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Fig. 4 Change of temperature with height of the specimen at different times: closed system of silty clay (a),

open system of silty clay (b), closed system of sandy soil (c), and open system of sandy soil (d)
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Fig. 7 Time-varying curve of water replenishment: water replenishment rate (a) and

cumulative water replenishment (b)
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Fig. 12 Water collection of the temperature-controlled plate
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Study on water migration behavior of unsaturated soil under
unidirectional freezing condition

ZHANG Jianxun', MAO Xuesong', LIU Feifei'"?, WU Qian'

(1. School of Highway, Chang’ an University, Xi’ an 710064, China; 2. College of Civil Engineering and Architecture ,
Henan University of Technology, Zhengzhou 450001, China)

Abstract: In order to reveal the influence of groundwater and soil properties on the water migration pattern dur-
ing the freezing process of subgrade, water migration tests of unidirectional freezing conditions were conducted
for open systems and closed systems of silty clay and sandy soil. By setting a gravel layer in the soil column,
blocking the liquid water migration path, monitoring the hydrothermal changes of the soil column during the
freezing process, and combining the frozen depth, freezing rate curve, water content distribution curve, and wa-
ter replenishment time-varying curve of the soil column, the effect on the water accumulation and freezing char-
acteristics of the top of the soil column when only water vapor was replenished was analyzed. The experimental
study found that the freezing zone can be divided into a fast freezing zone, a transition freezing zone, and a sta-
ble freezing zone. The change in unfrozen water content was closely related to the change in the temperature
field. At the beginning of the test, the temperature in the unfrozen zone was gradually decreasing, and the unfro-
zen water migrated to the cold end under the action of the water driving force, and the decrease in unfrozen water
content meant that the water migrated into the frozen zone. When the freezing front gradually moved down, the
unfrozen zone in the upper soil layer transformed into the frozen zone, and the unfrozen water underwent a freez-
ing phase change and decreased rapidly. Subsequently, the unfrozen water content showed a slow decreasing
trend with the negative temperature. On the other hand, there was a difference in the change of unfrozen water
content below the gravel layer between the silty clay and sandy soil columns. Due to silty clay having smaller
pores compared with sandy soils, a small accumulation of unfrozen water occurred in the soils below the gravel
layer. At the same time, unfrozen water also migrated downward by the gravitational potential. The sandy soil
has a weaker water-holding capacity compared to the silty clay and was more significantly influenced by the grav-
itational potential. Therefore, unlike the silty clay, the unfrozen water content of the sandy soil in the range of
50~60 cm was large compared to the initial water content. In both closed and open systems, silty clay and sandy
soil columns formed two water aggregation zones in the frozen zone. The first water aggregation zone was the
bottom of the temperature-controlled plate, which was aggregated in the form of frost, mainly formed by the wa-
ter vapor migration and condensation phase change of the top soil of the soil column. The second water aggrega-
tion zone was formed by the liquid-vapor mixing migration in the freezing zone: with the downward push of the
freezing front, the interface of disconnected pores was formed, liquid water migrates and aggregated toward the

0 C ice front and turned into ice, and the migration path of water vapor was blocked and condensed into ice, re-
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sulting in a significant increase of water content in this area. The open system resulted in greater water gain in
the two water aggregation zones compared to the closed system. In addition, the open system increased the la-
tent heat of phase change from water vapor migration, which increased the temperature gradient in the freezing
zone and in turn caused the first water accumulation zone to have a stronger pumping effect on the top soil water.
The water supplement rate of the specimen with time can be divided into two stages : rapid recharge stages I (0~
10 d) and slow recharge stage I (10~30 d). The water supplement rate of the silty clay column gradually de-
creased with time and tended to be stable. However, the water supplement rate of the sandy clay column showed
a sharp decrease with time and gradually decreased slowly. Compared with the silty clay, the sandy soil had larg-
er pores, and the effect of water vapor recharge on the water aggregation area was more obvious during the test
time; however, the water vapor recharge rate gradually decreased with time due to the weakened water holding
capacity of the sandy soil.

Key words: unidirectional freezing; unsaturated soil; water vapor migration; open system; closed system;

unfrozen water
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