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INTRODUCTION

The operation of chilled gas pipeline in the unfrozen ground over

continuous and discontinuous permafrost terrains will result in the

formation of frost bulb around the pipe For fine grained soils

freezing may cause volumetric expansion of insitu pore water and water

migrating to the frost front This volumetric expansion resulting in

uplift of the pipe is called frost heave Frost heave thus presents

some unique problems to the proposed Alaska Highway Gas pipeline project

For which no previous pipelining experience is available

Extensive ngineering studies required for final design decisions have

been undertaken by the sponsors of the project These studies include

the various field investigatiors to delineate the extent of the problem

the development of numerical model to predict frost action on pipelines

structural analysis of pipeline subject to differential frost heave

and the development of potential mitigative design measures

In addition to theoretical and laboratory studies undertaken to understand

the Frost heave phenomenon and to develop model to predict the frost

heave magnitude over the design life of the pipeline the sponsors of

the Alaska Highway Gas pipeline project are operating two full scale

frost heave testing facilities Figure One which is located in

Calgary is operated by Foothills Pipe Lines Yukon Ltd while the

other near Fairbanks Alaska is operated by Northwest Alaskan Pipeline

Co Both test sites utilize full scale 18inch diameter pipe sections

and circulate chi lled air The growth of the frost bulb and the movement

of pipe sections are monitored as they are integrated components of the

frost heave phenomenon
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The objectives of the large scale test facilities are as follows

to obtain better understanding and appreciation of the frost

heave mechanism

ii to provide input substantiate and improve the frost heave

predictive mathematical model

iii to test the effectiveness of mitigative design measures and

iv to provide input substantiate and improve pipel me structural

analysis models

This report presents detailed analyses of the performance to date of the

Calgary Test facility which has been in operation since March 21 19714

Not only has the data regarding the ground temperatures and frost heave

measurements been compared with laboratory testing results and model

predictions detailed field drilling programs have also been conducted

to investigate the characteristics of the segregated ice formed within

the frozen zone

Ground freezing and associated frost heave from chilled pipeline is of

decay nature The data obtained at the test site over the last years

should provide the major portion of the frost heave to be encountered

thus presenting an understanding and appreciation of the frost heave

problem

This work was authorized in June 1978 by Dr Francis Yip of Foothills

Pipe Lines Yukon Ltd
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II DESCRJPTION OF TEST FACILtTY

2.1 Site Selection

The main criteria for the selection of frost heave test site are as

follows

Soil conditions at the test site should possess many of the

troublesome conditions likely to be encountered along the

pipeline route

ii As the size of the frost bulb around the pipe to be considered

is about metres sufficient depth of frost susceptible

soil is necessary to ensure that the frost front will be

maintained within that material over the test duration

iii Clayey si Its are traditionally the more frost susceptible

soils These soils posess the ability to attract water during

freezing and at the same time have high enough permeability

to permit the passage of water migrating through the soil to

the freezing front

iv The soil strata should be as uniform as possible so that the

interpretation of the test results can be made in definitive

manner with minimum of uncertain factors

The presence of high water table provides ready supply of

water to the freezing front The availability of water is

priority requirement for frost heaving

vi Easy access of service systems such as electricity water and

sewer is favorable economic consideration

CsuMi 1W
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2.2 Geology and Subsurface Soil Properties

The site is located at the University of Calgary Research Park as shown

in Figure 2.1 The site is relatively flat The overburden at the site

consists of lacustrine sediments deposited in Glacial Lake Calgary in

late glacial times The sediments in this area have thickness of

about 25 metres 85 feet

The generalized soil stratigraphy obtained from detailed soil investigations

Ref 12 and consists of sandy silt to depth of about metres

15 feet underlain by clayey silt till with traces of sand coal and

fine gravel Figure 2.2 shows sepresentative grain-size distribution of

the soils at the test site compared with those of Fairbanks silt and

Mackenzie Valley soils The moisture content varied between l8/ and

20 The plastic limit of the soil varied between l1 and l8 with

liquid limit of 245 to 31/a

The range of permeability for the soils determined from laboratory

tests is compared with that of field insitu test results in Figure

2.3 It is generally the case that the values determined from field in

situ tests aie always greater than those determined from laboratory

tests Visual inspection of undisturbed shelby tube samples indicated

that number of fissures which were likely responsible for the higher

permeability values obtained insitu were present in the soil

2.3 Groundwater Table

The depth Lo the groundwater table was found to be between to

metres 7.5 to feet below the original ground surface During the

construction of the pipe sections some surface stripping and Site

levelling was made This involved the removal of between 0.3 to 1.2

metres to feet of soil cover Figure shows the depth of

groundwater table below nominal ground surface after construction as

monitored in open standpipes over the last years
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Layout of Test Sections

The test facility Figure 2.5 was comprised of four pipe sections

12.2 metres 40 feet long and 1.2 metres 48 inches in diameter

Refrigerated air at atmospheric pressure was circulated through the

pipes at temperature of about -12C 10F since March 20 1974

Configurations of the test sections Figure 2.6 are as follows

2.4.1 Control Section

At this section the pipe was buried 0.8 metres 2.5 feet below the

nominal ground surface and berm metre feet high was added

Operation of this section was discontinued at the end of September

1977

2.4.2 Restrained Section

The pipe configuration of the Restrained Section is the same as that of

the control section load restraint is provided with hydraulic jacks

The pipe section is restrained by two beams located 1.5 metres feet

from each end of the pipe anchored with concrete reaction piles

Gravel Section

The pipe was buried under the same condition as for the control section

however 0.9 metres feet of gravel was used as bedding material

under the pipe

CoftMMI Ud0
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2i.1.i Deep Burial Section

At this test section the pipe was buried metres feet below

the nominal ground surface and berm 0.5 metres 1.5 feet high was

added prior to the start of operation On June 1975 the berm was

raised by 1.5 metres feet

2.5 Instrumentation

Thermistors

Vertical strings of thermistors were installed for measurements of

ground temperatures and location of the 0C 32F isotherm Location

of the thermistors for all four sections are shown in Figures 2.7 and

2.8

The thermistors used were the Atkins PR-99-3 type which accoring to

the manufacturer are suited to measuring temperatures in the range of

20C to 29 5C -LF to 85F with an accuracy range of 3C

0.5F The cables from the thermistor probes are led to the instrument

trailer at the test site where they are connected to switching box

Using an Atkins meter the thermistors are read directly in degrees

Fahenheit In addition thermistors are also used to monitor temp

eratures of the chilled air into and out of the pipe sections and

leaving and returning to the refrigeration system

2.5.2 Heat Flux Transducers

Five heat flux transducers were installed on the inside surface of the

Control Section They were obtained from HyCal Engineering California

Model No B1-6 and Bl-7 and are read with Biddle potentiometer used

as millivoltmeter
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2.5.3 Heave Guages

The main purpose of the test facility is to observe vertical displacement

of the chi lied pipeline and the surrounding soil consequently several

heave guages were installed at each section of the test facility Their

locations are shown on Figures 2.9 and 2.10 Each guage consisted of

horizontal plate inch in diameter attached to vertical steel rod

The rod was encased in plastic pipe with the annular space between the

rod and the pipe filled with grease

12.2 metre 40 foot deep bench mark was installed on site for measurements

of the changes in elevation of the heave guages with an accuracy level

of millimetre

In order to observe the vertical displacement of each pipe section 19

millimetre 3/14 inch diameter vertical steel rods were welded to the

pipe at the positions shown on Figure 11 These rods protruded above

the ground suface permitting surveying of their elevation at regular

intervals

2.5.14 Piezometers

During the process of frost heaving water is attracted to migrate

towards the freezing front resulting in the growth of ice lenses

According to Darcys law excess pore water gradient must exist in the

unfrozen zone so that the water will flow from region of high pore

pressure to one of low pressure
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In order to obtain quantitative data on the magnitude of excess pore

water pressure about 50 Terra Tec Model P1022 pneumatic piezometers

which were read individually using Terra Tec control unit Gauge

6300 were installed at different depths beneath the pipe sections

The accuracy of the piezometers was rated at approximately 0.7 ki lopascals

0.1 psi which is equivalent of 75 millimetres inches of

water column In addition the pizeorneters were equipped with preload

enabling the measurements of pore water pressures in the range of 80

ki lopascal to 120 ki lopascals 12 to 17 psi which is equivalent of

metres to 11 metres -25 to 35 feet of water Two open standpipe

piezometers were also installed at the site to monitor the position of

the free groundwater table Figures 2.12 and 2.13 shows the piezometer

locations

Extensometers and Others

Extensometers were installed inside the pipe on the control and restrained

sections to measure the possible change in pipe diameter due to freezing

of the surrounding soil Each extensometer consisted of Houston

Scientific Position Transducer Model l800-O2A fixed to one side of the

pipe change in pipe diameter results in change of the voltage

signal

Other types of equipment consisted of electrical transducer piezometers

at the control section and electrical resistance frost gauges placed in

the Control Gravel and Deep Burial sections

III THE FROST HEAVE PREDICTIVE MODEL

3.1 General

The operation of chilled gas pipeline in unfrozen ground is without

precedent as such there is no experience pertaining to frost heave

action on pipelines Although research studies into the mechanisms of

frost heaving have been conducted for the last century comprehensive

predictive theory was still not at hand when the problem was first

investigated by Foothills and Northwest in 1975

CoMMi 1W0
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Freezing of soils around chilled pipeline is longterm continuous

process The heave rate method originally developed by CRREL Ref

only for relative frost susceptibility classification of soils Figure

3.1 was considered for the frost heave of chilled pipeline Ref.5

Based on the present status of the method the following difficul

were encountered in applying this method for frost heave prediction

Variation of heave rate with time

The heave rate is defined as the rate of change of frost heave

with respect to time For freezing condition due to constant prescribed

temperature such as the chilling of gas pipeline or the laboratory

small sample tests the relationship between frost heave and time is

always curve The slope of the curve at any time is by definition

the heave rate Unless the curve is straight line it becomes difficult

to determine the heave rate which will be relevant for the longterm

pipeline frost heave prediction the total frost heave being

heave
say 30 years

dh dt

Where dh function of soil type pressure temperature geometry of

dt
the thermal domain and time

Ud
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Variation of Heave Rate for Given Soil

For given testing condition the large variation of heave rate for

given soil as determined from laboratory testing Figure 3.1 makes it

very difficult to apply the method for quantitative evaluation of frost

heave as noted by the large variation of heave rate in logarithmic

scale

In order to understand various factors affecting frost heave such as

loading pressures and soil types phenomenological macroscopic model

study was undertaken Ref 678 and Although the microscopic

behaviour of the frost heaving mechanism is recognized the fact that

the many complex parameters affecting the frost heave behaviour of sai ls

are still poorly understood makes the microscopic model prohibitively

complicated for practical pipeline work

3.2 Theoretical Approach

3.2.1 Phenomenological Description

general phenomenological description of the soil deformation in

frost heave process is as follows

Equilibrium condition of forces to be satisfied in both

frozen and unfrozen zones

Stress-strain relationships to be satisfied for frozen

and unfrozen soi behaviour

CoMimb Ud
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Consolidation within the unfrozen soil with water movement

following Darcys law as result of

Development of pore water pressure at the freezing front

or fringe in conjunction with the capillary suction

stress at the ice water interface and the rate of movement

of the freezing front and

Heat balance at the freezing front so that the rate of

heat extraction equals the rate of ice segregation

The frost heave mechanism can be described in the following two processes

Mass Transfer Continuity of Water Flow

During the process of freezing by nature of the energy balance

at the icewater interface suction occurs similar to the

concept of the capillary model which draws water toward the

freezing front to form segregated ice lenses The amount of

water drawn to form ice lenses under fully saturated soil

system should be proportional to the permeability of an

unfrozen soil and its hydraulic gradient Darcys Law

Heat Transfer Heat Extraction at the Freezing Point

As the water is being drawn to form ice lenses heat extraction

must occur in order to freeze the insitu water in the soil

and the water migrating to the frost fronti 4e The

amount of heat extraction is equal to the amount of heat flux

into the frozen zone minus the incoming heat flux from the

unfrozen zone

CoftIul tW
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Detailed descriptions of the two coupled processes and their quantitative

evaluations have been presented in other reports Ref 678 and

Figure presents the configuration of the twodimensional model

The model enables one to evaluate the lower and upper bounds of the ice

segregation mechanism

Lower Bound Ice Segregation One dimensional freezing

For frost susceptible soil the availability of water is the

most important input parameter for the occurance of frost

heave Without the availability of water both within the

pores of the soil and by the process of migration towards the

freezing front there will be no frost heave under any freezing

condition When water is restricted to migrate only vertTcally

to the freezing front from free source remote from the

Freezing front the least amount of heave will occur This is

the lower bound value of frost heave It has been found Ref

that under such conditions the magnitude of segregation

heave can only be as large as the in situ heave of the soil

In other words total heave can only be as large as twice the

volume increase of the in situ water due to freezing In

terms of heave strain or ice segregation ratio which as

defined as rLnLt lurneoffr nsoil the lower

bound value is about for typical soil with dry density of

and

Ithg Coi@iLd
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Upper Bound Ice Segregation

Irrespective of its properties the soil will draw as much

water as the pipe is capable of freezing into ice This is

the freezing condition of upper bound ice segregation Thus

the upper bound value for frost heave below chilled pipeline

is equal to the thickness of the ice wedge or layer which can

be formed below the pipe Figure 3.3 In terms of heave

strain or ice segregation ratio the upper bound value is

equal to 1.0 for the pure ice condition

In reality the value of ice segregation ratio for frost susceptible

soils will vary between the upper and the lower bound values Figure

3L illustrates the various conditions of frost heave and frost depth

The corresponding frost heave for various ice segregations are presented

in Figure 3.5 for pipeline conditions

3.2.2 Methodology of Theoretical Approach

The phenomenological model describes the frost heave mechanism into two

coupled processes one being the mass transfer process which is to

evaluate the amount of water migrating though the unfrozen zone towards

the frost front to form segregated ice lenses the other being the heat

transfer process which evaluates the heat flux both in the frozen and

the unfrozen zones and the movement of the freezing front Ref 78 and

Thus the input parameters required are as follows
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Mass Transfer process

Capillary suction of soil during freezing Ps

Soil permeability and

Coefficient of consolidation or expansion Cv

Heat Transfer process

Thermal properties of soils frozen and unfrozen such as

thermal conductivity specific heat and latent heat

The above properties will vary during the freezing

process as the moisture content of the soil is changing due

to moisture migration evaluated from the mass transfer process

Geometry and temperature boundary conditions of the

thermal domain including pipe diameter and pipe operating

temperatures

3.2.3 Model Prediction of Calgary Test Site Theoretical Approach

This section presents model prediction of the Deep Burial Section so as

to appreciate the range of quantitative variation of various input

parameters Since the accuracy of any prediction by theoretical model

is function of the accuracy of all its input parameters th applicability

of the theoretical approach for pipeline frost heave design will be

examined

Soil Stratigraphy

Based on the grain size distribution two soil layers are defined in the

material generally called Calgary Silt Figure one is the soil to

depth of about metre feet below the pipe which is classified as

sandy clayey silt Beyond this depth the soil is silty clay Figure

3.7 shows the two grain size distributions

Coi Ud
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and

The range of at the test site is shown in Figure 3.8 varying from

lo6 to 10 cm/sec The range of as shown in Figure 3.9

varies from 0.03 to 0.5 cm /sec Such wide range of variation reflects

the nature of the soil and the difficulty in determining quantitative

parametric values For prediction purposes the laboratory determined

average values of and are applicable to both soils of 10

cm/sec and of cm2/sec Figures and

Capillary Suction Pressure

Typical values of Ps the capillary suction pressure can only be determined

from range of values as presented in Table

Since the capillary suction varies with the fines content of the soi

such variation of soil properties will be taken into acccount in the

model prediction presented herein The capillary suction pressure will

be considered in the following manner in order to take into account the

difference in the clay and silt contents of the soils

fiçlAd Coi1W
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TABLE

TYH CAL VALUES OF Ps _____

GENERAL SOIL TYPE 201w

psf kg/cm2

Coarse sands or coarser material

only

Medium and fine sands or coarse 0-150 O-0.75
silty sands

Medium silts or mixed soils with 150300 0.0750.15
small amounts 0.006 mm particle
diameter

Largely fine silts or silts with 3001000 0.150.5

some clays

Silty clays l000-4l00 0.5-2.0

Clays 4100 2.0

From Williams P.J 1967 Properties and Behaviour of Freezing Soils

Norwegian Geotechnical Jnstitute Publication No 72
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Linear variation of Ps from the sandy clayey silt to

silty clay

Ps 1.0 2.k kg/cm2 for metre feet

Ps Li kg/cm2 for metre

frost depth metres kg/cm2 2000 psf

3.Li kg/cm2 7000 psf

Constant Ps

Ps 2.Li kg/cm2 5000 psf

Constant Ps

Ps Li kg/cm2 7000 psf

3.2.Li Prediction Versus Performance

The predicted curves for frost heave frost depth and segregated

ice content in the frost bulb are presented in Figures 3.10 and 3.11

respectively The segregated ice contents were obtained from drilling results

in June 1978 Ref after the pipe had been operating for

about years

As can be seen the predictions compare satisfactorily with the observed

data

CsitMi Ud
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3.3 Practical Limitations of the Theoretical Approach

In previous subsections the frost heave model has been shown to be

consistent with observations of the segregated ice content variation

with depth the frost depth and the frost heave of the deep burial

section at the Calgary Test Site It should be recognized however

that the accuracy of any prediction by theoretical model is function

of the accuracy of all its input parameters

Unfortunately due to the complexity exhibited by the nature of soils

and the difficulty in accurately determining the soil parameters required

for the theoretical prediction practical limitations should be recognized

During the process of freezing the magnitude of the

capillary suction pressure may vary depending on the

thermal properties of the soil the rate at which heat is

being removed from the freezing zone and other factors

The nature of such variations is not yet well understood

Moreover the magnitude of the suction pressure as shown

in Table can only be assessed within range of

values for soil type

The permeability and the coefficient of consolidation for

given soil may vary by about one order of magnitude

This unfortunately is the generally accepted accuracy

level for determination of these parameters Such

variation will undoubtedly affect the magnitude of the

predicted frost heave Moreover in most field conditions

along pipeline route complicated soil conditions such

as an interbedded soil stratigraphy and embedded sand

layers favouring the supply of water may be encountered

further complicating matters

The coupled effect of these soil parameters is not well

understood
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It is therefore concluded that the accuracy of the theoretical approach

is not satisfactory for the practical requirements of pipeline design

Consequently.a semi-empirical approach is proposed

3.4 SemiEmpirical Design Approach

3.4.1 General

The limitations of applying the frost heave model using theoretical

approach have been discussed in previous sections Due to the complexity

exhibited by the nature of soils and the difficulty in accurately

determining the soil parameters required as input to the approach the

accuracy of theoretical frost heave prediction is considered to be

unsatisfactory for the practical requirement of pipeline design

semi-empirical design approach is therefore proposed for the frost heave

design

3.4.2 Rationale

The rationale of the semiempirical approach is as follows

The heat transfer aspect of the frost heave model is

maintained which involves the consideration of heat

transfei mechanisms in both the frozen and unfrozen zones

of the soil domain and the growth of the frost bulb

The mass transfer aspect of the frost heave model which

evaluates the heave strain or ice segregation ratio will

be determined by laboratory frost heave testing rather

than evaluated using the soil parameters of capillary

suction pressure hydraulic permeability and the coefficient

of consolidation or expansion of the soil Since the

heave strain is cumulative function of these coupled

parameters laboratory determined heave strain method

should eliminate the quantitative uncertainty inherent in

the theo ret cal app rB ld9Coftll1Qd
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In summary the semiempirical approach transforms the complicated heat

and mass transfer aspects of the frost heave mechanism into conventional

thermal problem with the heave strain defined which is heave per unit

frost penetration as another input parameter determined by laboratory

testing techniques

As the frost heave of chilled pipeline is mainly result of ice

segregation of the soil column below the pipe the onedimensional

vertical direction behaviour of the soil column below the pipe center

line is to be considered for the semiempirical approach This is

result of symmetry with respect to the thermal and hydraulic wa1er

access boundary conditions The frost heave of pipeline is

hf --.dX
dx

where

heave strain which is heave per unit frost depth

and

frost depth

The frost depth is function of

Thermal properties of soils thermal conductivity

specific heat and volumetric latent heat

Thermal boundary conditions such as geometry pipe and

ground temperatures and

Time

ConjM Ud0
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The evaluation of frost depth at any time is conventional thermal

problem whose method of anlaysis analytical or numerical has been well

established Ref 10 and 11 This is the heat transfer portion of the

theoretical frost heave model

The infinitesmal heave strain or ice segregation ratio by definition

is

dh
urn Ah

AX-0

This can be approximated by soil element with finite length of say

few inches so that

urn th elemental heave strain or ice segregation

AX-EAX
ratio

Where Heave strain or ice segregation ratio of soil elements

which can be of the same or different soil type from its

adjacent soil element

let finite frost depth increment then the total frost depth becomes

i1

and the total heave becomes summation of elemental heaves such as

Figure 3.12 describes schematically the above definition

CoAl toM Ud
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When pure ice formation is considered 1.0 the frost heave becomes

the frost depth such as

xx
This condition is illustrated in Figure 3.3 the upper bound frost heave

condition

laboratory testing technique has been set up Ref 12 to determine

the elemental heave strain or ice segregation ratio The laboratory

testing procedure was set up to simulate the field boundary conditions

during ground freezing Since some of the conditions can not be properly

simulated in laboratory testing more severe boundary conditions were

utilized for conservative safe consideration

In setting up the testing procedure the following considerations are

essential

Soil sample size

Hydraulic condition access of water

Temperature and heat flux

Soil pressure and

Testing duration

Soil Sample Size

The soil sample size should be large enough so that the particle size of

the solid grain would not affect the overall result Experience in

geotechnical practice regarding the determination of soil shear strength

indicates that sample having about 100 mllimetres in both diameter

and length are adequate for both sandy and finegrained silt and clay

materials Where gravels are involved larger sample size may be required

Since gravel and coarse sand are both frost stable the 14 inch sampler

can still be used by replacing the gravel content in the soil with sand

dmçi CoitUd
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Hydraulic Condition Access of Water

The onedimensional laboratory testing of small finite length about

100 millimetres sample was found to always provide greater water accessibility

than the two dimensional water flow condition towards the freezing front

beneath chilled pipeline Ref 12 This provides conservative

factor in the semiempirical approach with respect to hydraulic conditions

of freezing phenomena

Along pipeline route complicated soil conditions such as interbedded

soil stratigraphy and embedded sand layers favoring supply of water may

be encountered However those adverse conditions have now been inherently

considered in the laboratory test because the supply of free water

automatically simulates the sand layer with respect to hydraulic condition

Temperature and Heat Flux

The temperature and heat flux of soil element below chilled pipeline

is function of its position relative to the chilled pipe and time

duration of the pipeline operation Since frost heaving occurs mainly

around the fringe of the 0C 32F isotherm the prescribed cold side

temperature should be maintained as close to 00C 32F as the controllirg

accuracy of testing equipment allows and the warm side teniperature

maintained at ground temperature to simulate the field condition The

cold side temperature for most frost heave tests are maintained at

about 1C 30F and the warm side temperatures at 0.6 and 1.7C 33

and 35F In general the heat flux over the duration of the laboratory

freezing prcess under such prescribed temperature boundary conditions

varies from about 95 to 03 watts/m2 30 to 01 BTU/hr/ft2 which is

about the range for pipeline field condition Ref i3

CeuiMs Ud
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Soil Pressure

The frost bulb for bare pipeline over its design life may be about

metres 30 feet The overburden pressure that the soil is subjected to

during formation of such frost bulb has an insignificant effect on the

frost heave for finegrained soils Ref For dirty coarsegrained

material the magnitude of stress exerted by the overburden material may

have significant effect Since laboratory testing will be conducted

under the insitu overburden pressure the effect of pressure on the

frost heave behaviour of the soil is inherently considered

Duration of Frost Heave Testing

Ground freezing by chilled pipeline is slow transient thermal balance

Over the lifetime of pipeline the thermal state of the ground may or

may not reach its ultimate state the steady state condition soil

element belo the pipe depending on its relative location with respect

to the chilled pipe and the time duration of the pipeline operation may

or may not reach its thermal steadystate equilibrium Since the ultimate

ice segregation is reached at the steadystate condition the use of

laboratory determined heave strain or ice segregation ratio after steady

state is reached should result in conservative safe designs

Methodology of the Semi-Empirical Approach

The rationale of the semiempirical approach for frost heave design has

been described in previous sections The approach is summarized as

follows

Primarily based upon the sofl type and its grain size

distribution the soil domain is divided into representative

stratigraphy

ligCoiitd
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Laboratory frost heave tests will be perfymed to determine

the heave strain or ice segregation ratio for representative

soils under its insitu overburden pressure The soil

sample has finite length of about 100 millimetres with

free access of water The cold side temperature will be

prescribed at about 1C 30F the warm side temperature

will be prescribed at about 0.6 to 1.7C 33F to 35F

depending on the mean average ground temperature The

frost heave test will run until the steadystate thermal

equilibrium is reached The heave strain or ice segregation

ratio will be defined as

max

sX
max

where are the frsot heave and the frost depth
max max

at steady-state respectively

Once the heave strain or ice segregation ratio is obtained

for each re$presentative soil layer it will be applied

to the upper bound solution of the two dimensional frost

heave model based upon energy balance to evaluate the

frost heave and frost depth with time

IV FROST HEAVE PREDICTION BY SEMIEMPIRICA APPROACH

General

The semiempirical design approach of the frost heeve predictive model

transforms the complicated frost heave phenomena into conventional

thermal problem with the heave strain as another input parameter in

addition to the parameters required for thermal analysis Such an

approach enables one to analyse the performance of the Calgary Test site

into two isolated components one is the variation of ground temperatures

the other the corresponding frost heave Even though these two components

are of coupled nature being able to isolate them will certainly simplify

the design process for pipeline frost heave problems This will be

demonstrated in later seciton

CMsUd



106-2195 Page 26

Thermal Domain and Soil Properties

Soil stratigraphy of the test site after construction are presented in

two boreholes drilled in July 1978 Figures 4.1 and 4.2 These two

boreholes were located in the unfrozen area Figure 2.5 shows the

borehole locations Water contents in the soils were compared with

previous soil data It was found that the water contents remained the

same between the time prior to construction of the test site in late

1973 to July l978when the test site had been operating for about

years

The thermal domain was defined into two soil layers as shown in Figures

4.3 and 4.4 for the Deep Burial and the Gravel sections respectively

one being sandy clayey silt Sand 50 Silt 44 and clay the other

silty clay Sand Silt 63 and clay 33/a Curves and in Figure

3.7 shows the respresentative grain size curves of the two soil layers

The transitional changes of grain size between the interface of the two

soil layers were ignored for simplification purposes of the thermal

analysis

Laboratory onedimensional frost heave tests on representative soil

samples in the two soil layers were performed Appendix to determine

the heave strains and ice segregation ratios of the soil Figure 4.5

shows the sample locations The frozen soil samples from boreholes

drilled in July 1978 were thawed and consolidated under the insitu

overburden soil pressures before the laboratory frost heave tests

started In such way the excess ice contents obtained in the laboratory

tests can be compared with field conditions as obtained from the drilling

results Table II shows the ice segregation ratio for each soil type

which was also compared with the drilling results

Tables and IV show the thermal properties of the soil layers for the

Deep Burial and Gravel Sections of the Calgary Frost Heave Test Site
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TABLE

METEOROLOGICAL INPUT DATA

CALGARY TEST SITE ANALYSIS

Date Ambient Average Wind Snow Average Solar

Temperature Velocity Depth Radiation

M.P.H FT BTU/hr./ft

Jan 15 12.3 10.1 0.35 15.8

Feb 15 18.6 10.0 0.35 29.8

Mar 15 24 10 22 49

April 15 38.0 11.6 0.0 64.8

April 20 39.8 11.6 0.0 66.8

May 15 48.8 11.5 0.0 77.0

June 15 55.7 10.9 0.0 84.7

July 15 61 14 90

Aug 15 59.4 9.1 0.0 73.9

Sept 15 51.2 10.2 0.0 53.9

Oct 15 42.2 10.6 0.0 33.0

Nov 32.1 10.1 0.0 22.7

Nov 15 27.3 9.1 0.06 17.8

Dec 15 18.4 10.0 0.22 11.8

Properties of Snow Cover Thermal Conductivity 0.10 BTU/HR./FT./F

SurfaceEmissivity 0.90

Surface Absorbtivity 0.40

Properties of Bare Ground Surface Emissivity 0.90

Surface Absorbtivity 0.70

Greenhouse Factor 0.83
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Li Meteorological Data

The meteorological data is required for the thermal analysis when the

ground surface heat transfer mechanism is considered Table shows the

relevant parameters which are air temperatures solar radiation

wind velocity surface albedo emissivity and greenhouse factor

and snow cover and its thermal conductivity

14l4 Pipe Temperatures

As chilled air is circulated through the pipes the pipe temperatures

are function of the air temperature the conductance between the air

and the pipe wall and the pipe soil contact The pipe air conductance

is function of pipe diameter duct air temperature pressure and its

velocity as well as the film coefficient In order to avoid uncertainty

in prescribing the air temperatures and the pipe air conductance the

measured pipe wall temperatures was used as prescribed temperature

boundary conditions for the thermal analysis Figure Li.6 shows the

measured pipe wall temperatures versus the duct air temperatures at

the Control Section The average value of the pipe wall temperatures is

about -9 LiC 15F which is about 7C 3F higher than the average

duct air temperature of about -11.1C 12F

14.5 Predicted Versus Measured Ground Temperatures and Frost Heaves

Based on the input data described in previous subsections the model was

applied to predict the ground temperatures at the test site The predictions

were compared with measured values
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Annual Ground Temperature Variations

Thermistor string RT6 Figure 2.5 was located in an area about 14

metres 50 feet away from the test pipe sections The ground temperature

variation can be regarded as seasonal changes with little influence

from the chilled pipes One dimensional simulation was made by the

model to predict the seasonal changes The simulation assumed constant

bottom boundary temperature of Li LiC LiOF at depth of 3Li metres 110

feet Figure Li.7 shows the predicted and measured ground temperatures

at depths of 6m 2ft 5m ft and 3m 10 ft respectively

As it can be seen good predictions were made

Li.5.2 Deep Burial Section

Measured temperatures at typical sensor locations around the Deep Burial

Section were presented and compared satisfactorily with the model predictions

Figures Li.8 to Li.15 Thermistor cable DT6 was installed in January

1977 because the frost depth then was deeper than the depths of the

other thermistors installed previously

For temperature sensor locations close to the pipe more variation

between the measured and predicted values were found This is thought

mainly due to the reason that the pipe temperature specified in the

model simulation was mean value of 9.LiC 15F rather than the

actual fluctuation of the pipe temperature as shown in Figure

However as the sensor location is about metre away from the pipe the

use of mean pipe temperature presents good predictions
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The frost depth 0c isotherm below the pipe and frost heave of the

pipe are presented in Figure 14.16 they compare very favourably with the

observed performance from the temperature sensor readings and from

drilling result Ref Compared with most deformation predictions

in the field of geotechnical practice eg building settlement the

accuracy of the semi-empirical approach for frost heave prediction

should be regarded as excellent

14 Gravel Section

Similar to the Deep Burial section the comparison between the predicted

and measured ground temperatures around the Gravel Section is satisfactory

as shown in Figures 14.17 to -.2l inclusive The predicted frost heave

of the pipe and the frost depth below the pipe compared favourably with

the observed performance of the pipe section Figure i-i.22

14.6 Discussion on Model Predictions

Frost heave and frost depth are integrated parts of the freezing phenomena

when chilled pipeline is opeiating in frost susceptible soil The

semi-empirical approach of the frost heave model has transformed the

complicated frost heave problem into the conventional geothermal problem

whose design procedure has been well established and applied to many

engineering projects In this section the performance of the Deep

Burial and Gravel Sections in terms of frost heave and frost depth have

been analysed and compared satisfactorily with model predictions

The satisfactory results of ground temperature predictions are to be

expected since the geothermal aspect of the model has already been

verified with the performance of the Norman Wells Test Facility Canada

Artic Gas Pipeline Ltd Ref 11 for warm gas pipeline on permafrost

As far as thermal results of gas pipeline are concerned freezing of

chilled pipeline in unfrozen soils is similar to the thawing of warm

pipeline in permafrost soils

lwCoiiUd
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The predicted results of frost heave for both pipe sections compare very

favorably with the observed performance The over-prediction by the

semi-empirical approach of the observed frost heave data is to be expected

As described in Section 3.4 the laboratory testing aspect of the semi

empirical method seeks to simulate the ice segreagation mechanism in the

soil element in the field Since the thermal and hydraulic conditons

in the field cannot exactly be duplicated in the laboratory more severe

boundary conditions than those occuring in the field are applied to the

soil samples As the range of heat flux conditions applied to the soil

samples during the laboratory testing are about the same as that of

field condition the following factors may be the main contributors to

the overprediction

As described in subsection 3.4 the one-dimensional

laboratory testing of small finite length soil sample with

free access of water at one end of the sample always provides

greater water accessibility than the field condition of

chilled pipeline This provides safety factor in the semi

empirical approach with respect to the hydraulic conditions of

ground freezing phenomena

The heave strain or ice segregation ratio determined in

the laboratory is at the steadystate condition which is the

ultimate condition of soil freezing soil element below the

pipe depending on its relative location with respect to the

chilled pipe and the time duration of the pipeline operation

may or may not reach its thermal steadystate equilibrium

Thus the ice segregation ratio determined at the steadystate

results in the over prediction of the semiempirical approach
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The fact that the microscopic behaviour of frost heaving

is not well understood based on the present state of the art

the provision of using ultimate boundary conditions free

access of water and steadystate thermal equilibrium in

determining ice segregation ratio is warranted

Li The results have also been compared with the conditions

of pure ice and 50 excess ice content Figure .i.23 If pure

ice is formed below the deep burial section the heave of the

pipe to date should be about feet instead of feet as

observed If 50 excess ice is formed the frost heave should

be about feet

It is therefore believed that the semiempirical approach

of the two-dimensional frost heave model is the most adequate

design tool based on the present state of the art on frost

heave problems

Model predictions were not made for the Control and the Restrained

Sections It is believed that similar results as those of the Deep

Burial and Gravel Sections will be obtained Figures 1i.2 and 4.25 show

the observed data for frost heave and frost depth at the Control and

Rest ra ned Sect ions
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OTHER OBSERVATIONS

5.1 Porewater Pressure

The 50 piezometers installed around the pipe sections were to measure

the excess porewater presssures in the unfrozen zones from which the

hydraulic gradients might be estimated It was found that the excess

porewater pressure around the frost bulb was too small to be recorded by

the piezometers and that the piezometer results reflected mainly the

change in the free water table as recorded in the open standpipe shown

in Figure 2i

It is interesting to note that the theoretical predictions by the frost

heave model Ref and has indicated that the excess porewater

pressure around the frost bulb was less than the accuracy level of the

piezometer of l1i psf or inches of water

Heat Flux

The average pipe heat flux was measured at the Control Section for the

first year Figure 5.1 As no computer simulation was made on the

Control Section the measured heat flux was compared with that of the

Gravel Section As both test sections have the same configuration

except for the gravel bedding the average pipe heat flux for the Gravel

section is felt to be representative for the Control Section It is

seen that the measured value is slightly higher than the computer

simulation but the agreement between the two is reasonable

5.3 Heave Profile Along Pipes

As shown in Figure 2.11 vertical rods welded on the pipe were to meaure

through level survey the vertical movement of the pipe due to frost

heaving Figures 5.2 to 5.5 show the heave profiles of each test section

ltdg Cos1W.
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Observation of tilting of each section may provide information to evaluate

possible differential frost heave along the pipe resulting in pipe

bending

The tilting of pipe section may be caused by

Variation of ice segregation and thus frost heave longitudinally

along the pipe section even though the soil properties

and pipe temperature are generally uniform

End restraint due to duct connections or other restraint

at the end of the pipe

End effect of thermal regime due to temperature boundary

conditions at each end of the pipe

The tilting or differential heave of the restrained section Figure

was probably mainly due to the end restraints applied by te restraining

collars and restraining loads at the extremities of the pipe section

The tilting of the control section was felt to be caused by the duct

connectio.-is to the chiller as it has more heave towards the free end of

the pipe

Minor tilting until the end of September 1978 was observed at the

Gravel section Figures 5.3 The differential heave between both ends

of the pipe and the midsection was about l0/ of the heave observed at

the mid section ft 37 ft /l 37 ft The reason for this is

not clear and maybe the cuXmulative result of the above three causes
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The heave profile of the Deep Burial Section Figure 5.2 was thought to

be most representative of the field condition of pipeline ft the

field because of the great length of the pipeline in comparison with

its crossectional dimension the temperature regime is uniform longutudinally

In the deep burial section because of the metre cover 12 foot

over the pipe the effect of ground surface variation becomes insignificant

This makes the thermal regime uniform along the pipe section similar to

the field condition The overburden soil pressure also makes the possible

end restraints due to duct connections insignificant Thus the deep

burial section is under as uniform freezing condition as can be simulated

for the field It is interesting to observe that under this condition

there is no differential heave along the deep burial section Figure

5.2

tt is therefore concluded that under field conditions where the soil

is uniform there will be insignificant differential heave longitudinally

over the same soil terrain

Frost Heave in Frozen Soils

The heave gauges installed at each test Sections Figures 2.9 and 2.10

were to monitor vertical movements at various points in the soil near

the chi led pipes The relative movement of pair of gauges wi 11

indicate the heave strain of the soil element between the two gauges

When the frost bulb passes the upper of the two gauges the upper gauge

commences to heave and the lower one remains relatively stationary

When the frost bulb reaches the lower gauges it will commence to move

upwards Up to this point the frost heave behaviour is generally

called primary frost heaving which is the frost heave occuring from the

unfrozen state to frozen state When the frost bulb passes both gauges

the relative movement between the two gauges will indicate frost heaving

in the frozen soil which is generally called secondary frost heaving
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Several gauge pairs from the Deep Burial and Gravel Sections were selected

for analysis in evaluating the relative magnitude between the primary

and secondary frost heaves

Gauge pair 20-22 of the Deep Burial Section Figure 5.6 was under

consideration As the frost front approaches the upper gauge Gauge 20
small negative relative heave occured This is the result of the

consolidation of the unfrozen soil beneath the advancing frost front

Once the frost front passed the upper gauge the soil layer between the

gauge pair commences to heave and continue to do so until the frost

bulb has engulfed both gauges After that the relative heave between

the gauge pair remained constant indicating practically no secondary

frost heaving between mid 1975 until the end of 1978 when the soil was

frozen for over 3.5 years

Although the observation data only covers the duration of years its

trend does suggest that for practical purposes the magnitude of secondary

frost heaving is insignificant in comparison with that of primary frost

heaving This is illustrated in Figures 5.6 to 5.9 for other gauge pairs

beneath the Deep Burial and Gravel Sections For the last 3.5 years when

the soils were frozen relative heave between each gauge pair has been

ins ign if cant

VI FIELD VERIFICATION DRILLING RESULTS

General

Observation data on the Calgary Test Site presented in the previous

sections were exterior results of frost heaving namely the change of

ground temperatures and the resulting frost heave of the pipe sections

The purpose of the drilling program was to obtain the soil samples

beneath the pipe sections after they had been frozen from initially an

unfrozen state and to investigate the characteristics of ice segregation

The drilling work at the Control Section was done in September 1977

prior to its removal
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The Restrained Deep Burial and the Gravel sections were drilled in June

and July 1978 Holes were located as close to the midpoint of these

test sections as possible All vertical holes were drilled utilizing

helicopter portable skid mounted Arctic Auger rig truck mounted

140L auger rig was used for all the inclined holes The frozen soil was

continuously cored 10.2 centimetre inch LD core barrel was used

at the Control Section and 7.6 centimetre 3inch LD core barrel

was used at the other test sections After field classification was

made all samples were transported to the EBA Edmonton laboratory

Prior to transportation the frozen soil samples were packed with gel

freezer packs

6.2 Borehole Locations

6.2.1 Control Section

Three boreholes were drilled to intercept the frost bulb which had

formed around the chilled pipe The approximate locations of two boreholes

are shown in Figure 6.1 The other one which failed to intercept the

frost bulb is not shown in the figure

6.2.2 Restrained Section

The approximate location of boreholes with respect to the pipe and berm

is shown on Figire 6.2 Hole Ri was terminated as result of the

permafrost core barrel loss An alternate core barrel was utilized for

the other boreholes
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Gravel Section

cross-section at the approximte borehole location is shown on Figure

6.3 An unsuccessful attempt Borehole G2 was made to sample the

granular bedding material with the permafrost core barrel The two

other boreholes provided excellent samples of.the ice rich frozen zone

particularly at the maximum frost penetration depth below the pipe

6.2.4 Deep Burial Section

cross-section showing the approximate 1ocationof all boreholes is

presented in Figure 6.4 Hole Dl was terminated when it struck the

pipe and hole D1A when rock was encountered Boreholes D2 and D3

successfully penetrated the frost bulb

6.3 Laboratory Testing

Representative soil samples were tested to determine the following

engineering properties

Water content Frozen bulk density and Atterberg limits

Grain size distribution

Consolidtion and thaw strain

The laboratory testing results are presented in Appendix
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14 Ice Segregation

The estimated percentage volume of segregated ground ice logged during

the field program is presented on the borehole logs in appendix Core

sample photographs allow for visual appreciation of the fractional

volume of segregated ice and its distribution with respect to pipe

location The photographs and the locations of these samples are presented

in Appendix

Estimated segregated ice contents of all samples generally ranges from

to 35 percent However the ice content approaches about 140 percent for

short core intervals near the maximum frost penetration depths at the

Control Gravel and Deep burial sections Boreholes C3 D3 and G2A

These estimated segregated ice contents were verified by back calculated

results from the total moisture contents obtained from the frozen core

and the moisture content in the soil phase without segregated ice Table

II

An attempt was made to investigate the variation of ice content with

depth below the pipe at the deep burial section as it had the most

borehole information Figure 14

Boreholes D-1A and D2 Appendix indicated that at depth of about

5.5 metres 18 feet from the top of the berm which is about 0.9 metres

feet below the pipe bottom the soil changes from silt to silty

clay Figures 6.5 shows the difference in grain size distribution with

respect to clay content
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is interesting to observe the following excess ice content distribution

Within the first metre feet below the pipe the soil

is sandy clayey silt the ice content is about to l0

by volume as one can see form Boreholes D2-2 D2-3 and

DIA2 with photographs of these samples plates DIA4

D2-9 D2l0 and D2ll shown in Appendix The ice

content distribution in the soil is relatively uniform as

it is consistent with the total water content distribution

shown in Boreholes DIA and D2 Appendix

The soil beneath becomes silty clay with depth and the

ice content increases to 30 to 35 percent Again the

excess ice content distribution in the soil up to the

freezing front is relatively uniform as can be seen from

Plates D2-l2 to D2-l6 DIA8 to D1A-lO and D3l2 to D3-

15 inclusive This is consistent with total water

content distribution shown in Boreholes D1A D2 and D3

The freezing rate or the rate of frost penetration is

directly proportional to the net heat flux at the freezing

front Figure shows the calculated neat heat flux at

the frost front for the deep burial section Thus the

frost front penetration through the two soil layers is

varying with depth as the heat flux varies about 400
from 4.7 to 1.3 watts/rn2 1.5 BTU/hr/ft2 to 0.4

BTU/hrft2 over depth from 1.5 to metres to 10 ft
below pipe
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However the excess ice content and the total water

content in the two soil layers remain realtively uniform

The difference in depth between Samples D2-12 metre

below pipe DIA-lO 2.14m below pipe and D3-15 3m below

pipe is aobut 1.8 metres feet but the drilling

results show the ice content to be about the same even

though the freezing rate at these locations are about

140o different Since the berm height above the Deep

Burial Section is approximately metres 10 feet the

soil pressure changes between these depths are insignificant

It is therefore concluded that under the heat flux ranges

generated by chilled pipeline the variation of the ice

segregation ratio is mainly due to the difference in soil

types rather than the variation of heat flux or freezing

rate

For the case where the pipe is insulated with inch of

styrofoam or equivalent material the computed net heat

flux at the freezing front is shown in Figure 6.7 This

is similar to the flux magnitude computed at metres 10

feet for the Deep Burial Section Figure 6.6 Thus it

seems reasonable to interpret that the ice segregation

ratio of about 35 obtained from the drilUng results

at metre 10 foot depth at the Calgary Test Site would

be representative of the condition when the pip is

insulated
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6.5 Thaw Strain

Thaw strain is defined as the ratio between thaw settlement under

stress equivalent to the overburden pressure and the initial height of

the sample The thaw strain of soil is generally related to its

frozen bulk density In order to compare the frozen soil samples obtained

from the Calgary Test site to permafrost soils thaw settlement tests

were taken for the frozen core samples at selected depths from various

boreholes to represent wide range in segregated ice contents Figure

6.8 shows the relationship between thaw strain and the frozen bulk

density

It can be seen that the average curve of the test data has slightly

higher value than the correlated curve obtained by Speer et al 1973

Ref 13 which represents wide range of permafrost soils This may

be attributed to the fact that ice lenses created by continuous freezing

under chilled pipeline may be more uniform than under natural freezing

conditions
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VII CONCLUSIONS

The report presents detailed analyses of the performance to date of the

well instrumented Calgary Test Facility which has been in operation

since March 19714 Not only have the observed data of ground temperatures

and pipe heaves been compared favorably with the predictive method

continuous core samples of frozen soils have also been obtained through

drilling programs to investigate the characteristics of ice segregation

In doing so comprehensive appreciation of the frost heave phenomena

induced by 48-inch chilled pipeline has been made The following

conclusions are drawn from this study

Based on the satisfactory comparison between the predicted and

observed data with respect to ground temperatures and frost

heaves at various test sections it is believed that the semi

empirical approach of the two-dimensional frost heave model is

the most adequate design tool based on the present state of

the art on frost heave problems The fact that the miscroscopic

behaviour of frost heaving is not well understood the overprediction

on frost heave by the model is warranted for practical application

Compared with most deformation predictions in the field of

geotechnical practice eg building settlement the accuracy

of the semiempirical approach can be regarded as excellent

Within the range of heat flux generated by chilled pipeline

the variation of the ice segregation ratio which can be

regarded as volumetric excess ice content is mainly due to

the difference in soil types rather than the variation of heat

flux
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Over uniform soil stratigraphy longitudinal differential

heave for chilled pipeline is insignificant

14 Based on the observed data over the last 3.5 years the frost

heave occuring in frozen soil secondary heave is insignificant

in comparison with the magnitude of the frost heave when the

soT changes from unfrozen to frozen state primary heave

Respectfully submitted

EBA Engineering Consultants Ltd

Hwang Ph Eng

J-M Chevallier Eng

CTH/hek

CuMi LW
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A.l General

The methodology of the semi-empirical approach have been presented in

Section IV The laboratory test program constitutes an integrated part

of the design approach This section will describe the test equipments

and Frost Heave Test results

Test Equipment

The purpose of this frost heave testing program is to investigate the

heave strain or ice segregation and frost heave characteristics of

specific soil types under one-dimensional freezing of finite length

sample with free access to water diagram of the frost heave tests

cell that has been developed for Foothi is Pipe Lines Yukon Ltd by

EBA is shown in Figure A.1 The principal requirements of all test cells

are as follows

sufficiently rigid confining barrel to prevent movement

in the radial direction

Insulated cell walls to allow the assumption of zero

heat flux boundary condition at the soil-cell wall contact

Lubrication of the cell walls to allow minimal frictional

resistance between the cell wall and the sample confining

membrane

base plate which can be controlled to fixed cold

temperature This is generally achieved by circulation of

chilled fluid through galaxy in the base plate
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load cap which can be controlled to fixed warm temperture

This is generally achieved by circulating fluid through

galaxy located in the load cap above the pourous stone

load cap and porous stone assembly coupled with burrette

to allow free access of water to the sample and accurate

measurement of the water intake or expulsion

water tight seal between the samples confining membrane

the cold sample base plate and the warm load cap

Temperature measuring thermistors in the base plate the load

cap and embedded into the cell walls provide accurate measurement

of both the applied temperature boundary conditions and the

thermal response of the soil sample to those applied temperatures

dial gauge or DCDT to measue the heave and/or settlement of

the sample

10 hanger system to apply specified vertical loads to the

sample through the load cap

11 Sufficient temperature controlled baths to create sample

nucleation and to accurately maintain the specified cold and

warm plate temperatures for the entire test duration

diagram of the two frost heave test cells developed for Foothills by

EBA has been presented as Figure A.l The cells consist of split

barrel 203mm 8.0 in in length and 90mm 3.54 in in diameter Two

lines of thermistors are embedded in the cell walls at 12.7mm 0.5 in
spacings to height of 133mm 5.25 in above the base plate The

exterior of the barrel is coated with 102mm in of Polyurethane

insulation
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The cold temperature boundary condition may be controlled by galaxy in

the sample base plate or by second galaxy in sub-base plate which

is separated from the sample base plate by insulation The warm temperature

boundary condition is achieved by circulation of fluid through galaxy

within the load cap Thermistors are attached to or embedded in the

load cap the sample base plate and the subbase plate in order to

accurately monitor and control the temperature boundary conditions

Vertical stress is applied to the sample by conventional dead weight

hanger system Water is supplied to the sample through the load cap

connected by tubing to burette The water level in the burette is

maintained at approximtely the same level as the top of the sample

All measurements with the exception of the burette readings are automatically

read at pre-programmed time intervals using data acquisition program

developed for Foothills by EBA The Hewlett-Packard data acquisition

system and plotter is used to read the approximately 130 thermistors

required to monitor the cell walls the controlled temperature plates

the bath fluid temperatures and the cold room temperature for the

simultaneous testing of four samples The readings are automatically

stored on cassette tape Each of the thermistor beads has been accurately

calibrated The calibration offsets are stored in the data acquisition

program and are applied to the readings to give the corrected temperatures

For each reading interval the data acquisition system records the

vertical movement of the load cap by an electronic displacement transducer

Plots of frost heave versus time frost front movement versus time and

cold plate warm plate or room temperature versus time may be plotted by

the Hewlett-Packard directly from the data stored on the cassette tape

The use of the computer for reading data data reduction data storage

and data plotting significantly reduces both technician/engineering time

and the possiblity of data reading or reduction errors
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A.3 Test Procedures and Results

Figure 14.5 shows the soil samples and borehole location The samples

were thawed and reconsolidated under their overburden pressures The

soil sample has finite length of about 14 inches with free access of

water After nucleation the cold and warm side temperatures were

prescribed and remained constant The frost heave tests were run until

steadystate equilibrium is reached The heave strain or ice segragation

ratio becomes

max

max

where are the frost heave and the frost depth at steady
max max

state respectively All the frost heave test were performed in the EBA

cold room where the air temperatures were controlled at about 35F

2F

Figure A.2 describes schematicalily the progress of frost heave test

The test results as plotted by the HewlettPackard data acquisition

system for frost heave frost depth isotherm and sample boundary

temperatures are presented in Figures A.3 to A.14

The heave strain or ice segregation ratios for these results are summarzed

in Table of Section 14.2
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APPENDIX

BOREHOLE LOGS AND LABORATORY TEST RESULTS



B.1 BOREHOLE LOG

It



BOREHOLE LOG

BULK DENSITY Mqm3
GROUND CE 14 16 18 22

SOIL DESCRIPTION DESCRIPTION MOISTURE CONTENT
-I

________________________________________ _______________
10 20 30 40 50

CLAY LT ICL-ML UNFROZEN

sone sand to sandy
____

unfrozen grey moist ____

33

662

u1II
98 IIILIIiII Iii

13.1
CLAY CL TILL-siltysome

UNFROZEN ___
sand trace of gravel
low plastic moist

grey __
16 5- ___

76

23.07

___-_______
SFC ELEVATION .m DATE DRILLED 0/9/77 NO

COMPLETION DEPTH rn 90 LOGGED BY EMF
c-i

RIG
64O LOCATIOrrost Heave Site PAGE OF



BOREHOLE LOG

UJ
BULK DENSITY Mg/rn3

GROUND ICE 14 16 is 20 22

DESCRIPTION MOISTURE CONTENT
0-

CLAY CL TILL as above UNFROZEN

5D

-.-------

262

29519-

END OF BOREHOLE

10

11 iiiiiii_ii

12

13

14

ELEVATION DATE DRILLED 20/9/77 NO

COMPLETION DEPTH LOGGED BY EMF C-i

eca
DRILLING RIG B40 LOCATION Frost Heave Site PAGE 20F



fl
BOREHOLE LOG

BULK DENSITY Mqm3
GROUND CE 14 16 18 22

SOIL DESCRIPTION DESCRIPTION MOISTURE CONTENT
0-

CLAY LT CL-ML -sandy
NFROZEN II

uniform grey

33

_____________

__

6.6 2-

-CNbn __
Vx Vr 1O%

i- .-

__
IL_

13.1 -4- -ii __________
Vr15

16
END OF BOREHOLE

Iiii
_____________ _______

ELEVATION rn DATE DRILLED 26/9/77 NO

COMPLETION DEPTH 85 LOGGED BY EMF c2

DRILLING RIG BLO LOCATIONFrost Heave Site PAGE OF



BOREHOLE LOG

19 uJ
BULK DENSITY Mq/m3

GROUND ICE 14 16 lB 20 22

SOIL DESCRIPTION DESCRIPTION MOISTURE CONTENT

______________
10 20 30 40 50

CLAY SILT CLMLsandy UNFROZEN ____
uniform grey moist

-P

33
.1

66

98 ii

FROZEN _____

-poor

recovery

131

________________
16.1-i CLAY CL TILL-sHty some i- i---- -----

sand trace of gravel
lo plastic grey

____ 11111

Vs 25 i----

19 Vs 30 __

SIVs35
UNFROZEN i- ____

23

END OF BOREHOLE

SF0 ELEVATION DATE DRILLED 26/9/77 NO

COMPLETION DEPTH LOGGED BY EMF C-3

DRILLING RIG BLO LOCATICNFr0st Heave Site PAGE 0F1



BOREHOLE LOG

BULK DENSITY Mg/rn3
GROUND ICE 14 16 18 20 22

SOIL DESCRIPTION DESCRIPTION MOISTURE CONTENT

_______________
10 20 30 40 50

SILTsome claytrace sand and UNFROZEN

gravel
-moist

.G

I1IIII7IIILIII

-trace to some fine sand II
trace organics

-dryer feels cold

-hard drilling FROZEN
-very dry Nf
-poor recovery

some clay to clayey trace

to some sand trace gravel
-laminated organic layers

-3- ENDOFHOLE

ii

__ DLuNG RIG Aric Ag O68Berm ElOFl



BOREHOLE LOG

Ic BULK DENSITY Mg/rn3
GROUND ICE 14 16 18 20 22

SOIL DESCRIPTION DESCRIPTION MOISTURE CONTENT

10 20 30 40 50

SILTsome clay trace sand UNFROZEN

and gravel

-moist

iiii-_iiii_
-becomes sandier fine

sand

drier

-rock fragments Nb
2- -few frozen chips in moist

silt 7f__._______
-some sand trace clay

____

trace to some sand and

clay Vs Vr 5/a ___

Nbe-Nbn

-clayey trace fine sand Vs Vr 1O

_-Vr-Vs IrlIll liii

SILT AND CLAY-trace fine sand

6- _i
11111 iIitiIII4I

______
UNFROZEN

ELEVATION DATE DRILLED 8/06/78 rEHOLE NO

COMPLETION DEPTH 7.60 LOGGED BY RJG R-1A

___________
RlGArctic Auger LOCATIONW Side of Berm OF



BOREHOLE LOG

BULK DENSITY Mg/rn3
GROUND ICE 14 16 18 20 22

SOIL DESCRIPTION DESCRIPTION MOISTURE CONTENT
0E

10 20 30 40 50

SILT-trace to some sand and UNFROZEN

clay trace gravel

top O.3m moist then much

dryer iii1iii
-cold -C

-moist

Nbn

more sandy
Nbe

-some sand trace clay and

organics __Ii
Vs-Vr-Vx

_trace locally

vertica

-some sand to sandy
Nbe Nbn Il

______
iiiiiciiiii

fx-Vr5-IO/0
-becoming clayey

numerous hairline ice

lenses at top of section Vs Vr l5/ _1_ _I_ _L
to lenses up to 3mm thick _L_.__
at bottom

-clayey trace sand
ii __

-more ice lenses 6-10 mm --
thick _ccassIonal i__

to3mm

2535
JL lenses to

cm

_____
__I__-_

UNFROZEN H-4

ELEVATION rn DATE DRILLED 8/06/7a
BOREHOLE NO

COMPLETION DEPTH 145 LOGGED BY RJC
R-2

DRILLING RIG Artic Auger LOCATION WSide of Berm PAGE OF



BOREHOLE LOG

BULK DENSITY Mq/m3A
GROUND ICE 14 16 18 20 22

SOIL DESCRIPTION DESCRIPTION MOISTURE CONTENT

o__ 10 50

SILTASABOVE

LAY HLL-slltytrace sand
UNKULhN

1some subang round gravel tc

13/ poor recovery

-8-
----------

END OF HOLE

_L._

H-

10

-11

12

EEEEEEEEE
---

SFC ELEVATION DATE DRILLED 8/06/78 NO

DEPTH 7.45 LOGGED BY RJG
R-2

RIGArctic Auger LOCATIONESIde0f Bermj GE2 OF



BOREHOLE LOG

BULK DENSITY Mg/rn3
GROUND ICE 14 16 18 20 22

SOIL DESCRIPTION DESCRIPTION MOISTURE CONTENT

______________________________________
10 20 30 40 50

S11T-Iight to medium brown NDTFIWZZN

very sandy fine grained
nonpiastic

iiiiii-iiiiii
-traceofclay iiiiiiiiiiiJi

-moister colder

-some sandy silt with some Nbn to

grey ish and blonde colour Vs 5/b

bands T1
Nbnto I-------
Vs3/0

.3- ____J__
some sand non plastic __ ._L

Nbn to

Vs

vs l52O

Vs1O-12 11111- 1111
slight clayler trace of Vs 3O

sand mm layers

Vs 3O/ ice

-clayey silt medium to up to 25 mm

light brown low to medium
30-35/ ice

plastic ice broken

by drilling
brownish grey firm to stif

NOT FROZEN
_j

_i______
-6-

ENDOFHOLE

IIIIIIIIIIII

SFC ELEVATION DATE DRILLED l/O7/78 NO

COMPLETION DEPTH 6.1 LOGGED BY CAG G-l

L--RIG BiOL LOCATION CALGARY PAGE OF



BOREHOLE LOG

BULK DENSITY Mg/rn3
GROUND ICE 14 16 18 20 22

SOIL DESCRIPTION DESCRIPTION MOISTURE CONTENT
CE

_______________
10 20 30 40 50

SILT-medium to light brown NOT FROZEN

some fine sand trace of to ._
noclay

sandy fine grained
.G _________

Nth

-coarse rounded gravel Vr

END OF HOLE ___

iiiiiiii1-_ii

111111 IJII
-7-

ii

SF0 ELEVATION rn DATE DRILLED 15/07/78 NO

COMPLETION DEPTH LOGGED BY GAG G2

___________ LLLNG RIG B4OL LOCATION Calgary PAGE OF



BOREHOLE LOG

BULK DENSITY Mg/rn3
GROUND ICE 14 16 18 20 22

SOIL DESCRIPTION DESCRIPTION MOISTURE CONTENT

______________ 10 20 30 40 50

SILT-medium to light brown NOT FROZEN

some fine sand non plastic

uii1iiti

2- -lighter brown some fine Nbn

sand Vs l5
Vs lOl5
1-3mm

-decreasing sand content

trace of clay
Vs 5-lO

Vs5 liii iiiii
Vs5

__-4- Vs 10Y0
____

l5 crushed
Vs lO-l5/

Vs l5-2O

-some clay to clayey low Vs 35C/

plastic Vs 3O0/ at

5m3-6mm
to35at

3LQ5
to 12 mm

-6
1-iO%

-clayey

END OF HOLE

-7-

SFC ELEVATION rn DATE DRILLED 15/07/78 NO

COMPLETION DEPTH 6.314 LOGGED BY CAG G2A

RIG B14OL LOCATION Calgary PAGE OF



BOREHOLE LOG

BULK DENSITY Mg/rn3
GROUND ICE 14 16 18 20 22

SOIL DESCRIPTION DESCRIPTION MOISTURE CONTENT

some
UNFROZEN

10203040

top 0.3 metres moist
drierbelow

-more sandy cold IIçI 111111

______
iiiziiiiiiii

-very hard drilling
_J

2- Vr-Vx lO-l5
-some clay to clayeytraceC 11

to some sand TJj
Vx-Vr Trace

trace fine sand
to

Vx-Vr 1O
clayey

-core partially mefed __
during extraction

END OF HOLE

Note Hit Pipe

_t

_E

----
____

ELEVATION rn DATE DRILLED 89/06/78 NO

COMPLETION DEPTH rn 3.65 LOGGED BY RJG D-l

-_j
DRILLING RIG Arctic Auger LOCATION WSide of Berm PAGE OF



BOREHOLE LOG

Lu
BULK DENSITY Mg/rn3

GROUND ICE 14 16 18 20 22

SOIL DESCRIPTION DESCRIPTION MOISTURE CONTENT

_____________ 10 20 30 40 50

SILTclayeytrace of sand and UNFROZEN

gravel trace organics
few subangular to sub

rounded pebbles to about 10

mm

med to dark brown _l
moist near surface a-
more sandy drier

-some clay to clayey trace Vx-Vr 5-lO

2-
to some sand _L

-c

-trace organics Vs-Vr-Vx 1O
lenses 2-3 Li

C- thick
stratified silty fine sand

Nb
thin silt laminaetrace c1ay_

Vxtrace

-some sand and clay _j Vr-Vx5

stratified silty sand _C. Vx Trace

silty clay some fine sand
Vr-Vx 5-JO

4- lenstracegravel
shattered shale fragments VsVx ____
to 10 mm Vs-Vx trace

-very sandy trace of clay

Vs-Vx5 1111
Vs-I O-2O

mm lens

CLAY TILL-silty trace sand

and gravel angular pebbles --
__C Vs 25-3O/

Vs-Vx-Vr 20-
-some gravel light to med

3O lenses
brown trace iron oxides

12mm

SFC ELEVATION DATE DRILLED 9/06/78
BOREHOLE NO

COMPLETION DEPTH 7j1 LOGGED BY RJG
D1A

DRILLING RiG
Arctic Auger LOCATION Side of Berm OF



BOREHOLE LOG

__________GROUND ICE 14 16 18 20 22

SOIL DESCRIPTION DESCRIPTION MOISTURE CONTENT

10
H--0 50

CLAY ILL-si ty some gravel V-Vr-Vs ZO-

trace sand low plastic 3Oartially
___________________ melted

END OF HOLE i_iiiiiiit
Refusal on Rock

liii

11 __

I12

13 __

___IIIIIIJI4I
SF0 ELEVATION DATE DRILLED 9/06/78 -1A NO

COMPLETION DEPTH 7L1p
LOGGED BY

RiG

DRILLING RIG
Ar LOCA



BOREHOLE LOG

BULK DENSITY Mg/rn3
GROUND ICE 14 16 18 20 22

SOIL DESCRIPTION DESCRIPTION MOISTURE CONTENT
_________

______________________________________ ________________ 10 20 30 40 50

SILTclayey trace sand and UNFROZEN

gravel trace organics

subangular to subrounded ii

pebbles to 18 mm diameter

-some sand der

-hard drilling dry very Vs-Vx 5/s

-some sand Vr lenses

less than
____3- sandy stratified fine sand ____

1mm
silt lenses ____

Vx trace in
-more silty colder ___sand _____

-trace to some clay and sand

-becoming clayey
____Vr-Vx trace ____

cayev trace to some sand ._..

stratified
to ___
Vr ___

Vs-Vr trace
____

-clayey to some clay trace
to ____

to some sand
____

Vc trace _i_
trace gravel subrounded Vs lOl5

to 18 mm diameter

-clayey trace fine sand

core partially melted Vs 2O-25

-6- _ti_______
Vs 25_3O0/ --

-melts quickly ___
Vs 35

Vs3O-35 iiiiiiiiVsVr253O0
SFC ELEVATION DATE DRILLED 9/06/78 BOREHOLE NO

COMPLETION DEPTH 7.65 LOGGED BY RJG D2

DRILLING RiGArctic Auger LOCATION Side of Berm PAGE OF



BOREHOLE LOG

UJ
BULK DENSITY Mg/rn3

GROUND ICE 14 16 18 20 22

SOIL DESCRIPTION DESCRIPTION MOISTURE CONTENT

________________
10 20 30 40 50

SILT-as above

CLAY AND SILT TILLto silty Vx-Vr 2O
trace to some sandsome sub

UNFROZEN

rounded to angular gravel

END OF HOLE

10

ILIIIII

12

13

----Th_____
-14

____

ELEVATION .m DATE DRILLED 9/06/78
NO

MPLETION DEPTH
65

LOGGED BY RJG
D-2

RIG Arctic Auger LOCATION Side of Berm OF



BOREHOLE LOG

ICE LU
BULK DENSITY Mg/rn3

GROUND ICE 14 16 18 20 22

SOIL DESCRIPTION DESCRIPTION MOISTURE CONTENT

________________
10 20 30 40 50

SILT-grey-brown some fine KULN

sand non to very low plasti ii

ii

--

Wl

-moister colder

-medium to light brown some

fine sand low plastic
Vs 10-15

-very sandy fine grained II II
Vs-Vr ____L..__

-4 -----4--a-H--
-medium brown very sandy in Nbn __

layers

some yellow organics

-light to medium brown trac
Vs 15-25

of clay trace of to no sanc

s810 _____

--
-Vs 25

6- some clay softer frozen Vs l0-l5
some light brown sandy Vs 2530
pockets low plastic Vs 30

Vs25
Vs 30-35

continued

B0L
Eca78 ___



BOREHOLE LOG

BULK DENSITY Mg/rn3
GROUND ICE 14 16 18 20 22

SOIL DESCRIPTION DESCRIPTION MOISTURE CONTENT

SILT-light to medium brown Vs 3O-35/

some clay some light brown

fine sandy pockets Vs 25/a

to

-clayey silt to silty clay
-c-

-Vs

medium brown low plastic Vs 3O-35

lEE
3O
NOT FROZEN

_____________________________ ____________ H---4

END OF HOLE

-10-

SC ELEVATION rn DATE DRILLED 14/07/78
NO

COMPLETION DEPTH LOGGED BY CAD

DRILLING RIG
6140L

LOCATION
Calgary OF2



6.2 GRAIN SIZEDISTRIBUTION



ERRIN SIZE DISTRIBUTION

FjECTCajry Frost Heave Test Facility CAGPL SIEVE PCT EMHLLER

ADDREE Calgary Alberta __________

_____________________________________________
_____________

UOA NO 16-1975

DATE TETED_____________
____________ _____________

CLIENT _______________
Foothills Pipe Lines Ltd .37E

ATTENTION ______________________________ lB

_____________________________

_____________________________________________
Ei BO

_________________
200

REVIEWED ENE

zj.LE 97TE BH C-2

2Ei77EN_____ sT ____________________ _____________ DEPT.L_.i

rt -r
NJ F-I Nl

NJ

t1

DEBER tAT ION

FTERRVEL
SAND
SiLT 75
CLAY LI

fl-J i-I

NI t_ NI

All tests perlormea in accordance with ASTM CSA starioards



ERAIN SIZE DETRIELJTIDN

PROJEcT Calgary Frost Heave Test Facility CAGPL SIEVE ACT SMALLER

ARE _c..algary Alberta
___________ ___________

__________________________________ __________

Jfl NO 16-1975

DATE TESTECI_____________ ________________
____________ ____________

LENT_________________________________ __________ __________

Foothills Pipe Lines Ltd _________ _________

ATTENTION IE2 _______
________________________________ 31 _________

_____________________________________________
E__E ____________

________________________________ 200 ______

REVIEWED Y_____________________ P.EN

____ BH C-3

T2.-1 Z17. E___ sTRTN ____________ ________ 18 EZ

NI Li Ni CD
L1 Lii Lii

____ ____________ LO 1I ___

ZL ..

.. DESCRIPTION

FT.ERVEL
BHND
SILT 7E

LF1Y 21

ri Li

N.J NI L. L.. NI

All tests pertormed in accordance wili ASTM CSA standards



BRAIN 5IZE DI5TRILJTIDN

Frost Heave Test Facility CAGPL 5IEVE FCT EMALLER

RLRE Calgary Alberta ___________

____________________________________ __________

JO NO 16-1975

DATE TEETE
___________ ___________

CLIENT Foothills Pipe Lines Ltd
__________ ___________

_________________________________
LI _________

ATTENTION _______________________________ ___________ ___________

__________________________________
31 HZ __________
EZ

Ik1

REV IENED Y_______________________ F.ENE

JEE .LEiiEiT BH C-3

-r-

LJt1

____________________-____ __

J-7

DEERIFTION

ECT iRVEL

1LT E7

CLRY
It

Lcl

FR Ni L_ Ni

AU tests performed in accordance with ASTM CSA sandarCs



EBAI Enfdng ConsuIans

14535-118th AVENUE 5664 BURLEIGH CRES S.E

EDMONTON ALBERTA CALGARY ALBERTA

Phone403451212l Phone 4032537121

GRAIN SZE DSTRBU1ON

Project
Stage Ii Drilling Results

Test Hole Number.J..Jfl.........................................

Depth ..2

Project Number Sample Description

Date Tested 77 Gravel

Remarks Sand

Silt

Clay

SAND GRAVEL
CLAY SILT

FINE MEDIUM CRSE FINE COARSE

SIEVE SIZES

200 10060 40302016 108 12
100

90

80

70

_J

60

50

LU

040

10

______
.0005 .001 .002 .005 .01 .02 05 .1 .2 .5 10 20 50

GRAIN SIZE-MILLIMETRES

Reviewed By P.Eng

AI tests perlormed in accordance witn ASTM and CSA standards unless otherwise noted



3i ncdg CoAsuats Ud0

14535-118th AVENUE 5664 BURLEIGH CRES S.E

EDMONTON ALBERTA CALGARY ALBERTA

Phone4034512121 Phone 4032537121

GRAIN SZE DSTRBUTON

Project
StageH Drilling Results Test Hole Number

FrOSt Depth ... Metres

Project Number Sample Description

Date Tested Gravel

Remarks Sand

Silt

Clay

SAND GRAVEL
CLAY SILT

FINE MEDIUM CRSE FINE COARSE

SIEVE SIZES

200 100 60 40 30 20 16 108

040

10

Cl

0005 001 .002 005 01 02 05 .1 .2 .5
10 20 50

GRAIN SIZE-MILLIMETRES

Reviewed By P.Eng

All tests pertormed in accordance with ASTM and CSA standards unless otherwise noted



ERgInCdn Consuftans lid0

14535-118th AVENUE 5664 BURLEGH CRES SE
EDMONTON ALBERTA etja CALGARY ALBERTA

Phone4034512121 Phone 4032537121

GRAIN SZE DSTRBUTON

Project
Stage Test Hole Number

Depth
5.8 .. Metres

Project Number Sample Description

DateTested HB7B Gravel

Remarks Sand LI

Silt

Clay 3L1

SAND GRAVEL
CLAY SILT

FINE MEDIUM CRSE FINE COARSE

SIEVE SIZES

200 100 60 4030 20 16 108

9c

63

70

UJ

Ii
-J

60
50

040
Cl

10

0005 001 002 .005 .01 .02 .05 .1 .2 .5 10 20 50

GRAIN SIZE-MILLiMETRES

Reviewed By P.Eng

All tests pertormed in accordance with ASTM and CSA standards unless otherwSe noted



EA En ncdng Coniuflnts ltd0

14535-118th AVENUE 5664 BURLEIGH CRES SE
EDMONTON ALBERTA etjQ CALGARY ALBERTA

Phone4034512121 Phone 4032537121

GRAN SZE DSTRBUTON

Project
Stage II Drilling Results

Test Hole Number

CaigaryFrostheave Test
Depth E....Metr.e

Project Number 5.T2 Sample Description

Date Tested 78 Gravel

Remarks Sand

Silt

Clay

CLAY
SAND GRAVEL

SILT
FINE MEDIUM CRSE FINE COARSE

SIEVESIZES

200 10060 40302016 108 12

T.TT
...../T..........

80

70

LU

-J

60

50

II -I
.0005 .001 .002 .005 .01 .02 .05 .1 .2 .5

10 20 50

GRAIN SIZEMILLIMETRES

Reviewed By P.Enq

All tests performed in accordance with ASTM and CSA standards unless otherwise noted



EB EnLcdn ConMtans Ud0

14535118th AVENUE 5664 BURLEIGH CRES S.E

EDMONTON ALBERTA ea CALGARY ALBERTA

Phone403451212l Phone 4032537121

GRAN SIZE DSTRBUTON

Project Stage DriHin Results
......

Test Hole Number ...D

Calgary Heae .Y Depth

Project Number Sample Description

DateTested Gravel

Remarks Sand

Silt

Clay

CLAY
SAND GRAVEL

SILT FINE MEDIUM CPSE FINE COARSE

SIEVE SIZES

200 100 60 40 30 20 16 108

100

D.3Q

.0005 001 002 .005 .01 .02 .05 .1 .2 .5
10 20 50

GRAIN SIZE-MILLIMETRES

Reviewed By Eng

AI ess performed in accofaance wh ASTM and CSA sandarcs unesS otnerwse noted



13 Engcdn9 CosunsUd0

14535118th AVENUE 5664 BURLEIGH ORES SE
EDMONTON ALBERTA etja CALGARY ALBERTA

Phone403451212l Phone 4032537121

GRAN SOZE DSTRBUTON

Project
Stage IDr ng Test Hole Number..D

Frost HeaveTe Depth L.3...- 7.8 Metres

Project Number Sample Description

Date Tested Gravel

Remarks Sand

Silt

Clay

SAND GRAVEL
CLAY SILT

FINE MEDIUM CRSE FINE COAP

SIEVE SIZES

200 100 60 40 30 20 16 108 _________

9c

80

70

b0
50

uJ

040
LU

10

._I

.0005 .001 002 .005 01 .02 .05 .2 .5
10 20 50

GRAIN SIZE-MILLIMETRES

Reviewed By P.Eng

AM tests performed fl accordance wttt ASTM and CSA standards unless otflerwSe noted



EBAI n9AedR9 COAIUROOtI ltd0

14535-118th AVE 5664 BURLEIGH CRES SE

EDMONTON ALBERTA CALGARY ALBERTA

Phone 403 453-3041 Phone 403 2537121

CONSOUDATON TEST RESULTS

Project _______ ______ Test No.___
Address ____________________________________

Test Hole No

_______ _________________ Depth Ft ______

Job Number E2 Diameter In

Date Tested __TjT2_By Assumed Sp

--- ---- .- ___

--- --- --C
--_-_

I-I1-T

PresEure TSF

INITIAL FINAL Sample Description EREY EH ERDNN

Heightln
EILTY CLAY MWET

Water Content
2E _.L7_ Overburden Pressure P0 TSF

Wet Density PCF ..J Swelling Pressure TSF

Dry Density PCF Pre-Consolidation Pressure Pc TSF

Void Ratio 92 .H89 Compression Index Cc

Saturation
LB

Reviewed By __ P.Eng

All tests performed in accordance with A.S.T.M A.A.S.H.O standards



ER Eh9ConiuRonti We

14535-118th AVE 5664 BURLEIGH CRES S.E

EDMONTON ALBERTA CALGARY ALBERTA

Phone 403 453-3041 Phone 403 253-7121

CONSOLODATON TEST RESULTS

Project _____ ____ TestNo._____
Address ______________ _______ Test Hole No.__DJ

_____-______________ Depth Ft.______

Job Number -1 62 ____ Diameter ln._2
Date Tested _j -JB By Assumed Sp Gravity EB

.EE

--
.E

Pressre TSF

INITIAL FINAL Sample Description
HT EREY 15H El

Height In

LT

Water Content 2L Overburden Pressure P0 TSF

Wet Density PCF _L2 J_ Swelling Pressure Ps TSF

Dry Density PCF Pre-Consolidation Pressure ._ ... ._TSF

Void Ratio
79 HBH

Compression Index

Saturation

Reviewed By P.Eng

AU tests periormed in accordance with A.S.T.M A.A.S.N.O standards



E1 dA9 COA1URRt1 1W0

14535-118th AVE
5664 BURLEIGH CRES S.E

EDMONTON ALBERTA eoo CALGARY ALBERTA

Phone 403 453-3041 Phone 403 253-7121

CONSOUDATON TEST RESULTS

Project ________ _____ Test No

Address Test Hole No --

-______ DepthFt __
Job Number _162 1E Diameter n.___2

Date Tested 269.i9 _By Li .6 Assumed Sp Gravity .66

BZ -- __ ___

.7Z -------

0.E -----------

.E
---------------- ----.- --.------

Pressure TF

INITIAL FINAL Samolo Description EHT ER LAY

Heig In
BH 6ME 51 LT AND FEEELEE

Water Content 2L1 Overburden Pressure Po TSF

Wet Density PCF 126 .B
--

Swelling Pressure TSF

Dry Density PCF 2Z .9 Pre-Consolidation Pressure ISF

Void Ratio 7E2 HH Compression Index Cc

Saturation
ZZ

Reviewed By _.___ P.Eng

Au tests performed in accordance with A.S.T.M A.A.SJ-4.O standards



EI ER9 COflU OMI Ud

14535-118th AVE
5664 BURLEGH CRES S.E

EDMONTON ALBERTA eoa CALGARY ALBERTA

Phone403453-304l Phone 403 2537121

CONSOL1DATON TEST RESULTS

Project _____ Test No _____ ______

Address ____ _____ ____ Test Hole No._D_

______ ___________ Depth Ft 2E.J26

Job Number 92 Diameter ln.___
Date Tested By Assumed Sp Gravity

__

it
Pressure TSF

INITIAL FINAL Sample Description
MED ER SANDY

Heightln
.9 .88 S1LThCLRY.TR.ERRVEL

Water Content Overburden Pressure P0 TSF

Wet Density PCF J3E_ 19
Swelling Pressure Ps TSF

Dry Density PCF J9.8179
Pre-Consolidation Pressure _.___TSF

Void Ratio
EBEB H92

Compression Index Cc

Saturation
12

Reviewed By PEng

All tests performed in accordance with A.S.T.M A.A.S.H.O standards
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PLATES ON CORE SAMPLES
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LONG CORE SAMPLE U1CLNED BOREHOLE



SECTION CUT ALONG CE LENSES

___ __

SECTION CUT ACROSS CE LENSES

CE SEGREGATION IN INCLINED BOREHOLES



CONTROL SFCTION



____ ______

HELD DRLLU1G CONTROL SECTION
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//



it ___ __
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____
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__

SIDE VIEW CROSSSECTIONAL VIEW

PLATE NO C21

Depth shown in Feet 8.5 10 ft 2.6 3.1 in
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I_____ luuIU4jJL

_____

___

__ ________

SIDE VIEW CROSS-SECTIONAL VIEW

PLATE NO C22

Depth shown in feet 114 16.5 ft 14



___ ____________i ____
12 1L

SIDE VIEW CROSSSECTIONAL VIEW

PLATE NO C3-1

Depth shown in feet 16 17 1t 4.9 5.2
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____
_______ ______

_______ ____________ __________ _____

i____ ___
___ ___

___ _______ __ ___

____

__
___ ____

SIDE VIEW CROSSSECTIONAL VIEW

PLATE NO C3-2

Depth shown in feet 17 18 ft 55
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____

___
SIDE VIEW CROSS-SECTiONAL VIEW

PLATE NO C33

DeptH shown in feet 18 19 ft 55 58 in
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__________

___
SiDE VIEW CROSSSECTONAL VE

PLATE NO C3L

Deith shoin in Feet i9 20 Ft 58 ri
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__________________

SIDE IE\J CROSSSECTIONAL VIEW

PLATE NO C35

Depth shoiri in Ieet9 20 21 it 6.3 6.6 ru
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PLATE NO RIA- PLATE NO R1A-2

CE LENSES Side VIe

Depth shown in metres



______

_______

__________
___

____ it9
____YN

aI9i
_________

______
________

_________

9.__________

______

______

____

_____

-I
lI

it _______ j9
____________

________
9O

_____

__ __

FL\TE NO R2I PLATE 10 R2-2
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HELD DRLLNG GRAVEL SECTION
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______

____________________

PLATE NO GI

__
I- ii

PLATE NO G12

ICE LENSES Sdc \/iew of Lonti Core Sarnnle5

Deoth shown in feet 9H FL 2.13 277



rJ
.-

90

__ __

PLATE NO GI3

ICE LENSES Side View of LonQ Core Sample

Depth shoin feet 9.5 10.7 ft 2.90 3.26



________ -__________________

..

___

PLATE NO G1

CE LENSES Side View

Depth 5hown in feet 10.5 ILO Ft 3.20 3.35
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______________

________

.1 1T_J _ILJrrII _I

T0ij
PLTE NO GH5

PLATE NO GH6

CE LEJSES Side View of Long Core S3rnOles

Dcpth shoin fl 2.2 -- 14 ft /2 -- 30 rn
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PL/\TE NO G-7

__ __l
vJ.F3

____ ____ ___
_____ ____1 ___
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___________________

__________ ______

___ ___

___.1

PLATE NO Gi-8

CE LENSES Side Vet-j of Long Core Sampfts

DoLn shown in feet lLi -- ft .3O LiS1 in



_____ _____

ft

PLATE NO GI-9

_____ _________

__________ __

___

m9L11
20 30 40 50 50 io no

ii

____ ____LLI
PLATE NO Gi-lO

CE LENSES Sde Viev of Lonq Coe Smpe
Deti shoii in fecc fc 4.88



PLATE NO 01-11

ICE LENSES Side Viej

Depth shown in feet 17.9 18 ft 5.46 5149
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PLATE NO G2A

____ __________ ___ ____ ______

.ŁTL
/J

Plato No G2A2

CE LENSES Side View oF Long Core Samples

Detth slio-n in Ieei Ft 83 -- 27 in
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PLATE NO G2A3
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PLATE G2A14

ICE LENSES SIdr Vev of Lonq Core Samples

Oenth shown id feet 12 2.71i 3.66 in
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PLATE NO G2A6

ICE LENSES Side Vier of Long Core 50nDleS

Depth shown feet 12 -- It 366 57 Ri
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PLATE NO G2A7

CE LENSES SHe View of Long Core Sample

Depth shown in feet 16 ft LL88
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NORTHWEST ALASKAN PIPELINE COMPANY

1801 Street NW
Washington DC 20006

202 466-5850

GOA-80-1024 FEB 26 1980

State of Aaska

1E COPN

February 22 1980

CA ____

The Honorable John Rhett Jr Attn Earl Ausman
Federal Inspector ANOC ___
Alaska Natural Gas Transportation System
P.O Box 19400
Washington DC 20036

Re Frost Heave Document Transmittal 4l
Dear Mr Rhett

During the frost heave meeting in Reston on February 56 and
1980 Northwest agreed to provide sufficient updated information so
that an in-depth review of our frost heave program could be made at

least two weeks prior to the March 12-13 meeting in Irvine California

The information to be provided concerned

Frost Heave Field Test Sites for 1980

Laboratory Tests and Model Development
Calgary Frost Heave Test Facility Performance

Analysis and

Fairbanks Test Facility Frost Heave Predicitons

Items and have been combined into one report which will
be distributed under separate cover by express delivery

Item entitled Performance Analysis of Calgary Frost Heave
Test Facility dated Septenther 1979 was recently approved for

release by Foothills and is enclosed for your immediate review It

provides considerable heretofore unpublished data on the longest
existing full-scale frost heave testing program

Item is still incomplete but is undergoing final revisions

by our consultant It will beiqrwarded to you as soon isre
ceived Item is the least important of these documents for

purposes of understanding our design approach As we have discussed
with Mr Earl Ausman of your staff who agrees this delayed item
will not inhibit thorough review of the NWA frost heave programs

$U6SDIARY OF NORTHWEST ENERGY COMPANY



Mr Rhett

Page Two

We are distributing the enclosure directly to the persons on the

attached distribution list which was provided by Mr Paul Fisher
The remaining documents described above will be handled in the same

manner

Yours truly

ST ALASKAN PIPELINE COMPANY

win Al Ku

Director
Government and Environmental Affairs

EAK/ri

Enclosures

cc w/enc see attached
distribution list



2/22/SO
Distribution for Frost Heave Documents

Quantity Names Location

Paul Fisher U.S Army Corps of Engineers
20 Massachusetts Aye NW
Room 6135

Washington DC 20314

Earl Ausman Office of Federal Inspector
2000 Street NW Room 3104

Washington DC 20036

Phil Essley FERC
941 Capitol St NE
Room 3004

Washington DC 20426

Lloyd Ulrich U.S DOT
NASSIF Bldg Room 8105
400 7th St SW
Washington DC 20590

Reuben Katchadoorian USGS Branch of Alaska
John Williams Geology Bldg No
Tom Overshine 354 Middlefield Road

Menlo Park CA 94025

Harlan Moore COE COE Alaskan Dist Eng Div
Don Keyes DOl Bldg 21700 Elmendorf AFE
Charles Sloan USGS Anchorage AK 99502

Charles Behlke Alaska State Pipeline Coord
1001 Noble Street Suite 450

Fairbanks AK 99701

William Quinn CRREL
P.O Box 345

Lyme Rd
Hanover NB 03755

Prof R.O Miller Dept of Agronomy
Cornell University
Ithaca NY 14853

Edward Penner Div of Building Research
National Reserach Council
of Canada
Montreal Road Laboratories

Bldg M20
Ottawa CANADA K1AOR6
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PLATE NO G2A8

CE LENSES SIdc View

Depth shown in feet 16 16.5 ft 488 503
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PLATE NO G2A-9

ICE LENSES Side Viev of Lonq Core Sample

Depth shori in feet l65 182 It 503 5.55
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PLATE NO G2A-1O

CE LENSES Side View

Depth shown in Feet 182 19 Ft 5.55 579 rn
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CC LENSES CrcssSecciorial View DIA

Side \JIev O1A
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PLATE NO D1A

CE LENSES CrossStctiona1 View

Depth shown Ln metres
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PLATE NO D2 PLATE NO D2

CE LENSES SHe View

Depth shown met res
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PLATE NO D2 PLATE NO P2

ICE LENSES CrossSection3l View D2-3

Side View D21$
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PLATE No D25 PLATL NO D2

ICE LENSES Side View

Depth Thown in metres
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PLATE NO D27 PLATE NO D2-

ICE LENSES Side Viti

Depth hoin met res 028
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PLATE NO D2-9 PLATE NO 02-

CE LENSES Side View

Dcp sho.jn net
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PLATE NO D2-18

CE LENSES Side \Jie

DepLh shuin
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ICE LENSES Side View

Pepch shown in Ceet 1325 14.0 fTt -.04
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VTE NO D3

ICE LENSES cie View of Long Ln re Sample

Depth shown Ln feet 14 16 ft 4.28 488
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PLATE NO 037

CE LENSES Si View

Depth shown in feet

18.1 18.7 ft 5.52 5.70
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PLATE NO D38
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PLATE NO D3-9

ICE LENSES Side Vew oF Long Core Sampes

Depth shown in Feet 18.7-215 Ft 570 6.53 ri



__
_____ ___

otw_Iy

PLATE NO D3-1O

ICE LENSES Side View

Depth shown in feet 21.6 226 ft 658 .89
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PLATE NO 0312
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PLATE NO 03-13

__ _____

PLATE NO D2

ICE LENSES Side \Jj ei ut Lung Cure IIP

Deorh shorn in Feet 25.6 7.3.0 Fr 7.30
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PLATE NO D3-15

CE LENSES Side View

Depth shown in Feet 23 233 rt 853 .63
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PLATE NO D3-6

CE LENSES Side Viei

DpLh shown in feet 25.3 28 ft 3.53 3.78


