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EXECUTIVE SUMMARY 

 
EBA Engineering Consultants Ltd. (EBA) was retained by the Terrain Sciences Division of the 
Geological Survey of Canada (GSC) to develop a state-of-the-art paper on frost heave. 
 
A technical review of a proposed pipeline in the Mackenzie Valley, NWT, must consider 
whether frost heave is understood sufficiently and can be controlled or limited to such an extent 
that safe construction and operation of a large diameter chilled gas pipeline is possible.  This 
state-of-the-art paper on frost heave provides a thorough review of frost heave theory, prediction 
models, acquisition of input data for prediction models, validation of theory and models by 
laboratory experiments, and applicability of frost heave theory, prediction models and laboratory 
experiments to northern pipeline design and operation. 
 
The number of publications on frost heave has increased considerably since the Berger inquiry in 
the 1970’s.  Frost heave theory developed by Miller 1978 has been proven in laboratory 
experiments and is accepted widely.  The rapid freezing, associated large thermal gradients, short 
test duration, and limited sample size have been recognized as limitations of small scale 
laboratory frost heave tests.  Large scale laboratory and field frost heave tests have been used to 
evaluate scale effects.  In addition, scaled frost heave tests in centrifuges have dealt with some of 
the testing time constraints. 
 
All current frost heave prediction models describe a set of variations of the same equations such 
as Fourier’s law, the heat continuity law, Darcy’s law, the mass continuity law, the Clausius-
Clapeyron equation, and a frost heave criterion.  These sets of equations are described for the 
frozen zone, the frozen fringe and the unfrozen zone of the freezing soil profile.  A complete 
frost heave prediction model includes a stress analysis that describes elastic and viscous 
behaviour by Hooke’s law and either the Norton-Hoff or Prandtl-Reuss law, respectively.  Most 
researchers and practitioners who proposed frost heave prediction models claimed successful and 
accurate predictions, validated by small scale and large scale laboratory tests. 
 
Frost heave prediction for buried chilled gas pipelines must consider all elements of the 
preceding paragraph, moving boundary problems associated with a moving freezing front and 
frost heave; mechanical behaviour of the buried pipeline, which includes the structural response 
of the pipeline to soil freezing; and interface conditions at the soil-pipeline interface.  The soil 
must be modelled as a 2D or 3D continuum.  A coordinate system and finite element 
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discretization must be used which accommodates the complex coupled heat and water flows and 
displacements that accompany the ice lenses in a pattern influenced by the cooling from the soil 
surface and pipeline.  The mechanical behaviour of the buried pipeline must be represented as a 
cylindrical shell which can possess complex non-linear stress-strain-time phenomena.  Pipeline-
soil interface behaviour must be described by interface phenomena such as frictionless contact, 
frictional contact or bonded contact and interface constitutive models determined from 
experiments. 
 
Frost heave prediction models require input data such as climatic data (temperature, precipitation 
snow cover thickness); soil properties (e.g. soil moisture content, particle size distribution, 
Atterberg limits, salinity and organic content), thermal soil properties, segregation potential, 
hydraulic conductivity, and unfrozen water contents.  The most critical input parameter for frost 
heave prediction models is the hydraulic conductivity of the frozen fringe.  The hydraulic 
conductivity of the frozen fringe is difficult to determine.  A procedure proposed by Konrad and 
Morgenstern 1980 to characterize frost susceptible soil in small scale laboratory tests in terms of 
their segregation potential describing the flow of water through the frozen fringe without 
knowledge of the hydraulic conductivity is used in many applications.  The frost heave 
prediction model input data can be obtained from weather stations, site investigations along 
proposed pipeline route; laboratory index testing, ditch wall logging, geophysical programs, 
instrumentation (including thermistors), small scale laboratory frost heave tests, and laboratory 
TDR tests. 
 
Frost heave research continues at several institutions and companies in countries such as Canada, 
USA, UK, Sweden, Finland, Russia, Japan and China.  Safe design of buried chilled gas 
pipelines in cold regions could benefit if some of these research activities were focussed on: a 
thorough elementary examination of the driving force of frost heave; development of a method to 
measure the hydraulic conductivity in the frozen fringe; development of an extensive database of 
frost heave test results; standardization of frost heave test procedures and equipment; 
development of a method to indirectly measure pressure at the location where a new ice lens 
forms; development of a three dimensional frost heave prediction model based on the rigid ice 
model of Miller (1978), the model of Shen and Ladanyi (1987) or the discrete ice lens theory of 
Nixon (1991), including an extensive stress analysis such as given by Shen and Ladanyi; 
commercial development of such an advanced practical model; clearer listings of the input 
parameters required for each frost heave prediction model (access to the computer code is often 
required to list these input parameters); and an overview of frost heave prediction for buried 
chilled gas pipelines that includes discussion of pipeline mechanics.  These suggested research 
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activities are not necessary requirements for safe pipeline design and serve academic, clarifying 
and informative purpose. 
 
Design of a chilled buried gas pipeline must consider the following: 
 
• An upper-bound estimate of the differential movement and stresses imposed on a pipeline 

due to frost heave and other processes; 
• An assessment of the level of accuracy in frost heave prediction required to safely construct 

and operate a buried chilled gas pipeline; 
• A thorough review of (differential) frost heave effects mitigation measures; 
• A thorough review of pipeline materials and their ability to withstand stresses generated by 

differential frost heave; 
• An evaluation of pipeline construction techniques that can limit differential frost heave 

stresses; and 
• An extensive monitoring program during pipeline operation. 
 
The quality of frost heave prediction models for buried chilled gas pipelines can only be fully 
assessed based on their performance and accuracy in predicting the stress-strain behaviour of soil 
and pipelines in large-scale laboratory and field experiments.   
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1.0 INTRODUCTION 
 

1.1 Background 
 
The increase of the natural gas price over the last decade, combined with the expiry of oil 
and gas pipeline construction ban as a result of the Berger inquiry in the mid 1970’s, 
prompted a renewed interest in oil and gas development in the Beaufort Sea/Mackenzie 
River Delta in the Northwest Territories, Canada.  Natural gas producing companies with 
leases in the Beaufort Sea/Mackenzie River Delta are currently gathering information 
required for the design of a natural gas pipeline from the Beaufort Sea/Mackenzie River 
Delta.  Construction and operation of a long pipeline is a major project with many 
technical, environmental, and socio-economic aspects.  The pipeline proponents have to 
comply with current regulations to obtain permits for the pipeline construction and 
operation.  Current legislation includes a federal environmental impact review process in 
which pipeline proponents need to submit documentation in which the technical, 
environmental, and socio-economic aspects associated with pipeline construction and 
operation are addressed, followed by public hearings.  Pipelines in which natural gas is 
transported must be buried for security reasons and for protection of the northern 
environment (Ladanyi and Lemaire 1984).  The Government of Canada has initiated a 
northern pipeline preparedness program in anticipation of an expected northern natural 
gas pipeline proposal.  The Terrain Sciences Division of the Geological Survey of 
Canada (GSC), a branch of the Department of Natural Resources Canada, will be 
involved during the permitting process in the review of technical aspects of pipeline 
construction and operation. 
 
Thermal degradation in areas with widespread to continuous permafrost conditions is 
limited by transporting the natural gas as a liquid, by maintaining a high pressure and 
subzero temperature in pipelines.  One of the technical aspects associated with a chilled 
buried gas pipeline is how differential frost heave affects the integrity of the pipeline.  A 
buried pipeline transporting gas at subzero temperatures generates a frost bulb around the 
pipeline.  Spatial variability of the amount of ice formed in the soil along the pipeline will 
result in differential frost heaving and differential stresses in the pipeline.  Differential 
frost heave occurs at soil type transition zones or at frozen – non-frozen soil interfaces.  
A technical review of a proposed Mackenzie Valley pipeline must consider whether frost 
heave is understood sufficiently and can be controlled or limited to such an extent that 
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safe construction and operation of a large diameter chilled gas pipeline is possible.  For 
such an assessment, the GSC seeks to obtain information on the following aspects of frost 
heave: 

 
• theory, prediction models, acquisition of input data for prediction models, validation 

of theory and models by laboratory experiments, and the applicability of frost heave 
theory, prediction models and laboratory experiments to northern pipeline design and 
operation; 

• stress-strain behaviour of soil and pipe and frozen/freezing soil pipe interaction 
observations in large/field scale tests and experiments in controlled and natural 
environments undertaken by industry and government; 

• use and applicability of centrifuge testing for frost heave assessment and pipeline 
design; 

• experience in mitigation of frost heave in operation of pipeline and associated 
facilities in Canada and Alaska; and 

• experience in mitigation of frost heave in operation of pipeline and associated 
facilities elsewhere, e.g. in the former Soviet Union, and their applicability to the 
design of a large diameter Mackenzie Valley gas pipeline. 

 
The GSC solicited the opinion of a number of experts to acquire this knowledge, as part 
of the Government of Canada’s northern pipeline preparedness program.  
EBA Engineering Consultants Ltd. (EBA) was asked to address the first aspect. 
  

1.2 Scope of Work 
 
The scope of work for this assignment is to develop a state-of-the-art paper on frost 
heave.  The state-of-the-art paper provides a thorough review of frost heave theory, 
prediction models, acquisition of input data for prediction models, validation of theory 
and models by laboratory experiments, and applicability of frost heave theory, prediction 
models and laboratory experiments to northern pipeline design and operation. 
 

1.3 Methodology 
 
Published state-of-the-art papers on frost heave were firstly reviewed.  These state-of-the-
art papers were written by several engineering practitioners and scientists during the last 
few decades: Miller 1980, O’Neill 1983, Smith 1985, Nixon 1987, Kay and Perfect 1988 
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Ladanyi and Shen 1989, Black and Hardenberg 1991, Konrad 1994, Black 1995, 
Jones 1995, Kujala 1997, and Henry 2000. 

 
This review was followed by a comprehensive literature search on the development of 
frost heave theory.  Innovations and shortcomings of theories and challenges to the 
proposed theories are briefly addressed concluding with a description of the current state 
of frost heave theory and our confidence level in the current frost heave theory. 
 
A comprehensive literature search on laboratory frost heave experiments was also 
performed.  An inventory was made of laboratory frost heave experiments such as those 
of Penner, Konrad, Akagawa, and many others.  A review framework was established 
that consists of a spreadsheet according to which procedures and results of individual 
tests could be categorized.  Each frost heave experiment is described in terms of 
experiment details such as: column dimensions, boundary temperatures, freezing rates, 
temperature control, top down or bottom up freezing, ramped or step freezing, water 
intake rates and volumes, number of freeze-thaw cycles, and test duration and soil type.  
Innovations and shortcomings of the laboratory experiments are briefly addressed 
concluding with a description of the current state of frost heave testing, availability of 
data, experience, the value of laboratory tests for frost heave prediction, and as support 
for proposed frost heave theory and models. 
 
A review framework was then established that consists of a spreadsheet according to 
which aspects of individual frost heave prediction models could be categorized and 
judged.  This review framework is an amended version of the evaluation system 
described in Schellekens (1997).  The aspects used for categorizing the proposed frost 
heave prediction models include the fundamental natural processes accounted for by each 
model, the manner that heat transfer, phase transfer, water flow, and resulting soil stress 
changes are accounted for, frost heave criteria, numerical and computing procedures 
used, assumptions and data requirements of each frost heave model.  A comprehensive 
literature search on frost heave prediction models was performed.  The review framework 
was used to describe the various aspects of a selection of the published models.  
Innovations and shortcomings of the models are briefly addressed concluding with a 
description of the current state of frost heave prediction modelling and our confidence 
level in the current frost heave models.  
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Finally, a literature search on the use of frost heave predictions for pipeline design was 
performed, to evaluate the requirements and procedures for reliable prediction of frost 
heave effects on chilled buried gas pipelines.  
 
Literature searches included the publications and libraries of the Arctic Science and 
Technology Information System (ASTIS) of the University of Calgary, the Cold Regions 
Research and Engineering Laboratories (CRREL) of the US Army Corps of Engineers, 
and the Scott Polar Research Institute (SPRI) in Cambridge, UK, in addition to a library 
search at the University of Alberta and WWW-searches.  The sources used for this paper 
are mainly from North America and Northern and Western Europe, with some 
publications in English by Russian, Chinese and Japanese researchers.  The literature 
used is almost exclusively that, which exists in the public domain.  It should be realized 
that many reports on frost heave around buried chilled gas pipelines are proprietary 
information of companies such as Canadian Arctic Gas Limited, Polar Gas, Foothills Pipe 
Lines Ltd., the Gas Arctic/Northwest Project Study Group or Northwest Alaskan Pipeline 
Company. 
 
The assignment was concluded with a description of the present state of knowledge, the 
status of ongoing research, deficiencies and gaps in the knowledge base, and additional 
work required based on the reviews of frost heave theory, prediction models and 
performed tests. 
 

2.0 FROST HEAVE THEORY 
 

2.1 Historical Review 
 
The theory to explain frost heave in soils has been developed and refined between 1920 
and 1990.  Frost heave has been studied by soil scientists, soil physicists, chemists, 
chemical engineers, geotechnical engineers, mathematicians, mechanical engineers, 
geographers, hydrologists and agricultural engineers.  The development of frost heave 
theory, laboratory and field frost heave tests and frost heave prediction models, occurred 
in Canada, the USA, Russia, China, Japan, France, UK, Sweden, Norway and Finland.  
The findings have been published in in-house institutional reports, peer reviewed 
scientific journals, conferences and symposia. 
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The scientists and practitioners usually published their findings in journals or presented at 
conferences and symposia of their own discipline.  A lack of communication between 
practitioners from the various disciplines contributed to some misunderstanding and 
disagreement on the topic of frost heave between scientists and practitioners, until 
collaborations between scientists and practitioners from various disciplines started to 
generate useful results in the 1980’s (e.g. Miller and O’Neill; and Guymon, Hromadka 
and Berg).  
 
A number of useful state of the art papers on some aspects of frost heave have been 
presented by: Miller 1980, O’Neill 1983, Smith 1985, Nixon 1987, Kay and Perfect 1988, 
Ladanyi and Shen 1989, Black and Hardenberg 1991, Konrad 1994, Black 1995, 
Jones 1995, Kujala 1997 and Henry 2000.  A summary of the most significant 
contributions to the development of the theory of frost heave is given in Table 1. 
 

2.2 Current State 
 
Frost heave is the upward movement of the ground surface or objects on or in the ground 
caused by the formation of ice in the soil.  When a freezing front penetrates into a soil, its 
pore water freezes and expands, which is called in-situ freezing.  Water from the 
unfrozen soil below is drawn into the freezing soil by a suction induced by the freezing 
process.  This migrated water freezes in ice lenses that segregate the soil particles.  This 
process is known as segregation freezing.  Many thick ice lenses form in moist soils that 
have a hydraulic conductivity that is high enough for water flow to occur, and in which 
large water potential gradients develop during long periods of slow penetrating subzero 
temperatures.  Such conditions occur in slow freezing of highly frost-susceptible fine-
grained soils, in which the resulting segregated ice lenses account for most of the frost 
heave.  An ice lens grows at some distance behind the freezing front (Andersland and 
Ladanyi 2004).  The zone between the base of the warmest ice lens and a freezing front is 
known as the frozen fringe (Miller 1972).  A new ice lens commences to form in the 
frozen fringe where the effective stress decreases to zero (normal stress equals neutral 
stress) or in other words where the ice pressure equals the cohesive and overburden 
pressures (Gilpin 1980).  Water and ice in the frozen fringe may or may not be in 
thermodynamic equilibrium with each other regionally (or everywhere in the frozen 
fringe), though agreement exists that locally water and ice are in thermodynamic 
equilibrium. 
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Table 1 
MOST SIGNIFICANT CONTRIBUTIONS TO FROST HEAVE THEORY 

DEVELOPMENT 
Author(s) Year Contribution 
 
Bouyoucos 

 
1920 

 
Water in soil does not freeze at one temperature 

 
Taber 

 
1929 

 
Frost heave is generated by growth of ice lenses instead of expansion of freezing water 

 
Casagrande 

 
1931 

 
Frost heave susceptibility depends on the soil particle percentage finer than 20 µm 

 
Beskow 

 
1935 

 
Frost heave can be limited by application of a surcharge on the soil surface 

 
Schofield 

 
1935 

 
A pF scale for the Gibbs' free energy based on measured freezing point depression 

 
Edlefsen and Anderson 

 
1943 

 
Rigorous analysis of the thermodynamics of soil moisture 

 
Gold 

 
1957 

 
Frost heave mechanism based on the surface tension of the ice/water interface below the 
ice lens 

 
Phillip and De Vries 

 
1957 

 
Water movement is a result of a thermal gradient 

 
Jackson and Chalmers 

 
1958 

 
Heaving mechanism based on the kinetics of solidification 

 
Cass and Miller 

 
1959 

 
The driving force of frost heave is the osmotic potential of diffuse electric double layers 
on grain surfaces. 

 
Miller et al. 
 

 
1960 
 

 
The driving force of water flow to an ice lens is a combination of the osmotic potential 
gradient of diffuse electric double layers on grain surfaces and the surface tension of the 
water/ice interface below the ice lens. 

 
Everett 

 
1961 

 
Rigorous analysis of the surface tension model implies an upper limit on the pressure at 
which an ice lens can grow. 

 
Hoekstra 

 
1966 

 
Ice and water are not in equilibrium with each other during ice lens formation and frost 
heave. 

 
Miller 

 
1973 

 
A capillary sink mechanism accounts for freezing induced moisture redistribution. 

 
Groenevelt, 
Raats 

 
1974 
1975 

 
Further theoretical development of heat and water transport in freezing soils using 
irreversible thermodynamics. 

 
Miller et al. 

 
1975 

 
Further theoretical development of heat and water transport in freezing soils using 
irreversible thermodynamics, using commonly accepted soil functions. 

 
Miller 

 
1977 

 
Ice forms in soils at the freezing front (primary heave) or behind the freezing front 
(secondary heave); ice in a frozen fringe beneath an ice lens moves by regelation at the 
same velocity as the ice lens. 

 
Miller; Taylor and 
Luthin; Gilpin 

 
1978 
1980 

 
Introduction of frost heave criteria for initiation of a new ice lens 

 
Forland and Ratkje 

 
1980 

 
Further theoretical development of heat and water transport in freezing soils using 
irreversible thermodynamics. 

 
Horiguchi 

 
1987 

 
The driving force of water flow to an ice lens is the osmotic potential gradient. 

 
Shen and Ladanyi 

 
1987 

 
Introduction of a description of the stress field in freezing soil. 
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A soil in which a frost front penetrates experiences transient freezing.  The frost heave 
resulting from the formation of each warmest ice lens and pore ice formation in the 
frozen fringe during this phase is known as transient frost heave (Konrad and 
Morgenstern 1982).  Transient freezing is followed by stationary freezing, which occurs 
when the penetrating freezing front reaches a thermal equilibrium state, and will not 
further penetrate into the soil.  During stationary freezing, only the frozen and partially 
frozen soil zones experience further cooling below 0° C.  The frost heave associated with 
this stationary freezing phase occurs during the formation of the last ice lens, and is 
known as stationary frost heave (Akagawa 2000).  Further freezing of unfrozen soil pore 
water and unfrozen water films surrounding soil particles behind the warmest ice lens or 
further growth of ice lenses behind the warmest ice lens due to water redistribution in the 
frozen soil, is known as long-term frost heave (Goto and Takahashi 1982).  In summary, 
total frost heave consists of heave as a result of in situ freezing of pore water and growth 
of ice lenses, which both occur during transient, stationary and long term freezing. 
 
Coarse-grained soils with relatively high gravel and coarse sand contents do not 
experience significant frost heave (Linnell and Kaplar 1959, Chamberlain 1981).  In 
heavy clays, large water potential gradients are developed during freezing.  However, 
their very low hydraulic conductivity limits the water flow to the freezing soil and with 
that, the amount of frost heave occurring.  Soils with a high silt content are the most frost 
susceptible, due to relatively high suction compared to sands and relatively high 
hydraulic conductivity compared to clays. 
 
Many soils in the Mackenzie Valley have an abundant water supply for frost heave.  
Under lakes, rivers and swamps the permafrost table is often lower than under the 
surrounding terrain, but the soil conditions under lakes, rivers and swamps are very wet.  
Frost heave may be limited due to low water availability in thick gravel and coarse sands, 
and in thick stiff, relatively dry clays, especially in regions with low precipitation (arid 
environments or so called polar deserts). 
 
The osmotic potential gradient is an important part of the total water potential gradient 
that is the driving force of water movement from the unfrozen soil to the freezing soil 
zone.  Soil pore water salts decreases the osmotic gradients and as a result, frost heave in 
soils with high soil pore water salinity is less than in soils with relatively low soil pore 
water salinity. 
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An increase in external surcharge on a soil limits the amount of frost heave of that soil.  
However, there is still debate about the existence or non-existence of a soil specific 
surcharge (or shut off pressure as mentioned by Arvidson and Morgenstern 1977, and 
Hill and Morgenstern 1977) that terminates frost heave completely. 
 

3.0 SMALL SCALE LABORATORY FROST HEAVE EXPERIMENTS 
 

3.1 Review Framework 
 
A frost heave laboratory experiment review framework was established that consists of a 
spreadsheet in which individual laboratory frost heave experiments could be compared to 
each other in terms of their purpose, procedures, methods, equipment and soils used, and 
in terms of their results. 
 

3.2 Historical Review 
 
Numerous laboratory and field experiments have been conducted to determine the frost 
heave potential of soils, to acquire input data for frost heave prediction models, and to 
validate frost heave theory and mathematical models.  Most of the reviewed published 
test data were performed for a scientific purpose.  Many frost heave tests performed for 
the design of foundations, pipelines, railways, road and airport pavements have not been 
published. 
 
The number of published frost heave experiments increased from the mid 1950’s up to 
1990.  An extensive (though far from complete) list of published frost heave tests is 
provided in Appendix A.  The purpose, procedures, methods and equipment, soils, and 
the results of selected frost heave experiments are summarized in Table A.1 in 
Appendix A. 
 
Typical laboratory frost heave tests involved temperature controlled freezing of an 
instrumented 1 to 30 cm (typically 10 cm) long soil column with a diameter of 6 to 30 cm 
(typically 10 cm) between a relatively cold and a relatively warm plate.  The 
instrumentation consisted in most cases of 8 to 15 thermistors or thermocouples, a 
displacement (or frost heave) measuring device, and a water intake measuring device.  
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Pressure measuring devices such as small porous cups and internal strain measuring 
devices such as small lead spheres were included in some experiments.  X-ray scans were 
taken to locate the lead spheres or to locate ice lenses during and after the frost heave 
experiment in some non-standard experiments. 
 
Some experiments were performed in which a closed freezing system existed, i.e. the soil 
column did not have an external water supply, and did not experience a gain or loss of 
water.  However, most tests were performed using open system freezing conditions, 
i.e. the soil column had an external water supply, and water could be taken up or could be 
discharged from the soil.  Usually a constant head was maintained on the external source 
of water. 
 
The experimental set up was placed in a temperature chamber to minimize heat loss and 
heat gains between the test soil and the surroundings.  The temperature of each plate was 
usually controlled by circulating a fluid from a temperature controlled bath through the 
plate.  Originally, top down freezing experiments were common, while bottom up 
freezing is applied in most current frost heave experiments, because the cold plate 
maintains a better contact with the soil during bottom up freezing than in a top down 
freezing experiment, and the side wall friction forces are reduced.  Temperatures of the 
warm side of the column ranged from –0.2°C to 10°C and temperatures of the cold side 
ranged from –20°C to –0.1°C.  Originally ramped freezing experiments were performed 
in which the temperature of the cold plate and sometimes the warm plate were lowered at 
constant rates that ranged from –0.02 to –10°C/hr.  Step freezing experiments in which 
the temperature of the cold side and sometimes the warm side of the soil column were 
lowered in 1 to 3 steps that ranged from –2 to –15°C have become more common over 
the last decades. 
 
Most frost heave experiments have been performed with some surcharge or additional 
overburden on the soil column.  This surcharge ranged from 20 to 250 kPa.  In most 
experiments, the soil column was subjected to one freezing cycle, but in some 
experiments the soil column was subjected to one or more freezing and thawing cycles. 
The duration of a freezing cycle ranged from 2 to 1000 hrs, and the duration of a frost 
heave test ranged from 2 to 1000 hours, while the most common frost heave test duration 
was between 100 and 120 hours. 
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Prior to and after a frost heave experiment, soil properties such as particle size 
distribution, wet and dry density, porosity, moisture content and saturation were 
determined.  The measured temperatures, total displacement or frost heave, and water 
intake were plotted vs. time.  Pressures and displacements within the soil column were 
plotted vs. time in experiments in which these parameters were measured.  Additional 
parameters such as thermal gradients, water intake rates and the segregation potential, 
were derived from these measurements. 
 
Remoulded and undisturbed samples of a variety of soils ranging from clay and silts to 
granular soils such as sands and crushed limestone were used in frost heave tests.  The 
most frequent tested soils were high frost susceptible clayey silts. 
 
The most significant observations from frost heave experiments are listed in Table 2. 
 

3.3 Current State 
 
Strict international or national standards for equipment, procedures and methods to 
perform frost heave tests, are currently not available despite occasional calls for such 
standards.  A standard procedure was developed to perform frost heave tests at the 
National Research Council of Canada (Penner and Eldred 1985).  Another frost heave test 
procedure, ASTM procedure (D5918-96) to determine the frost susceptibility of a soil 
was developed based on experimental work performed by Chamberlain et al. 1984 and 
Johnson et al 1986 at the United States Army Corps of Civil Engineers Cold Regions 
Research and Engineering Laboratories (CRREL) in Hanover, New Hampshire.  This 
procedure is rarely used for tests to derive parameters for frost heave prediction. 
 
Soil samples in most small scale or bench type frost heave tests in North America are 
frozen in a five day long open system bottom up freezing of remoulded or undisturbed 
soil samples that are typically 5 to 20 cm long and 6 to 15 cm in diameter in an 
instrumented frost heave cell.  The instrumentation consists in most cases of 8 to 
15 thermistors, a displacement (or frost heave) measuring device, and a water intake 
measuring device. 
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Table 2 

SIGNIFICANT OBSERVATIONS FROM FROST HEAVE EXPERIMENTS 
Observations Source 
 
Rhythmic ice lens banding 

 
Taber 1929, 1930, Martin 1959 

 
Water migrates at sub-zero temperatures 

 
Dirksen 1964, Hoekstra 1966 

 
Heaving pressures are much higher than predicted by 
capillary driving force theory 

 
Penner 1967, Hoekstra 1969 water movement 
paper, Sutherland and Gaskin 1973 

 
Water flows through frozen soil 

 
Hoekstra 1969, Xu at al. 1985 

 
Hydraulic conductivity decreases with temperature 
below 0°C 

 
Burt and Williams  1976 
 

 
During initial rapid freezing water is expelled from the 
freezing soil into unfrozen soil 

 
Penner and Ueda 1977, Loch and Kay 1978 
 

 
Thermodynamic equilibrium exists at ice-water contact 
in frozen fringe 

 
Vignes and Dijkema 1974, Biermans et al 1978 

 
Frozen fringe exists 

 
Loch and Kay 1978, Loch 1979 

 
Water migrates within the frozen fringe 

 
Penner and Walton 1978, Mageau and 
Morgenstern 1980 

 
In one step frost heave tests the frost heave process 
occurs in three phases: 1. constant water intake 
velocity; 2. water intake velocity decreases 
continuously with time and 3. frost heave rate decreases 
monotonically with time (growth of final ice lens) 

 
Konrad and Morgenstern 1980, Akagawa 1988 

 
During formation of the last ice lens, the water intake is 
proportional to the temperature gradient 

 
Konrad and Morgenstern 1980 

 
Ice lenses can develop in frozen soil beyond the 
warmest ice lens 

 
Penner and Goodrich 1980, Ohrai and 
Yamamoto 1985 

 
Regelation occurs in freezing and frozen soil 

 
Ohrai and Yamamoto 1985 

 
Long term heave occurs 

 
Caen experiment, Goto and Takahashi 1982 

 
Transient frost heave accounts for 25% of the total frost 
heave, stationary heaving accounts for 70% and long-
term heaving accounts for 5% of total frost heave in 
400 hour long laboratory frost heave test 

 
Caen experiment, Goto and Takahashi 1982 
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The warm side temperature is typically 0 to 5°C; the cold side temperature is typically 
-3 to –12°C, and the boundary temperature(s) are decreased in one to three temperature 
steps.  The experimental setup is placed in a temperature chamber to minimize heat loss 
and heat gains between the test soil and the surroundings.  The temperature of each plate 
is usually controlled by circulating a fluid from a temperature controlled bath through the 
plate.  A constant head is maintained on the external source of water. 
 
Most frost heave experiments are performed with some surcharge or additional 
overburden on the soil column.  This surcharge ranges from 20 to 250 kPa, which is 
equivalent to 1 to 15 m of soil on top of the heaving soil sample.  The soil column is 
typically subjected to one freezing cycle. 
 
Prior to and after a frost heave experiment, soil properties such as particle size 
distribution, wet and dry density, porosity, moisture content and saturation are 
determined.  The measured temperatures, total displacement or frost heave, and water 
intake are plotted vs. time.  Additional parameters such as thermal gradients, water intake 
rates and the segregation potential, are derived from these measurements. 
 
The following has been proven from frost heave tests: 
 
• Ice forms in pores and in segregated ice lenses when a freezing front penetrates a soil 

containing water; 
• The further the freezing front penetrates in the soil, the thicker the ice lenses and the 

further the lenses are spaced apart from each other; 
• The ice lenses form in a direction perpendicular to the heat extraction, behind the 

freezing front; 
• Water movement occurs from the unfrozen soil to the freezing soil as a result of a 

thermal gradient in a freezing soil; 
• Slow freezing and associated small temperature gradients cause thicker ice lenses and 

more frost heave than fast freezing and associated large temperature gradients; 
• Bottom up freezing of a soil column in a frost heave test results in a higher frost 

heave than that of a soil column subjected to top down freezing; 
• Water movement occurs within the frozen fringe and within the frozen soil;. 
• Water redistribution during freezing occurs by water flow through unfrozen water 

films and movement of ice by regelation; 
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• Ice lenses continue to grow after new ice lenses have been formed at warmer 
locations within the soil; 

• The water intake during the formation of the final ice lens in a laboratory frost heave 
test is proportional to the temperature gradient; the proportionality parameter is the 
segregation potential of the soil; 

• The segregation potential is a function of the suction, thermal gradient and surcharge; 
• Salt concentrations in the soil pore water decrease the amount of frost heave of the 

soil; and 
• The amount of frost heave decreases with an increase in surcharge on the heaving 

soil.  
 
The following is not proven, or requires further study: 
 
• An extensive database of frost heave test results does not exist; and 
• A method to (indirectly) measure pressure at the location where a new ice lens is 

forming, should be developed. 
 
The following laboratories in Canada have frost heave test capabilities that have been 
used recently: AMEC Earth & Environmental Ltd., Calgary; Carleton University, 
Ottawa; EBA Engineering Consultants Ltd., Edmonton; Golder Associates, Calgary; and 
Laval University, Quebec City.  C-Core in St. John’s has the capability to perform 
centrifuge frost heave experiments. 
 

4.0 FROST HEAVE PREDICTION MODELS 
 

4.1 Modelling of a Natural Process 
 
A natural process or system may be represented in a model, once knowledge of a process 
is obtained from experiments and observations in the field and laboratory.  The more is 
known about the process involved, the better reality can be represented in the model.  
Models are used to predict the result of a process, and are used to develop a better 
understanding of the process. 
 
The two main categories of models are: physical models (scale models and analog 
models) and theoretical models.  A physical model may be used to visualize a problem. 
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An example of a scale model of the relief of the terrain is a 3D model made of gypsum or 
plastic.  An example of an analog model is the representation of water flow by an 
electrical circuit.  Theoretical models can be subdivided into: statistical models (random/ 
phenomenological, probabilistic and stochastic models) and deterministic models 
(mechanistic or non-mechanistic models), or a mixture of these (e.g. stochastic-
deterministic models).  In a statistical model or process, probabilities or chances of a 
process happening, or a process variable taking a certain value, are calculated.  The 
statistical model is called a random or phenomenological model, if the chances are based 
on correlation and not determined by any physical laws.  The statistical model is called a 
probabilistic model, if the chances to get certain outcomes are larger than others.  The 
probabilistic models are called stochastic models in the special cases that chances depend 
on time.  In statistical models, the emphasis is on finding correlation between variables 
that might be important in the process, without knowing exactly how the process works.  
Therefore, these models are very useful in the exploratory phase of research into a 
process. 
 
It may be possible to work towards a deterministic model when more details are known 
about the process.  In a deterministic mode, the relation between cause and effect is 
mathematically described.  A mechanistic model of a process in nature aims at a detailed 
physics-based description of all known sub-processes and interactions of variables 
involved in the process.  Certain simplifying assumptions to omit complex or speculative 
relationships are used in a non-mechanistic model. 
 
The process or system in reality may be represented or simulated by any of the models 
mentioned above.  The most desirable description of reality is a mechanistic deterministic 
model.  An exact solution of the problem may be obtained analytically, or an 
approximation of the exact solution may be found numerically once the problem is 
formulated mathematically in a mechanistic deterministic model.  Sometimes numerical 
procedures lead to the exact solution.  The main advantage of using numerical methods is 
that they can be written as a computer program, and a computer may perform the 
calculations. 
 
A practical model is a model that delivers predictions that are as accurate as possible, 
while the model is kept simple or otherwise user friendly, computer requirements such as 
required software and hardware and required computing time are kept within reasonable 
limits, and for which the input parameters are relatively easy to determine.  
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Generalization, such as simplifying the physical base of the process by omitting certain 
details, or a decrease of the amount of spatial or temporal steps in the numerical 
approximation, may be necessary to reduce the computing time in order to make the 
model practical and to obtain an optimal efficiency.  The errors generated by these 
actions should remain within a limited range.  Whether these errors are allowable 
depends on the purpose of the model.  Some degree of generalization or simplification, 
usually required to make scientific mechanistic deterministic models practical, results in 
non-mechanistic deterministic models being used in practice. 
 
The input data required for the model should be evaluated.  Input data which can be 
measured, and input data which cannot be measured should be estimated.  
Generalizations and approximations in the determination of the input data may be 
necessary and possible; however, the quality of the output of a model will only be as 
good as the quality of the model and its input data.  It is important to know which 
parameters are crucial in the determination of the output.  A sensitivity analysis can be 
performed to evaluate the sensitivity of the output to each of the input data parameters.   
The conditions under which the model is valid must be outlined.  This depends on the 
assumptions and the validity of the physical laws used in the model. 
 
The model has to be tested.  Calculated results can be compared to measurements and 
observations of the calculated variables in reality (in natural processes those 
measurements may be field or laboratory measurements), or the calculated results may be 
compared with those calculated with other models.  The latter method is less accurate 
than the former, because it is often not sure if the model with which the new model is 
compared is a close approximation of reality.  The importance of each detail in a model 
can be evaluated by comparing a version of the model that incorporates that detail with a 
version that does not incorporate that particular detail. 
 

4.2 Review Framework 
 
A review framework that consists of a spreadsheet in which various aspects of frost heave 
prediction models are listed has been developed to provide a means to describe and 
compare the models.  These aspects include the fundamental natural processes accounted 
for by each model, the manner that heat transfer, phase transition, water flow, heat and 
water flow coupling and resulting soil stress changes are accounted for, and frost heave 
criteria.  This review framework is an amended version of the frost heave model 
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evaluation system described by Schellekens (1997).  A classification system is used to 
categorize the models, based on the natural processes model types mentioned in the 
previous section and the most significant features included in each model.  The following 
categories of frost heave prediction models have been used: 
 
1. Frost heave driving force models 

a. Capillary driving force models 
b. Adsorption driving force models 

 
2. Frost heave prediction models 

a. Statistical frost heave prediction models 
b. Deterministic frost heave prediction models 

 
Deterministic frost heave prediction models can be further categorized depending on 
whether they do include or do not include a frozen fringe (F), thermodynamic equilibrium 
(T), a frost heave criterion (C), regelation (R), and stress analysis (S).  Assumptions 
determine if the deterministic model is mechanistic (M) or non-mechanistic (N).  For 
example, the discrete ice lens model of Nixon (1991) is categorized as 2bFTCM. 
 

4.3 Historical Review 
 
The first frost heave modelling attempts such as the work of Gold (1957), Cass and 
Miller (1959) and Everett (1961), focussed on the modelling of the driving force of water 
flow toward a freezing soil zone.  The first frost heave prediction models that included a 
mathematical model of the frost heave process, numerical approximations of the 
analytical formulations, a computer code to perform the calculations, and an ultimate 
frost heave prediction were proposed in the 1970’s.  From the 1970’s until the mid 1990’s 
many models were proposed, while frost heave prediction modelling activity has 
decreased over the last decade.  A listing of almost one hundred published frost heave 
models is given in Appendix B.  A selection of the models listed was examined in detail 
using the review framework.  The review is summarized in Table B.1 in Appendix B. 
 
The most significant steps in the development of frost heave prediction modelling are 
listed in Table 3. 
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Table 3 
MOST SIGNIFICANT DEVELOPMENTS IN FROST HEAVE PREDICTION 

MODELLING 
Development Source 
 
Model of the driving force of frost heave 

 
Gold 1957 

 
First frost heave prediction model using a coupled heat and water flow 

 
Harlan 1973 
 

First frost heave prediction model, a frost heave criterion and an ice 
phase moving by regelation 

Miller 1978 
 
 

Frost heave prediction model that used a slightly different frost heave 
criterion 

Gilpin 1980 
 
 

First detailed procedure to obtain frost heave prediction model input 
parameters and suggestions for their use in frost heave prediction 

Konrad and Morgenstern 1980, 
1981, 1982 
 

 
First mechanistic solution of the Miller 1978 model 

 
O'Neill and Miller 1982, 1985 

 
First simplification (non-mechanistic solution) of O’Neill and Miller’s 
1982 solution of the Miller 1978 model 

 
Holden and Jones 1985 
 

 
A mechanistic model that considered the osmotic potential gradient as 
the driving force of frost heave 

 
Horiguchi 1987 
 

 
First frost heave prediction model that considered detailed stress 
development in the freezing soil 

 
Shen and Ladanyi 1987 
 

 
Redefinition of the mechanistic solution of the Miller 1978 model by 
O’Neill and Miller 1985, using the input parameter procedures proposed 
by Konrad and Morgenstern 1980, and addition of a detailed stress 
analysis 

 
Shah 1990 
 
 
 
 

Mechanistic frost heave prediction model that included solute transport Padilla and Villeneuve 1990, 1992 
 

 
Mechanistic two dimensional frost heave prediction model using a 
coupled heat and water flow, a frozen fringe, a frost heave criterion and 
stress analysis 

 
Frémond and Mikkola 1991 
 
 

  
Development of a practical standard frost heave prediction model by U.S. 
Army CRREL 

Guymon et al. 1993 
 

 
Development of a practical standard frost heave prediction model for 
frost heave prediction under Finnish roads 

 
Saarelainen 1992 
 

 
Development of a practical standard frost heave prediction model for 
frost heave prediction under Swedish roads 

 
Sheng et al. 1995 
 
 

Further simplification of the O’Neill and Miller’s 1982 solution of the 
Miller 1978 model 

Fowler and Noon 1993, Gorelik et 
al. 1998, Fowler 2003 
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4.4 Current State 

 
The current practical frost heave prediction models are non-mechanistic deterministic 
models, in which the soil subjected to freezing is divided into three zones: the frozen 
zone, the frozen fringe and the unfrozen zone.  Water and heat flow, and deformations as 
a result of stresses and pressures, are treated separately for each zone.  The frozen fringe 
is a very thin zone with a thickness depending on soil type and freezing rate, varying 
mainly from a fraction of 1 mm to l0 mm, and up to 100 mm where very small thermal 
gradients exist.  The latent heat release in this thin zone originally generated many 
computational problems.  Continuum mechanics procedures gained popularity since the 
early 90’s.  In these procedures, the frozen fringe is reduced to a boundary over which 
parameters jump in value.  This treatment has had considerable success. 
 
Heat transfer and phase transition in each zone of the freezing soil are described by the 
Fourier equation and mass energy continuity equation, often combined in the general heat 
transfer equation.  Current frost heave prediction models consider a water potential 
gradient induced by the thermal gradient in a freezing soil as the driving force for water 
flow from the unfrozen soil to the freezing soil.  The Darcy and mass continuity 
equations, often combined in the general moisture transfer equation, are used to describe 
water flow in the unfrozen zone, frozen fringe and frozen zone.  The heat and water 
transfer are coupled in a form of the Clausius-Clapeyron equation, which is valid for 
thermodynamic equilibrium in the frozen fringe, especially at the base of the ice lens. 
 
In the frost heave prediction model, a relationship or frost heave criterion is included that 
prescribes the location of the formation of the new (warmest) ice lens.  Examples of such 
a criterion are: 85% ice content in soil pores (Taylor and Luthin 1978), zero effective 
stress (Miller 1978), or a separation pressure equalling overburden pressure and cohesion 
(Gilpin 1980).  Some models include a detailed stress analysis, describing elastic and 
viscous behaviour using Hooke’s law and either the Prandtl-Reuss or Norton-Hoff law.  
The frost heave calculation includes freezing of pore water in situ and freezing of water 
in segregated ice lenses. 
 
The analytical formulation of the coupled heat and water flow equations is usually 
approximated by a Galerkin weighted residual finite element method in the space domain 
and a finite difference method in the temporal domain.  The analytical formulation of the 



1100051 - 19 - June 2004 
 
 
 

 
State of the Art Paper on Frost Heave June 2004.doc 
                                      
   

 
 
 

stress analysis is usually approximated by a Ritz finite element method in the space 
domain and a finite difference method in the temporal domain. 
 
Published frost heave prediction models currently used in practise are given with the 
regions in which they are used in Table 4: 
 

Table 4 
PUBLISHED FROST HEAVE PREDICTION MODELS CURRENTLY USED 

Model Developer Institute or Company Region of Use 
Nixon 1991 Nixon Geotech Canada, Alaska 
 
Konrad and Morgenstern 1980 

 
Laval University 

 
Canada, Japan 

 
Guymon et al. 1993 

 
Cold Regions Research & 
Engineering Laboratory 
(CRREL) 

 
USA 

 
N/A 

 
Transport and Road Research 
Laboratory (TRRL), Department 
of the Environment 

 
UK 

 
Frémond and Mikkola 1991, 1993 

 
Laboratoire Central des Ponts et 
Chaussées (LCPC) 

 
France 

 
Sheng et al 1995 

 
University of Technology Lulea 

 
Sweden 

 
Saarelainen 1992 (SSR) 

 
Valtion Teknillinen 
 Tutkimuskeskus (VTT, 
Technical Research Centre) 

 
Finland 

 
Successful predictions have been claimed by the authors of all the models mentioned in 
Table 4. 
 
Description of the heat flow requires knowledge about the thermal properties of the soil, 
and the local cyclical climatic input data, including climatic trends.  Darcy flow through 
the frozen fringe requires the hydraulic conductivity of the frozen fringe.  This hydraulic 
conductivity of the frozen fringe is the most significant input parameter required in frost 
heave prediction models because it varies with temperature below 0°C by several orders 
of magnitude.  Nixon (1991) presents a compilation of measured subzero hydraulic 
conductivities.  Konrad and Morgenstern (1980, 1981) proposed a water flow to the 
warmest ice lens determination method that avoids determination of the hydraulic 
conductivity of the freezing fringe.  This method uses the temperature gradient and a 
mapped soil specific segregation potential surface, and has been successfully applied in 
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many engineering design projects.  Nixon’s compilation could be extended and used 
concurrently with Konrad and Morgenstern’s SP-method to determine the water flux 
density in the frozen fringe. 
 
Other frost heave prediction model input parameters that are difficult to determine are the 
frost heave criteria such as the stress partitioning factor of Miller 1978 or the separation 
pressure of Gilpin 1980, although some researchers and practitioners who developed 
solutions of these two conceptual models claimed good agreement of predicted and 
measured frost heave in laboratory experiments after estimating these parameters. 
 
A few researchers continue with efforts to improve existing frost heave models 
(e.g. a version of the Miller 1978 model by Fowler 2003), although currently not much 
effort is put towards the further development of the existing frost heave models.  
A 3-dimensional frost heave prediction model has not been published. 
 
The frost heave prediction models that show the most promise for further development 
are those of Shen and Ladanyi (1987), Frémond and Mikkola (1991), and Shah (1990).  
Advances have been made to simplify and improve Frémond and Mikkola’s model.  
Shah’s model could be simplified.  A first attempt of simplification by Wang (1994) was 
not successful, because critical elements such as the frost heave criterion were omitted.  
Currently most of the modelling effort focuses on the development of frost heave models 
for four specific applied purposes: 
 
• Modelling of (differential) frost heave along buried chilled gas pipelines; 
• Modelling of (differential) frost heave along (oil) pipelines in cold environments; 
• Modelling of (differential) frost heave under highway and airport pavements and 

railroad tracks; and 
• Modelling of (differential) frost heave under and around foundations, piles and 

retaining walls 
 
These four fields of frost heave prediction application have their own specific issues.  
The first category of frost heave models is further discussed in the following section. 
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5.0 FROST HEAVE PREDICTION FOR BURIED CHILLED GAS PIPELINES 
 

5.1 Problem Statement 
 
The prediction of frost heave around buried chilled gas pipelines requires the following to 
be considered: 
 
• a frost heave prediction model as presented in Section 4.4; 
• the complex geometry due to a planar heat source or heat sink at the soil surface, and 

a cylindrical heat source or heat sink formed by the pipeline; 
• the seasonal variability of the ground surface thermal boundary; 
• the response of the pipeline to the frost heave process; and 
• the soil-pipeline interaction. 
 
Buried chilled gas pipelines generate freezing and frost heave of the surrounding soil in 
addition to the natural occurring freezing and frost heave.  In the summer, the soil 
surrounding the chilled gas pipeline is warmer than the pipeline.  Heat flow occurs from 
the soil surface downward, and from the soil surrounding the pipeline towards the pipe.  
The pipeline itself is the source of cooling, freezing and frost heave.  In the winter the 
soil surrounding the pipeline is colder than the pipeline and heat flows from the pipeline 
towards the surrounding soil.  A 2-D or 3-D frost heave prediction model is required for a 
proper modelling of soil freezing and frost heave around a buried chilled gas pipeline. 
 

5.2 Historical Review 
 
Frost heave prediction models for buried chilled gas pipelines in North America have 
been developed since northern gas pipelines were proposed in the early 1970’s. The 
number of publications and the advances in this field of study have increased 
substantially over the last 15 years, however, a state of the art review of frost heave 
prediction for buried gas pipelines does not exist.  A listing of publications on frost heave 
prediction models for buried gas pipelines is presented in Appendix C.  A selection of 
publications was examined and is summarized in Table C.1 in Appendix C.  A summary 
of the most significant steps in the development of frost heave prediction modelling for 
buried chilled gas pipelines is presented in Table 5. 
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Table 5 

SIGNIFICANT DEVELOPMENTS IN FROST HEAVE PREDICTION FOR 
BURIED CHILLED GAS PIPELINES 

Author Year Development 
Hwang 1977 Model predicting upper-bound frost heave under buried 

chilled gas pipeline (model includes capillary suction, shut-off 
pressure, and does not include frozen fringe and detailed stress 
analysis). 
 

Several authors Up to 
1980 

Soil response to frost heave is represented as discrete 1D 
spring or Winkler elements. 
 

Sharma and Pralong 1982 Improved Stefan/Neumann approach to soil freezing using 
internal energy, enthalpy and heat flux; no water flow, ice lens 
formation or stress considerations. 
 

Nixon et al. 1983 Soil mass is treated as an elastic or viscous continuum.  
Solution using STARDYNE stress analysis package and 
HERMAN non-linear finite element stress analysis program.  
Heave computed using SP. 
 

Konrad and Morgenstern 1984 Calculation of thermal field around the pipeline using 
cylindrical polar coordinate system; incremental total frost 
heave calculation, using SP to calculate water flow density in 
frozen fringe. 
 

Shen and Ladanyi 1987 2D hydrodynamic frost heave prediction model with detailed 
stress analysis, frost heave criterion of Taylor and Luthin 
1978. 
 

Fremond and Mikkola 1991 Use of continuum mechanics to model frost heave around a 
buried chilled gas pipeline. 
 

Selvadurai 1992 Description of the 6 required elements of frost heave 
prediction around chilled buried gas pipelines. 
 

Nixon 1992 Discrete ice lens model; use of quasi static 2D method of 
Hwang to determine temperature gradients beneath buried 
pipeline; use of these gradients in the discrete ice lens model; 
no detailed soil and pipeline stress analysis. 
 

Shah and Razaqpur 1993 2D rigid ice model predicting frost heave around pipelines 
using Galerkin finite element solution method in space. 
 

Selvadurai et al. 1999 3D hydrodynamic frost heave prediction model based on Shen 
and Ladanyi 1987, includes stress analysis and frost heave 
criterion of Taylor and Luthin 1978.  Achieved better 
agreement with measured data than Shen and Ladanyi 1987. 
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Comprehensive analysis of a soil-pipeline interaction problem that describes soil freezing 
and frost heave around a buried chilled gas pipeline should take into account: 
 
1. Coupled heat flow and moisture transport within the frozen and unfrozen soils; 
2. The mechanical behaviour of the unfrozen soil in particular the soil response to 

freezing and frost heave; 
3. Moving boundary problems associated with a moving freezing front and frost 

heave; 
4. Growth of pore ice and ice lenses; 
5. Mechanical behaviour of the buried pipeline, which includes the structural 

response of the pipeline; and 
6. Interface conditions at the soil-pipeline interface 
 
The models used for frost heave prediction around buried chilled gas pipelines have 
become more sophisticated with time.  The modelling efforts commenced with very 
elementary Stefan/Neumann approaches, followed by elementary SP application, and 
eventually to a 2D rigid ice model and a 3D form of the Shen and Ladanyi (1987) model. 
 
Similar trends are observed for the modelling of the response of the soil to heaving.  
Originally the soil was represented as a discrete 1D spring or Winkler element, and later 
as a 2D or 3D continuum which included viscous and elastic behaviour.  Plastic 
behaviour of the frozen soil as a result of pipeline uplift has also been modelled. 
 
Shen and Ladanyi (1989) and others have considered the moving boundary problems and 
optimizing numerical efficiencies required for pipeline problems in freezing ground.  
Mechanical behaviour of the pipeline has been modelled simply as a flexible beam which 
possesses flexural, axial shear and torsional stiffness, and more complex as a cylindrical 
shell which can possess complex non-linear stress-strain-time phenomena.  The gas 
pressure in a pipeline decreases with distance from the last compressor and chilling 
station.  The gas temperature decreases with the pressure decrease, according to the 
Joule-Thompson effect, and the pipeline temperature reaches a minimum when the gas 
arrives at a compressor station, where it is subsequently chilled and compressed.  The 
pipeline temperature decrease with distance from a compressor station has to be taken 
into account in frost heave modelling for buried chilled gas pipelines. 
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Interface behaviour of the soil and the pipeline has been simply described by either 
continuity or separation in the displacements between the pipeline and the one 
dimensional soil models.  This interface behaviour can be described by interface 
phenomena such as frictionless contact, frictional contact or bonded contact and interface 
constitutive models determined from experiments, although presently it has almost 
exclusively been described by bonded contact. 
 

5.3 Current State 
 
The state of the art of the modelling of the six elements of the frost heave prediction 
around buried chilled pipelines is described below. 
 
1. Coupled heat flow and moisture transport within the frozen and unfrozen soils is 

addressed in Section 4.4. 
2. The mechanical behaviour of the unfrozen soil, in particular, the soils response to 

the freezing soil is modelled as a 2D or 3D continuum. 
3. A finite element discretization is used which accommodates the complex coupled 

heat and water flows and displacements that accompany the between horizontal 
and pipeline concentric pattern of ice lens growth. 

4. Growth of pore ice and ice lenses is addressed in Section 4.4. 
5. The buried pipeline is represented as a cylindrical shell which can posses complex 

non-linear stress-strain-time phenomena. 
6. The soil - pipeline interface behaviour is described by interface phenomena such 

as frictionless contact, frictional contact or bonded contact and interface 
constitutive models. 

 
The manner in which the models are applied varies from simple to complex.  The most 
simple application of frost heave prediction around buried chilled pipelines is a repetition 
of the application of a simple one dimensional frost heave prediction model along the 
pipeline using the location specific thermal regime and soil properties.  The frost heave 
under the pipeline is predicted, which is used to calculate the resulting stress in the 
pipeline. 
 
The most complex application of frost heave prediction around buried chilled pipelines 
uses a two or three dimensional frost heave prediction model along the pipeline using 
location specific thermal and hydraulic soil properties defined at nodes of a mesh around 
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the pipeline.  Frost heave effects including the strains at every node around the pipeline 
are predicted, and the calculated strains around the pipeline are used to calculate the 
resulting stress in the pipeline.  The response of the soil to pipeline uplift is also 
predicted. 
 

5.4 Input Data for Models Predicting Frost Heave Around Buried Chilled Gas Pipelines 
 
Table 6 provides the input data required for the prediction of frost heave around buried 
chilled gas pipelines, and the source of these input data: 
 

Table 6 
INPUT DATA AND DATA SOURCES REQUIRED FOR FROST HEAVE 

PREDICTION AROUND BURIED CHILLED GAS PIPELINES 
Data Source 
Climatic data (temperature, precipitation, snow
cover thickness) 
 

Weather stations 

Soil properties (e.g. soil moisture content, particle
size distribution, Atterberg limits, salinity and
organic content) 
 

Site investigations along proposed pipeline route;
laboratory index testing; ditch wall logging,
geophysical programs 

Thermal soil conditions 
 

Instrumentation, geophysical program 

Segregation potential 
 

Small scale laboratory frost heave tests 

Hydraulic conductivity 
 

Small scale laboratory frost heave tests 

Unfrozen water contents Laboratory TDR tests 
 

6.0 STATUS OF ONGOING RESEARCH 
 
Most of the ongoing frost heave research is currently focused on application of frost 
heave prediction for specific applications such as buried gas chilled pipelines, road and 
airport pavements, and building foundations.  Experimental frost heave research has 
decreased from the high research intensity in the 1970’s and 1980’s, especially in North 
America, over the last decade.  Further development of frost heave prediction models still 
occurs in the UK, Sweden, Finland, China and Russia. 
 
Centres where researchers or practitioners have worked on some aspects of frost heave 
theory, testing and/or modelling are listed in Appendix D.  Frost heave research is 
ongoing at institutions and companies listed in Table 7. 
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Table 7 

INSTITUTIONS AND COMPANIES WITH ON-GOING 
FROST HEAVE RESEARCH 

Institution or Company City Country 
Carleton University Ottawa Canada 
Laval University Laval Canada 
C-Core St.John’s Canada 
Nixon Geotech Calgary Canada 
McGill University Montreal Canada 
CRREL Hanover USA 
University of Alaska Fairbanks USA 
Northern Engineering & Scientific Anchorage USA 
Exxon Production Research Company Houston USA 
University of Colorado Boulder USA 
University of Nottingham, British Drilling & Freezing Co. Nottingham UK 
Oxford University Oxford UK 
University of Aston Birmingham UK 
LCPC Paris France 
Technical University of Lulea Lulea Sweden 
VTT Espoo Finland 
Helsinki University of Technology Helsinki Finland 
University of Oulu Oulu Finland 
Moscow State University Moscow Russia 
Earth Cryosphere Institute SB RAS Tyumen Russia 
Hokkaido University Sapporo Japan 
Lanzhou Institute of Glaciology and cryopedology Lanzhou China 

 
A more accurate account of current and past activity on frost heave theory, testing and 
modelling can be obtained by mailing a questionnaire to the centres listed in Appendix D. 
 

7.0 FROST HEAVE EVALUATION SUMMARY 
 
The number of publications on frost heave has increased considerably since the Berger 
inquiry in the 1970’s.  Frost heave theory developed by Miller 1978 has been proven in 
laboratory experiments and is accepted widely.  A procedure proposed by Konrad and 
Morgenstern 1980 to characterize frost susceptible soil in small scale laboratory tests in 
terms of their segregation potential is used in many applications.  The rapid freezing, 
associated large thermal gradients, short test duration, and limited sample size have been 
recognized as limitations of small scale laboratory frost heave tests.  Large scale 
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laboratory and field frost heave tests have been used to evaluate scale effects.  
In addition, scaled frost heave tests in centrifuges have dealt with some of the testing time 
constraints. 
 
All current frost heave prediction models describe a set of variations of the same 
equations such as Fourier’s law, the heat continuity law, Darcy’s law, the mass continuity 
law, the Clausius-Clapeyron equation, and include a frost heave criterion for the frozen 
zone the frozen fringe and the unfrozen zone of the freezing soil profile.  The models that 
include a stress analysis describe elastic and viscous behaviour by Hooke’s law and either 
the Norton-Hoff or Prandtl-Reuss law respectively.  Most researchers and practitioners 
who proposed frost heave prediction models claimed successful and accurate predictions, 
validated by tests.  Models that have been applied for frost heave prediction are provided 
in Table 4. 
 
Research efforts in frost heave prediction for buried chilled pipelines have increased 
since 1980.  This research has benefited from large scale laboratory and field test 
programs such as the experiments in Fairbanks, Calgary and Caen.  Computed pipe 
stresses caused by differential heave at a sand-silt boundary in the Caen experiment give 
a good indication of the maximum differential stresses that can be expected in the 
pipeline.  Validation of the frost heave predictions around the buried pipelines in these 
large scale facilities is beyond the scope of this paper. 
 
Accurate frost heave prediction is considered to be in an advanced research state.  
Presently, frost heave predictions are not routinely carried out in industry and commercial 
software is not available.  However, conservative estimates of frost heave upper bounds 
enable a safe design of chilled gas pipelines.  The current trend in modelling for frost 
heave design of chilled pipelines is to make these upper bound estimates less 
conservative. 
 
The most difficult aspect of frost heave prediction is the acquisition of the input data for 
frost heave prediction models.  Frost heave prediction for a buried chilled gas pipeline 
adds another degree of complexity as the soil properties along the pipeline can vary 
significantly.  It is not possible to characterize soil properties along an entire pipeline.  
A sensitivity or probability approach must be carried out to evaluate the influence of soil 
properties on the frost heave prediction.  The spatial variability of the soil properties 
along the pipeline routing must be assessed.  Conservatism must be used in the pipeline 
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design to accommodate for uncertainties in and variability of the input parameters in the 
frost heave prediction model, and for generalizations in the prediction model itself. 
 
Most frost heave predictions resulted in over-prediction of long-term frost heave 
(e.g. Konrad and Morgenstern 1984, Shen and Ladanyi 1987, and Nixon 1991), and 
representation of the soil by Winkler elements over-predicts the pipeline stresses 
generated by the maximum differential frost heave.  Therefore, the simpler and older 
methods that predict differential frost heave around buried chilled gas pipelines provide 
conservative upper-bound estimates of frost heave and frost heave generated pipeline 
stresses, required for safe pipeline design. 
 

8.0 FURTHER REVIEW AND RECOMMENDATIONS 
 
Frost heave knowledge could benefit from the following research activities: 
 
• A thorough elementary examination of the driving force of frost heave; 

 
• Development of a method to measure the hydraulic conductivity in the frozen fringe; 

 
• Development of an extensive database of frost heave test results; 

 
• Standardization of frost heave test procedures and equipment; 

 
• Development of a method to indirectly measure pressure at the location where a new 

ice lens forms; 
 

• A three dimensional frost heave prediction model based on Miller’s rigid ice model, 
Shen and Ladanyi’s model or Nixon’s discrete ice lens theory, including an extensive 
stress analysis such as given by Shen and Ladanyi; 
 

• Commercial development of such an advanced practical model; 
 

• Clearer statements of the input parameters required for each frost heave prediction 
model.  Access to the computer code is often required to list these input parameters; 
and 
 

• An overview of frost heave prediction for buried chilled gas pipelines that includes 
discussion of pipeline mechanics. 
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The research activities suggested above are not necessary requirements for safe pipeline 
design, but merely of academic, clarifying and informative value. 
 
Design of a chilled buried gas pipeline must consider the following: 
 
• An upper-bound estimate of the differential movement and stresses imposed on a 

pipeline due to frost heave and other processes; 
 
• An assessment of the level of accuracy in frost heave prediction required to safely 

construct and operate a buried chilled gas pipeline; 
 
• A thorough review of (differential) frost heave effects mitigation measures; 
 
• A thorough review of pipeline materials and their ability to withstand stresses 

generated by differential frost heave; 
 
• An evaluation of pipeline construction techniques that can limit differential frost 

heave stresses; and 
 
• An extensive monitoring program during pipeline operation. 
 
The quality of frost heave prediction models for buried chilled gas pipelines can only be 
fully assessed based on their performance and accuracy in predicting the stress-strain 
behaviour of soil and pipelines in large scale laboratory and field experiments.  It is 
understood that the GSC has commissioned another report to review this aspect. 
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