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Abstract

A large scale 105 m long, 0.9 m diameter chilled pipeline experiment was conducted to 

assess the response of a chilled pipeline that transitions between unfrozen and permafrost 

soils in discontinuous permafrost regions. Thermal and heave characteristics of the 

experiment for a three year monitoring period are reported. In response to the chilled 

pipeline, the progressive cooling patterns within the permafrost and unfrozen soils were 

different resulting in the development of a thermal boundary at the transition zone 

between the two thermally different soils. The absolute maximum heave was 0.197 m 

near the thermal boundary, resulting in a differential heave of 0.148 m. Three distinct 

heave phases were identified within the unfrozen soil. Phase 1 heave was characterized 

by rapid frost penetration, heave due to pore water expansion, and FHR between 2.9% 

and 4.8%. Phase 2 heave was characterized by ice segregation, occurred approximately 

between 1.0 m and 2.5 m below the pipeline, and FHR values were 9.6% to 9.9%. Phase 

3 heave occurred below 2.5 m, was representative of pore water expansion, with FHR 

approximately 4%. The average FHR ranged between 5.4% and 6 .8%.
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Chapter 1: Introduction

Overview

The interest in chilled pipelines is directly related to the increased interest in transporting 

natural gas from northern energy fields such as the Prudhoe Bay and Mackenzie River 

Delta oil fields to market. In the process of transporting natural gas via a pipeline from 

these northern fields, continuous and discontinuous ice rich permafrost regions will be 

encountered. The natural gas can be transported via pipeline through two primary 

options - warm or chilled pipelines. Warm pipelines would cause thaw settlement of ice 

rich permafrost. The primary purpose of chilled pipelines is to prevent thaw of 

permafrost through which the pipe traverses. By chilling a pipeline, thaw of frozen 

ground is prevented, but a new problem arises with freezing of unfrozen frost susceptible 

soil and associated frost heave. Williams (1979) gives a good overview of problems and 

concerns dealing with chilled pipelines. It is generally accepted that the natural gas 

would be chilled through continuous and discontinuous permafrost zone. In relation to an 

Alaskan natural gas pipeline, this would correspond to the northern and interior Alaska. 

Continuous permafrost zones would affect a chilled pipeline very little and it can be 

accepted as stable. Perhaps the most significant concern with the operation of chilled 

natural gas pipeline is the transition zone between soils with different frost heave 

susceptibilities. In many cases, these transition zones lead to pronounced differential 

heave of the pipeline and thus induced stresses within the operating pipeline. Examples 

of such transition zones are:

1) Transition between various lithologic boundaries with different frost heave 

susceptibilities.

2) Transitions between permafrost soils and unfrozen/thawed soils. This is quite 

common in discontinuous permafrost zones (e.g. Interior Alaska and Western 

Yukon).

3) Transitions between deep permafrost and shallow permafrost.
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4) River crossings, which commonly correlate to either transition between different 

lithologic boundaries or transitions between frozen and thawed soils.

When frost susceptible soils are of concern, there are two main questions or parameters to 

ask:

1) How much frost heave will occur over the life of the project?

2) How much differential heave will occur and is this within allowable ranges for 

pipe deformation and strain?

These questions govern all design and operations considerations, yet are very difficult to 

answer accurately.

This thesis deals with the heave characteristics and thermal patterns resulting from the 

emplacement of a large scale 105 m long, 0.9 m diameter steel pipeline that crosses a 

transition zone between thawed and permafrost soils which is typical of discontinuous 

permafrost regions. This project is operated and funded by Japan Science and 

Technology Corporation (JST) in cooperation with the University of Alaska Fairbanks. 

The current test pipeline is located approximately 10 km from Fairbanks, Alaska at the 

old Northwest Alaskan Pipeline Ltd. Fairbanks Frost Heave Facility. Discontinuous 

permafrost regions are prevalent in interior Alaska, western Yukon Territory, and Siberia, 

thus transitions between thawed and permafrost soils are of great interest.

The primary objectives of this thesis were to:

1) Describe in detail the test facility including soil characteristics, permafrost 

conditions, hydrologic conditions, and instrumentation plan.

2) Investigate the thermal influence of the pipeline and the resulting thermal 

characteristics that were developed along the pipeline in response to the operation 

of the chilled pipeline.
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3) Study the frost heave characteristics of the pipeline resulting from differential 

heave across the permafrost-thawed soil transitions. Frost heave aspects that were 

investigated include foundation heave, overburden heave characteristics, and 

pipeline heave.

Literature Review

Two primary chilled pipeline test experiments are discussed in the literature: the Calgary 

Frost Heave Facility and the Caen, France experiment. The third main chilled pipeline 

experiments were conducted at the Fairbanks Frost Heave Facility, but the data remains 

unavailable to the public. The Caen, France chilled pipeline experiment is well 

documented in public literature by Geotechnical Science Laboratories (1983, 1986a, 

1986b, 1988) and Dallimore and Williams (1985). The purpose of the Caen experiment 

was to look at differential heave resulting from the abrupt transition between two 

different lithologic soils (Caen silt and SNEC sand) with varying frost susceptibilities and 

the associated stresses incurred by the pipeline and the soil mass. Abrupt lithologic 

transition zones are common in the natural environment such as the transition between 

active fluvial gravel deposits and silt overbanks deposits.

The unique aspect of the Caen experiment is that it was carried out in an 18 m long by 8 

m wide controlled refrigerated hall allowing for the direct control of thermal, hydraulic, 

and physical variables. This allows for independent analysis of the different aspects of 

the frost heave phenomenon on a field scale project. The downside is that it does not 

simulate natural conditions, which are highly variable and influence the heave processes. 

The experiment consisted of an 18 m, 273 mm diameter steel pipeline with 30 cm of 

cover with half the pipeline located in SNEC sand (frost stable) and the other half in Caen 

silt (highly frost susceptible). The grain size breakdown for Caen silt was 3% to 10% 

sand, 75% to 85% silt, and 10% to 20% clay. The grain size breakdown for SNEC sand 

was 10% to 20% gravel and 70% to 85% sand. The pipeline was exposed to numerous 

freeze and thaw cycles. The results show that with each successive freeze cycle the soil
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experienced more deformation indicating conditioning of the soil. One of the significant 

observations from the Caen experiment is that soil continues to incur internal expansion 

even after it has been already frozen. This continual expansion is related to the unfrozen 

water content of the soil (Smith and Patterson, 1988). Another observation is that 

differential heave across two litho logic boundaries with varying frost susceptibilities can 

lead to large enough induced stresses within the pipeline to cause disruption of pipeline 

operation.

The Calgary Frost Heave Experiments, described in detail by Slusarchuk et al. (1978) and 

Foothills (1981) included six separate test sections with each consisting of 12.2 m long,

1.22 m diameter pipelines. The experiments were conducted under field conditions 

within a highly frost susceptible thick glacial-lacustrine deposit with an average ground 

water table between 2.3 m and 2.6 m. In 1974, four test sections were constructed which 

consists of the following:

1) Control section, which represented the standard burial method, with the top of the 

pipeline buried 0.75 m beneath the surface and the base of the pipeline residing at 

2.0 m. The backfill consisted of the natural soil.

2) Deep burial section, which was the same as the control section except that the top 

of the pipeline buried 1.68 m beneath the surface and base of the pipeline residing 

at approximately 2.9 m.

3) Gravel section with the same burial configuration as the control section except 

that the pipe was placed on a 0.9 m gravel bed.

4) Restrained section, which was the same as the control section except that a 

constant loading restraint was applied to both ends of the pipeline. The restrained 

was not a no-displacement case.

Two additional insulated test sections were constructed in 1978 and consisted of:

5) Same as the control section except with 15 mm of polyurethane insulation 

surrounding the pipeline.
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6) An insulated gravel section where the pipeline was completely within the gravel, 

with the bottom of the pipeline residing at 2.0 m. An additional 1.0 m of gravel 

was placed as the bedding material and 0.75 m of natural soil was placed above 

the gravel backfill above the pipeline.

The results of the Calgary Frost Heave Facility are of interest since they represent heave 

under natural field conditions. The maximum heave (control section) was approximately 

0.58 m, near day 950. The primary purposes of the experiment were to look at the effects 

of various mitigative techniques by means of controlling frost heave and to compare field 

heave results with laboratory results in order to analyze frost heave prediction techniques. 

Notable observations were that remediation methods had an impact on the magnitude of 

the heave. The gravel section had approximately 40% less heave than the control section. 

Also shown was that applied loads, both from mechanical systems and the addition of 

overburden, acted to decrease the resulting heave. The Calgary Facility did not look at 

the effects of differential heave resulting from lithologic boundaries. In addition to field 

tests, laboratory testing was conducted in conjunction with the field test in an attempt to 

correlate field and laboratory results. The segregation potential concept, which was 

outlined by Konrad and Morgenstem (1982), was the primary focus of the predicted 

techniques. Preliminary laboratory results can be found in Foothills (1981).

The third chilled pipeline experiment was the Fairbanks Frost Heave Facility operated by 

Northwest Alaskan Pipeline Ltd. near Fairbanks, Alaska. It was constructed in 1979 and 

consisted of 10 test sections. The data obtained from this facility is not available to the 

public domain, but very cursory data can be found in Foothills (1981). The primary 

purpose of the facility was to look at the effects of mitigative techniques for controlling 

frost heave and include soil replacement, pipe insulation, burial depth, chill pipes, and 

selected bedding material. Most of the test sections had a burial depth of 0.76 m (top of 

pipeline) and consisted of 36 m long, 1.2 m diameter steel pipe sections except for test 

section 9. Test section 9 is of primary interest in that it is most closely related to the
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current test pipeline. Test section 9 was 120 m long with 81 m in thawed soils and 39 m 

within permafrost soils. The purpose was to look at differential heave between 

permafrost and thawed soils and monitor pipeline stresses and deformation characteristics. 

The current test section is located at the same facility and transitions between thawed and 

permafrost soils. The only data available looks at the frost heave ratio of the various test 

sections with the frost heave ratio interpreted to lie between 4% and 10%.

Subsurface investigation of ice lensing was carried out both for the Caen Experiment and 

the Calgary Frost Heave Facility. The nature of the ice lens formation is of interest, in 

that heave is generally accepted to occur perpendicular to ice lens growth. The soil at the 

Caen experiment was remolded while the soil at the Calgary Facility was representative 

of natural geologic conditions. The general frame of thought is that ice lenses grow 

perpendicular to heat flow. The field observations for both experimental facilities, 

however, do not support this. The ice lens patterns for the Caen Experiment were 

discussed by Smith and Williams (1990). It was found that the orientation of the ice 

lenses are affected by the pipeline heat sink, resulting in the growth of ice lenses towards 

the pipeline up to 50° from the horizontal near the pipeline spring line. It was found that 

the ice lens orientation had some similarities with isotherm orientation near the pipeline, 

yet in all cases, the ice lens orientation was less steep than the isotherm orientation near 

the pipeline. At a distance of approximately 1 m (3.6 to 4.0 pipeline diameters) from the 

pipeline, the ice lens orientation was roughly horizontal with the surface and indicated 

that vertical heat flow due to atmospheric interaction dominated. The ice lenses were 

found to be horizontal in the upper 30% of the soil above the pipeline as well at depth for 

the entire monitor area. Based on ice lens orientation, the heave directly below the 

pipeline was vertical, as well as distances greater than 1 m away, yet near the pipeline 

both horizontal and vertical components exist.

Ice lens growth and orientation patterns for the Calgary Facility are described in detail by 

Carlson and Nixon (1988). Recall that the Calgary Facility was constructed in natural
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field conditions. It was found that the ice lens orientation was predominantly horizontal 

even near the outer edges of the frost bulb where it would be expected that the ice lenses 

would approximate the shape of the frost bulb. It was also found that the concentration 

of ice lenses were in the lower half of the frost bulb beneath the pipeline. It was 

speculated that the ice lens growth was stratigraphically controlled. This observation is 

significant when analyzing the two dimensional effects of frost heave around a chilled 

pipeline. It was concluded by Smith and Williams (1990) that ice lens growth patterns 

would be controlled by bedding in stratified sediment and in unconsolidated sediment 

deposits, the ice lens orientation would be controlled to a greater extent by isotherm 

orientation (i.e. heat flow). In stratified sediment deposits, it may be reasonable to model 

frost heave due to ice lens growth around a chilled pipeline as one-dimensional in nature 

without significant lateral heave.
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Chapter 2: Test Facility Geologic Conditions and Instrumentation Plan

The primary purposes of the test facility were to assess the effects of differential frost 

heave and associated induced stresses in the pipe across a permafrost-non-permafrost 

boundary. In addition, to look at the overall heave and behavioral characteristics 

resulting from the emplacement of a large-scale chilled pipeline in Fairbanks silts. In 

December 1999, a 0.9 m diameter, 105 m long chilled pipeline with X65 grade and 8.5 

mm wall thickness was constructed and activated near 3.8 km Chena Hot Springs Road, 

Fairbanks, Alaska. The following section will describe, in detail, the geologic conditions 

at the facility and the instrumentation and monitoring plans. Figure 1 shows the general 

alignment of the pipeline at the test facility. To the north of the facility, the terrain is 

dominated by low gently rolling hills and to the south the terrain transition into the Chena 

River Flood Plain. The facility itself lies within the gently sloping transition between the 

two terrains.

Geologic Conditions

Regional Geology

The test facility lies within the Fairbanks Geological District, which is typified by gently 

rolling hills (Yukon-Tanana Uplands) with elevations within the Fairbanks area ranging 

from 380 m to 550 m. The bedrock geology is dominant by mica schists with local 

masses of basalt, granite, and quartz-diorite. The most important Quaternary sediment 

deposit within the Fairbanks area is a blanket of eolian loess that ranges from a few 

centimeters to more than 60 m (Pewe, 1975). The loess was derived from glacial 

outwash deposits, with primary provenience being the northern Alaska Range. By slope 

wash processes, loess from the surrounding hills, accumulated in the valley bottoms to 

form thick deposits of massive to bedded silts rich in organic debris. Pewe (1952), called 

this type of deposit “muck.” The muck deposits are locally significant since they contain 

the major permafrost and massive ice deposits found within the area and are generally the 

samples coined Fairbanks silt from which Fairbanks silt permafrost tests have been
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Figure 1. General layout of test facility and test pipeline.
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conducted in most literature. The CRREL Permafrost Tunnel resides in these valley 

muck deposits, so does the test facility.

Soil Characteristics at Test Facility

The soils surrounding the chilled pipeline are muck and loess deposits with varying 

amounts of organics that shows no stratigraphic trend (i.e. no trend with depth). There 

appears to be a general trend between organic matter and moisture content as seen in 

Figure 2. No samples tested represent the perennially frozen ground found at depth at the 

site. There is a general correlation between grain size analysis for 16 separate tests, 

which yielded an average grain size distribution of 7.9% sand, 78.1% silt, and 14.0% 

clay. Figure 3 shows the average grain size distribution curve for 16 soil samples taken 

on the Fairbanks test site, along with an average Fairbanks grain size distribution curve 

measured from numerous loess outcrops by Pewe (1955) and three grain size curves that 

represent valley deposits of loess and retransported loess as measured by Pewe (1955). 

The grain size distribution for the test site is sufficiently similar to other loess and 

retransported loess deposits that the origin can be inferred to being similar. Regionally 

this is significant, since most permafrost and transitional zones between permafrost and 

seasonally frozen soils occur in these same soils, thereby, it may be possible to 

extrapolate test results derived from the current chilled pipeline experiment to other sites 

where conditions are similar. In Figure 3 (average distribution curve) and Appendix A, 

grain size distribution curves can be found for seven boreholes drilled at the site in 

February 1999. The two curves on each distribution represent a bucket sample taken at 

the bottom of the boring and a composite sample taken at 0.91 m intervals. Borings SB- 

2, SB-3, SB-4, and SB-8 show a consistent grains size distribution throughout the boring 

column while borings SB-5, SB-6 , and SB-7 indicate that a sandier horizon exists in the 

upper horizon of the stratigraphic sequence, yet the distribution of fines is consistent with 

depth.
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Moisture Content vs.Organic Matter

Figure 2. Organic matter (%) vs. moisture content (%) taken from exploratory 
boreholes at various depths ranging from 0.91 m to 4.57 m.
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Taber (1943) and Pewe (1955) showed that the chemical property of the loess deposits 

are relatively similar even on a regional scale and are similar to the composition of 

quartz-mica schist. The primary chemical constituents are approximately 66.9% SiC>2, 

20.2% AI2O3, and 6.3% Fe2C>3 along with other components. The sample was taken 

approximately 4 miles from the test facility near the Steese Highway. From the chemical 

analysis and by inference do to the close similarities of the test facilities soil deposits, the 

muck and loess deposits at the test facility are primarily quartz and micaceous minerals 

broken down by wind and down slope transport. This is consistent with observations 

made at the test facility and the CRREL Permafrost Tunnel in Fox, Alaska by the author 

(Shur et. al., 2002).

Permafrost Conditions

Figure 4 shows the locations of the three thermal fences and the position of the pipeline 

over time. Figures 5 to 7 show the permafrost and soil conditions inferred from 

installation of thermistor crystals for three thermal fences TFA, TFB, and TFC. The 

permafrost table near TFC is located at approximately 2.0-3.0 m beneath the surface.

This agrees with temperature data. Temperature data indicated that the active layer 6 m 

away from the pipe for TFC was between 2.7 and 3.0 m in September 2002. The 

permafrost table for TFA and TFB is located at depth below 8.0 m and 7.0 m respectively 

at the beginning of the experiment. Figures 8 and 9 show the permafrost and soil 

conditions along the length of the pipe and indicate a rapid deepening of the permafrost 

table relative to TFC. The temperature profiles indicate that within the permafrost zones, 

very little to no temperature gradient exists with depth. The initial temperature of the 

permafrost varies from -0.08°C to -0.25°C. The permafrost is in a quasi-steady state and 

indicative of an unstable, slowly degrading permafrost regime.

The area occupied by TFC contained the original vegetation before clearing and 

installation of the test pipeline in winter of 1999. The area represented by TFB and TFA
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Figure 4. Location of thermal fences and position of pipe over time. Blue portion represents 
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Figure 5. Permafrost and soil conditions for Thermal Fence A (TFA). View transects
(perpendicular) the length of the pipe. Permafrost and soil conditions are inferred from borings
for placement of thermisotr beads. TFA is 58 m from inlet riser.



Figure 6 . Permafrost and soil conditions for Thermal Fence B (TFB). View transects
(perpendicular) the length of the pipe. Permafrost and soil conditions are inferred from borings
for placement of thermisotr beads. TFB is 36.5 m from inlet riser.
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Figure 7. Permafrost and soil conditions for Thermal Fence C (TFC). View transects
(perpendicular) the length of the pipe. Permafrost and soil conditions are inferred from borings
for placement of thermisotr beads. TFC is 13 m from inlet riser.
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Figure 8 . Permafrost and soil conditions located 1 m north of pipeline center line.
View is along the length of the pipe. Permafrost and soil conditions are inferred from
borings of the three thermal fences.
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Figure 9. Permafrost and soil conditions located 1 m south of pipeline center line.
View is along the length of the pipe. Permafrost and soil conditions are inferred from
borings of the three thermal fences. h—*
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was cleared as part of the North West Alaskan Pipeline Ltd. chilled gas pipeline research 

performed in the late 1970’s and early 1980’s and represented the initial stages of plant 

succession. In the brush to the south of the testing facility, distinct hummocky terrain 

exists that is generally indicative of degrading permafrost conditions. Without direct 

observation of soil samples, it is not possible to determine if the permafrost is syngenetic 

or epigenetic in origin. Within the permafrost regions, the moisture content varies from 

50%-128%. Work done by the author in the CRREL Permafrost Tunnel, indicated that 

within the tunnel, the moisture content of the syngenetic permafrost was almost always 

greater than 75% with epigenetic permafrost moisture contents in the 50%-60% range. 

Within the permafrost found at the test facility, there appears to be a general increase in 

moisture content with depth. Moisture content fails to give conclusive evidence to make 

an assumption regarding genesis. Just to the north of TFC, a small pond exists and may 

be in response to the shallower permafrost near TFC or may represent on old thermokarst 

pond, but it does not show classic active thermokarst features and is more likely the result 

of a damming effect by freezing of the soil around the pipe. In summary, the permafrost 

conditions at the test site are variable and are in an unstable, quasi-steady state that is 

very responsive to changes in the surface conditions.

Ground Water Conditions

Figure 10 shows the ground water table fluctuations over a period of nearly two years. 

Well #3 is located approximately 58 m from the inlet riser. Well #2 is approximately 114 

m and Well #1 is approximately 104 m from the inlet riser. The ground water 

measurements fall within the area identified as unfrozen with a deep permafrost table. 

Well #3 consistently has a higher water table than wells #1 and #2. The difference is 

largest during late winter and smallest during the summer. From Figure 11, which shows 

the maximum and minimum ground water table elevations over the monitoring period 

from 12-11-99 to 12-13-02, it is plausible to infer that the differences in elevations are 

related to the nature of the permafrost barrier, which quickly deepens
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Figure 10. Ground water table elevations monitored at test facility. Water wells 
are located beyond 58 m from the inlet riser within the deep permafrost area.
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Figure 11. Diagram showing ground water table relationships with pipeline for 4/19/02 
and 8/23/02, which represent the maximum and minimum elevations over the 
monitoring period. These periods represent late winter and late summer.

to
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migrating from east to west along the pipelines alignment. Another explanation for the 

difference is the possible existence of a small, perched water table at well #3. It is 

difficult to disprove the second explanation, but boring logs for TFA show no obvious 

soil strata (such as organic, clays, and frozen layer) that would serve to support such a 

perched aquifer.

Approximately 100 m to the west of the pipeline, running nearly perpendicular to the 

pipelines alignment, runs a small stream. It seems probable, and based on the three 

observation wells, that the flow of ground water is moving south-east resulting is an 

abrupt change of the ground water table in response to the quickly deepening permafrost 

barrier. No monitor wells were located closer than 58 m from the inlet riser, thus the 

nature of the ground water regime is not known within the area with a shallower 

permafrost table. Exploratory holes indicate that ground water exists within the shallow 

permafrost region during the summer months. No observations from exploratory holes 

during the winter months were made, but temperature data indicated that the active layer 

completely freezes; suggesting the ground water within the shallow permafrost region 

was seasonally confined to summer months. Ground water conditions existed, such that, 

plenty of water was available for heaving and ice segregation around the chilled pipeline 

in the unfrozen zones.

Instrumentation and Monitoring

The instrumentation plan included the installation of 150 thermistors, 40 strain gauges at 

11 locations along the pipeline, 28 heave rods welded to the top of the pipeline, 5 heave 

gauges installed below the pipeline, 8 heave plates installed above the pipeline, 11 

surface settlement points, and 3 water wells to monitor ground water conditions. Heave 

and ground water measurements were performed once every two weeks by manual 

leveling. Strain and temperature measurements were recorded twice daily by three 

automated HP data acquisition systems. The field monitoring program was initiated in 

December 1999.
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Temperature Monitoring

The 150 thermistors are located in three thermal fences designed to monitor changes in 

the thermal regime of the soil system. Figure 4, shows the location of the thermal fences. 

Figures 12 to 14 show the location and spacing of the thermistor crystals for the three 

thermal fences as well as general backfill material. Thermal Fences A and B were placed 

in the initially unfrozen zone (deeper permafrost) and Thermal Fence C was placed in the 

shallower permafrost region. Thermal Fence A, located 58 m from the inlet riser contains 

6 thermistor strings with depths ranging from 0.14 m to 8.14 m (elev. 1.13 to -6.87 m) 

beneath the ground surface. Thermistor spacing ranges from 0.25 m to 1.0 m with the 

closer spacing occurring near the pipeline. Thermal Fence B, located 36.5 m from the 

inlet riser, has three thermistor strings located 1 m and 3 m from the pipelines center line 

with depths ranging from 0.09 m to 7.76 m (elev. 1.09 to -6.87 m) beneath the ground 

surface. Thermistor spacing ranges from 0.25 m to 1.0 m. Thermal Fence C, located 13 

m from the inlet riser in the permafrost zone, contains four thermistor strings with 

thermistor depths ranging from 0.04 m to 7.00 m (elev. 0.54 to -6.42 m) beneath the 

ground surface. Thermistor spacing ranges from 0.5 m to 1.0 m. Additionally, nine 

thermistors were placed along the outside of the pipeline to monitor the temperature 

variation of the pipeline itself. The thermistor elevation and depth are listed in Table 1.

Foundation and Pipeline Displacement Monitoring

In order to monitor movement of the soil directly beneath the pipeline, five heave gauges 

(HG) were installed. The heave gauges monitor movement of 1 m of soil directly 

beneath the pipeline. The gauges were placed at 27.85 m, 30.96 m, 32.33 m, 37.04 m, 

and 68.85 m from the inlet riser, resulting in a concentration near the presumed transition 

boundary between unfrozen soil and permafrost. In order to monitor movement of the 

pipeline, 28 heave rods (HR) were welded directly to the top outer surface of the pipeline. 

Eleven Surface settlement points (SSP), which are steel plates placed on the ground



r#
1000

- U

so

iC/3
?

c
1<73

€

00

I
I

.750

00 00a
1

?<N

Elev. 0.91 m

Elev. 0 m

1 m

1 m

2
• •$C/3

Dry Sand

Crashed Native Soil 

Non-Crashed Native Soil

Figure 12. Cross-section of Thermal Fence A (TFA) showing the placement of thermistor
beads and generalized backfill materials as specified during construction. Reference
elevation is 1 . 0 0  m.



Figure 13. Cross-section of Thermal Fence B (TFB) showing the placement of thermistor
beads and generalized backfill materials as specified during construction. Reference
elevation is 1 . 0 0  m.
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Table 1. Installed thermistor elevation and depth.
Thermistor elevation: referenced to BMF (1.00m)

Thermal Fence A (TFA): 58 m Thermal Fence B (TFB): 36.5 m Thermal Fence C (TFC): 13 m
N1 S1 S2 S3 S4 S6 S1 N1 S3 S1 N1 S3 S6

0.97 1.13 0.82 0.71 0.76 0.04 0.63 1 -0.42 0.08 0.54 -0.34 -0.07

0.47 0.63 0.32 0.21 -0.24 -0.96 0.13 0.5 -1.42 -0.42 0.04 -1.09 -1.07

-0.03 0.13 -0.18 -0.29 -1.24 -1.96 -0.37 0 -2.42 -0.92 -0.46 -2.09 -2.07

-0.53 -0.37 -0.43 -0.79 -2.24 -2.96 -0.87 -0.5 -3.42 -1.42 -0.96 -3.09 -3.07

-0.78 -0.62 -0.68 -1.29 -3.24 -3.96 -1.12 -1 -4.42 -1.92 -1.46 -4.09 -4.07

-1.03 -0.87 -0.93 -1.79 -4.24 -4.96 -1.37 -1.5 -2.42 -2.21 -5.07

-1.28 -1.12 -1.18 -2.29 -5.96 -1.62 -2 -3.17 -2.96

-1.53 -1.37 -1.43 -2.79 -1.87 -2.5 -3.92 -3.71

-2.03 -1.87 -1.68 -3.29 -2.37 -3 -4.67

-2.53 -2.37 -2.18 -3.79 -2.87 -3.5 -5.42

-3.03 -2.87 -2.68 -4.54 -3.37 -4.25 -6.42
-3.53 -3.37 -3.18 -5.29 -3.87 -5
-4.03 -3.87 -3.68 -4.62 -5.75
-4.53 -4.37 -4.18 -5.37
-5.53 -4.87 -4.93 -6.12
-6.53 -5.87 -5.68 -6.87

-6.87

Thermistor Depth (m): measured from ground surface

Thermal Fence A (TFA): 58 m Thermal Fence B (TFB): 36.5 m Thermal Fence C (TFC): 13 m
N1 S1 S2 S3 S4 S6 S1 N1 S3 S1 N1 S3 S6

0.358 0.144 0.276 0.263 0.133 0.791 0.260 0.085 0.782 0.503 0.035 0.406 0.012

0.858 0.644 0.776 0.763 1.133 1.791 0.760 0.585 1.782 1.003 0.535 1.156 1.012

1.358 1.144 1.276 1.263 2.133 2.791 1.260 1.085 2.782 1.503 1.035 2.156 2.012

1.858 1.644 1.526 1.763 3 .133 3.791 1.760 1.585 3.782 2.003 1.535 3.156 3.012

2.108 1.894 1.776 2.263 4.133 4.791 2.010 2.085 4.782 2.503 2.035 4.156 4.012

2.358 2.144 2.026 2.763 5.133 5.791 2.260 2.585 3.003 2.785 5.012

2.608 2.394 2.276 3.263 6.791 2.510 3.085 3.753 3.535

2.858 2.644 2.526 3.763 2.760 3.585 4.503 4.285

3.358 3.144 2.776 4.263 3.260 4.085 5.253

3.858 3.644 3.276 4.763 3.760 4.585 6.003
4.358 4.144 3.776 5.513 4.260 5.335 7.003

4.858 4.644 4.276 6.263 4.760 6.085
5.358 5.144 4.776 5.510 6.835
5.858 5.644 5.276 6.260
6.858 6.144 6.026 7.010
7.858 7.144 6.776 7.760

8.144

‘ Nomenclature: 1N indicates thermistor string is located 1 m north of the pipelines center line
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surface, were used to monitor the ground surface heave and settlement. Eight heave 

plates (HP) were installed at various depths above the pipeline to monitor incremental 

heave of the soil mass above the pipe. Four plates along the center line of the pipeline 

and four plates 1 m from the pipeline’s center line and installed at various depths ranging 

from 0.3 m to 0.78 m. Heave rods, surface settlement points, and heave plates 

movements were monitored once every two weeks by manual leveling. Figure 15 shows 

the instrumentation plan for heave rods and heave gauges.

Pipeline Strain Monitoring

In order to monitor the strain and associated stresses, forty weldable strain gauges were 

placed on the outside surface of the pipeline at eleven different locations. Figure 16 

shows the various placement locations on the pipe and the number of gauges at each 

location. The 11 stations, as measured from the inlet riser, occur at 5.32 m, 18.53 m, 22.1 

m, 24 m, 26.24 m, 30.68 m, 32.16 m, 33.51 m, 36.8 m, 42.75 m, and 65.52 m. From the 

given locations, it can be seen that the instruments were concentrated around the inferred 

transition zone between the shallow and deep permafrost under the assumption that the 

greatest bending stresses will occur at that boundary. Longitudinal and circumferential 

strain gauges were installed to monitor axial strain and hoop strain respectively.

Description of Benchmark

Two independent benchmarks were used to reference the elevation. The benchmarks 

consisted of 16 mm steel rebar with a total length of 7.6 m. The benchmarks were 

installed in permafrost regions to the south of the pipe with embedded lengths of 

approximately 6.7 m and approximately 1 m above ground. The upper 3 m of the 

benchmark rebar were encased in a 50 mm diameter PVC pipe to reduce active layer 

affects. A 150 mm diameter PVC pipe was placed over the above-grade portion of each 

benchmark as a protective casing. The reference elevation used for analysis purposes 

was assumed to be 1.00 m.
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Figure 16. Strain gauge instrumentation plan outlining location and placement of weldable 
strain gauges (Akagawa, 2003).
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Chapter 3: Thermal Analysis 

Definition of Freezing Temperature

The freezing temperature at which the bulk of the free water within the Fairbanks 

silt becomes ice was defined using temperature profiles and unfrozen water content data. 

Utilizing the zero-curtain concept (Sumgin, 1927) which represents the zone by which 

latent heat is released from the free water within the soil pore space. Within the soil 

temperature profiles, the zero-curtain is defined as the portion of the curve which remains 

relatively static during the cooling (primarily) until further sensible cooling of the frozen 

water continues. Figure 17 shows the soil temperature profiles for TFC-S3 (Thermal 

Fence C, 3m from center line on the south side). The temperature profile for TFC-S3 

(0.41 m) is of primary interest in that the initiation and termination of the zero-curtain is 

well defined. The other temperature profiles do not show the initiation and termination 

of the zero-curtain in such clarity. An expression of the zero-curtain can be seen for 

profiles TFC-S3 (2.16 m) and TFC-S3 (3.16 m). From additional soil temperature 

profiles from TFA and TFB, the latent freezing zone is from -0.03°C to -0.20°C. 

Therefore, -0.20°C was adopted as the freezing temperature and was used to define the 

frost bulb. Figure 18 shows the unfrozen water content curve for the Fairbanks silt from 

the test facility, which shows nearly the same trend which is that most of the bulk free 

water freezes by -0.2°C.

Soil Thermal Regime

Cross Section: Thermal Fences

As outlined in the previous section describing field conditions, the pipeline 

transitions between a zone of shallower permafrost (around 2 m to 4 m in depth) to 

unfrozen soil with permafrost found at depth near 8 m. The data presented here will look 

at the thermal regimes of Thermal Fence A (TFA) and Thermal Fence C (TFC). 

Locations of TFA and TFC were outlined earlier. The thermal regime progression of



Te
m

pe
ra

tu
re

 
(C

)

33

CD 8 o o T— T— T— f— CM CM CM CMo> o o o o o o O O o O
T- O 00 CO CM o 00 CD CD in

g e i o o 3̂ o
CM CO CO o 00 r* CM in CD CMo o T— o o o T— O o o

4.00

3.00

2.00 

1.00 

0.00 

- 1.00 

- 2.00 

-3.00 

-4.00

0 100 200 300 400 500 600 700 800 900 1000 1100 1200
Time (days of operation)

TFC-S3 (0.41 m) 
TFC-S3 (1.16 m) 
TFC-S3 (2.16 m) 
TFC-S3 (3.16 m)

0 degree ( curtain

Fisure 17. Soil temnerature oro files for TFC-S3.

03
/2

5/
03



Un
fro

ze
n 

W
at

er
 C

on
te

nt
 (

%
)

34

Unfrozen Water Content for Fairbanks Silt

\ ~

X -

] -

4 :

- - =  Z . 1 I kg / c rT r/

^ v v  -  O U .O  VO
— o 0 0 7

]
CL OLii i<do c roi cc3 - r i 11 'y

i -

+
= ±4

4

\

s
V

O T - c N c o ^ r m c D r ^ - o o a ) 0 ' r - c N c o ,̂ ; L q < p h - : o q a )  
i i i i i i i i i i i i i i i > i i i

Temperature (C)

Figure 18. Volumetric unfrozen water content for the test facility Fairbanks 
silt (Akagawa, 2002).

-
2.0



35

TFB is very similar to that of TFA. The initial ground temperatures of TFB are slightly 

colder and the migration of the freezing front is slightly deeper, but the general trend is 

the same. The thermal contour profiles for TFB can be found in Appendix B Figures 19 

through 21 show the temperature contour profiles of TFA for the following periods: the 

middle of December (full 3 year analysis period beginning with the first and last day of 

the monitoring period), the middle of April, and early September. The periods of April 

and September tend to show the greatest winter and summer thermal effects on the soil 

thermal regime respectively. On all thermal contour profiles the red strip represents the 

zone falling between -0.2°C and -0.4°C. -0.2°C is defined as the freezing temperature for 

this soil mass. The ocean green strip represents the zone falling between 0°C and -0.2°C. 

The contour plots for 12-11-1999 represent the initial soil conditions for the first day of 

the monitoring period. For Figure 21 (a), the thermal nature of the soil beneath the 

-0.2°C isotherm is falsely portrayed by the interpolation algorithm. The soil mass below 

the -0.2°C has a temperature between 0°C and -0.2°C. All other thermal contour profiles 

are relatively good representations of the thermal regimes. The operation temperature of 

the chilled pipeline averages -10°C.

Thermal Fence A (TFA) lies within the unfrozen zone with a permafrost table at a depth 

of 7-8 m. The bottom of the pipe resides at an elevation o f -0.72 m on the temperature 

contour plots. At the beginning of the monitoring period (12-11-1999, Figure 19 (a)), it 

can be seen that due to the construction activities, subsequently the opening of the 

pipeline trench, extension of the active layer occurred over normal conditions. 

Subsequently, plots (b), (c), and (d) from Figure 19, show the progressive enlargement of 

the frost bulb around the chilled pipeline. After the first year of operation no significant 

cooling of the soil mass beyond the frost bulb occurred. During the first year of 

operation, the soil mass underwent a definitive distributive cooling effect resulting in a 

uniform temperature distribution near 0°C. As a result, the temperature gradient beneath 

the frost bulb is approximately zero. Plot (d) shows the effects resulting from the slow
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Temperature Contour Plot for TFA. Day 0 (12-11-1999)

Distance from Center Line of Pipeline (m) (a)

Temperature Contour Plot for TFA: Day 733 (12-14-2001)

Temperature Contour Plot for TFA: Day 367 (12-12-2000)

Temperature Contour Plot for TFA: Day 1098 (12-13-2002)

■| I-------------1------------ r
0 1 2  3

Distance from Center Line of Pipeline (m)

H-0 2 
- I -0 4

E
§

-------- 9
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H-0 2 
1 -0 .4  
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Figure 19. Thermal contour profiles for TFA comparing the thermal regime for mid- 
December, 3 year monitoring period. The first monitoring day of the experiment was 
12-11-1999 (a). Contour profiles are extrapolated using a Kriging algorithm. Note: 
refer to each individual temperature bar scales since similar colors may not be 
indicative of the same temperatures from each individual contour profile.

Distance from Center Line of Pipeline (m)
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Temperature Contour Plot for TFA: Day 488 (4-12-2001)Temperature Contour Plot for TFA: Day 123 (4-12-2000)

Distance from Center Line of Pipeline (m) (a)

I

Temperature Contour Plot for TFA: Day 854 (4-13-2002)

1 -0.2
1 -0 .4

5

Distance from Center Line of Pipeline (m)

Figure 20. Thermal contour profiles for TFA comparing the thermal regime for mid- 
April, 3 year monitoring period. Contour profiles are extrapolated using a Kriging 
algorithm. Note: refer to each individual temperature bar scales since similar colors 
may not be indicative of the same temperatures from each individual contour profile. 
TFA resides in the zone which is considered unfrozen and where the permafrost table 
resides at a depth of 7-8 m.

Distance from Center Line of Pipeline (m)
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Temperature Contour Plot for TFA: Day 634 (9-05-2001)Temperature Contour Plot for TFA: Day 272 (9-08-2000)

Distance from Center Line of Pipeline (m) (3 .) Distance from Center Line of Pipeline (m)

Temperature Contour Plot for TFA: Day 999 (9-06-2002)

Distance from Center Line of Pipeline (m)

Figure 21. Thermal contour profiles for TFA comparing the thermal regime for early 
September, 3 year monitoring period. Contour profiles are extrapolated using a 
Kriging algorithm. Note: refer to each individual temperature bar scales since similar 
colors may not be indicative of the same temperatures from each individual contour 
profile. TFA resides in the zone which is considered unfrozen and where the 
permafrost table resides at a depth of 7-8 m.
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freezing of the active layer due to extremely warm early winter temperatures in October 

and November of 2002.

Figure 20, shows the temperature contour plots for TFA during the middle of April for a 

three year period. Plot (a) shows the rapid migration of the frost bulb directly beneath the 

pipe as well as cooling of the entire soil mass whose temperature is between 0°C and 

0.12°C based on actual thermistor temperatures, when compared to 12-11-99 (Figure 19, 

plot (a)). Plots (b) and (c) show distinctly the nature of the developing frost bulb and the 

temperature uniformity of the soil mass beneath the frost bulb. The water table is at an 

elevation o f -1.88 m (i.e. depth of 2.79 m) and -2.23 m (i.e. depth of 3.14 m) for plots (b) 

and (c) respectively. As of day 854 (4-13-2002), it appears that the chilled pipeline’s 

lateral influence distance is approximately 4.0 m, beyond which atmospheric temperature 

effects dominate for the April Comparisons.

Figure 21 shows the TFA temperature contour plots for early September. The effects of 

the thawing active layer can clearly be seen. The nature of the frost bulb at depth is very 

similar to that found for the middle of April. Ground water levels are at an elevation of 

-0.31 m (i.e. depth of 1.22 m) and 0.56 m (i.e. depth of 0.35 m) respectively for plots (b) 

and (c). The thermal nature of the soil mass at depth (i.e. below the frost bulb) remains 

comparable to other time periods except during the first months of the experiment. The 

lateral influence of the pipeline extends to distances greater than 6.0 m.

As a result of operation of the chilled pipeline, the soil mass within 4 m to 6 m south of 

the pipeline center line has experienced a cooling effect with temperatures remaining near 

0°C after the first 9 months of operation. No thermal data is available for distances 

beyond 1 m north of the pipelines center line. Ground water measurements, 

approximately 6 m from the pipelines center line, indicates that ground water exists 

during all seasons of the year. Therefore, we can conclude that even though the 

temperatures are near or below 0°C, unfrozen ground conditions persist. The nature of
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the frost bulb around the pipeline gradually changes from an elliptical shape to more 

concentric shape after the first year of operation. During the initial stages of operation, 

the pipeline may have had an impact on the overall cooling of the soil mass observed 

from temperature data. More likely though, is that the presence of the chilled pipeline 

helped to prevent warm up of the soil mass after progressive cooling of the soil mass due 

to the cooling of effects of winter conditions. In interior Alaska, progressive cooling of 

the soil mass to temperatures near 0°C commonly occurs during the winter, followed by 

progressive warming during the short, often intense summers. After the stabilization of 

the soil mass near 0°C, as a whole, the impact of the chilled pipeline seems to be 

primarily confined to 4 m from the pipeline center line during the winter months and 

greater than 6 m during the summer months. From ground water observation (Figure 9) 

and observations from the temperature conditions, the freezing front and the growing 

frost bulb had access to saturated ground conditions.

Thermal Fence C (TFC) resides in the zone with shallow permafrost at an elevation of 

-1.75 m to -3.25 m (i.e. depth of 2 m to 4 m). The bottom of the pipe is at an elevation of 

-1.23 m on the temperature contour plots. Figure 22 shows the temperature contour plots 

for the 3-year period during the middle of December and include the beginning and 

ending conditions for the full monitoring period discussed in this thesis. In plot (a), the 

soil mass below the advancing active layer is falsely represented by the Kriging 

algorithm which attempts to find trends within the given data set. The actual temperature 

of the soil mass is between 0°C and -0.2°C. This would suggest an agreement with 

drilling observations and further suggest that the permafrost is in a quasi-steady state. 

Plots (b), (c), and (d) show the changing thermal regimes over a full 3-year period 

Compared to TFA, the influence of the chilled pipeline is very prevalent on the cooling 

rate of the entire soil mass. The indentation seen on plot (d) is the result of high ground 

water conditions and the slow freeze back of active layer thaw as a result of a very warm 

early winter season in 2002 .
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Temperature Contour Plot for TFC: Day 0 (12-11-1999) Temperature Contour Plot for TFC: Day 337 (12-22-2000)

o
-02
-0.4
-0.6
-0.8

Temperature Contour Rot for TFC: Day 733 (12-14-2001)

Distance from Center Line of Pipeline (m (D)

Temperature Contour Plot for TFC: Day 1098 (12-13-2002)

Distance from Center Line of Pipeline (m

E
[-0J2 8

 1
8 '1:

i
-t

 a
 1i

1

Figure 22. Thermal contour profiles for TFC comparing the thermal regime for mid- 
December, 3 year monitoring period. The first monitoring day of the experiment was 
12-11-1999 (a). Contour profiles are extrapolated using a Kriging algorithm. Note: 
refer to each individual temperature bar scales since similar colors may not be 
indicative of the same temperatures from each individual contour profile.

Distance from Center Line of Pipeline (m
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Figure 23 shows the temperature contour plots for the middle of April for a 3-year period. 

Plot (a) shows the advancing frost bulb. Plot (b) shows that for nearly the entire soil 

mass being monitored, most of the free water is frozen as indicated by the lower soil 

temperature. By 4-13-02, it can be seen in plot (c) that the pipeline’s zone of influence 

reaches to 6 m horizontally and through the entire vertical strata of the monitored soil 

mass. Additionally, plots (b) and (c) show that the thawed active layer from the previous 

summer is totally refrozen by the end of the following winter period.

Figure 24 shows the temperature contour plots for early September. Clearly shown in all 

plots is the influence of the thawing active layer. From plot (c) it can be seen that the 

permafrost region has cooled and become more thermally stable. Most of the remaining 

effects were the attribute of summer active layer effects.

The rate of thermal influence for TFC is much greater than that of TFA. Thermally, the 

initial conditions for TFA and TFC were different. TFA was represented by warmer 

initial temperatures and permafrost at greater depths. TFC was located in quasi-steady 

permafrost near 0°C. Due to the initial thermal conditions found at TFC, latent heat 

effects are less significant as the penetration of the frost bulb increases. To the north of 

the pipeline near TFC, a small pond has developed resulting from the damming effect of 

the cooling soil mass. The water level of the pond was monitored between 7-26-02 and 

10-18-02, and was found to be steady near an elevation of 0.34 m with the water edge 

lying approximately 4 m north of the pipelines center line. Thermal data was not 

available to directly analyze the impact that the small pond may have on the thermal 

characteristics of the soil around the pipeline. Heave characteristics will be discussed in 

detail in chapters 4 and 5 , but a quick estimate of heave indicates that heave within the 

permafrost zone near TFC is only 25% of the maximum heave observed at HR-22 

(48.62 m). The amount of heave and a partial lock-in effect supports the presence of the 

shallow permafrost table.
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Temperature Contour Plot for TFC: Day 123 (4-12-2000) Temperature Contour Plot for TFC: Day 488 (4-12-2001)

Distance from Center Line of Pipeline (m)

Temperature Contour Plot for TFC: Day 854 (4-13-2002)

Distance from Center Line of Pipeline (m)

Figure 23. Thermal contour profiles for TFC comparing the thermal regime for mid- 
April, 3 year monitoring period. Contour profiles are extrapolated using a Kriging 
algorithm. Note: refer to each individual temperature bar scales since similar colors 
may not be indicative of the same temperatures from each individual contour profile. 
TFC falls within the zone where the permafrost table was 2-4 m below the initial 
ground surface.
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Temperature Contour Plot for TFC: Day 272 (9-08-2000) Temperature Contour Plot for TFC: Day 634 (9-05-2001)

Temperature Contour Plot for TFC. Day 999 (9-06-2002)

Figure 24. Thermal contour profiles for TFC comparing the thermal regime for early 
September, 3 year monitoring period. Contour profiles are extrapolated using a 
Kriging algorithm. Note: refer to each individual temperature bar scales since similar 
colors may not be indicative of the same temperatures from each individual contour 
profile. TFC falls within the zone where the permafrost table was 2-4 m below the 
initial ground surface.
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Thermal Fence B (TFB) has a thermal regime very similar to that of TFA. The major 

difference is the penetration depth of the frost bulb in TFB, which penetrated 

approximately 0.5m further. The pipelines horizontal zone of influence for TFB is 

approximately 4 m (winter), which is very similar to TFA. The distance separating TFC 

and TFB is 23.5 m. TFB falls within the transitional zone between the shallower and 

deeper permafrost.

Longitudinal Profile 1 m south of Pipeline Center Line

Figures 25 to 27 show the longitudinal (parallel to the longitudinal axis of the pipeline) 

temperate contour plots 1 m south of the pipeline center line between TFC and TFA (end 

points), where TFC is at 13 m, TFB is at 36.5 m, and TFA is at 58 m from the inlet riser. 

The periods shown are mid-December, mid-April, and early September. The longitudinal 

temperature contour plots 3 m south of pipeline center line can be found in Appendix B. 

The contour plots were created with a triangulation with linear interpolation algorithm 

which is an exact interpolation method. The Kriging algorithm failed to give satisfactory 

results due to the distance between data points. The longitudinal profile shows the 

variation in the rates of the advancing frost front (i.e. -0.2° C isotherm) between the 

shallow permafrost zone and the deeper permafrost zone. After day 634 (9-05-2001), 

little additional change occurred between 13 m and 35 m. From 35 m to 58 m, the only 

significant change was the slow advance of the frost bulb. Little to no advance occurred 

between days 999 (9-06-2002) and 1098 (12-13-2002). A distinct thermal boundary 

developed between 30 and 35 m from the inlet riser between frozen ground and unfrozen 

ground and appears to have had stabilized. This boundary suggests that the permafrost 

table rapidly deepens in this location. The soil in the unfrozen zone was under saturated 

conditions year round.
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Longitudinal Profile 
Middle of April Comparison

Temperature Contour Plot for Thermal Fence Longitudinal Profile 
1 m south o f Pipeline Center Line: Day 123 (4-12-2000)

-j 1---------r -----—i-------- 1 I i i r
15 20 25 30 35 40 45 50 55

Distance from inlet riser (m)

0 -0.4 -0.8 -2 -4 -6 -8 -10

Temperature Contour Plot for Thermal Fence Longitudinal Profile 
1 m south o f  Pipeline Center Line: Day 488 (4-12-2001)

J_______I_______L

Figure 26. Thermal regime within the soil mass 1 m south of the pipelines center line 
for mid-April. The depth measurements are elevations and are referenced to a based 
elevation of 1.00 m. Horizontal axis is measured as distances from the inlet riser and 
the zone shown lies between TFC (13 m) and TFA (58 m). Note that TFB is at 36.5 
m. Contour plots are based on a triangulation with linear interpolation which is an 
exact interpolation method.
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Longitudinal Profile 
Early September Comparison

Temperature Contour Plot for Thermal Fence Longitudinal Profile 
1 m south o f  Pipeline Center Line: Day 272 (9-08-2000)

Distance from inlet riser (m)

6 5 4 3 2 1 0 -0.2-0.4-0.6-0.8 -1 -2 -3 -4 -5 -6

Temperature Contour Plot for Thermal Fence Longitudinal Profile 
1 m south o f  Pipeline Center Line: Day 634 (9-05-2001)

E

o

Distance from inlet riser (m)

6 4 2 0 -0.4 -0.8 -2 -4 -6

Temperature Contour Plot for Thermal Fence Longitudinal Profile 
1 m south o f  Pipeline Center Line: Day 999 (9-06-2002)
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6 4 2 0 -0.4 -0.8 -2  -4 -6

Figure 27. Thermal regime within the soil mass 1 m south of the pipelines center line 
for early September. The depth measurements are elevations and are referenced to a 
based elevation of 1.00 m. Horizontal axis is measured as distances from the inlet 
riser and the zone shown lies between TFC (13 m) and TFA (58 m). Note that TFB is 
at 36.5 m. Contour plots are based on a triangulation with linear interpolation which is 
an exact interpolation method.
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Movement of the Freezing Front

The freezing front was defined as the -0.2°C isotherm and was interpolated from 

thermistor data at depth. Figure 28 shows the frost penetration of the -0.2°C isotherm for 

TFA-S1 and N1 and TFB-S1 and N1 which are the most significant in respect to vertical 

movement of the pipeline and Table 2 lists the summer and winter freezing indices. 

Penetration of the -0.2°C isotherm plots for all thermistor strings can be found in 

Appendix C. The frost bulb extension below the pipe reached 3.01 m and 3.18m 

respectively for TFA-N1 and TFA-S1. The frost bulb for TFB-N1 and TFB-S1 resides at 

a depth of 3.40 m and 3.36 m below the pipe. The maximum thaw active layer above 

pipe varies from 0.59 m to 0.92 m for TFA and 0.72 m to 0.96 m for TFB. The larger 

active layer thickness is on the north side of the pipe in each situation and is due to a 

slightly greater overburden thickness.

Migration of the -0.2°C isotherm for TFA-N1 and TFA-S1 occurs by a steady migration 

of the frost bulb below the pipe. A seasonal summer active layer develops above the 

pipe. At TFA-N2, the -0.2°C isotherm also slowly migrates at depth and has a frost 

penetration of 2.56 m below the pipe as of 12-13-2002. The maximum summer thaw 

active layer thickness is 1.49 m. The soil at TFA-N3 experiences a progressive advance 

of the freezing active layer each year. The frozen active layer extended to a depth of 1.92 

m in the first winter season and 2.55 m the second winter season, followed by a complete 

thaw the following summer season. The third freeze cycle appears to have created a 

remnant frozen layer approximately 1.8 m in thickness. The thaw active layer for the 

third season cycle extended to a depth of approximately 1.75 m. During the third 

seasonal cycle, the frozen remnant was able to survive due to the progressive cooling of 

the soil mass as seen on the temperature contour plots for TFA. TFA-N4 and TFA-N6 

are dominated by seasonal climatic effects with the active layer thickness of 

approximately 1.75m. The pipes influence extends to a distance between 3 m and 4 m 

from the pipeline’s center line.
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Position of -0.2C Isotherm for TFA-N1 Location of -0.2 C Isotherm for TFA-S1
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Figure 28. Penetration of the -0.2°C isotherm 1 m from pipelines center line for TFA and 
TFB.
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Table 2. Summary of Freezing and Thawing Index over the observation 
period ending on December 13, 2002.

Freezing Degree calculation for winter of 1999-2002 

Winter of 1999-2000
AFI: 5498.5
Snowfall (in): 70.9

Winter of 2000-2001

AFI: 4211.5
Snowfall (in): 56.2

Winter of 2001-2002

AFI: 5269.5
Snowfall (in): 47.72

Winter of 2002 (Oct 1 - Dec. 13)

AFI: 673.5
Snowfall (in): 3.5

Thawing Degree Days calculation for summers of 2000-2002 

Summer 2000

ATI (F*days): 3140

Summer 2001

ATI (F*days): 3559

Summer 2002

ATI (F*days): 3570

*Note: divide F*days by 1.8 to get 
C*days
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Similar to TFA-N1 and TFA-S1, TFB-N1 and TFB-S1 show a steady advance of the 

-0.2°C isotherm below the pipe with a reduced active layer thaw above the pipe during 

the summer season. TFB-S3 experiences a cyclic seasonal progression of the frozen 

active layer at depth. The freezing active layer for the first winter season was 1.75 m and 

2.74 m for the second winter season. During the third freeze season, the frozen active 

layer extended to a depth of 3.71 m with a remnant frozen zone of approximately 2.00 m. 

The active layer thaw for the third summer season was approximately 1.70 m. As in 

TFA, the first and second freeze cycles experienced complete thaw of the frozen active 

layer.

TFC lies within the shallow permafrost zone. The penetration of the -0.2°C isotherm for 

TFC-N1 extended to a depth (last thermistor) of 4.29 m by day 130 and for TFC-S1 

extended to a depth of 6.99 m by day 190. The maximum thaw active layer for TFC-N1 

was 0.55 m and 0.82 m for TFC-S1. For TFC-S3, the migration of the -0.2°C isotherm 

was very rapid to a depth of 2.2 m by day 50. From days 50 to 135, the isotherm 

remained fairly steady and was associated with freezing of water at the permafrost-active 

layer boundary. After day 135, the isotherm extended rapidly to 4.0 m (measured by the 

deepest thermistor) by day 220. The maximum thaw active layer was 1.12m. At 

TFC-S3 a frozen -0.2°C isotherm zone was found at a depth between 2.84 m and 3.30 m. 

Above and below this isotherm lens, the soil temperature was above -0.2°C. By day 675 

the bottom surface of the isotherm lens had extended to the last thermistor position and 

by day 850, the entire soil mass had cooled below -0.2°C. The thaw active layer was 

approximately 1.75 m thick.
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Chapter 4: Field Frost Heave Data 

Pipeline Heave

Pipeline movement is monitored by 28 heave rods (HR) welded directly to the top of the 

pipeline. Figure 29 shows the spatial placement of the HRs. The highest density 

saturation of HRs occurs near the presumed transition zone between permafrost and 

unfrozen soil conditions. Monitoring of HR movement is performed once every two 

weeks by manual surveying methods. Special emphasis needs to be made that pipeline 

movement has been monitored and not necessarily soil heave.

In the following presentation of results, heave will refer to upward vertical movement and 

settlement as downward vertical movement. Table 3 lists corresponding time 

relationships between days of operation and dates. Figure 30 shows the pipeline 

movement profile for various days between day 0 and day 1168. Day 0 is the first day of 

the monitoring period, 12-11-1999. Initially, the pipeline experienced settlement except 

at HR-26 and HR-27. Maximum pipeline movement occurred at HR-22 with an absolute 

movement of 0.197 m. Absolute movement is defined as the largest heave value minus 

the lowest heave value at the same HR location. HR-25, HR-26, and HR-27 had absolute 

movements of 0.149 m, 0.089 m, and 0.126 m respectively. HR-1 and HR-2 had absolute 

movements of 0.049 m and 0.057 m respectively. The largest incremental movement 

periods on Figure 30 are between day 188 and day 272 (06-16-00 to 09-08-00) and day 

272 and day 347 (09-08-00 to 11-22-00). For HR-22, a movement of 0.030 m occurred 

between day 188 and day 272 and 0.026 m occurred between day 272 and day 347. 

Following day 530 (not shown on Figure 30) up to day 544, the pipeline moved up 0.017 

m within the permafrost zone (HR-1). After day 272, it can be seen that the pipeline is 

starting to undergo distinctive bending between 10 m and 75 m from the inlet riser as the 

result of differential heave. The maximum movement was monitored on day 1056 

followed by small amounts of settlement or no additional heave of the pipeline.
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Table 3. Time relationships between days of operation and dates.
Days o f  Operation Date Days o f  Operation Date

0 12/11/99 606 08/08/01

35 01/15/00 622 08/24/01

37 01/17/00 634 09/05/01

46 01/26/00 648 09/19/01

59 02/08/00 664 10/05/01

67 02/16/00 678 10/19/01

73 02/22/00 692 11/02/01

80 02/29/00 706 11/16/01

94 03/14/00 720 11/30/01

102 03/22/00 734 12/14/01

110 03/30/00 748 12/28/01

123 04/12/00 762 01/11/02

130 04/19/00 776 01/25/02

158 05/17/00 790 02/08/02

174 06/02/00 804 02/22/02

180 06/08/00 818 03/08/02

188 06/16/00 832 03/22/02

200 06/28/00 846 04/05/02

220 07/18/00 854 04/13/02

240 08/07/00 874 05/03/02

262 08/29/00 888 05/17/02

272 09/08/00 902 05/31/02

290 09/26/00 916 06/14/02

310 10/16/00 930 06/28/02

330 11/05/00 944 07/12/02

343 11/18/00 958 07/26/02

349 11/24/00 972 08/09/02

363 12/08/00 986 08/23/02

377 12/22/00 1000 09/06/02

391 01/05/01 1013 09/19/02

405 01/19/01 1028 10/04/02

416 01/30/01 1042 10/18/02

433 02/16/01 1057 11/01/02

446 03/01/01 1064 11/08/02

460 03/15/01 1071 11/15/02

475 03/30/01 1085 11/29/02

488 04/12/01 1098 12/13/02

503 04/27/01 1112 12/27/02

517 05/11/01 1126 01/10/03

530 05/24/01 1140 01/24/03

544 06/07/01 1154 02/07/03

557 06/20/01 1168 02/21/03

579 07/12/01 1182 03/07/03

593 07/26/01 1196 03/21/03

1210 04/04/03
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Daily Survey of Heave Rods (HR) Along Pipeline 
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Figure 30. Pipeline movement profile along the length of the pipeline.
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Figures 31 and 32 show the pipeline heave pattern for the shallow permafrost zone and 

the deep permafrost zone (unfrozen). The pipe within the shallow permafrost (Figure 31) 

zone experienced initial settlement due to the increased overburden pressure from the 

pipeline and berm or due to thermal disturbance during excavation. Initial settlement was 

approximately 0.025 m followed by a heaving trend which consists of a period of slow 

heave followed by an abrupt upwards jump. After the abrupt jump, the pipeline 

movement followed a very slow upwards trend and did not exceed an addition of 0.01 m 

of heave. After day 1056, no additional heave had occurred and was followed by 

approximately 100 days of settlement. The pipe within the deep permafrost zone (Figure 

32) experienced no to little initial settlement. It should be noted that HR-25, HR-26, and 

HR-27 are used as represented points for pipeline movement within the unfrozen zone 

and are located between 58.8 m and 89.3 m from the inlet riser. After the initial 

settlement, the rate of pipeline heave was initially very fast followed by gradual slowing 

up to day 1056. After day 1056, the pipeline experienced a slow rate of settlement up to 

the end of the monitoring period.

Foundation Heave

In order to monitor the nature of soil heave beneath the pipe, five heave gauges (HG) 

were installed directly below the pipeline center line at depth of approximately 1.1 m 

below the bottom of the pipeline, located at 27.85 m, 30.96 m, 32.33 m, 37.04 m, and 

68.85 m from the inlet riser. They were designed to measure the heave within the first 1 

m of native silt below the pipe (note: approximately 0.1 m of dry sand bedding was 

placed on the trench base before the pipeline was laid). The heave gauges were installed 

by pre-drilling a pilot hole, installing an anchor at the desired depth of 1 m, and placing a 

15.2 cm (6  inch) steel plate at the soil surface thus fixing the length of the heave gauge 

and allowing for measurement of any soil expansion. Figure 33 shows the heave 

patterns vs. time for the five heave gauges. HG-1 through HG-4 are concentrated near 

the transition zone between deep and shallow permafrost and HG-5 is located within the 

unfrozen (deep permafrost) zone. For HG-1 through HG-5, there is an initial stabilization
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Pipeline Movement within the Shallow Permafrost Zone
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Figure 31. Pipeline heave pattern for soil zone containing a shallow permafrost 
table. HR-1 and HR-2 are taken as representative locations. Distances 8.53 m 
and 14.63 m are taken from the inlet riser
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Pipeline Movement within the Deep Permafrost Zone 
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Figure 32. Pipeline heave pattern for soil zone containing a deep 
permafrost table. HR-25, HR-26, and HR-27 are adopted as characteristic 
of heave within this zone. Distances are measured from inlet riser.
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Foundation Soil Heave (HG)
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Figure 33. Heave gauge data showing the heave within the first 1 m of native 
silt below the bottom of the pipeline. Distances are measured from inlet riser.
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zone near day 110. Following day 130, HG-1 through HG-4 experienced an abrupt jump 

in heave followed by a second and final stabilization plateau. Table 4 is the listing of the 

maximum total heave for the first and second stabilization zones.

Table 4. Maximum heave for first and second stabilization zones for heave gauges
Stabilization zone HG-1 HG-2 HG-3 HG-4 HG-5

First 40 mm 51 mm 43 mm 32 mm 40 mm

Second 46 mm 57 mm 48 mm 49 mm 40 mm

HG-5 did not experience any additional jump in total heave amount. The heave trends 

are essentially linear as they approach the first stabilization zone, which suggests a simple 

linear volumetric pore water expansion relationship which will be discussed in Chapter 5.

Ground Surface Heave above Pipeline

Eleven surface settlement points (SSP) were installed at various locations on the ground 

surface along the center line of the pipe. They were installed on 11-23-2000, day 348 of 

pipeline operation and therefore did not document the first summer thaw settlement and 

subsequent early winter heave. Figure 34 shows the heave and settlement pattern for 

selected SSPs. After installation, the SSP locations underwent a small gradual heaving 

trend until approximately April 2001, upon which abrupt settlement took place resulting 

in settlements up to 16.5 cm (SSP-7). The next period of abrupt surface heave began on 

approximately 09-05-2001 (day 634) and ended on approximately 11-30-2001 (day 720). 

The following spring on approximately 05-03-2002 (day 874), the second period of 

abrupt settlement took place, ending on approximately 7-26-2002 (day 958).

Immediately, on day 958 the second period of abrupt heave proceeded until 

approximately 11-01-2002 (day 1056). Table 5 shows the magnitudes of thaw settlement 

and heave for the periods and abrupt settlement and heave.
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Surface Settlement Points (SSP) Movement in Relationship to Time
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Figure 34. Heave and settlement pattern for selected SSP locations
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Table 5. Magnitudes of surface heave and settlement in response to spring thaw and 
early winter heave _________ _________ _________ _________ _________ ______
Heave/settlement 

period (days)
SSP-1 SSP-3 SSP-6 SSP-7 SSP-8 SSP-10

634 to 720 

(first abrupt heave)
+ 47mm + 61mm + 50mm + 54mm + 35mm + 53mm

874 to 958 - 73mm - 82mm - 56mm - 66mm - 60mm - 68mm

958 to 1056 

(second abrupt 

heave)

+ 83mm +100 mm + 105mm + 80 mm +86 mm + 116mm

From Figure 34 and Table 5 it can be seen that following the second spring thaw season 

(ending approximately day 600), a progressive heave cycle appears to be developing.

The heave magnitudes for the second monitored abrupt heave period are 60% to 120% 

larger than the first monitored abrupt heave period. Due to close similarities with the 

heave patterns for the overburden backfill (discussed below), detailed discussion of the 

heave monitored by the SSP points will not be discussed specifically.

Heave Characteristics of Overburden Backfill above the Pipeline

In order to monitor heave characteristics of the overburden above the pipe, eight heave 

plates (HP) were installed at various depths in the overburden along the pipeline center 

line and 1 m north of the pipeline center line. HP-IT through HP-4T are located above 

the center line of the pipe and installed at the following depths respectively: 0.68 m, 0.30 

m, 0.50 m, and 0.58 m. HP-5T through HP-6T are located 1 m north of the center line 

and installed at the following depths respectively: 0.30 m, 0.50 m, 0.78 m, and 0.69 m. 

HP-IT through HP-8T were installed between 32.5 m and 34.4 m from the inlet riser. 

Figure 35 shows a rough schematic showing the components and spatial relationship of 

the installed heave plates.



Center Line 

-------------- ►  inlet riser

Heave Rod

Figure 35. Schematic of heave plate (HP) installation.
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Analysis of the heave results for the eight monitored heave plates will be discussed in 

detail in this chapter since the results are not directly correlated to pipeline movement and 

the heaving conditions found within the native silt below the pipe. In chapter 5, analysis 

of the pipe heave and heave of the silt will be discussed in detail.

Figures 36 and 37 show the heave vs. time plots for the entire monitored period and for 

each freeze season monitored. The overall heave pattern is very similar to that of those 

for SSP locations, which is to be expected since they both monitor reactions of the 

overburden to thaw settlement and heave. Settlement appears to have reached an 

equilibrium level by the summer of 2001 (day 634) with settlement levels of summer 

2002 (day 958) approximately equaling the settlement from the previous summer. Figure 

36 shows the heave patterns for HP-IT through HP-4T, which are located above the 

center line of the pipeline. Documented are the three heave cycles corresponding to the 

winter o f2001, 2002, and most of 2003. For the first freeze cycle, the soil layers heave 

initially very quickly followed by a near linear heave trend. The initial heave jump 

occurred over a monitoring period of 71 days. After the first jump, the heave rate is 

nearly identical for all layers with an average rate of 0.19 mm/day; therefore all 

additional heave is occurring below HP-IT (depth of 0.68 m). The pipeline heave rate 

for HR-14 (32.9 m) had an approximate heave rate of 0.23 mm/day.

In the second heave cycle, once again the primary heave jump occurs in the beginning 

phases of the freezing process followed by a steady state heave below HP-IT with an 

approximate heave rate of 0.08 mm/day. The pipeline heave rate was approximately 0.08 

mm/day. As for the first and second heave cycles, the third heave cycles is characterized 

by a quick heave event followed by a uniform settlement in this case. In additional, HP- 

1T was located in the frost bulb around the pipe as seen in plot (c) and plot (d). In all 

cased HP-2T (0.3 m) had the largest incremental heave jump followed by HP-3T (0.5 m). 

Similarly, HP-2T experienced the largest and first effects of thaw settlement followed by
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Figure 36. Heave pattern for overburden backfill above the pipeline. HP-1T through 
HP-4T are located above the pipeline center line at various depths. Shown are the 
cumulative heave vs. time (a) and heave vs. time for the first heave cycle (b).
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Figure 36 (cont’d). Heave pattern for overburden backfill above the pipeline. HP-1T 
through HP-4T are located above the pipeline center line at various depths. Shown are the 
heave vs. time plots for the second heave cycle (c) and third heave cycle (d).
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(a) Heave Plate (H P ) Heaving Pattern vs. Time: 1 m North
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Figure 37. Heave plate (HP) heave pattern for overburden backfill above the pipeline. 
HP-5T through HP-8T are located 1 m north of the pipeline center line. Shown are the 
cumulative heave vs. time (a) and heave vs. time for the first heave cycle (b).
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(c) HP Heave Pattern: Second heave cycle
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Figure 37 (cont’d). Heave plate (HP) heave pattern for overburden backfill above the 
pipeline. HP-5T through HP-8T are located 1 m north of the pipeline center line. 
Shown are the heave vs. time plots for the second heave cycle (c) and third heave 
cycle (d).
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HP-3T. After completion of the initial heave jump, all the heave plates became 

incorporated within the frozen active layer and subsequently all additional heave during 

the winter is directly related to the magnitude of pipeline heave. For the first and second 

heave cycles, initiation of heave began nearly simultaneously for all plate location as a 

result of freezing from above and below. For the third heave cycle HP-IT (0.68 m) and 

HP-4T (0.58 m) experienced the first heave effects as the soil froze from the pipe up. Of 

interest is that the third heave cycle occurred primarily during the summer, and therefore 

is characteristic of an open heaving system.

Figure 37 shows the heave pattern and freeze cycles for HP-5T through HP-8T, which are 

located 1 m north of the pipeline center line. The heave pattern is very similar to Figure 

36. Abrupt initial heave jumps are followed by a steady state heave pattern ending in a 

settlement that reaches a near equilibrium level. In the first heave cycle, an initial jump 

occurred followed by a linear heave trend with a heave rate of 0.22 mm/day. The second 

heave cycle is similar, followed a steady state heave rate near 0.059 mm/day. The third 

heave cycle follows the same trend. For all cases, HP-5T (0.3 m) and HP-6T (0.5 m) 

heave nearly uniformly and is the result of the freezing nature. For the second and third 

heave cycles, the overburden soil is heaving from the bottom up, as the frozen active 

layers moves upward away from the pipeline. This explains the simultaneous heave 

found throughout the entire monitored soil thickness. After the abrupt heave condition, 

the steady state heave also follows the trend of the pipeline movement.

Table 6 shows the frost heave ratio for the soil layers identified by the heave plates. The 

frost heave ratio is defined as:

/ p .r m  frost heavedh ...
Frost heave ratio (FHR) =    = —  (1)

frost penetration depth dx

where:
dh = heave amount
dx = frost penetration amount
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For each successive heave cycle, the frost susceptibility and resulting heave increased for 

each soil layer within the overburden backfdl. The results indicate that conditioning of 

the soil has occurred or that the increased heave is due to the open system nature of the 

second and third heave cycles. Of interest is the variability of the frost heave 

susceptibility for similar soil layers with 1 m of separation.

Table 6 . Frost heave ratio for overburden soil layers

Center Line of Pipeline: HP-1T through HP-4T
Soil Layer

Heave Cycle/Soil Layer 0.3 m to 0.5 m 0.5 m to 0.58 m 0.58 m to 0.68 m
First 8.8% 5.5% 2.6%

Second 15.5% 8.9% 11.1%
Third 25.3% 11.2% 19.3%

1 m North of Pipeline Center Line: HP-5T through HP-8T
Soil Layer

Heave Cycle/Soil Layer 0.3 m to 0.5 m 0.5 m to 0.69 m 0.69 m to 0.78 m
First -0.1% 13.8% 6.3%

Second 3.2% 14.3% 1.8%
Third 7.8% 28.1% 1.8%

*note: negative value indicates settlement

In summary, for each successive heave cycle, an initial period of abrupt heave is seen 

followed by a near steady state heave that can be directly correlated to pipeline 

movement over the same period. This holds true for soil above the center line of pipeline 

and 1 m away from the center line. No data is available for the first summer thaw 

settlement, but all subsequent thaw period results in thaw settlements that reach a near 

equilibrium level that is similar from season to season. For the second and third freeze 

cycles, the overburden layer heaved from the bottom up or from the bottom and top 

simultaneously resulting in uniform initiation of heave throughout the strata layer. In 

addition, the second and third freeze cycles were entirely or partially an open heaving 

system. Settlement always occurs from the ground surface down.
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Chapter 5: Analysis of Heave Results 

Foundation versus Pipeline Heave

Five heave gauges monitor heave within the first 1 m of native silt below the base of the 

pipeline. This is the only time during the operation of the pipeline that soil heave can be 

compared with pipeline movement directly. Heave gauges monitor the movement within 

the soil while the pipeline movement may or may not follow the soil heave trend. Figure 

38 shows the relationships between foundation heave (HG-5 68.85 m), pipeline 

movement, -0.2°C isotherm penetration, and pore water expansion estimates. The linear 

nature of the foundation heave suggests a simple pore water expansion relationship rather 

than ice segregation. On plot (a), the nature of the -0.2°C isotherm penetration depth with 

time is shown. Based on the penetration depth, an estimate of heave resulting from pore 

water expansion was performed (equation (2), pg. 83). A porosity estimate of 50% with a 

gravimetric water content of 40% (saturated condition) was assumed to represent in-situ 

conditions.

On plot (b), heave estimates from pore water expansion and actual pipeline movement 

was plotted with heave measured from heave gauges. Heave from pore water expansion 

was adjusted for initial frost depth below the pipeline as well as for unfrozen gravimetric 

water content of 5.1% (volumetric water content of 7.0%) at equilibrium. Note that the 

adjustments indicated on the following plots for HR and porosity heave estimates indicate 

that the values are adjusted for initial settlement and initial thickness of frozen soil 

respectively. The heave magnitude from pore water expansion (n=50%) follows a similar 

trend as foundation heave, yet the magnitude is much lower by the day 110 which is the 

approximate zone of no further monitored foundation heave. Foundation heave is 

approximately 55% larger than heave from pore water expansion. Also shown on plot (b) 

is the heave trend taken from expansion of pure water which is based on a 9% expansion 

assumption. The overall heave magnitude by day 110 and trend are similar for pure
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Heaving Relationships for HG-5
(a)

0 10 20 30 40 50 60 70 80 90 100110120 130 140150160170180190

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160170 180190
Time (days of operation)

Figure 38. Plot showing the -0.2°C penetration depth with time for TFA (a) and the 
relationships between foundation heave (HG), pipeline movement (HR), estimated heave 
due to pore water expansion (b). Location is within deep permafrost zone.
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water expansion and foundation heave. Two possibilities exist: 1) 55% of the heave is 

due to ice segregation in the soil and 2) the porosity of the soil in which the heave gauge 

is located, is much larger than that for undisturbed in-situ soil. In order to match the 

heave gauge trend based on pore water expansion, the soil system affecting the heave 

gauge would need an effective porosity of approximately 75% to 80%.

Pipeline movement as measured from HR-25 (58.81 m) and HR 26 (74.04 m) was 

compared to foundation heave, HG-5 (68.85 m), on plot (b). The heave/movement 

pattern is nearly collinear for pipeline movement and foundation heave, indicating that 

pipeline movement is the same as soil heave. Collinear in this paper indicates that two 

different curve trends are nearly parallel or the curve slopes are approximately equal.

The absolute magnitude of the pipeline heave is lower than that of soil heave, but we are 

monitoring pipeline movement and must take into account initial settlement up to 

approximately day 45. The collinear nature of the heave patterns suggest the uniformity 

between soil and pipeline heave is valid. The cumulative frost heave ratio for HG-5 was 

4% and the heave rate was 0.44 mm/day. The frost heave ratio value seems to indicate 

that the resulting heave is not primarily the result of ice segregation, but possibly the 

result due to slight alteration in soil structure during installation of the heave gauge 

because of soil slumping and an increased soil porosity of the borehole walls. Typically, 

frost heave ratio values are much larger than 4% upon the initiation of ice segregation.

Figure 39 shows the relationship between foundation heave (HG-4 37.04 m), pipeline 

movement, and heave due to pore water expansion. Plot (a) shows the -0.2°C isotherm 

penetration depth with time. As with HG-5 (Figure 38), the heave pattern for HG-4 is 

linear up to the equilibrium level at day 110. At approximately day 130, an abrupt jump 

in heave is seen that represents nearly 40% of the overall heave for HG-4. This 

phenomenon will be discussed in detail (later in this chapter). The frost heave ratio up to 

the first equilibrium level is 3% and the heave rate is approximately 0.30 mm/day. The 

overall frost heave ratio and heave rate is lower than that of HG-5.
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Heaving Relationship for HG-4
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Figure 39. Plot showing the -0.2°C isotherm penetration depth with time for TFB (a) 
and the relationships between foundation heave (HG-4), pipeline movement (HR), 
estimated heave due to pore water expansion (b). Location is near shallow to deep 
permafrost transition.
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Plot (b) shows that the rate of pipeline movement (HR-17, 37.46 m) is lower than that of 

foundation heave. The heave due to pore water expansion (n=50%) is approximately 

collinear with pipeline movement and slightly lower than foundation heave suggesting 

pipeline heave could be correlated to soil expansion, thus slight soil structure 

modification near the heave gauge was probably the result of the increased heave 

observed for the heave gauge. From plot (a), it can be seen that the initial -0.2°C 

isotherm was located at a depth below the pipeline of 0.36 m for TFB-S1 and 0.47 m for 

TFB-N1. When porosity estimates do not disregard this initial “frozen” layer, then the 

overall heave magnitudes caused by pore water expansion is similar to that of HG-4.

Figure 40 shows the foundation heave for HG-1, HG-2, and HG-3 and the pipeline 

movement for HR-11, HR-12, and HR-14. The location is near the shallow to deep 

permafrost transition zone. The overall pipeline movement trend is nearly linear with 

that of foundation heave after initial settlement of pipeline, yet the trend may suggest that 

pipeline heave is less than soil heave. The average heave rate for HG-1 through HG-3 is 

0.39 mm/day (days 60 to 110) and 0.33 mm/day (days 60-110) for HR-11, HR-12, and 

HR-14. This is consistent with Figure 38. As seen for HG-4, there is an abrupt jump in 

heave for all three heave gauges.

From observation of foundation and pipeline movement, it appears that pipeline 

movement is directly related to the magnitude of soil heave and that soil heave is 

primarily the result of in-situ pore water expansion. The frost heave ratio is 3% to 5% for 

foundation heave, suggesting little to no ice segregation within the first linear heave trend 

which ends at the first equilibrium level. Excess heave measured from heave gauge data 

over an in-situ porosity of 50% is likely the result of slight soil alteration and disturbance 

due to installation of the individual heave gauges.

For heave gauges HG-1, HG-2, HG-3, and HG-4, there is an additional jump in heave 

resulting in a second higher equilibrium (no further heave) level after an initial
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Foundation Heave and Pipeline M ovem ent Relationships

Average heave rate for HG = 0.39 mm/day 
(dav 60 to dav 110)
I I  I I I I 

Average heave rate (HR) = 0.33 mm/day—  
(day 60 to day 110)

HG-1 (27.85 m) 
HR-11 (28.33 m) 
HG-2 (30.96 m) 
HR-12 (29.85 m) 
HG-3 (32.33 m) 
HR-14 (32.90 m)
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Figure 40. Foundation heave and pipeline movement relationships. Heave gauges are 
located near the shallow to deep permafrost transition zone.
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equilibrium level was achieved. Figure 41 shows the temperature distribution within the 

soil for TFB-S1 and TFB-N1 (36.5 m) and the heave trend for HG-4 (37.04 m). 

Correlating directly to the abrupt heave jump was an abrupt increase in the soil 

temperature to approximately 0°C. The increase in temperature is not related to warming 

of the pipeline and thus can be contributed to the release of heat due to the freezing of 

influx water. The water influx was likely the result of snow ablation corresponding to the 

spring thaw, which infiltrated through surface cracks around the pipeline. The additional 

heave, as a result of this ice segregation, is 40% of the total heave measured for HG-4.

Of interest is the soil zone which appears to be predominantly affected by the increased 

temperature and is defined by soil layer that rises above -0.2°C. For TFB-S1 this zones is 

between 0.76 m and 2.01 m. For TFB-N1 this zone is between 0.59 m and 2.09 m. This 

identified soil zones correlate to the backfill portion around the pipeline. The pipe 

location is approximately between 0.9 m and 1.8 m and the top of the heave gauge is 

approximately 2.0 m. From TFB-N1 data, it can be estimated that 10 cm of soil occupied 

by the heave gauge was affected by the temperature increase above -0.2°C. The abrupt 

heave jump corresponds to approximately 17 mm. The resulting FHR value was 17%, 

which supports ice segregation. The heaving and temperature warming period was 

approximately 15 days in length followed by a rapid decrease in temperature and 

stabilization (no further heave) of HG-4. It is important to note that TFC also 

experienced an increase in temperatures above -0.2°C for a similar soil zone, but TFA did 

not. Figure 42 shows the soil temperature at TFA (58 m) and foundation heave HG-5 

(68.85 m). It can be seen that the soil temperature did not increase to -0.2°C and resulted 

in no additional foundation heave at HG-5.

In figure 41, plot (a), the temperature profile for TFB-S1 (0.26 m) shows the expression 

of a zero-curtain as the summer thaw contacts that layer. The abrupt temperature rise and 

increased heave directly correlate to this same period of time. Figure 43 shows the 

temperature profile plot for TFB-S1 over the full range of the monitoring period. It can 

be seen that every time a pronounced zero-curtain occurs, which shows a well-developed
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Foundation Heave vs. Soil Temperature

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 1 7 0 1 8 0  190
Time (days)

(b)

0 10 20 30 40  50 60 70 80 90 1 0 0 1 1 0  1 2 0 1 3 0  1 4 0 1 5 0 1 6 0  170 180 190
Time (days)

Figure 41. Soil temperature for TFB-S1 and TFB-N1 and foundation heave 
HG-4. Plot shows the relationship between soil temperature and abrupt heave.
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Foundation Heave vs. Soil Tem perature: TFA-N1 and HG-5
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Figure 42. Soil temperature for TFA-N1 and foundation heave (HG-5).
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Figure 43. Relationship between zero-curtain and temperature rise in 
strata.
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initiation and termination point (i.e. TFB-S1 (0.26 m)); a sharp increase in soil 

temperature occurs. The absolute temperature rise is not as warm as in the first increase, 

but the magnitude of temperature increase is very similar for subsequent temperature 

increases. It should be noted that on Figure 43, four additional well developed zero- 

curtains can be seen. These correlate to curves TFB-S1 (2.76 m), TFB-S1 (3.26 m), 

TFB-S1 (3.76 m), and TFB-S1 (4.26 m). A well developed initiation point is not shown 

for these curves. The zero-curtain of interest in respect to soil temperature rise, contain a 

well developed initiation and termination point. When the zero-curtain is not strongly 

expressed (initiation and termination points), indicating a rapid temperature cooling or 

freezing trend, the sharp increase in temperature does not occur. It is unknown as to the 

cause of the strongly expressed zero-curtains. The zero-curtain is an expression of the 

freezing or thawing of water, causing the release of latent heat of fusion, resulting in a 

static temperature condition near 0°C until sensible cooling effects dominate. The 

expression of the zero-curtain was likely the direct effect of an increased water content in 

the upper soil horizon, resulting in the release and absorption of heat as the soil freezes 

and thaws. The question remains as to the cause of the abrupt jump in foundation heave. 

It is obviously related to the thaw of a soil horizon with an increased water content. From 

Figure 41, the top 10 cm to 15 cm of native silt that the heave gauge monitored was 

increased to a temperature above -0.2°C, which likely resulted in the saturation of that 

zone and the formation of ice lenses. The result for foundation heave was an abrupt 

increase in the magnitude of heave and resulted in as much as 40% of the heave for the 1 

m of soil. The process is similar to the formation of ice rich soil zones at the active layer 

boundary in permafrost systems.

Analysis of Pipeline Heave

Analysis of pipeline heave is based on the movement of the pipeline as monitored from 

28 heave rods welded to the top of the pipeline. Under the realization that there is no 

data regarding actual soil heave available (other than the first 1 m of foundation silt), 

heave data analyzed was based on pipeline heave. Therefore, the assumption was made
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that pipeline movement is representative of soil heave. This assumption is based on 

observation that foundation heave and pipeline movement were approximately collinear 

and thus representative of each other. Soil deformation observations by Carlson and 

Nixon (1988) at the Calgary Frost Heave Facility indicated that soil heave was 

approximately equal to actual pipeline heave.

Expansion of soil due to frost heave is composed of two components: 1) heave due to 

freezing of pore water and 2) heave due to ice segregation. Heave due freezing of pore 

water of a saturated soil can be expressed as:

(2)
dh =  0.09 nfudx

where:

dhj = heave due to pore ice expansion 

n = porosity of soil
U  ’ -

f u = adjustment factor for unfrozen water content: f H = — —— ; 

w = in-situ water content of soil (%)

wu = unfrozen water content (%) at defined freezing temperature 

dx = frozen soil thickness.

Heave due to ice segregation is defined as the difference between total heave and heave 

due to pore expansion. Figures 44 to 46 show the actual pipeline heave vs. estimated 

heave due to pore water expansion for HR-25, HR-22, and HR-17. HR-25 (Figure 44) 

and HR-17 (Figure 46) heave estimates due to porosity (n=50%) are based on the -0.2°C 

isotherm penetration depth and correspond to thermal fences TFA-N1 and TFB-S1. The 

heave estimate for HR-22 (46.62 m) (in Figure 45) is based on an interpolation depth of 

-0.2°C isotherm from TFA (58 m) and TFB (36.5m). All heave estimates were based on 

the assumption that saturated conditions exist resulting in a gravimetric water content of 

40% and an unfrozen gravimetric water content of 5.1 % at -0.2°C. All heave due to pore
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Pore Heave Estimate vs. Pipeline Heave: TFA -S1 and HR-25
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Figure 44. Estimation of heave due to pore water expansion for HR-25 vs. actual 
pipeline heave.
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Pore Heave Estim ate vs. P ipeline Heave: HR-22
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Figure 45. Estimation of heave due to pore water expansion vs. actual pipeline 
heave. HR-22 represents the point of greatest heave.
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Pore Heave Estimate vs. Pipeline Heave: TFB-S1 and HR-17
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Figure 46. Estimation of heave due to pore water expansion for HR-17 
(37.46 m) vs. actual pipeline heave.
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water expansion was adjusted for initial frost depth within the frozen ground and heave of 

the pipeline was adjusted for initial settlement.

There is good agreement between pipeline heave and heave due to water expansion in 

Figures 44 through 46 for the first 200 days. On days 150 to 200 it can be seen that rate 

of heave between pore heave and pipeline heave begins to change. The heave rate due to 

pore water expansion slows down while pipeline heave rate begins to increase. The 

decrease of the pore water expansion heave rate is directly related to the decrease in the 

penetration rate of the -0.2°C isotherm. In Figures 44 and 46, at approximately day 550, 

the pipeline heave and pore water expansion curves once again become approximately 

collinear. This trend is not seen in Figure 45 (HR-22). This may be due to structural 

bending of the pipeline.

The increased rate of pipeline heave as well as the divergence from the pore heave 

estimate can be directly correlated to the ice segregation within the soil. For HR-25, the 

maximum heave due to ice segregation was 0.046 m on day 1042, accounting for 

approximately 31.6% of the overall heave. For HR-17, the maximum segregation heave 

was 0.070 m on day 1056, accounting for approximately 38.7% of the overall heave. For 

HR-22, the maximum segregation heave was 0.089 m on day 1056, accounting for 

approximately 45.5% of the overall heave. No data was available regarding the elevation 

of the water table near day 150 (approximately 5-09-00), but if we use data for similar 

dates on May 2001 and May 2002, the average water table elevation was variable from 

-1.3 m to -2.2 m for well #3 and variable from -2.6 m to -3.2 m for well #2. The 

elevation of the -0.2°C isotherm for TFA-N1 and TFB-S1 respectively was approximately 

-1.7 m for TFA and -2.3 m for TFB. Well #3 is near the location of TFA and therefore 

could be used as the reference water level. It is apparent that the ground water table was 

likely near the advancing frost front of the pipeline near day 150, and thus we can 

conclude that the increased pipeline heave rate and decreased -0.2°C penetration rate is a 

direct result of the interaction between ground water and the advancing frost front. The
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result was the increase in ice segregation. Further evidence for this observation will be 

presented later in this chapter.

Analysis of Macro Heave Relationships

Two empirical relationships that are very important to the macro frost heave analysis are 

heave rate and frost heave ratio. The frost heave ratio was defined in equation (1). The 

heave rate is defined as:

heave rate -  —  (3)
dt

where:

dh = heave amount 

dt = time.

The frost heave ratio, FHR, and heave rate are the macro frost heave expression of the 

complex micro processes and mechanisms of the frost heave phenomena. In this analysis, 

the micro processes of frost heave will not be explored, only the macro expressions of 

frost heave acting on the pipeline system. The frost heave ratio is a common relationship 

used as an indicator of the “heavability” or the degree of frost susceptibility of a given 

soil. The frost heave ratio has been discussed by numerous studies (Carlson et al., 1982; 

Miyata, 1988; Miyata and Akagawa, 1991) with general agreement that the FHR is a 

function of overburden pressure (and effective stress) and penetration rate of the frost 

front (generally taken as OC). Miyata and Akagawa (1991) added an additional 

parameter to the FHR analysis, the unfrozen temperature gradient. They grouped that 

parameter with the frost penetration rate and expressed the FHR as a function of 

overburden pressure and the ratio of temperature gradient in unfrozen soil to penetration 

rate of the frost front. The equations developed by Miyata and Akagawa (1991) to 

express the frost heave ratio were developed from an empirical frost heave ratio 

relationship developed by Takashi et al (1978).
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An additional macro scale parameter that is very popular is the segregation potential 

relationship developed by Konrad and Morgenstem (1982). The segregation parameter 

relates the permeability and frost susceptible nature of the soil in the freezing front. The 

segregation potential relationship is expressed below but will not be discussed here.

A hs =1.09vAt
v = SP*grad T

SP= ^ ------
1.09 gradT

where:
A hs = segregation heave component 
At -  time increment 
SP = segregation potential 
v = velocity of arriving pore water 
grad T =  temperature gradient of the frozen fringe

H  = heave rate

In the study, two methods were used to evaluate the FHR, -0.2°C isotherm penetration 

rate and pipeline heave rate. The first method uses instantaneous or incremental values. 

Figure 47 shows the plot of pipeline heave vs. penetration depth (a) and penetration depth 

vs. time (b). For each changing segment, a new line of best fit was applied to obtain the 

resulting penetration rate or FHR. The second method was based on average values and 

approximated linear trends through the data. Figure 48 through 51 are based on this 

approach. Analysis of the pipeline heave rate was based on average values since the 

pipeline movement did not show the variable step-wise pattern as seen for penetration 

depth. Analysis based on values from data point to data point resulted in large 

fluctuations, therefore, the above two approaches were deemed reasonable.

Figure 47 shows the results of incremental analysis of the penetration rate and FHR for 

TFA-S1, HR-25. The penetration depth proceeds in a step-wise pattern resulting in

(4)
(5 )

(6)
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Incremental Frost Heave Ratio and Penetration Rates: TFA-N1, HR-25
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Figure 47. Incremental analysis of pipeline movement vs. penetration of -0.2°C
Isotherm (a) and penetration of -0.2°C isotherm with time (b) for TFA-N1, HR-25.
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Averaged Penetration Rates and Pipeline Heave Rate: TFA-S1, HR-25

Time (days of operation)

Figure 48. Penetration of-0.2°C isotherm vs. time (a) and pipeline movement vs. 
time (b) for TFA-S1, HR-25.



Averaged Penetration Rate and Pipeline Heave Rate: TFB-S1, HR-17 
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Figure 49. Penetration of -0.2°C isotherm vs. time (a) and pipeline movement vs. 
time (b) for TFB-S1, HR-17.
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periods of slow frost penetration followed by fast frost penetration. The FHR is a direct 

result of this step-wise pattern. Plots (a) and (b) are related in the same time domain. 

There are three primary zones for FHR. Zone 1 is the initial heave segment and can be 

correlated to frost penetration in soil above the ground water table. Following zone 1 is 

zone 2, which is characterized, by a high FHR and a slow frost penetration rate and zone 

3 characterized by a low FHR and fast frost penetration rate. The pattern of zones 2 and 

3 is cyclic, with zone 2 experiencing a gradual decrease in the FHR. Data for TFA and 

TFB both show this cyclic trend.

Figures 48 and 49 show the frost penetration rate and the pipeline heave rate based on 

averaged values. Clearly shown is the gradual decrease in both the frost penetration rate 

and pipeline heave rate. The exception is the initial heave rate for TFB-S1, HR-17 as 

shown in Figure 49. This can also be correlated to migration of the frost front above the 

ground water table followed by a change in heave characteristics once the frost front 

contacted the ground water table.

Figures 50 through 52 show the plots of pipeline movement vs. penetration depth of 

-0.2°C isotherm and penetration depth of -0.2°C isotherm with time based on an average 

analysis. Three distinct phases of the FHR can be seen. The first phase had a low FHR 

value and an associated high penetration rate. This phase correlates to approximately the 

first 200 days and can also be attributed to the changing heave nature once the frost front 

reached the water table. In phase two, the FHR increases to a maximum value and 

extends to approximately day 550 and correlates to a frost front penetration depth of 

approximately 1.0 m to 2.5 m. Phase three is marked by a decrease in the FHR which 

reaches a level similar to that of phase one. In each successive phase, the frost front 

penetration rate steadily decrease. In Figure 52, pipeline movement vs. frost 

penetration depth is shown for HR-22 which is the location of maximum heave. The 

FHR of the third phase doesn’t decrease to the same level as seen in Figures 50 and 51.



Averaged Frost Heave Ratio and Penetration Rate: TFB-S1, HR-17
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Figure 50. Pipeline movement vs. penetration of -0.2°C isotherm (a) and
penetration of -0.2°C isotherm vs. time (b) for TFB-S1, HR-17.
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Averaged Frost Heave Ratio and Penetration Rates: TFA-N1, HR-25
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Time (days of operation)

Figure 51. Pipeline movement vs. penetration of -0.2°C isotherm (a) and
penetration of -0.2°C isotherm vs. time (b) for TFA-N1, HR-25.
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Average Frost Heave Ratio and Penetration Rates: TF-S1, HR-22

-0.2C Isotherm Penetration Depth (m)

Figure 52. Pipeline movement vs. penetration of -0.2°C isotherm (a) and -0.2°C
Isotherm vs. time (b) for HR-22. This location represents the zone of maximum pipeline
heave. Penetration of -0.2°C isotherm is interpolated from TFA-S1 and TFB-S1.
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Phase three FHR values for HR-17, HR-25, and HR-22 were 4.0%, 4.6%, and 7.2% 

respectively.

Little has been discussed about the heaving relationships of TFC and heave within the 

shallow permafrost zone. Figure 53 shows the heave rate and frost front penetration rate 

for TFC-S1 and HR-2 (14.63 m). Heave data with time shows that there are three main 

stages of heave. In the first stage, the heave rate is very slow resulting in an absolute 

heave amount of approximately 2 cm up to day 517. Stage two is characterized by an 

abrupt heave event resulting in an additional 3 cm of heave. Stage three is characterized 

by a heave rate that is approximately zero. The processes of phase two occurs between 

day 517 (5/11-01) and day 622 (8-24-01), and correlates to the summer thaw. Phase two 

is not the result of heave within the shallow permafrost zone, but is likely related to pipe 

uplift resulting from heave within the deep permafrost zone. The soil anchorage was 

broke due to thaw weakening of the soil mass above the pipeline, which resulted in 

abrupt upward movement of the pipeline.

The penetration of the frost front is very rapid and has extended to a depth of 5.17 m by 

day 272. Stage one ended on approximately day 517, while the frost front had advanced 

through the thin layer of unfrozen soil above the permafrost table much earlier in 

approximately 100 days. Based on this observation, it is questionable as to whether stage 

one heave was solely the result of pore water expansion. From analysis of heave rates for 

the unfrozen soil mass, the rate of heave begins to increase abruptly near day 200. 

Subsequently, the stress that the pipe distributes to the overlying soil mass will increase 

as the magnitude of differential heave continues to increase. During construction of the 

pipeline, water was added to the trench within the permafrost section to help create a 

“lock-in” effect. Water contents of the soil above the center line of the pipeline were 

taken for depths of 45 cm and 50 cm, with values of 54.7% and 65.1% respectively, near 

HR-3. As a comparison, the water content of a soil sample taken 3.3 m from the center 

line of the pipeline and at a depth of 71 cm was 39.6% for the same area. With such large
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Frost Heave Ratio vs. Penetration Rate: TFC-S1, HR-2

0 100 200 300 400 500 600 700 800 900 1000 1100
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Figure 53. Pipeline movement vs. penetration of -0.2°C isotherm and penetration 
of -0.2°C isotherm with time for TFC-S1, HR-2.
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water contents, resulting in a definite ice rich overburden material, creep effects would be 

expected to occur. From the following ideas, the first 1 cm of heave can be attributed to 

pore water expansion and the second 1 cm of heave to creep effects resulting from 

increased stress on the soil above the pipeline, due to increased differential heave. An 

average FHR was estimated for TFC, HR-2 and it did not exceed 0.5%.

FHR and heave rate analysis was based primarily on the penetration rate of-0.2°C 

isotherm. The effects of overburden pressure were explored, but failed to achieve 

correlations with FHR and heave rate independently. Parameters used to estimate 

overburden pressure were a soil weight above the water table of 17.3 KN/m3 (110 lb/ft3), 

an effective soil weight below the water table of 7.5 KN/m3 (47.6 lb/ft3), and an average 

water table elevation at well #3 of -1.3 m. The overburden pressure could be calculated 

at the progressing frost front for any depth. The overburden pressure will increase 

proportionally to the penetration of the frost front, and cannot be analyzed as an 

independent factor without a separate pipeline test segment in which the overburden 

pressure is changed (i.e. increased burial depth). Therefore, the frost penetration rate was 

used as the primarily analysis tool, which is probably influenced by overburden pressure.

Figure 54 shows the relationship between FHR and penetration rate of the -0.2°C 

isotherm rate calculated from incremental and average values based on data from TFA- 

N l, TFA-S1, TFB-N1, TFB-S1, and TF-S1 (interpolation at HR-22 based on TFA and 

TFB) and HR-17, HR-22, and HR-25 . A definite relationship exists where the FHR 

decreases with increasing frost penetration rates. Located on the plot are values obtained 

from the incremental method and average method. The curves on Figure 54 are best fit 

regression curves based on both incremental and average values. It was found that the 

best regression relationships were logarithmic and exponential. Of interest are the 

average value points highlighted. These correspond to phase three of the heave, frost 

penetration relationship for the average analysis (also refer to Figures 50 to 52). Shown 

by Carlson et al. (1982), with field data from the Calgary Frost Heave facility, the FHR
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Frost Heave Ratio vs. Penetration Rate
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Figure 54. Average frost heave ratio vs. average frost penetration rate relationship 
for incremental and average analysis.



1 0 1

should increase with decreasing frost penetrations rates up to a theoretical value of 100% 

and can be attributed to favorable conditions for ice segregation. The FHR for phase 

three shows a decreasing FHR with decreasing frost penetration rates. The reason for this 

is unknown. Several explanations can be 1) an increase in pressure due to constraining 

effects of the pipeline, 2) a perched aquifer exists in the vicinity of TFA and TFB thus the 

availability of water below the depth of 4 m to 4.5 m is limited, 3) permafrost boundary 

effects coupled with the soil temperature below the developing frost front which are near 

-0.10°C act to decrease the overall permeability of the soil mass thus limiting water flow 

to the freezing front, 4) changing soil conditions at depth that are less conducive to frost 

heave, and 5) a combination of the above processes. In Figures 44 and 46, it can be seen 

that phase 3 pipeline heave was related to pore water expansion.

The correlation between heave rate and frost penetration rate is shown on Figure 55 for 

data points obtained using the average analysis method. On the heave rate vs. frost 

penetration rate (Figure 55 (a)), there are three distinct data groups. Phase 1 data points, 

which correspond to heave, and frost penetration conditions where the freezing and 

heaving process took place above the ground water table, phase 2 data points, which 

correspond to a zone in which ice segregation occurred, and phase 3 in which the heave 

trend is characteristics of pore water expansion. Conceptual curves of the heaving 

process were applied to both plots. Figure 55 (b) attempts to normalize the penetration 

rate with respect to overburden pressure applied by the overlying soil mass by taking the 

ratio of the two. It can be seen that the same correlation exists, as in plot (a).

Laboratory Data and Literature Heave Data

It is of interest to compare field heave results with available laboratory frost heave testing 

results for Fairbanks silt. Table 7 lists laboratory frost heave test results for Fairbanks silt. 

The source data labeled EBA and NRC were taken from Foothills (1981) and the Japan
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Pipeline Heave Rate vs. Penetration Rate
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Figure 55: Heave rate relationships with respect to frost penetration rate (a) and 
effective overburden pressure relationship (b) based on data from average analysis.



103

Table 7. Laboratory frost heave testing results for Fairbanks Silt
Test Soil: Fairbanks silt

Source/Lab

Overburden
Pressure

(kpa)

Test
Duration
(days)

Freezing
Speed

(mm/hr)

Heave
Rate

^mm/day)

FHR
(%)

*EBA 51.0 75.0 — .07-. 1 8.3
56.0 75.2 — 0.1 9.5
57.0 63.9 — 0.12-0.18 9.9
51.0 209.0 — .04-.05 12.4

*NRC, TS(8)-3 34.3 2.0 — 2.07 12.5
-1 73.6 2.0 — 0.79 4.3
-2 122.6 2.0 — 0.16 0.9

*NRC, TS(9)-2 34.3 2.0 — 1.27 5.1
-1 73.6 2.0 ~ 0.22 0.9
-3 122.6 — — 0.09 0.3

**Japan Group 62.5 “ 0.29 — 4.8
62.5 — 0.73 - - 0.5
62.5 — 1.39 — 1.9
32.5 — 0.26 - - 20.7
32.5 — 1.04 — 0.47
32.5 — 1.15 — 0.7
7.0 — — — —

7.0 — 0.67 — 25.2
7.0 — 1.33 — 11.1

* Foothills, 1981
** Akagawa, 2003 (unpublished)
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group headed by Satoshi Akagawa (2003) did frost heave testing for Fairbanks silts found 

at the field test pipeline. Samples labeled NRC, TS(8) and TS(9) were taken from test 

sections 8 and 9 of the Northwest Alaskan Pipeline Ltd. Frost Heave Facility in the late 

1970’s, which were located in the same area as the current chilled pipeline test section. 

Test section 9 was a 120 m long, 1.2 m diameter test section that crossed a 

permafrost/non-permafrost boundary similar to the current test. Figures 56 and 57 show 

the FHR and heave rate relationships for the field test pipeline and laboratory frost heave 

data. Figure 56 shows the FHR vs. the ratio of frost penetration rate to overburden 

pressure. For field data, the average effective overburden pressure was used which 

correlated to the given average FHR value. The Japan group laboratory data was used for 

comparison. The Japanese frost heave tests were conducted under open system freezing 

conditions. A direct comparison was difficult due to the high frost penetration rates 

achieved during laboratory tests. One data point correlates with the field data and this is 

for a freezing rate of 0.29 mm/hr (6.96 mm/day) and a FHR value of 4.8% and an 

overburden pressure of 62.5 kPa. The freezing rate is too high, but the FHR and 

overburden pressure correlate to the upper end of phase three for the FHR vs. frost 

penetration rate plots discussed earlier. Best fit regression curves were applied to the 

field data, the laboratory data (Japan), and to the combination field and laboratory data 

set. The best fit regression curves for the field data and laboratory data were exponential 

and logarithmic respectively. The combination data set was best modeled by exponential 

and power best fit regression curves.

Figure 57 shows the frost heave rate and FHR vs. effective overburden pressure for the 

field test pipeline and the frost heave data taken from Foothills. Generally, the laboratory 

data does not agree well with the field data and tend to greatly overestimate the actual 

values. The exception are the four data points produced by EB A for both cases, FHR and 

heave rate. The duration of the test performed by EBA ranged from 63.9 to 209.0 days. 

The other data points produced by NRC, had test durations of 2.0 days. This is a
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Field Test Results vs. Laboratory Frost Heave Results

Avg. Frost Penetration Rate/Avg. Overburden Pressure

Figure 56. Frost heave ratio vs. the ratio of average frost penetration rate to 
average overburden pressure for field test pipeline data and laboratory data.
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Field Results vs. Laboratory Frost Heave Test: 
FHR and Heave Rate vs. Overburden Pressure
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Figure 57. Heave rate (a) and frost heave ratio (b) vs. effective overburden 
pressure for field test pipeline data and laboratory data.
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significant observation that may indicate that laboratory tests performed for long duration 

may approximate field test results. The data points from EBA also correlate to phase 2 of 

the FHR vs. frost penetration charts. There is general correlation that the heave rate and 

FHR decrease with increasing overburden pressures.

Little data exists from the Fairbanks Frost Heave Facility operated by Northwest Alaskan 

Pipeline Ltd. and remains unavailable to the public domain. Foothills (1981) plotted the 

FHR for the nine test sections from work that was done at the Fairbanks Frost Heave 

Facility in July 1980. A lower and upward bound FHR of 4% and 10% were established 

based on test section data. The 120 m long, 1.2 m diameter pipeline that crosses the 

permafrost/non-permafrost boundary had a FHR of approximately 5.9%. Table 8 

compares the average FHR for a similar frost penetration depth and the average FHR for 

the maximum value for three heave rod sections. The resulting FHR values are very 

similar to that of test section 9 from the Fairbanks Frost Heave Facility. In addition, from 

the average analysis of FHR, the lower and upper bounds for the current Fairbanks Test 

Pipeline were 2.1% to 10.9 %  excluding one data point with a FHR of 20.5%. This range 

agrees well with that identified by Foothills (1981).

Table 8. Fairbanks test pipeline vs. Fairbanks Frost Heave Facility (Foothills, 1980).
Location (HR) Frost Depth (m) Heave(m ) FHR (%)

HR-17 1.74 0.109 6.3
HR-17 (max) 2.99 0.181 6.1
HR-22 1.76 0.120 6.8
HR-22 (max) 2.88 0.197 6.8
HR-25 1.77 0.100 5.6
HR-25 (max) 2.76 0.149 5.4
TS (9) Foothills (1981) 1.77 0.100 5.6
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Pipeline Movement in Reaction to Large Magnitude Earthquake

Mentioned throughout the discussion on pipeline heave is the significance of day 1056 

(11-01-2003). Day 1056 marked the period of the largest monitored heave, followed by a 

slow, but steady settlement of the pipeline. On 11-3-2002, Interior Alaska was struck by 

a large M7.9 earthquake located on the large strike-slip Denali Fault approximately 135 

km (75 miles) south of Fairbanks, Alaska. The fault caused countless landslides and road 

closure, but resulted in minimal structural damage. Primary damage was caused along 

the fault strike. The earthquake event started as a northeast striking reverse fault and 

evolved in 300 km right-lateral strike-slip rupture fault. Maximum lateral offset on the 

Tok Highway cut-off was 6.7 m and maximum vertical offset was 2.6 m. Minimal 

damage was experienced within the Fairbanks area. Minor amounts of liquefaction 

occurred on the unconsolidated sand bar deposits of the Tanana River. Table 9 gives the 

peak strong ground motion acceleration and velocities as recorded in the Fairbanks, 

Alaska area.

Pipeline movement measurements were conducted on 11-01-02 and 11-08-02 to look at 

the effects of the earthquake. Figure 58 shows the pipeline movement before and after 

the earthquake. The result was the general settlement of the pipeline with increased 

settlements with increased distance from the inlet riser. The maximum settlement was 

0.008 m. Observation suggests that the permafrost table within the thawed section was 

approximately 8.0 m and the frost bulb depth was 4.79 m at TFA, resulting in 0.24% 

settlement of the unfrozen soil. Following the earthquake, the pipeline has undergone a 

gradual settlement up to day 1210 (04-04-03). Temperature data indicated that the frost 

bulb continued to advance along with additional cooling of the frozen annulus 

surrounding the pipe, which does not support settlement due to natural reduction of the 

frost bulb depth. Figure 59 shows the gradual settlement patterns for HR-1, which is 

located within the permafrost zone, HR-17, HR-22, and HR-25, following the earthquake. 

As of day 1210 (4-04-03), all HR data points have settled between 0.017 m and 0.021 m.



Table 9. Strong motion ground acceleration and velocities measrured within the Fairbanks, Alaska area.
USGS National-Strong Motion Program 

Preliminary Corrected Peak Ground Acceleration and Velocity Values for 
November 03, 2002, Denali Fault, Alaska Earthquake (posted 11/04/2002; updated 12/31/2002)

Mw 7.9, 11/03/2002, 22:12 UTC, 11/03/2002 01:12 PM AKST, 63.517 N, 147.525 W, 5 km depth
Sta Inst Inst Recorder Location Owner Lat Lon Dist Az Ch Sensor Orient PGA PGV

Code type S/N deg deg km deg No type deg cm/s/s cm/s
2767 SMA-1 4005 AK: Moose Creek Dam; Upper Gallery ACOE 64.79263 -147.17983 143.1 7 1 SMA-1 30 -29.75 4.21

2 SMA-1 UP 15.35 2.69
3 SMA-1 300 42.33 5.46

FA02 CMG5TD 5609 AK: Fairbanks; Ester Fire Station ANSS/GI 64.8455 -148.0089 150.0 351 1 CMG5 360 -40.02 2.95
2 CMG5 90 -46.76 -5.37
3 CMG5 UP -24.24 3.75

2797 SMA-1 2178 AK: Fairbanks; Univ of Alaska; Elvey Building USGS 64.860 -147.848 150.5 354 1 SMA-1 360 62.94 -5.30
2 SMA-1 UP -40.24 3.40
3 SMA-1 270 108.00 -8.89

8022 K2 593 AK: Fairbanks; Geophysical Observatory, CIGO USGS 64.8735 -147.8614 152.1 354 1 FBA-2g 360 -69.27 6.28
2 FBA-2g UP 47.15 -3.66
3 FBA-2g 90 -84.51 -7.07

* disclaimesr
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Figure 58. Pipeline movement on 11-01-02 and 11-08-02 following the M7.9 
Denali Fault earthquake on 11-03-02.
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Figure 59. Pipeline movement for HR-1, HR-17, HR-22, and HR-25 in response 
to M7.9 Denali Fault earthquake on 11-03-02.
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Of particular interest is that the permafrost region has also experienced settlement of 

equal magnitude to that of the unfrozen zone. The reason for this phenomenon is 

unknown. HR-22 is the point of maximum pipeline heave with a heave magnitude of 

0.197 m with a maximum settlement of 0.018 m. This settlement is 9.1 % of the overall 

heave of pipeline. HR-1 is the first heave point location within the permafrost section. 

Maximum pipeline movement was 0.049 m and maximum settlement was 0.021 m, 

resulting in a settlement of 42.9% of the overall heave. The uniform magnitude of 

settlement within both the permafrost and unfrozen (thawed) section would suggest that 

settlement is not primarily due to settlement of the soil mass due to rearrangement of soil 

particles and pore pressures. The author believes that the resulting settlement is in 

response to a void created underneath and around the pipeline during the heave process, 

yet the specific cause is unknown. In laboratory pipe uplift resistance tests conducted by 

Nixon (1998) on pipes with diameters up to 317 mm, a typical soil crack pattern 

developed which was characterized by a vertical crack which propagated downward 

above the center of pipeline and two cracks that radiated laterally from the pipe at mid

height. On the current test pipeline, a pronounced vertical crack above center of pipe 

developed which extends along most of its length. It is unknown if radial cracking exists. 

If the crack pattern is similar for the current test pipeline, it is possible that relaxation of 

the cracks occurred in response to a stress release caused by the earthquake, thus 

settlement of the pipeline.

In summary, the earthquake appeared to have a definite impact on the pipeline movement. 

Following the 11-03-02 event, the pipe has experienced continual gradual settlement, 

even though the frost bulb continued to advance slowly. The direct cause of settlement in 

relation to soil characteristics is unknown.
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Chapter 6: Conclusion

No previous field experiments have been conducted in regards to chilled pipelines 

crossing permafrost-unfrozen transition zones in discontinuous permafrost available to 

the public. This experiment provides a base work for further research and a valuable 

database. The purpose of this thesis was to present the thermal changes in the soil mass 

and heave characteristics of a permafrost-unfrozen transition zone in reaction to the 

emplacement of a large scale chilled pipeline within a Fairbanks silt deposit. Key 

observations that resulted from this research are summarized below.

Thermally, the soil mass through which the chilled pipeline passes through was 

characterized by two primary zones, a soil zone with a shallow permafrost table and a 

thawed (unfrozen) zone with a deep permafrost table. In both cases, the permafrost has a 

temperature of approximately 0°C. The freezing characteristics of each zone varied. As 

a result, the following observation can be made:

1) The shallow permafrost zone is thermally characterized by a very rapid cooling of 

the entire soil mass surrounding the pipeline up to 6 m (approximately 6.5 pipe 

diameters) away from the pipeline, resulting in stabilization of the thaw sensitive 

permafrost.

2) The deep permafrost zone (unfrozen zone) underwent a distributive cooling effect 

of the entire monitored soil mass to temperatures near 0°C, followed by the steady 

migration of the -0.2°C isotherm to depths of approximately 3.0 m to 3.4 m 

beneath the pipeline by day 1098. Beneath the advancing frost front, the 

temperature of the soil was approximately -0.10°C resulting in a temperature 

gradient beneath the pipe of approximately zero.

3) In response to the presence of the chilled pipeline, a distinct thermal boundary 

developed in response to the actively deepening permafrost table across which 

differential heave developed.
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The movement of the pipeline was influenced by the permafrost-unfrozen soil transition 

zone and the heaving behavior of the unfrozen soil in response the to the advancing frost 

front. Significant observations regarding the heaving nature of the soil surrounding the 

chilled pipeline are:

1) The absolute maximum heave magnitude developed was 0.197 m at HR-22 (46.62 

m from inlet riser). The minimum heave with the permafrost section was 0.049 m 

resulting in a differential heave of 0.148 m.

2) The maximum heave occurred next to the permafrost-unfrozen transition and not 

solely in the deep permafrost zone. This may suggest that maximum differential 

heave will occur at permafrost-unfrozen transition zones. This maximum heave 

may be the result of actual soil heave or the result of structural bending of the 

pipeline or a combination of both.

3) The heave nature of the pipeline within the unfrozen zone, as identified using an 

average analysis approach, was characterized by three main heave phases. Phase

1 corresponding to the first 200 days and relates to penetration and heave above 

the water table and characterized by FHR values between 2.9% and 4.8%. Phase

2 resulted in increased ice segregation in response to interaction of the freezing 

front with the ground water table. This phase lasted from approximately day 200 

to day 550 and corresponds to a frost penetration from 1.0 m to 2.5 m. Typical 

FHR values were 9.6% to 9.9%. Phase 3 is characterized by a decrease in the 

FHR values to those similar of phase 1 (approximately 4%) and lasted from 

approximately day 550 to day 1056 and corresponds to a frost penetration below 

2.5 m. The frost penetration rate steady decreased for the entire monitoring 

period.

4) The average maximum cumulative FHR for HR-17, HR-22, and HR-25, ranged 

from 5.4% to 6.8% and was defined as the ratio of the maximum heave to 

corresponding frost penetration depth.
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5) Non-linear relationships exist for FHR and heave rate in respect to the penetration 

rate of the -0.2°C isotherm.

6) Field results lfom the current test facility agreed well with laboratory test results 

performed for test duration of 64 to 209 days by EBA in the early 1980’s. This 

suggests long-term laboratory tests may be able to conform to field heave 

conditions.

7) In response to a large M7.9 earthquake, the pipeline underwent a continual 

settlement of magnitudes ranging from 0.017 m to 0.021 m uniformly along the 

entire length of the pipeline in both the permafrost and unfrozen zones. For HR- 

22 (heave of 0.197 m), this settlement corresponded to 9.1% of the total pipeline 

heave and for approximately 42.9 % of the total pipeline heave within the 

permafrost zone. Uniformity of settlement suggests settlement is in response to 

different factors other than rearrangement soil particles and pore pressures within 

the soil, such as void relaxation.

The applicability of the results of this experiment appears reasonable for similar soil 

deposits. The extrapolation of results beyond to more highly frost susceptible deposits is 

unknown. This experiment confirmed that a pronounced differential heave across 

permafrost-unfrozen soil transitions in discontinuous permafrost can occur (in this 

experiment the differential heave was 14.8 cm) and therefore is of concern in design. It 

also confirmed that Fairbanks silt is not very frost susceptible. Three main heave 

observations stand out from this experiment and may be of interest for further research.

1) The maximum heave occurred at the permafrost-unfrozen transition and it may 

represent a combination of soil heave and structural bending of the pipeline.

2) The decreased FHR nature of phase 3 in the heave relationships, where it would 

be expected that FHR values would increase. The heave nature of phase 3 

correlates to heave due to pore water expansion.

3) The uniform settlement of the pipeline in response to the large M7.9 earthquake.
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During analysis of the data, it became apparent that the instrumentation plan could be 

improved. With that in mind, this section will briefly summarize ways in which future 

instrumentation plans for monitoring the heaving performance of a chilled pipeline could 

be improved. A well thought out and comprehensive instrumentation plan was 

implemented for study of the Caen, France chilled pipeline experiment and is outlined in 

numerous reports by Geotechnical Science Laboratories (1983; 1986a; 1986b; 1988).

The instrumentation plan used on the Caen, France experiment was set up to explore both 

the scientific nature of the heaving process as well as the engineering aspects of soil and 

pipe interactions.

In the current experiment, thermistor strings were essentially installed to the south side of 

pipeline under the assumption that temperature symmetry would exist. In uniform, 

isotropic conditions, this is true. Under field conditions, geologic conditions dominate 

and seldom are perfectly uniform even over a small range. Therefore, thermistor beads 

should be installed uniformly on both sides of pipeline as well as directly below the 

centerline of the pipeline. The addition of single thermistor strings directly below the 

pipeline along the longitudinal length would help define the three dimensional nature of 

the developed thermal regime to a much better degree.

Comparison of foundation (soil) heave and pipeline movement for this experiment could 

only be made for the first 1 m of native silt beneath the pipeline. This soil zone was 

completely frozen between days 110 and 130. Beyond this period, an assumption needed 

to be made that pipeline movement was equal to soil heave for analysis purposes 

(evidence did support this assumption). From the basis of soil heave, it is important to 

monitor the heaving nature of the soil over the full range of the monitoring period. This 

can be done by installing heave gauges similar to the ones used on this experiment at 

various depths extending to the predicted extension of the frost bulb. The Caen 

experiment employed magnetic heave sensors, which allowed for the monitoring of heave 

for different layers of soil.
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From an engineering viewpoint, the interaction between the pipeline and the soil and the 

associated stresses involved are of particular interest. Installation of pressure cells within 

the soil at particular points of interest would offers a means to obtain this information. 

The current test pipeline monitors the strain actually induced in the pipeline itself. This 

allows for estimation of the actual developed stresses in the steel, but does not help 

quantify the role that the soil plays in the development of the induced stresses. A better 

understanding of the soil-pipeline interaction could be obtained by combining the 

information obtained from the strain gauges (pipeline) and the pressure soils (soil). In 

order to model pipeline structural mechanics, these parameters are needed.

Of interest to the study of the frost heave mechanism beneath the pipeline is the nature of 

the soil water distribution. The current pipeline maintains three water wells from which 

the nature of the soil water distribution was assumed. All ground water measurements 

were taken at least 6 m from the pipeline centerline and therefore were outside the 

primary zone of pipeline influence. The soil water distribution directly beneath the 

pipeline is of primary interest in study of the actual heave processes effecting the vertical 

movement of the pipeline. The Caen experiment utilized TDR probes (Time Domain 

Reflectometry) in order monitor the unfrozen water content of the soil at any given time 

in which the probes were installed.

The above suggestions are ways in which the current experiment could have been 

improved and expanded on. They do not represent an all-inclusive improvement of the 

monitoring plan. When designing a monitoring plan for such as experiment, both 

scientific and engineering concerns should be assessed. The initial capital costs of such 

experiments are quite large, the additional costs of a well thought out and executed 

instrumentation plan are small compared to the benefits that can be gained. The Caen 

experiment offers and good initial model for any future instrumentation plans. The 

author would like to stress, that a very comprehensive and thorough geologic study of the 

study facility should be made. An excellent understanding of the geology of the site can
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aid tremendously in the interpretation of the results even if the instrumentation plan is 

lacking. In addition, the better the geology of the system in question is understood, the 

better the instrumentation plan can be designed to collect information at critical points.
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Appendix A:

Grain Size Distribution Curves for Test Facility Soil



1 2 2

The soil borings were performed on 3-29-1999 near test sections 9 and 10 from the old 

Northwest Alaskan Pipeline Ltd. Frost heave tests in the late 1970’s. Soil Borings SB-2 

to SB-8 were located approximately 50 m to the south of the current operating chilled 

pipeline. Boring alignment runs northwest and southeast.
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Cumulative-Frequency Curve: Test Site Soils
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Figure A-l. Grain size distribution for boring SB-2.
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Cumulative-Frequency Curve: Test Site Soils
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Figure A-2. Grain size distribution for boring SB-3.
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Cumulative-Frequencey Curve Analysis: Test Site Soils
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Figure A-3. Grain size distribution for boring SB-4.
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Cumulative-Frequency Curve: Test Site Soils

Grain Size (mm)

Figure A-4. Grain size distribution for boring SB-5.
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Cumulative-Frequency Curve: Test Site Soils

Grain Size (mm)

Figure A-5. Grain size distribution for boring SB-6.



Cu
m

ul
at

iv
e 

Pe
rc

en
t

128

Cumulative-Frequency Curve: Test Site Soil

10 1 0.1 0.01 0.001
Grain Size (mm)

Figure A-6 . Grain size distribution for boring SB-7.
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Cumulative-Frequency Curve: Test Site Soils

Grain Size (mm)

Figure A-7. Grain size distribution for boring SB-8 .
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Appendix B:

Temperature contour plots: Thermal Fence B 

Longitudinal temperature contour plot 3 m south of pipeline center line
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Temperature Contour Plot for TFB: Day 0 (12-11-1999) Temperature Contour Plot for TFB: Day 337 (12-22-2000)

Distance from Center Line of Pipeline (m) 

Temperature Contour Plot for TFB: Day 733 (12-14-2001)
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Temperature Contour Plot for TFB: Day 1098 (12-13-2002)

Distance from Center Line of Pipeline (m)

- 1 0  1 2  3
Distance from Center Line of Pipeline (m)

Figure B-l. Temperature contour cross section for TFB (36.5 m) for mid-December.
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Temperature Contour Plot for TFB: Day 12 3  (4-12-2000) Temperature Contour Plot for TFB: Day 488 (4-12-2001)
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Temperature Contour Plot for TFB: Day 854 (4-13-2002)
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Figure B-2. Temperature contour cross section for TFB (36.5 m) for mid-April.
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Temperature Contour Plot for TFB: Day 272 (9-08-2000) Temperature Contour Plot for TFB: Day 634 (9-05-2001)
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Temperature Contour Plot for TFB: Day 999 (9-06-2002)

Figure B-3. Temperature contour cross section for TFB (36.5 m) for early September.
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Temperature Contour Plot for Thermal Fence Longitudinal Profile
3 m south o f Pipeline Center Line: Day 0 (12-11-1999)
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Temperature Contour Plot for Thermal Fence Longitudinal Profile 
3 m south of Pipeline Center Line: Day 378 (12-22-2000)
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Temperature Contour Plot for Thermal Fence Longitudinal Profile 
3 m south of Pipeline Center Line: Day 733 (12-14-2001)

Temperature Contour Plot for Thermal Fence Longitudinal Profile 
3 m south of Pipeline Center Line: Day 1098 (12-13-2002)

Figure B-4. Longitudinal profile 3 m south of pipeline center line for Mid-December.
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Temperature Contour Plot for Thermal Fence Longitudinal Profile 
3 m south o f  Pipeline Center Line: Day 123 (4-12-2000)

Temperature Contour Plot for Thermal Fence Longitudinal Profile 
3 m south o f  Pipeline Center Line: Day 488 (4-12-2001)
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Temperature Contour Plot for Thermal Fence Longitudinal Profile 
3 m south o f  Pipeline Center Line: Day 854 (4-13-2002)
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Figure B-5. Longitudinal profile 3 m south of pipeline center line for Mid-April.
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Temperature Contour Plot for Thermal Fence Longitudinal Profile 
3 m south o f  P ipeline Center Line: D ay 272 (9 -08 -2000)
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Temperature Contour P lot for Thermal Fence Longitudinal Profile  
3 m south o f  P ipeline Center Line: D ay 634 (9 -05 -2001)
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Figure B-6 . Longitudinal profile 3 m south of pipeline center line for early September.
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Appendix C:

Penetration depth of -0.2°C isotherm for all thermistor strings (TFA, TFB, and TFC)
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Figure C -l. Position of the -0.2° C isotherm for TFA-N1.
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Figure C-2. Position of the -0.2°C isotherm for TFA-S1.
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Figure C-3. Position of the -0.2°C isotherm for TFA-S2.
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Figure C-4. Position of the -0.2°C isotherm for TFA-S3.
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Figure C-5. Position of the -0.2°C isotherm for TFA-S4.



De
pt

h 
to 

-0.
2C

 
Is

ot
he

rm
 

(m
)

143

O O O O O O O - r — t - t— t— t— t— t— t— C M C M C M C M C S J C MO O O O O O O O O O O O O O ^ O O O O O g
o o o o o i ^ o i o ^ i n ^ c o c N i ^ o o o o o o o o c D On N 0 N ^ 5 ^ r - 0 ^ r - 5 ^ T - M j - 0 C \ | r - 0 J l l
^ O O C D O O O ^ ^ O ^ c B o o S S ^ C N C N ^ l O r ^ O O
O O O O O t- t- O O O O O O t- t- O O O O O t-

Time (date)

0

0.5

1

1.5

2

2.5

3

3.5

4 —I
0 100 200 300 400 500 600 700 800 900 1000 1100

Time (days)

<T>CT>

CM

Figure C-6 . Position of the -0.2°C isotherm for TFA-S6 .
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Figure C-7. Position of the -0.2°C isotherm for TFB-N1.

De
pth

 B
elow

 
Pip

e 
(m

)
(- 

va
lu

es
 

in
di

ca
te

 
po

si
tio

ns
 

ab
ov

e 
pi

pe
 

ba
se

)



De
pt

h 
to 

-0.
2C

 
Is

ot
he

rm
 

(m
)

145

Time (date)
G) O o o o o o o T— T— •<— T— T- T- T“ T— CN CN CN CN CN CN CNO) O o o o o o o o o o o o o o o o O o O O O

o o o5 CO 2 2 2 CO CN o o co G) o> CO 2 2 ID
■— CO CJ o Of o o T— o Of T“* C2 2̂ o 2̂ o QCN •*— CO 2 CD CO o T— CO CD CO O) T~ CN CN ID h- O) o CNo o o o o T— ▼” o o o o o o ▼” T— o o O O o T- T

0 100 200  300 400  500  600  700  800  900  1000 1100
Time (days)

Figure C-8. Position of the -0.2°C isotherm for TFB-S1.
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Figure C-9. Position of the -0.2°C isotherm for TFB-S3.
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Figure C-10. Position of the -0.2°C isotherm for TFC-N1.
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Figure C-l 1. Position of the -0.2°C isotherm for TFC-S1.
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Figure C-l 2. Position of the -0.2°C isotherm for TFC-S3.
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Figure C-13. Position of the -0.2°C isotherm for TFC-S6.


