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Fig. + Schematic illustration of liquid water geo-

metry in soil pores : (a) drying with the air-

liquid water interface under room tempera-

ture ; (b) freezing with the ice-liquid water

interface in a saturated soil.
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Fig. , Unfrozen water pressure head in a water-

saturated frozen soil h, based on the tem-

perature T with the generalized form of

Clausius-Clapeyron equation.
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spectively.
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Fig. 2 Isothermal liquid (qlh) and vapor (qnh) fluxes

and thermal liquid (qlT) and vapor (qnT) fluxes

in a freezing loam soil after / hours for dif-

ferent initial water pressure heads.

wxy���� : *U�h�p+,�"������23wxy 29



man and Wilson �+331��� ������	��
���
.�0 �����
��� �������������������

�� ����� qinit�*.--�	�� !" �hinit�#/-.

cm� $%&' !" �hinit�#+** cm�� (�%&' !
"$��)
		�*����� qinit�*.+,�+, !
" �hinit�#+** cm� �-�./���01�2�3��
4�35� -6��� /789�:����;����
����
��� 4�<�5���� ��5����

�=� >�?5���@��  !"$%&' !"5�
��,	A���� BC	��D����@��� >�
��� ��E
�F�����)
��/BC	��� 9
�������G�.5������		�����4�
-�����H��=%&' !"�BI	)
	J
�� >���� �����GK�)
L�	�M�%&
' !"��	�*���	��N����OP ��
�4�3�� (�� ��������5� ���H� �4�-�
�=%&' !"�BI	Q�N3�� R���� %&
' !"�����!S�� qi5 *.,/$ !"� *.,

���"T.�*�3��
9�� +, !"5� #����"T.�$%&	J
���� ��'	(*U2��� (�� P V)���
�	Q�*� ���*I��P 5�(=W�X�N3
�� +YZ������,[$��\]�01-
5�
^����8���P ���5"_�`��	� RI
�����"_	.a�2F�/5b001�1/
�

�� \�� ^����23cde��fg�G�.� �
��������.�*R$	��
���

/� � � 	 


94hijklkm�ijno p�E�5�.� �
��)
$�����q��rs&�t6�� 9�:�
��������������7,P �85��01
-�@��� 9u�:!v�w;��rs&
��	�
RI��b0rs&
x<��01�2IR$5� ��
����eD�����=>�����?y�@5
�
�������'AA�zj{im��� .-�zj{i
m|�e� �������������7B}�~� >
;N�5CD�EW�01
M���5�M�� (��
\(
85�-�Q�������7,P �,�.
/� �����85	V)
��R$��F
M�$�
F��
�=�G�t��2I��� ��������-�

.� ��H��,�����|H��?!v��e�I
J�����H�� KtL�eM'N
�~����O
�0�D��P�� �IJ���Q��b�� ���5
7,�-�.� ��/��e7,���)
Rh� 7,
���O�SM��G���=����e7,	���
|��F����rs&O�T����� U����.
���.�*��	��$�F�X��
9�� ���$/�I���O,P ����01

5� �j�!��b	�*� (�?���	�����
���`���8�78��	�q�X���	���
AV�  p¡¢!��£1H�5WX��:¤�.��
	� >X
/�G� ���01578����� >��
�� 01¥&�:¤�U¦��§¨�©F.� ,[$�
�ª[eq��«�����rs&e01�¬Yh/
�
��$�F��
\]b001�5�� HYDRUS5� ®�¯°�X.
��±!l²p�³Z��/�
��� \(
§¨5�
´�X.�������b001µ ¶j"	[5��
15
M� ·A���R$���5�M�$�F�� \
�5� �j�!����e<>0$�"_�~�\�
.� rs&�³Z$¸]��:¤�U��=;
���

� �  �

Campbell, G.S. (+32/) : Soil physics with BASIC, Else-

vier, New York.

Dash, J.G., Fu, H. and Wettlaufer. J.S. (+33/) : The pre-

melting of ice and its environmental consequences.

Rep. Prog. Phys., /2 : ++/�+01.

Black, P.B. and Tice, A.R. (+323) : Comparison of soil

��3 -6����-�.01����°¹N�
/78������º <�5����� /�
5�����@�º

Fig. 3 Water content profiles for three di#erent

freezing soils after / hours. The solid and

dotted lines indicate total and unfrozen

water contents, respectively.

�»�O^� _ +*0¼ �,**1�30



freezing and soil water curve data for Windsor

sandy loam. Water Resour. Res. ,/ : ,,*/�,,+*.

Harlan, R.L. (+31-) : Analysis of coupled heat-fluid trans-

port in partially frozen soil. Water Resour. Res.,

3 : +-+.�+-,-.

Hansson, K., S‘imu‡nek, J., Mizoguchi, M., Lundin, L.C.

and van Genuchten, M.Th. (,**.) : Water flow

and heat transport in frozen soil : Numerical so-

lution and freezeothaw applications. Vadose Zone

Journal, - : 03-�1*..

�����Kay, B.D.�������Sheppard, M.I.

	+32.
 : ������������������
��� !"# �$�%&'# .3 ; /.�0+.

Fukuda, M., Orhun, A. and Luthin, J.N. (+32*) : Experi-

mental studies of coupled heat and moisture trans-

fer in soils during freezing. Cold Reg. Sci. Technol.,

- : ,,-�,-,.

Gosink, J.P., Kawasaki, K. Osterkamp, T.E. and Holty,

J. (+322) : Heat and moisture transport during

annual freezing and thawing. In Proceedings of

/th International Conference on Permafrost, Trond-

heim, Norway. -//�-0*.

Jame, Y.W. and Norum, D.I. (+32*) : Heat and mass

transfer in freezing unsaturated porous media.

Water Resour. Res., +0 : 2++�2+3.

Kennedy, I. and Sharratt, B. (+332) : Model compari-

sons to simulate soil frost depth. Soil Sci. +0- :

0-0�0./.

Konrad, J.M.and McCammon, A.W. (+33*) : Solute par-

titioning in freezing soils. Can. Geotech. J., 01 :

1,0�1-0.

Koopmans, R.W.R. and Miller, R.D. (+300) : Soil freez-

ing and soil water characteristic curves. Soil Sci.

Soc. Am. Proc., -* : 02*�02/.

Newman, G.P. and Wilson, G.W. (,**.) : Heat and mass

transfer in unsaturated soils during freezing. Can.

Geotech. J., -. : 0-�1*.

Nimmo, J.R. and Miller, E.E. (+320) : The temperature

dependence of isothermal moisture vs. potential

characteristics of soils. Soil Sci. Soc. Am. J., /* :

++*/�+++-.

Noborio, K., McInners, K. J. and Heilman, J.L. (+330) :

Two-dimensional model for water, heat and so-

lute transport in furrow-irrigated soil : I. Theory.

Soil Sci. Soc. Am. J. 0* : +**+�+**3.

Philip, J.R. and de Vries, D.A. (+3/1) : Moisture move-

ment in porous materials under temperature gra-

dients. Trans. AGU, -2 (,) : ,,,�,-,.

() *�+,-. 	,**0
 :/0123 J.R. Philip and

D.A de Vries4 56789:�;<=>?@A�
����� !"B# �$�%&'# +*- : +*/�++,.

Scanlon, B., Keese, K., Reedy, R.C. S‘imu‡nek, J. and

Andraski, B. (,**-) : Variations in flow and trans-

port in thick desert vadose zones in response to

paleoclimatic forcing (*�3* kyr) : Monitoring, model-

ing, and uncertainties., Water Resour. Res., No. 1,

++13, doi : +*.+*,3/,**,WR**+0*., +-.+�+-.1.

Schofield, R.K. and Bothlho da Costa, J.V. (+3-2) : The

measurement of pF in soil by freezing point. Agric.

Science, ,2 : 0./�0/-.

S‘imu‡nek, J., van Genuchten, M.Th. and Sejina, M.

(,**/) : The HYDRUS-+D software package for

simulating the one-dimensional movement of wa-

ter, heat and multiple solutes in variably-satu-

rated media. Version -.*.HYDRUS Software Series

+, Dep. of Environmental Sciences, Univ. of Cali-

fornia Riverside, Reverside, CA.

+,-.�)CDE�F GH�IJ K�LMNO�
PQRST UVWXYZ[W\�]^\_`\_
a4 	,**0
 : �$%&b ������cd�
eb%@���fghij# klmno

van Genuchten, M. Th (+32*) : A closed-form equa-

tion for predicting the hydraulic conductivity of

unsaturated soils. Soil Soc. Am. J., .. : 23,�232

Watanabe, K. and Mizoguchi, M. (,**,) : Amount of

unfrozen water in frozen porous media saturated

with solution. Cold Reg. Sci. Tech., -. : +*-�++*.

Williams, P. (+30.) : Unfrozen water content of frozen

soils and soil moisture suction. Geotechnique, +. :

,-+�,.0.

pqrstuv : �w1hxyz�������{@��pqr 31



� �

��������	
�������������������	��������
� !"��
#
$%&'�()�*+,-./0�112��34.567879�56:;<=>�?@,��	

A��
&'�A��$�BC� ADE�	
�����>��F/0GH�I��� J�� K

LM�NO�*0ADEP�QR%STU�V��WXY
-.�Z/��������� #�,�
�[3\]^_�`6a	
3Gb��cd
�	
���������e@,fgh�?@,�i
�j+�� ��cd
k(� STU� A��$� K$� �l�m*n�opq6r59� ��s)�
t�@+�uv����� J�� RYfg���
w?X�xy
z{|}�~���

����� : ,**1� / � 3 �
����� : ,**1� / � ,3�

��
W�X � +*0� �,**1�32


