89 g/s™s ¥ =75.6-0.1425T-2.38 X
107, #hN gs’, iﬂ%}#w‘zﬁc

R A T BN R AL T
X, :2 p. M8y (A%)
p Vs RT T

X, D=tyn.Dy, BATH mils, v NHKFLBRHIZE R
%, HL0.66, n MMEEET, B3 (IREKZFE) ~16
(HIARZS), n, i‘ﬁﬁimﬂﬁiﬁz Do AEHBKAY
By Z %, B 10°~10 ® m%/s; M=0.018kg/mol J9il A 7K
(1B 2R 5 s @ N EE i FE (my/s®) s R =8.314 J/mol/K
N AR SR B M R R He=exp(hMg/R/T) 5

0, =pysH{(O00) pyy, RN E pos NIRIE I RREL:

. 1073
pvs:eXp(31'37_M_7~92X10_3Tj 0 . (AS)
LR S B AR S e S,
K=o, Lo (A6)
Puw dr
;E\:[:F" ﬂEX3N80
*ﬂwwﬁmw
C,=C0,+C0,+C0,+CO , (AT

X, 0, LR B, C BRI EEIVE /KD,
X=n, W, V, io
AL T R,
A=) (2" A ()" (A8)
Hrp, A, ASHESHREHE (Wm/KD, x=n, w, v, i.



