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ABSTRACT 
Freezing of pore water in fine grained soils during frost penetration is an extremely dynamic process.  Horizontal ice 
lenses and vertical ice veins form at different spacing and growth rates as the pore freezing front penetrates into the 
ground.  The ice lens pattern and growth rates strongly depend on the boundary conditions, such as temperature 
gradient, cooling rate, or vertical pressures, and the characteristics of the soil, i.e. the grain size distribution or pore 
water salinity.  Time-laps photography and particle image velocimetry was used to study the dynamics of the freezing 
processes.  The digital image analyzing tool allowed for extracting the ice lenses from the soil and building a 
characteristic image that shows the change in ice lens growth for different conditions.  It was possible to follow the 
movements of the soil, which allowed measuring of ice lens growth and axial soil strains in-between ice lenses.  Within 
the time of the freezing tests these growth rates were nearly constant.  Based on these measurements, detailed soil 
strains can be determined within the freezing soil and ice lens growth rates can be determined, which will help in 
improving formulations for the strength and deformation behaviour of freezing and frozen soils. 
 
RÉSUMÉ 
Le gel de l’eau interstitielle dans les sols à grains fins est un processus extrêmement dynamique. Lors de la pénétration 
du front de gel dans le sol, des lentilles de glaces horizontales et verticales se forment à des taux de croissance et à 
des espacements variables. Le patron et le taux de croissance de ces lentilles dépendent fortement des conditions aux 
frontières telles que le gradient thermique, le taux de refroidissement, les pressions verticales ainsi que les 
caractéristiques du sol comme la granulométrie ou la salinité de l’eau. La photographie à intervalles et la vélocimétrie 
par image de particules (VIP) ont été utilisées pour étudier la dynamique du gel de l’eau dans les sols. Ces outils 
d’imagerie ont permis d’isoler les lentilles de glace et de construire une image caractéristique montrant les 
changements de leur taux de croissance selon les conditions. Il a ainsi été possible de suivre les mouvements du sol et 
par conséquent, de mesurer la croissance des lentilles de glaces et les déformations axiales exercées entre-elles. Au 
cours des essais de gel, le taux de croissance des lentilles était quasi constant. À partir de ces mesures, des relevés 
détaillés des déformations à l’intérieur des sols gelés ont pu être déterminés ainsi que les taux de croissance des 
lentilles de glaces, permettant ainsi d’améliorer les formulations du comportement mécanique des sols gelés ou 
subissant l’action du gel. 
 
 
 
1 INTRODUCTION 
 
In Northern environments, infrastructure such as roads 
and pipelines are exposed to both substantial 
temperature changes between summers and winters and 
significant precipitation.  When ground temperatures 
oscillate around zero degrees in the fall and spring, but 
also during warm winter days, the ground thaws and 
refreezes.  As phase change of the pore water occurs in a 
saturated fine grained soil, a series of complex 
mechanisms take place that can change the original 
structure (particle arrangement) of the soil.  The dynamic 
and extent of these mechanisms depend on various 
factors, such as temperature, water availability, salinity, or 
vertical pressure.  The formation of ice lenses (e.g. 
Konrad and Morgenstern 1980) in so called frost 
susceptible soils is only possible with the presence and 

migration of unfrozen water at temperatures below its 
freezing point (Williams 1967a; Williams 1967b; Williams 
1967c; Yong et al. 1979; Mageau and Morgenstern 1980; 
Patterson and Smith 1981; Oliphant et al. 1983; Patterson 
and Smith 1985; Black and Miller 1990; Brouchkov 2000).  
It is believed that migration of the free water is induced by 
a temperature gradient within the soil that induces suction 
and hence drives the movement of liquid water to the 
growing ice lens.   As a result, a zone forms between the 
pore freezing front (which is the zero degree isotherm 
within a non-saline soil) and the nearest ice lens that 
forms at the so called segregation freezing temperature 
(Konrad 1994). This zone has been referred to as the 
frozen fringe (Miller 1972). 
 
If water from an open source is available, it migrates 
continuously from this source through the frozen fringe 
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