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THESIS SUMMARY.

Aston University.

Ground Cracking and Frost Heaving Associated with Chilled Gas Pipeline
Operations in Britain.

Denis Patrick Greene.

PhD.

1992,

This thesis investigates the soil-pipeline interactions associated with the operation of large-
diameter chilled gas pipelines in Britain, these are frost/pipe heave and ground cracking.
The investigation was biased towards the definition of the mechanism of ground cracking
and the parameters which influence its generation and subsequent development, especially
its interaction with frost heave.

The study involved a literature review, questionnaire, large-scale test and small-scale
laboratory model experiments. The literature review concentrated on soil-pipeline
interactions and frost action, with frost/pipe heave often reported but ground cracking was
seldom reported. A questionnaire was circulated within British Gas to gain further
information on these interactions. The replies indicated that if frost/pipe heave was reported,
ground cracking was also likely to be observed. These soil-pipeline interactions were -
recorded along 19% of pipelines in the survey and were more likely along the larger
diameter, higher flow pipelines.

A large-scale trial along a 900 mm pipeline was undertaken to assess the soil thermal,
hydraulic and stress regimes, together with pipe and ground movements. Results indicated
that cracking occurred intermittently along the pipeline during periods of rapid frost/pipe
heave and ground movement and, that frozen annulus growth produced a ground surface

rofile that was approximated by a normal probability distribution curve. This curve
indicates maximum tensile strain directly over the pipe centre. Finally a small-scale
laboratory model was operated to further define the ground cracking mechanism. Ground
cracking was observed at small upward ground surface movement, and with continued
movement the ground crack increased in width and depth. At the end of the experiments
internal soil failure planes slanting upwards and away from the frozen annulus were noted.
The suggested mechanism for ground cracking involved frozen annulus growth producing
tensile strain in the overlying unfrozen soil, which when sufficient produced a crack.

Key words:- Pipelines, Frost Heave, Ground Cracking, Small-Scale Laboratory
Model, Instrumentation.
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CHAPTER 1 INTRODUCTION

In Britain, natural gas is transported from onshore terminals such as St. Fergus in Scotland
via the National Transmission Pipeline Network. This consists of an array of large-diameter
pipelines, operating at high pressures and mass flow rates and controlled from a National
Grid Control operated in response to demand requirements (Francis, 1981). This network
of pipelines supplies demand centres, at which gas is taken from the National Transmission
Network into the Regional Transmission Network at Pressure Reduction Stations. As a
result of pressure reduction there is an associated temperature drop (Archer et al., 1984) and
if this pressure drop is sufficiently large then the outlet pipe temperature will be sub-zero,
Downstream of the Pressure Reduction Station the gas temperature rises by heat transfer
with the surrounding soil. Eventually, in the absence of a nearby downstream Pressure
Reduction Station, the gas temperature will rise to the ambient ground temperature. It has
been British Gas Corporation policy to PRE-HEAT the gas prior to pressure reduction so
as to maintain a minimum outlet temperature of +5°C, but this is very costly and Archer et
al. (1984) estimated savings of £10 million per annum could be made by reducing the
amount of pre-heat applied.

In 1981 an internal study programme was initiated, within the British Gas Corporation, in
order to assess the minimum acceptable gas temperature after pressure reduction (Archer et
al., 1984). This study investigated the mechanical integrity of the system, methods of
improving pre-heater efficiency and the downstream gas temperature profile. Frost heave,
which was known to produce pipe heave (Slusarchuk et al., 1978) was monitored during
sub-zero operations, and this occurred in a frozen soil annulus that formed around the pipe.
More importantly to this thesis an unforeseen soil-pipeline interaction, ground cracking,
was observed directly over and parallel to the pipe. These cracks were noted intermittently
along that part of the downstream pipeline where the gas temperature had not recovered to
0°C (Archer et al., 1984). These cracks had depths up to 600 mm with maximum ground
surface widths of 150 mm, and Archer et al. (1984) suggested that they were a consequence
of soil desiccation above the frozen annulus that produced a soil shrinkage crack. Similar
cracking above large-diameter gas pipelines has been reported by Williams (1987), but very
little information was available.

The remit of this study programme was to further investigate and define these two
troublesome consequences, pipe heave and ground cracking, so that their effects could be
incorporated into any future operational methodologies for chilled gas pipelines. Frost
action has been the focus of many studies and it was known to produce two disruptive
influences, frost heave and thaw settlement (Anderson et al., 1984, Johnson et al., 1984,
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Crory et al., 1984), both of which are considered to affect the safe operation of pipelines,
especially in Arctic Regions (Williams, 1986). Frost heave leads to pipe uplift, which can
affect pipeline integrity especially at locations of pipe restraint (Archer et al., 1984) and at
the interfaces between soils of different frost susceptibility (Nyman and Lara, 1986).
Recently a large-scale indoor test facility at Caen, France has been operating a pipeline
under long-term freeze-thaw cycles with freezing air temperatures (Geotechnical Science
Laboratories, 1992), and much valuable data have been gathered on the fundamental nature
of frost heave and its affect on chilled gas pipeline operation. However, ground cracking,
particularly in temperate regions, has been rarely reported (Archer et al., 1984, Williams,
1987). Through this study it was envisaged that this mechanism could be defined and
further information collected on those parameters that influence the process of ground
cracking. Such a definition is necessary prior to the advancement of any predictive
methodologies or mitigative methodologies ie. techniques for reducing the severity of
ground cracking.

This investigation was carried out in four distinct stages, the first involved a comprehensive
literature review of the complex processes of frost heave and thaw settlement and,
subsequently, their interaction with pipelines and other structures. During the second phase
a questionnaire was carefully designed and sent to all the British Gas Corporation Regions
to assess the full extent of the both chilled gas pipeline operation and the extent of these soil-
pipeline interactions. Both these stages had a direct input to the design of a large-scale test
that was carried out at Blackrod Pressure Reduction Station, which was one of the sites
examined in the earlier study by Archer et al. (1984). The large-scale test was instrumented
in two parts, initially the soil thermal, hydraulic and stress regimes around the pipe were
monitored at three downstream sites, together with pipe movement and strain. These three
sites were selected on their previous susceptibility to ground cracking. Subsequently
Blackrod Pressure Reduction Station was instrumented to assess the effect of the growth of
the frozen annulus on pipe heave and ground surface movement. Monitoring took place
over three Pre-heating Seasons (Feb 1988 to Mar 1990) and two trials were undertaken
(31/1/89 to 23/2/89, and 5/2/90 to 16/2/90) during which the outlet temperature was
lowered to -5°C. The findings of these three stages were input, as design parameters, for a
small-scale laboratory controlled model in which ground cracking was reproduced and
monitored in carefully controlled conditions in two experiments on soils known to be crack
susceptible.

This thesis presents the results from each stage of the study which, as the study progressed,

led to the increased definition of the ground cracking mechanism, together with the
provision of information on the parameters which affect both frost/pipe heave and ground
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cracking. The large-scale test indicated that ground cracking occurred at times of rapid pipe
heave, and this was further examined in the laboratory model. During the expansion of the
pipe/frozen annulus composite the ground surface was noted to move upwards with the
maximum directly over the pipe centre. The small-scale model successfully reproduced
ground cracking showing the value of such tests when the parameters under consideration
are correctly incorporated into the design. Again cracking was noted after upward ground
surface movements. This led to the development of the mechanism of ground cracking in
response to upward ground movement. Mitigative solutions and pre-installation measures
are discussed, and finally suggested techniques for pipeline operation avoiding excessive
ground cracking and frost heave are put forward.
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CHAPTER 2 BACKGROUND TO LOW TEMPERATURE OPERATION

2.1  ]ntroduction

Natural gas has been utilized as a fuel for over one hundred and fifty years in certain areas
of the U.S.A. (Katz et al., 1959). However the availability and utilization of the material
increased dramatically after World War Two, when it was technically feasible to supply gas
through 750 mm (30 inch) diameter pipelines operating at pressures up to 6.9 MN/m?2 (69
bar). These large diameter pipelines together with associated compressors can supply
domestic and commercial users located at vast distances from the gas fields. This resulted in
the progressive modification and expansion of Coal Gas (Town Gas) mains distribution
systems to cope with Natural Gas.

In the last thirty years vast deposits of natural gas have been discovered in the Netherlands,
Algeria, Canada, Siberia, Pakistan and of course in the North Sea. This has lead to massive
increases in natural gas transmission lines, together with increased demand and again
modification to the distribution systems already in place. Natural gas is also liquefied to
produce Liquefied Natural Gas (LNG) which is exported in specially constructed tankers
typically to countries, such as Japan, which have no natural gas reserves.

This chapter describes the National Gas Transmission System within the British Isles as this
is the system under consideration for sub-zero temperature operations. Information is also
provided on the role of pre-heating and pressure reduction in relation to low temperature
operation as this provides the technical background to some of the decisions taken by the
British Gas Corporation to alter the outlet temperature during the course of the field study.

2.2 itish i ion nsmissi

2.2.1 Development of the National Transmission System,

" Town Gas " which was produced from the destructive distillation of coal, had been
utilized as a fuel for nearly two centuries. Originally this was supplied at low pressures
however, as demand increased so did the distribution system which resulted in medium
pressure mains and finally high pressure mains (Copp, 1967). Until the Gas Act of 1949
the industry was made up of many regionalised gas companies, however these were all
nationalized forming the British Gas Corporation as it is now known.

In the mid 1960's LNG at -162 °C was imported from Algeria and stored in specially
constructed cryogenic tanks at Canvey Island, This gas was allowed to expand by heating
and subsequently passed along the first National Transmission line, running 560 km from
Canvey Island to Leeds, as illustrated in Figure 2.1. This 450 mm (18 inch) diameter steel
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line passes through the Midlands and has off-takes to several large cities along the route.
Gas flow is induced by the 600 times volume expansion produced by the warming from
-162 °C to ambient ground temperature (Copp, 1967).

Natural gas was discovered in the Southern Basin of the North Sea in the late 1960's, and
subsequently lead to the planning, design and construction of a national transmission
system in the early 1970's. In 1977 natural gas from Northern Basin of the North Sea
entered an expanded National Transmission System at St Fergus in Scotland. More recently
Morecambe Bay has come on-line and further vast reserves are known to occur in the North
Sea and off the Dorset coast.

2.2.2 The National Transmission System.

This is a comprehensive network of large diameter steel pipelines receiving natural gas from
the North Sea, Morecombe Bay, and in the future, off the Dorset coast, and which are used
to supply each of the twelve Regions (Figure 2.2). Within each Region gas is distributed to
large centres of population via high pressure pipelines, from which the gas pressure is
reduced for distribution to local districts through medium pressure mains and finally to the
consumers via low pressure pipelines.

Design and management of the system is very complex as the correct amount of gas at a
specified pressure must be delivered to each Region at a minimum cost. (Francis, 1981).
Managing the system involves efficient utilization of the following:-

1. Weather forecasts to predict gas demand,

2. Compressors to optimize overall fuel usage,

3. Block valves to optimize the movement of gas and the mixing of gases of
different origin to obtain a specified calorific value,

4. Line packing near Regional off-takes to satisfy the diurnal peaks in demand,

5. Peak shaving which is the ability to supply Winter peak demands from strategic
storage ie. LNG tanks, salt cavities and B.G.C. owned gas fields,

6. Maintenance, whereby sections of the system are closed for routine or
emergency repairs.,

223 Design of Pipelines,
The design of the pipe characteristics, Pressure Reduction Stations and pipeline routing are
derived from the Recommendations on Transmission and Distribution Practice from the
Institute of Gas Engineers, IGE/TD/1 which is referred to as the technical directive on Steel
Pipelines for High Pressure Gas Transmission (IGE, 1970). Amendments to IGE/TD/1
have been discussed in detail by Knowles et al. (1977).
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FIGURE 2.1  The First National Transmission System (after Copp, 1967)
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Aston University

lustration removed for copyright restrictions

FIGURE 2.2  The British Gas Corporation National Gas Transmission System (after
Francis, 1984).
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Once the requirements have been established for gas flow and pressure the pipeline material
and thickness is selected, but additional allowances must also be made for both accidental
damage by contractors' plant and thickness for stability for known defects. Route analysis is
governed by safety considerations allowing for proximity to dwellings, population density
and road crossings. The population density element is taken into account by using the
rolling circle principle (Knowles et al., 1977). Environmental awareness has grown over the
last forty years and has recently resulted in an EEC Directive on the Environmental Impact
Assessment of Certain Public and Private Projects (Clark, 1988). Therefore a formal
Environmental Impact Assessment must be submitted to the local planning authority for
approval prior to construction.

2.3 n 1lati

2.3.1 Station Requirements,

Blackrod is the Pressure Reduction Station at the terminal point of a 900 mm nominal
diameter pipeline in the North Western Region of British Gas. The layout of the system is
shown in Figure 2.3 with gas supplied to Blackrod through Salmesbury. On leaving
Blackrod it is routed to either Shevington, via a 600 mm x 9.5 mm X52 SAW pipe, or
Partington, via a 900 mm x 12.7 mm X60 SAW pipe, both of these pipelines operating at
3.2 MNm-2 (32 bar). Furthermore these two lines are within the Regional Transmission
System (Archer et al., 1984) and, although Blackrod station is part of the National
Transmission System, it is operated and maintained by the North Western Region to satisfy
the design requirements of their system, namely:-

1.  Gas supplies to the North Western Region under outlet pressure and volumetric
controls,

2. Regional Grid Control with gas metering requirements,

3. Upstream line-packing,

4, Future gas storage in pipe array systems,

5. Emergency supply route to Partington.

Line-packing is no longer feasible for technical reasons, but the emergency supply route has
been utilized as described by Francis (1984), however its use has been negated with
construction of the 1050 mm (42 inch) nominal diameter line between Lupton and
Partington (Figure 2.2), which has opened up the Morecambe Bay development.

2.3.2 Station Description,

A schematic diagram of the installation is shown in Figure 2.4 . When gas is supplied via

Salmesbury under normal operating conditions it passes through the station and undergoes
the following operations:-
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1. Gas filtration,

2. Gas metering,

3. Pre-heating,

4. Pressure reduction,

5.  Volumetric regulation.

In emergencies the station has a remote controlled by-pass system to allow diversion of gas
supplies to Partington. The above sequence of operations is typical of many of the Pressure
Reduction Stations in the National Transmission System.

2.3.3 Pre-Heating and Pressure Reduction

Pre-heat is applied to gas flowing at high pressures prior to pressure reduction in order to
maintain an outlet temperature above 0°C. The need for and amount of pre-heating is
dependent upon the inlet temperature, hydrocarbon and water dewpoint temperatures and the
amount of pressure reduction anticipated (Huskens and Rick, 1980). During pressure
reduction such as at Blackrod from 6.9 MNm-2 (69 bar) to 3.2 MNm-2 (32 bar) there is a
drop in gas temperature resulting from the adiabatic expansion of natural gas through
pressure reduction valves which is known as the Joule-Thomson effect (Katz et al., 1959).
If the temperature reduction is sufficient then two distinct problems may occur.

First, hydrocarbon and or water condensates may form if the gas temperature drops below
either of the dewpoint temperatures. The formation of one or both of these condensates is
likely to result in damage to filters, pressure reduction valves, and lead to the partial
blockage of pipelines resulting in a reduction of the gas transportation capacity of the
system. Gas hydrates, which are formed from hydrocarbon and water condensates, pose a
greater risk to the systems' security than condensates alone as they are solids (Cooper,
1976). Both hydrocarbon and water dewpoints are controlled by treatment at the reception
terminals, therefore eliminating condensates and hydrates from the National Grid System.
Typically the water dewpoint temperature within natural gas from the St, Fergus reception
terminal in Scotland is -10°C at 6.9 MNm-2 (69 bar), and decreases as the pressure
decreases (Archer et al., 1984). The hydrocarbon dewpoint temperature is governed by a
retrograde reaction, during pressure reduction from high pressures there is an increase in the
dewpoint temperature to a maximum at about 3 MNm-2 (30 bar), after which further
pressure reduction produces the expected decrease in dewpoint temperature (Cooper, 1976).
Therefore, at first stage pressure reductions such as Blackrod, hydrocarbon condensates are
more likely after pressure reduction. Natural gas from St. Fergus supplied through Blackrod
has a dewpoint temperature of - 20°C at 6.9 MNm-2 (69 bar) so this does not present a
problem to safe operation. Natural gas supplied from the Bacton reception terminal has a
maximum dewpoint temperature of 0°C at 2.7 MNm-2 (27 bar) and this could lead to

35



problems during low temperature operation but, as the gas flows downstream, it will heat
up and so the condensates will vaporize due to the retrograde reaction (Archer et al., 1984).

Secondly, and more importantly to this project, gas temperatures below 0°C will result in
heat flow from the soil to the cooler pipeline. This will lead to soil freezing and, under
unfavourable conditions of water supply, soil type, overburden pressure and temperature
gradient will result in the expansive formation of ice lenses (Anderson et al., 1984). The
volume changes accompanying soil freezing around a chilled pipeline can lead to breakages
in pipes, together with damage to structural foundations and concrete roads (Katz et al.,
1959).

" It has therefore been the British Gas Corporation policy to pre-heat gas prior to pressure
reductions in excess of 1.4 MNm-2 (14 bar) to maintain a minimum outlet temperature of
+5°C" Archer et al . (1984).This is expensive as typically at Blackrod the pre-heaters use
0.125% of through flow to effect the heating required. Archer et al. (1984) estimated a
Corporation saving of £10 million per annum if pre-heat were reduced from +5°C to a safe
sub-zero temperature, according to the criteria set out in his paper.

This chapter details the background to the efficient and safe operation of the National
Transmission Network. It also demonstrates the cost benefits that can be attained by
operating the Network at sub-zero temperatures. However with respect to this study two
troublesome soil-pipelines interactions which are ground cracking and frost/pipe heave,
both of which are associated with the growth and recession of the frozen soil annulus
around the pipe were identified.

Prior to a comprehensive review of these soil-pipeline interactions it is necessary to
understand fully the complex interrelationships involved in the frost action processes of
frost heave and thaw settlement. Similarly a summary of soil-pipeline interactions in the
absence of frost action has to be considered before the introduction of a frozen annulus so
as to assess novel aspects of the soil-pipeline interactions involved in chilled gas pipeline
operation, Therefore the following chapter provides a full literature review of frost action
from fundamentals and then by a chapter devoted to soil-structure interaction. In the soil-
structure interaction chapter an introduction to and comments on the effect of frost action
especially with respect to chilled gas pipeline operation are presented.
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CHAPTER 3 FROST ACTION IN SOIL

This chapter is an overview of the frost action process in soils, but emphasis is placed on
frost action under natural conditions. Frost action under artificially imposed conditions is
very similar to the process under natural conditions except that the boundary conditions are
different. Prior to the discussion of frost action it is necessary to assess the following soil
properties; thermal, hydraulic, and stress. Once ample consideration has been given to these
properties, their interaction in frost action will be discussed in terms of frost heaving and
thaw settlement.

3.1 Soil Classification.

Soil classification is dependent on the discipline which is making the examination, eg. in
agriculture the soil is referred to as a dynamic and living system in which biological
processes are continually occurring (Farouki, 1986). In this study soil is considered in
geotechnical terms, namely as "a matrix of grains and particles which are dependent on the
deposition process, previous loading history and soil pore content, these can be filled with
water, air or a mixture" (Wilun and Starzewski, 1975).

3.2  Ground Thermal Conditions,

3.2.1 Ground Surface Energy Balance,

The energy reaching the Earth's surface from the Sun has an affect on the ground surface
temperature, This zone of temperature variation extends to a depth of between 5 and 25 m
annually, while the diurnal variations extend to a depth of 1 m (Sellars, 1972). From the

principle of the conservation of energy, a simple equation can be constructed to describe the
surface energy balance.

Qv = Qi + Qg + Qe (3.1)

QN = netexchange of radiation between the ground surface and atmosphere,
Qi = convection at the ground surface,

Qg = conduction of heat through the ground,

Qe = latent heatinvolved in evaporation, snow melting etc.

This equation is illustrated in Figure 3.1 for the daily ground surface energy balance
(Lunardini, 1981).
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FIGURE 3.1 Daily Ground Surface Energy Balance (after Lunardini, 1981).

In the short term the net exchange in radiation may be positive or negative resulting in
summer warming or winter cooling of the soil subject to temperature variations. In the long
term, this can be a year, decade or longer, the net radiation exchange will balance unless
there is an on-going climatic change. Local variations in vegetation, slope orientation, snow
cover, micro-climate and both surface and sub-surface drainage can modify each of the
energy transfer mechanisms shown in Figure 3.1. This can produce ground surface
temperature variations between areas that are in close proximity (Harlan and Nixon, 1978).

3.2.2 Thermal Propertics of Soils,

3.2.2.1 Heat Transfer,

Heat transfer occurs by the processes of conduction, radiation and the mass heat flow
process of convection. Within soils under normal field conditions only conduction and
convection are significant.

Conduction is the principal mechanism of heat transfer in both frozen and unfrozen soils,
and encompasses all the soil constituents, soil particles, water, ice, water vapour and air. It
is simply the transmission of heat by the passage of kinetic energy from one atom to another
by vibration. Conduction can be described by a Fourier Law Equation, and for one-
dimensional heat flow can be written as follows:-

Qx =-A A % (3.2)
qx = energy flow in the x-direction W)
A = thermal conductivity (W m1 K1)
A = cross-sectional area (m2)
dT = change in temperature, across dx (K)
dx = widthofsample (m)
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Convection is the transmission of heat by the mass movement of heated particles (Harlan
and Nixon, 1978). When a temperature gradient is applied across a soil sample there is a
resultant increase in soil water density with decreasing temperature. The net result is that the
less dense (higher temperature) water rises through the sample, and hence heat transfer
occurs due to the mixing of these water currents. However at temperatures between 0 and
4°C there is an analogous expansion of water, therefore a reversal of normal convection
flow can be expected in this region (Yen.Y.C, 1990). Other convection sources include
ground water flow, suction to a freezing front and water redistribution during thawing.

For an engineering assessment of the thermal regime within a soil the thermal conductivity
must be defined under steady state conditions. Furthermore it is necessary to define the heat
capacity, latent heat and thermal diffusivity under transient thermal conditions.

3.223 Thermal Conductivity,

This is the measure of the heat flow in unit time through a unit cross-sectional area of soil
under a temperature gradient in the direction of heat flow (Farouki, 1986). Thermal
conductivity of a soil is dependent on the following:-

1.  Soil mineralogy,

2.  Soil density, particle and pore size distributions,

3.  Soil moisture content,

4.  Soil temperature,

5.  Unfrozen water content and ice content for frozen soils.

Table 3.1 (Williams and Smith, 1989) shows the influence that soil mineralogy has on
thermal conductivity, typically quartz has a thermal conductivity three times that of clay
minerals. Increasing the dry density results in closer packing of the soil particles and
therefore an increased particle contact area and so creating increased heat transmission. The
thermal conductivity of a soil will increase with increasing moisture content, at constant dry
density, up to saturation because the air is being replaced by water which has a higher
thermal conductivity. Beyond initial saturation, further increases in total moisture leads to an
increase in the voids ratio and a consequent reduction in soil contact area, therefore thermal
conductivity will fall. Ice has a thermal conductivity four times that of water at 0° C, so that
frozen soils generally have higher thermal conductivities than in their unfrozen state. It can
be seen from Table 3.2 that the thermal conductivity of soil constituents are also temperature
dependent but, over the temperature range of interest in this study programme, this property
can be regarded as constant. |
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Estimation of thermal conductivity can either be made by physical measurements or
empirical calculations. Laboratory measurements under steady-state or transient temperature
conditions using the Guard Hot Plate (Johansen, 1980) and Thermal Probe (Riseborough ef
al., 1983 and VanLoon et al., 1988) respectively are the most commonly used methods.
Slusarchuk and Watson (1975) and Goodrich (1986) have reported insitu measurements
using the thermal probe.

Soil Density Thermal Volumetric Thermal
Constituents Conductivity | Heat Capacity Diffusivity
(kgm-3) (Wm3K1) | (MIim3K-1) | (x106m25°1)
artz 2660 8.80 2.128 4.14
ay 2650 2.92 2.385 1.22
Organic 1300 0.25 2.496 0.10
Water (0°C) 1000 0.56 4.180 0.13
Ice (0°C) 917 2.24 1.926 1.16
Arr 1.2 0.025 0.0012 20.63
TABLE 3.1 Thermal Properties of Soil Constituents (after Williams and Smith, 1989)
"Temperature Ice Water Quartz
(0°C) (W m-3 K-1) (E_m-s KD |(Wm3 KD
30 0.613 (E
20 0.597 1.58
10 0.579 7.86
0 2.26 0.560 8.16
-10 2.32 8.50
-20 2.40 8.84
-30 2,48 9.18
TABLE 3.2 Variations in Thermal Conductivity with Temperature for Typical Soil

Constituents (after Farouki, 1986)

Farouki (1986) describes the many empirical techniques available for estimation of thermal
conductivity, of which the Kersten equations have been the most popular. Sanger (1968)
produced a monogram from Kersten's equations for use in freeze-wall design. However
Kersten's equations were known to give errors at low and high quartz contents and,
additionally, they did not allow for the unfrozen water content in silts and clays (Johansen
and Frivik, 1980 and Farouki 1986). Consequently Johansen and Frivik (1980) developed
Kersten's equations to allow for both quartz and unfrozen water contents (Williams, 1989).
Jesseberger (1980) used Kersten's equations as a first estimate and Johansen's equations as
an exact solution for the estimation of thermal conductivity in freeze-wall design, but
Jesseberger (1980) stated that under certain circumstances the use of empirical or graphical
methods is unsuitable and so laboratory techniques are to used for these circumstances.
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3.2.23 Heat Capacity and Latent Heat,
Under steady-state conditions the temperature dependent thermal conductivity of the material

is the only quantity that needs to be defined, but under transient temperature conditions the
amount of heat flow through the material must also be determined. Heat flow is dependent
on the heat capacity of a substance which is defined as the heat required to raise a given
material by 1° C. It can either be defined in relation to mass or volume, these terms are
known as specific heat capacity and volumetric heat capacity respectively (Harlan and
Nixon, 1978).

For a composite material such as soil, the volumetric heat capacity is described as the
summation of the appropriate value for each constituent as given below:-

C, = .:':p)-;p + CyXyw + CiX; + CaX, (3.3)
C = Volumetric Heat Capacity (MJ m-3 K1),
X = Volume Fraction,
spwia = Soil, soil particles, water, ice and air.

Table 3.1 shows that the effects of the air volumetric heat capacity are negligible so can be

ignored:- : :
Cs= CpXp + CwXw + CiXj (3.4)

A similar equation involving mass fractions applies to the specific heat capacity of a soil.

At the phase change between water and ice there is a significant change in the total energy
content (enthalphy) of a soil-water system (Smith and Riseborough, 1985). This occurs due
to the large amount of heat liberated (334 kJ kg-1) upon freezing of the soil water at constant
temperature, and is known as the latent heat of fusion of water (Lunardini, 1981). This
quantity can be calculated from:-

Li = Yawly (3.5)

Ls =  Volumetric latent heat of fusion of the soil system (MJ m*3),
Ya = Drydensity of the soil (kgm-3),

Water content of the soil (m3 m3),

lw = Mass latent heat of fusion of water (MJ kg°1).

z
[

This quantity is dominant with respect to volumetric heat capacity of a moist soil at
temperatures close to 0° C. In clays and silts freezing of the soil water occurs over a range
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of temperatures below 0° C (Section 3.3.1.3) but, for sands, gravels and peats, the soil
water freezes very close to 0° C. To allow for the latent heat effects taking place over a
range of sub-zero temperatures in fine grained soils an apparent specific heat capacity can be
calculated (Hoeskstra, 1969, Harlan and Nixon, 1978, Anderson and Morgenstern, 1973).

Ta
1 oWy
c = Cc e 1 dT
ap 3 AT w 3T (3.6)
T

cap = Apparentspecific heat capacity (MJ kg-1 K1),
¢s =  Specific heat capacity of the soil (MJ kg-! K1),
T =  Temperature of the soil (K),
AT =  Temperature change =Tz - T (K),
wy = Unfrozen water content of the soil (m3 m-3).

The first term in equation 3.6 is referred to as the sensible heat process, the second term
allows for the latent heat effects between temperatures Tp and Ta.

The most popular laboratory method for the determination of heat capacity is the Adiabatic
Caloriometer and its use has been described by Johansen and Frivik (1980). Numerical and
graphical techniques for the estimation of heat capacities for engineering methodologies
have been presented by Lunardini (1981) and Farouki (1982). Sanger (1968) derived the
following widely used equations for volumetric heat capacity based on Kersten's work:-

Cs = Ya (cp + cjwj + cywy) (3.7)
C = Volumetric Heat Capacity (MJ m=3 K-1),
c = Specific Heat Capacity (MJ kg-1 K1),
w =  Water content (m3 m-3),
Yd = Dry density (kg m-3),
spdu = Soil, soil particles, ice and unfrozen water.

for frozen soils:-

Cr="Yq(cp + cw) (3.8)
for unfrozen soils:-
Cu = Ya (cp + cyw) (3.9
Ct = Volumetric heat capacity for a frozen soil (MJ m3 K-1),
Cu = Volumetric heat capacity for an unfrozen soil (MJ m=3 K-1),
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To use cither the above equations or the graphical method described by Lunardini, it is
necessary to establish both the soil water content and dry density. Lunardini (1981)
recommends that the actual physical properties are obtained where possible when describing
heat capacity. In civil engineering applications for freeze-wall design these equations, in
conjunction with the latent heat equation (Equation 3.5), have been used very successfully
(Sanger,1969 and Lunardini, 1980).

3224 Thermal Diffusivity,

Thermal diffusivity is a measure of the rate of change of temperature of a material and is
applicable to transient temperature conditions. It is defined as the rise in temperature of a
unit volume in response to a given quantity of heat, and is proportional to the thermal
conductivity and inversely proportional to the volumetric heat capacity (Harlan and Nixon,
1978).

A
a=x (3.10)
o = Thermal diffusivity (m2s°1),
% = Thermal conductivity (Wm-3K-1),
C = Volumetric heat capacity (MJ m-3K-1),

This term is used in transient heat flow equations for such purposes as engineering
applications. This is the unidirectional heat transfer equation that assumes no phase change
takes place:-

2
oT oT
-l a —a (3.11)
oz
t = Time (s),
z = Depth (m),

T = Temperature g 5 1

The higher the value of thermal diffusivity the more rapidly a soil will exhibit temperature
change, and so the values shown in Table 3.1 indicate that quartz will more readily undergo
temperature change, under similar conditions, than either clays or peats. At temperatures
close to 0° C, the latent heat effects produce a very large increase in the apparent volumetric
heat capacity in relation to the thermal conductivity, This occurs especially in moist fine
grained soils and results in the apparent thermal diffusivity decreasing by up to two orders

of magnitude (Williams and Smith, 1989). Many numerical techniques have been used to
allow for the latent heat of fusion (Lunardini, 1981).
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3.2.3 Ground Thermal Regime.,

This study is targeted at the soil-pipeline interactions associated with the operation of large
diameter chilled gas pipelines at shallow depths (to a maximum depth of 5 metres). The
ground temperature regime within the depth of burial of the pipeline is primarily influenced
by the pipeline operating conditions in conjunction with the solar radiation and the ambient
air temperatures (Horten et al., 1983 and Lunardini, 1981).

3.2.3.1 Ground Temperature Profile,

Ground temperatures are determined from air temperatures, soil thermal properties (Section
3.2.2) and the heat flow from the interior of the Earth. Heat flow from the interior of the
Earth is negligible in comparison to the other two parameters. Temperature records show
that air temperature oscillate diurnally and annually and that this oscillation can be
approximated to a sine wave by the following equation (Horton et al., 1983):-

Tg = T + Agsin (0t) _ (3.12)
Tg =  Ground temperature (°C),
Tm =  Mean air temperature in the time interval under consideration (°C),
As; = Amplitude of the temperature sine wave (°C),
=  Angular frequency, (=2rn/p), (s’1),
P =  Period of oscillation (s),
t = Time (s).

Due to changing solar radiation and air temperatures on both diurnal and annual time scales
a temperature wave propagates downwards through the soil mass. The amplitude of the
assumed sine wave attenuates with depth until a constant point is reached as is illustrated in
Figure 3.2 . This can be described by the following equation:-

Tz = Ty + A.cxp(-zv\/“— ) sin( LA 2] = ) (3.13)
op P op

Depth (m),
Thermal diffusivity (m2 s-1)

z
a

This equation assumes that heat transfer is by conduction, heat flow is uni-directional, soil
and thermal properties are constant during temperature change and with time (Bahmanyar,
1982). Typically heat given out by microbiological interactions, ground cover resulting



from vegetation or snow cover, non homogencous soil properties lead to deviations from

this ideal equation.
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FIGURE 3.2 Ground Temperature Profiles Calculated from Equation 3.13 Assuming

o = 1,22 x10°6 m2 -1 (typically for clays), Ty = 10° C and As = 8° C.

The latent heat evolved during soil freezing produces a phenomena referred to as the " zero
curtain effect " (Williams and Smith, 1989), this produces a plateau on the sine curve during
the freezing process (Figure 3.3). This effect is due to the latent heat released upon freezing
balancing the decrease in specific heat of all the soil constituents.

Ground temperature (°C)

FIGURE 3.3

3
0

A

' zero curtain effect
Diagram Illustrating the Zero Curtain Effect that the Latent Heat of Soil

Freezing can have on a Ground Temperature Profile within a Soil Mass
(after Harlan and Nixon, 1978).
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33 Principles of Soil Freezi

Soil freezing was first subject to detailed investigation by Taber (1917,1929,1930), and
further experimentation and numerical modelling has since built upon and modified his
original conclusions (Anderson et al., 1984a). In his experiments Taber (1929, 1930) froze
soil specimens from the top downwards, allowing an adequate supply of water at the base
of the sample. He demonstrated that the heave of the soil specimen was greater than could
be accounted for by the 9% expansion of water to ice within the soil mass. This was also
demonstrated by soaking the sample in benzene or nitrobenzene which, unlike water,
contracts upon freezing, during these freezing tests segregated layers of solid benzene
appeared and the sample heaved (Taber, 1930). Ice segregation was also shown (Taber,
1929) to be a related to the particle size distribution, pore size, availability of soil water and
to the rate of cooling. Indeed his experiments demonstrated the significance of the soil
particle surface and interfacial energies on both frost heave and ice segregation (Anderson ef
al., 1984b).

Extensive research into frost action has been carried out since the initial studies by Taber
(1929, 1930) mainly in connection with road, building and pipeline design. This has
resulted in many laboratory testing programmes and currently, with the use of computers,
numerical techniques have been developed using the basic principles of coupled mass-heat

transfer (Williams and Smith, 1989).

The soil freezing process can pose severe problems to many civil engineering structures,
due to the potentially troublesome consequences of:-

1 Frost heave and,

2. Thaw settlement.

O'Neill and Miller (1985) stated that frost heave alone has led to world-wide damages to
civil engineering structures worth billions of dollars per annum and the engineering
consequences of thaw settlement in permafrost areas is thought to pose a greater problem.

3.3.1 [ce Segregation,

Under natural freezing conditions, the zero isotherm penetrates into the ground. The
resulting frozen soil may simply be a strong matrix of soil particles held together by ice or,
under conditions favouring frost heave, segregated ice lenses may form. Fine grained clays
may give rise to a reticulate ice lens structure, which is polygonal in the direction of heat
flow, and has interconnecting horizontal ice lenses (Figure 3.4).
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FIGURE 3.4  Diagrams Illustrating the Formation of Ice within Differing Soils.

Frost heave is the upward displacement of a surface resulting from ice segregation, and this
occurs only if the following three conditions are satisfied:-

The soil is frost susceptible,
An adequate supply of water is present to supply ice lensing, and

W N -

Freezing ground temperatures are present.

It follows that if one of the above conditions is excluded then the risk frost heave will be
significantly reduced. Anderson et al. (1984b) illustrated the ice segregation and frost heave
processes in Figure 3.5.

Figure 3.5 illustrates a number of conditions that occur during soil freezing:-

Heat and soil water flux gradients are not independent,

2 Heat and soil water flow are perpendicular to the ground surface,

3. Ice lenses are planar and form perpendicular to both the heat and soil water
flux,

4. Water for ice segregation is drawn from a close supply, in this case the water
table, and

S, Ice lenses form slightly behind the 0°C isotherm.

The upward surface displacement (frost heave) is approximately equal to the summation of
the thickness of the individual ice lenses, only if soil consolidation does not take place.
When the water table is closer to the ground surface, it is more readily accessible and the
total amount of frost heave will be larger (Anderson er al., 1984b).
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FIGURE 3.5 Schematic Illustration of Frost Heaving (after Anderson et al, 1984b).

At constant freezing air temperatures a 0°C isotherm will penetrate into a soil mass, the rate
of penetration decreases exponentially with time (Lunardini, 1981). Under conditions
favourable for frost heaving, segregated ice lenses form and grow at localities where there is
a balance between the thermal and moisture migration gradients. This occurs slightly behind
the descending 0°C isotherm. The balance is a result of the equilibrium of the coupled mass-
heat flow at the base of the growing ice lens. At equilibrium the rate of latent heat
dissipation through the frozen soil (along the thermal gradient) is just sufficient to change
the state of all the moisture arriving at the base of the ice lens (along the moisture gradient)
to ice. The ice lens will continue to enlarge until this balance is disturbed and, as the 0°C
isotherm subsequently descends, a new balance will occur leading to the formation of a new
ice lens (Figure 3.6). As the rate of penetration of the 0°C isotherm slows, the coupled heat-
moisture flow will be in balance for longer, producing larger ice lenses. If freezing under
constant conditions were to continue then a final ice lens would form and enlarge
indefinitely.
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FIGURE 3.6 A Diagram Illustrating the Formation of Ice Lenses under Constant Air
and Ground Temperatures.

3.3.2 Thermodynamics of Soil Freezing.
The form of the Clausius-Clapeyron shown in Equation 3.14 describes the fundamental
relationship between temperature and pressure of the pore water (unfrozen and frozen) in

frozen soils.
dT V. - VYT
P o Ll_l_;_l)__ (3.14)
dT = Temperature below melting point of ice (K), = (T - T,
T = Equilibrium temperature (K),
T = Temperature of melting ice at atmospheric pressure (K),
dP = Pressure change on the system (kN m-2),
P =  Pressure (kN m-2),
\% = Specific volume (m3 kg-1),
lw = Mass latent heat of fusion of water (kJ kg1).
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This equation describes the freezing point depression due to application of overburden
pressures. However, the change in pressure must be taken equally by both the liquid and
solid water phases. For ice segregation to occur the ice pressures must exceed both the soil
strength and overburden pressure but, in reality, the water pressure becomes more negative
indicating an increasing suction force. Therefore Equation 3.14. cannot successfully
describe the pressure-temperature relations during ice segregation. From basic Gibbs Free
Energy considerations (Williams, 1982) it can be shown that the freezing temperature can be
related to unfrozen water pressure by Equation 3.15
T Vg

lw

ar = -dpP, (3.15)

Equation 3.15 describes the increasing negative pressures in the unfrozen soil water
resulting from decreasing temperatures assuming that the ice pressure is atmospheric.
Therefore to successfully define the pressure-temperature regime in a freezing soil
Equations 3.14 and 3.15 are combined to give the form of the Clausius-Clapeyron equation
(Equation 3.16) that is associated with ice segregation.

(aPyV,, - dP;Vy) T'

T-T = o (3.16)
Pi = Icepressure (kNm-2),
Py =  Water pressure (kN m-2),
Vi = Specific volume of ice (m3 kg'1),
Vw = Specific volume of water (m3 kg-1),
T =  Equilibrium temperature (K),
T = Temperature of melting ice at atmospheric pressure (K),
ly = Masslatent heat of fusion of water (kJ kg-1).

Equation 3.16 can be used to explain the effects of overburden pressure (Equation 3.14)
and temperature (Equation 3.15) on the matric potential (suction) of the unfrozen water. It
also successfully describes the presence of unfrozen water in frozen soils as a result of the
pressure difference (P; - Py) that exists between the unfrozen water and ice in the frozen
soil.

These equations apply only under equilibrium or steady-state conditions, that is where there
is no change in temperature or pressure on the system with time. Under natural conditions it
is unlikely that equilibrium would occur, but Perfect et al. (1989) have stated that this does
not invalidate their use because the moisture, stress and temperature movements are all to a
lower energy status (equilibrium).

50



3.3.3 Soil Water Movement and Unfrozen Water Content,

3:3.3.1 i T ment i zen Soil

Soil water is acted upon by a number of forces, which include, gravity, osmosis, surface
adsorption and capillary effects. The sum of these forces is known as the Total Potential and
is defined by the following equation:-

=P +I1+2 (3.17)

=  Total Potential (m),
Pressure Potential (m),
Osmotic Potential (m),

=  Gravitational Potential (m).

N Owv-e
I

Soil water flows from a high potential to a lower potential, so as to exist at its lowest energy
state (Hillel, 1971).

Individual soils have a unique soil moisture characteristic curve that relates the soil moisture
content to the soil suction. Typical curves for loam and sand are shown in Figure 3.7
(Marshall and Holmes, 1988). In Figure 3.7 the effects of osmosis are ignored and the
Matric Suction is the term applied to the pressure potential when it is negative (suction).
Matric potential occurs due to the interactions of capillarity and adsorption.
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FIGURE 3.7  The Relationship between Water Content and Suction for a Sand and a
Loam Soil (Moisture Characteristic Curves), (after Marshall and Holmes,
1988).
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Capillarity exerts a greater influence on the frost heave process than adsorption, which is the
attraction of the slightly polarized water molecules to the soil particle surfaces due to its
chemical characteristics. This phenomenon is most marked in clayey soils due to the nature
of their specific mineralogy (Marshall and Holmes, 1988). Capillary action results from the
surface tension mobilized at the interface between soil water and air within the soil pores.
The forces developed increase within decreasing pore size and this can be related to the
simple theory of capillary rise (Marshall and Holmes, 1988). Under the influence of
capillarity and adsorption, soil water will move upwards from a water table under a matric
potential gradient. Equilibrium with gravitational potential will occur if sufficient time is
allowed under static conditions (Hillel, 1971).

The rate of movement of water through a soil mass is governed by its hydraulic
conductivity, which is dependent on pore size, porosity and degree of saturation (Marshall
and Holmes, 1988). At saturation all the soil pores and voids are full and therefore soil
water flow is at a maximum. However, from capillary theory, the application of a suction
gradient causes the larger pores to empty first. As the suction increases smaller and smaller
soil pores evacuate. In gravels and sands with large diameter pores, the hydraulic
conductivity will fall by orders of magnitude under relatively small suctions. Clays on the
other hand retain pore water until much higher suctions are applied (Figures 3.8a and 3.8b).
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FIGURE 3.8a  Graph of Hydraulic Conductivity against Degree of Saturation for
Selected Soils adapted from Ingersol and Berg (1985).
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FIGURE 3.8b Graph of Soil Water Potential against Water Content for Selected Soils
from Ingersol and Berg (1985).

This section demonstrates that the amount of water arriving at the 0°C isotherm is dependent
on the following:-

. Suction force developed behind the 0°C isotherm,

The hydraulic conductivity of the soil,

Soil porosity and pore size distribution, and

Distance of the 0°C isotherm from the water table (matric potential).

e

3.33.2 Unfrozen Water Content,

At temperatures below 0°C, ice, water and air co-exist in equilibrium in moist unsaturated
frozen soils (Figure 3.9). The presence of unfrozen water can be explained in terms of
matric and osmotic potentials, and is dependent on the temperature and pressure on the
system (Xiaoui er al., 1987). Total water content of a frozen soil is given by:-

W= Wit Wy (3.18)
w =  Total water content (%),
Wi = Frozen water content (%),
wy = Unfrozen water content (%).
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FIGURE 3.9  Diagrammatic View of the Co-existence of Ice, Unfrozen Water and Air in
Equilibrium within an Unsaturated Frozen Soil Matrix.

Matric potential is the summation of the capillarity and adsorption potentials and this results
in unfrozen water being held in a thin film around soil particles (Johnston, 1981). As
freezing continues the amount of unfrozen water held by capillarity decreases until it is all
held by adsorption. The amount of unfrozen water in a soil is dependent on the following
(Lunardini, 1981 and Kay and Perfect, 1988):-

Soil temperature,

Soil specific area,

Salt concentration of the soil water,

Chemical characteristics of the soil particle surface,

Pressure on the soil (ie. on the unfrozen water-ice interface),
Mineralogical composition of the soil particles.

o N I -

Clays have both a high soil specific area, and strong chemical interactions between the soil
particles and polarized water molecules. In contrast, sands have a relatively small soil
specific area and few if any chemical interactions exist between the soil and water (Marshall
and Holmes, 1988). Therefore, under equivalent temperature and pressure conditions, the
matric potential leads to much greater unfrozen water contents in fine grained soils (clays) as
compared those in coarser grained soils. The overriding relationship is between unfrozen
water content and soil specific area and is illustrated in Figure 3.10. This also demonstrates
the limited effect of the total water content on the unfrozen water content for if the total
water content is increased, the ice content will increase while the unfrozen water content is
relatively unaltered (Anderson er al., 1978).
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FIGURE 3.10 Illustration of Unfrozen Water Content against Temperature Curves for
Three Different Soil Types, from Anderson et al. (1978).

Anderson and Morgenstern (1973) demonstrated that the unfrozen water content of a soil
could be approximated by the following power law:-

wy = my T2 (3.18)
T =  Temperature below 0°C (°C),
mip,my =  characteristic soil parameters.

and from analysis of a number of experiments on different soils types the following
regression equation was derived (Anderson and Morgenstern, 1973):-

Inwy, = 0.2618 + 0.5519In S - 14498 **In T (3.19)
S = Soil specific area (m2 g-1)

Osmotic potential can affect the unfrozen water content when there are solutes present in the
soil water. Solutes are known to depress the freezing point of soil water and, at constant
temperature, increased salinity results in increased unfrozen water content (Xiaozu ez al.,
1987). During progressive freezing the solutes are excluded from the growing ice lattice,
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leading to an increasingly concentrated unfrozen water film around the soil particles and this
change in the energy status of the system, between the ice and unfrozen water, results in
increased unfrozen water contents (Kay and Perfect, 1988). Anderson and Tice (1989) and
Xiaozu et al. (1987) have provided experimental information on the effects of salinity on a
range of soils.

The application of pressure to a frozen soil results in an increased unfrozen water content.
This is related to the basic thermodynamic Clausius-Clapeyron Equation (Equation 3.16)
that links the pressure of the ice and unfrozen water with temperature. The pressure on the
ice is increased and this causes ice to melt for the equilibrium to be re-established.

The physical occurrence of unfrozen water affects the hydraulic, stress and thermal regimes
associated with soil freezing. Within a frozen soil an increase in unfrozen water content at
constant temperature will produce a consequent increase in suction forces, therefore
affecting the hydraulic gradient to the frost front. The unfrozen water is a critical parameter
in determining the rate of creep of frozen soil, and so is related to the shear strength of the
frozen soil (Sayles, 1988). The liberation of the latent heat of fusion takes place over a
temperature range dependent on the unfrozen water content, and so the estimation thermal
properties of a frozen soil, which are essential to geotechnical engineering design, are
complex (Kay and Perfect, 1988). The unfrozen water content is the critical parameter for
engineering purposes at temperatures close to 0°C. Indeed Ogata er al. (1983) have
demonstrated the adverse affect on the i:omprcs sive and creep properties due to the presence
of salt in a frozen soil.

3:3.3.3 i vement i n Soil

Moisture movement and redistribution are known to take place within frozen soils (Burt and
Williams, 1976 and Xiaozu et al., 1987). The presence of unfrozen water provides a route
for moisture movement so that frozen soils have a hydraulic conductivity. Moisture flow in
a frozen soil occurs in the thin liquid films around the soil grains and by regelation of the ice
lenses. The hydraulic conductivity is primarily dependent on the unfrozen water content,
and this is a function of temperature, soil particle distribution and soil particle specific area
(Burt and Williams, 1976). As an example Smith (1985) has reported hydraulic
conductivities in silty-clays in the range of 10-12 m s-! at temperatures of -1°C. He also
observed that there is a rapid rise in hydraulic conductivity above -1°C but below this point
it tends to stabilize. These values were calculated from simple Darcian flow theory. If ice
segregation occurs there is a regelation movement of the ice along the temperature gradient,
and this is responsible for water movement (Wood and Williams, 1985a). Water arrival at
an ice lens results in increased water pressure and disturbs the water-ice equilibrium
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(Clausius-Clapeyron equation), which is re-established by the freezing the unfrozen water.
This exerts an increased pressure on the ice-water interface on the cold side of the lens, the
ice melts in order to preserve equilibrium. In soils susceptible to ice segregation, water
flow occurs by a series (regelation) - parallel (thin liquid film flow) process (Perfect et al.,
1989).

The temperature-pressure equilibrium of the ice-water interface indicates that for a decrease
in temperature, the differential pressure (P; - Py) between the two phases will increase.
Generally, this differential pressure increases with distance from the freezing front and, if
the ice pressure is considered atmospheric, increasingly negative water pressures will be
generated. Therefore, within a frozen soil, a temperature gradient can induce a hydraulic
gradient, that in turn is the driving force for water migration. However these large suction
forces are counterbalanced by the very low hydraulic conductivity of the frozen soil.

Ohari and Yammamoto (1985) demonstrated under precise laboratory conditions that a
number of ice lenses could grow simultaneously behind the freezing front. Williams and
Smith (1989) added that ice lenses were the areas for further ice accumulation because it is
the hydraulic conductivity of the unfrozen water films not the ice layers that were the
limiting factor in moisture migration. The hydraulic conductivity on the cold side of the ice
lens is less than the warm side, thus some flow is accumulated by the ice lens (Figure 3.11).
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FIGURE 3.11  Diagrammatic Illustration of Secondary (Continued) Heave.
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This simultaneous growth of ice lenses is termed Secondary Heaving (not to be confused
with Miller's concept of secondary heave) and ice lens growth at the freezing front is termed
Primary Heave (Williams and Smith, 1989). However, Smith (1985) refers to Continued
and Initial heave respectively. Continued heave has been observed under field conditions by
Mackay (1979), Smith (1985) and at a large-scale test facility at Caen (Smith and Patterson,
1989).

3.3.4 Pressures Generated During Soil Freezing,

Two basic pressures are generated during the freezing process, these take place in the water
and the ice phases and are inter-related according to the temperature dependent Clausius-
Clapeyron equation (Equation 3.16) as discussed in Section 3.3.2.

3.34.1 uction sure

Suction (negative) pressure is the matric potential in the unfrozen water behind the zero
isotherm. Its effect on the unfrozen soil is to redistribute soil water towards the zero
isotherm for ice lens enlargement in frost susceptible soils. However, this is dependent on
the hydraulic, stress and temperature regimes of the surrounding soil. The influence of
suction on water movement is primarily dependent on the hydraulic conductivity of the soil,
because the large pressure gradients generated by the high suctions can be negated in soils
with low hydraulic conductivities.

In clayey soils with little overburden pressure, these relatively large negative pressures can
cause desiccation of the soil mass slightly in front of the zero isotherm leading to the
reticulate nature of ice lenses in fine grained soils (Chamberlain and Gow, 1979). Small
blocks of soil are desiccated producing small polygonal shrinkage cracks in the direction of
heat flow and interconnecting fissures at right angles to the heat flow (Figure 3.4). These
blocks of soil become over-consolidated leading to a permanent change in soil structure. In
larger grained soils desiccation is unlikely because of their relative incompressibility in
comparison to clays.

3.34.2 Frost Heave Pressures,

The pressures generated by an enlarging ice lens are responsible for frost heave pressures at
the ground surface under natural freezing conditions. However, before an ice lens can form
the ice pressure at the point of the temporary thermodynamic balance, where ice lens
formation takes place, must be large enough to overcome the internal resistance of the
surrounding frozen soil.
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These pressures developed in the ice lens are highly temperature dependent and are maximal
when the negative water pressure approaches atmospheric (zero). This occurs when the
applied overburden pressure is sufficient to stop water inflow to the growing ice lens as
defined by the Clausius-Clapeyron Equation (Equation 3.16). This will result in no water
for ice accumulation, therefore the frost heave process is effectively halted. However the
transfer of the microscopic ice lens pressures to macroscopic frost heave pressures is
dependent on the properties of the frozen soil. Frozen soils are liable to creep and this
tendency increases dramatically as the temperature approaches 0°C, as it is a function of
unfrozen water content and soil grain size. Therefore the ice pressure difference between
two adjacent ice lenses may be altered by the mechanical behaviour of the frozen soil
separating them. Williams and Wood (19852) demonstrated, using a specially constructed
frost heave cell, that the magnitude of the internal stresses generated at temperatures close to
0°C were in good agreement with the Clausius-Clapeyron Equation. They also reported that
substantial pressure gradients occurred across the sample and inferred that these resulted
from the creep and stress relaxation (rheological properties) of the frozen soil matrix
(Woods and Williams, 1985b). Therefore, the heaving pressure is related to the theoretical
temperature-dependent, maximum pressure as modified by the temperature-dependent
rheological properties of the frozen soil matrix. However, Perfect et al. (1989), notes that
problems relating the macroscopic frost heave pressures to the microscopic pressures
occurring in the ice lens have still to be overcome.

Overburden pressures on frozen soil are counteracted by the ice lens pressure (this roughly
equates to the frost heave pressure), continued growth of the ice lens can result in very high
frost heave pressures being generated if sufficient overburden is present. At temperatures
close to 0°C a saturated frozen soil has a high rate of creep (Sayles, 1988) and this reduces
the potential frost heave pressure. If Continued heave takes place at lower temperatures,
then considerable frost heave pressure could be generated and these will be less likely to be
modified by the creep properties of the soil. This could result in very large heaving
pressures under very little displacements and would be presumably largest in finer grained
soils such as clays. This is of special concern to the long-term soil-structure interactions,
associated with prolonged frost heave, associated with chilled gas pipeline and cold storage
tanks as identified by Williams and Smith (1989).

3.3.5 Heat Extraction Rate,

Loch (1979) and Konrad (1984) reported that the heave rate for a given soil was strongly
dependent on the rate of heat extraction. Konrad (1987a) provided a diagrammatic
illustration of the heave rate against net heat extraction rate for a fully saturated soil and
splits the heave into segregational and " in situ" components (Figure 3.12).
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FIGURE 3.12 Diagrammatic Illustration of the Heave Rate against Net Heat Extraction
Rate under Constant Cold and Warm Side Boundaries (after Konrad,
1987a).

In Figure 3.12 the theoretical maximum rate of heave is calculated from the assumption that
all the water influx to the sample under test accumulates at a single growing ice lens. The
diagram also indicates that, the net heat extraction rate decreases with increasing test
duration. The graph also shows that at high rates of heat extraction the frost heave is
primarily a result of in situ freezing however, as this extraction rate decreases,
segregational freezing becomes the prominent mechanism of frost heave. Segregational
heave is a function of heat extraction rates, and is maximal over a range of heat extraction
rates (Loch, 1979).

3.3.6 Theories of Frost Heave,

This section summarizes some of the most popular theories at the present time. Frost heave
is essentially a transport mechanism including water, heat, solutes and charge flow in
relation to a solid matrix (Perfect er al., 1989) and, from the preceding discussions, it is
obvious that these theories only address a small range of the interactions that have been
observed.

3.3:6.1 illary Th
This is analogous to capillary theory in unfrozen soils, but the interfacial energy involved is
between the ice and water within the soil pores. The ice and water pressures can be related
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to the pore geometry and ice/water interfacial energies by Equation 3.20, a full derivation is
provided by Everett (1961).

20,
P;-P, = —= (3.20)
Iiw
Oiw = Surface tension along the curved water/ice interface (kN mm-2)
riw = Radius of the ice/water interface (mm).

The basic assumptions within this model are:-

Soil is saturated,

Soils are ideal granular materials,

Adsorption and osmotic potentials are neglected,
Ice pressures are constant,

Ice lenses grow at the zero isotherm,

Angle of contact at ice/water interface is zero.

R SR

When Equation 3.20 is combined with the Clausius-Clapeyron Equation the limiting radius
of the ice/water interface can be calculated and is shown to be temperature dependent
(Equation 3.21).

26,, Vy T'
iw lw(T_Tu)

(3.21)

FIGURE 3.13  Diagrammatic Illustration of the Idealized Capillary Theory Showing the
Pore Radius (rp) for Ice Propagation.

Figure 3.13 illustrates the formation of an ice lens in a soil, and is dependent on the
magnitude of the pore radius (rp) to ice-water interface radius (rjy). Ice will penetrate
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through a soil with a descending frost front when rp is greater than rjy,. When rjy, is greater
than rp ice cannot propagate through the pore, the temperature drops causing a drop in rjy,
and, from Equation 3.20, a hydraulic gradient is formed providing water for ice lens
growth. Eventually, as a result of local thermal and hydraulic imbalances at the ice lens rjy
falls below rp and ice propagates downwards until favourable conditions for ice lens
growth.

3.3.6.2 Hydrodynamic Theory,

Harlan (1973) proposed a model that interrelates heat and moisture flows in the partially
frozen soil behind the frost front via the application of coupled flow equations. He assumed
that the unfrozen liquid flow around the soil particles, from the warm to the cold side
temperatures in partially frozen soil, could be described by Darcian flow. The model is
therefore based on an analogy with moisture flow in unsaturated unfrozen soil. The
existence of this partially frozen zone and its moisture flow characteristics have been
investigated by others (Kay and Perfect, 1988), and Miller (1978) termed this region the
'Frozen Fringe'. In this model the ice lens is considered to be immobile and under
atmospheric pressure. However, ice lens formation has a profound affect on moisture
flows.

In the hydrodynamic theory, the heat and moisture flow equations (3.22 and 3.23) are
combined to form Equation 3.24. However, convection is neglected in the heat flow
equation and an Apparent Volumetric Heat Capacity (Cap) term is used in the final coupled
flow equation.

Heat flow:- .@.(1 ?_T.) + lei% = C,a—T (3.22)
oz\ 0z dat ot
Water flow:- LA P W (3.23)
doz\ oz ot P, Ot '
Coupled flow:- J lg'_r_) £ 1p ke o g 2T 24
dz\ 0z = z\ o0z P at 854
k = Hydraulic conductivity (m s°1),
pi = Densityof ice (kg m-3),
pw = Density of water (kg m-3),
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Frost heaving can be modelled by solving the coupled flow equation together with a form of

the Clausius-Clapeyron equation and applying a net heat flow concept at the frost front
(Smith, 1985b).

The hydrodynamic theory assumes that, within the frozen fringe, the hydraulic conductivity
decreases very rapidly as was subsequently established by experimental observations. At a
position behind the frost front there will be a divergence of water flux (Figure 3.14),
occurring where the rate of decrease of hydraulic conductivity is maximal with respect to
temperature change (this will also correspond to where the rate of change of unfrozen water
content with time is maximal). At this position water will accumulate and an ice lens will
form. As growth continues the thermal and hydraulic gradients will alter and eventually
favourable conditions will exist lower down for a new ice lens to form and grow. Under
steady cold and warm side temperatures, initially the rate of advance of the frost front will
be rapid, however, as it slows down the ice lens growth will be larger and the spacing
between consecutive lenses will decrease (Konrad and Morgenstern, 1980) and is illustrated
in Figure 3.6. '
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FIGURE 3.14  Diagrammatic Illustration of the Hydrodynamic Model (after Smith,
1985b).

This model does not adequately account for overburden pressures but is suited to soil
science studies of the redistribution of moisture in frozen soils. Konrad and Morgenstern
(1980) advanced the Segregation Potential Concept, which is a generalized hydrodynamic
model with input parameters that are realistically obtainable and they have demonstrated its
use in engineering applications (Konrad and Morgenstern, 1984).
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3.3.6.3 Secondary Heave Theory.

Capillary theory underestimates the heaving pressures generated during freezing and, as a
result, Miller (1978) put forward his Secondary Heave Model. Miller (1972) envisaged that
heaving could occur by the following three processes:-

1. Primary heave - ice lens formation at the frost line, steady conditions,

2.  Secondary heave - ice lens formation behind the frozen fringe, unsteady
conditions,

3. Tertiary heave - water redistribution within frozen soil.

Primary heaving is unlikely to occur in nature and is described by Capillary theory. In
Secondary Heave an ice lens forms and grows behind a partially frozen zone known as the
frozen fringe (Figure 3.15) and differs from the hydrodynamic model in that ice lens is
considered mobile. From thermodynamic considerations this would allow for much higher
frost heave pressures that have been observed during freezing and so can take into account
overburden pressures. The rate of Secondary Heave depends on the rate of water flow
through the frozen fringe. An increase in the temperature gradient reduces the width of the
frozen fringe and consequently its resistance to moisture flow. Therefore heave rate
increases with increasing temperature gradient and decreasing fringe thickness.

Ice
Lens

Frozen
Fringe

Unfrozen
Saturated
Soil

FIGURE 3.15  Schematic Diagram of the Frozen Fringe involved in the Secondary Heave
Model.



The theory is based upon moisture flow through the fringe being sustained by a regelation
process involving the properties of ice and soil particles within a saturated, frozen soil
matrix. Miller (1980) discusses the two regelation gradients of:-

1.  Iceregelation - from warm to cold side temperatures,
2. Thermally induced soil particle regelation - from cold to warm side
temperatures, this flux increases dramatically at temperatures very close to 0°C.

The ice in the frozen fringe is considered both continuous and connected to the base of the
growing ice lens (Figure 3.15) and this concept is also known as the Rigid Ice Model. Itis
also assumed that the ice velocity is uniform and equal to the rate of heave. The regelation
movements of the ice and soil particles are in opposite directions, the ice velocity is uniform
and the soil particle velocity increases with increasing temperature. Thus in the vicinity of
the frozen fringe there is a net regelation movement of the soil particles towards the frost
front but further, within the frozen soil, the net movement is with the ice towards the cold
end. At a level behind the warm side of the frozen fringe there will be a divergence of the
net movements of these soil particles resulting in zero effective stress, and so the ice can
push apart the soil particles and accumulate as an ice lens. As freezing continues causing the
frozen fringe to increase in length, the stress conditions will alter until favourable conditions
exist for ice lens formation at a lower level, so that Secondary Heave predicts the rhythmic
nature of ice lensing and the position of new ice lenses.

To describe the stress regime necessary for ice lens initiation Miller (1978) used Classical
Effective Stress Theory to link the overburden pressure to the loads carried by the particles
and the pore fluid (Equation 3.25),

Pov=0"+u (3.25)
Poy = Overburden pressure (kN m2),
o' = effective stress (kN m2),
u = neutral stress (kN m-2),

and applied the formula, developed by Bishop and Blight (1963) for partially saturated
soils, to partially frozen saturated soils with ice and water as the pore fluids.

Pyy = ©' +[wa+(l ‘X)Pi] (3.26)

X =  Stress partition factor.
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The stress partition factor varies between unity when the pores are fully occupied by water
and zero when fully occupied by ice. For ice lens formation the neutral stress must be
maximal and equal to the overburden pressure, however the effective stress must be
minimal and zero. In reality the ice pressure must be larger than the overburden pressure to
allow for the rheological properties of the frozen soil.

The stress partition concept is combined with the heat and mass flow concepts embedded in
the hydrodynamic theory to produce the Secondary Heave Model. Williams and Smith
(1989) suggest that this is the most rigourous model developed to date, but is only
applicable to fine grained soils or soils with a substantial amount of fines and does not take
into account adsorption or the effects of osmosis. O'Neill and Miller (1985) and Piper et al.
(1988) have demonstrated its usefulness during computer simulations based on this
concept.

3.3.6.4 Mechanistic Theory of Frost Heaving (Segregation Potential Concept),
In this theory, developed by Konrad and Morgenstern (1980), the mass transport of water

only takes place in the frozen fringe and unfrozen soil, and so the coupling of heat and mass
transfer is restricted to these domains. The suction forces, developed according to the
Clausius-Clapeyron Equation at the ice-water interface at the base of the ice lens, are
considered as the driving force for heaving but, as these suctions are influenced by the
permeability characteristics of the frozen fringe, the suction at the frost front is significantly
less negative. Under this potential water is transported through the frozen fringe, with
decreasing permeability as the ice lens is approached, so that this can be viewed as an
impeded flow mechanism. The theory provides that, during initial freezing, the rate of
penetration of the frost front is very high so that water accumulation does not produce
visible ice lenses but merely leads to ice enrichment. However, with a reduction in the rate
of advancement of the frost front, sufficient time elapses for water to move through the
frozen fringe to enrich a growing ice lens. There is also an associated increase in the length
of the frozen fringe so that the ice lenses increase in both size and spacing.

This theory was originally developed for the freezing of soils under steady state conditions,
and assumed that:-

1. Clausius-Clapeyron equation holds at the base of the warmest ice lens, but not
in the frozen fringe,

2. Incompressibility of the soil skeleton,

3.  Unfrozen soil is fully saturated,

4.  Zero overburden pressure,
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5. Darcy's law holds in the frozen fringe and that water flow across it is
continuous and accumulates only at the base of the ice lens,

6. The frozen fringe is characterized by an overall permeability, and

7. Icelens initiation occurs at a segregation freezing temperature.

Konrad and Morgenstern (1981) showed from theoretical considerations that the freezing
characteristics of a soil under constant boundary conditions are a unique function of the
average suction and temperature across the frozen fringe at the onset of the final ice lens that
could be satisfied by Equation 3.27 in which the constant of proportionality was called the
Segregation Potential (SP). The development of the theoretical basis for this theory was
vindicated by experimental laboratory results (Konrad and Morgenstern, 1981).

Vo = SPg gradT (3.27)
Vo = Water influx to the frozen fringe (at onset of final lens) (mm s-1),
SP, = Segregation potential (at onset of final lens) (mm2 s-1 °C-1),

grad T = Temperature gradient across frozen fringe (at onset of final lens) ("C mm-1).

It was shown that the water influx could be determined from the inflow to the soil sample
and that the temperature gradient could be approximated by the gradient across the frozen
soil. These quantities are therefore easily quantifiable from a simple unidirectional frost
heave test, but SPg is known to be dependent on the suction at the frost front and a suitable
freezing test to determine its magnitude has been described by Konrad (1987b).

Further work led to modifications (Konrad and Morgenstern, 1982a) for the effects of
transient freezing by the development of a unique, characteristic frost heave surface
involving Segregation Potential, suction at the frost front and the rate of cooling of the
frozen fringe for a specific soil. However, Van Gassen and Sego (1989) question the

validity of this characteristic frost heave surface for they state that this surface is not unique
for a given soil.

Finally, the effects of overburden pressure were investigated with respect to both transient
and steady state heat flow conditions. Segregation Potential was found to be dependent on
the suction at the frost front, applied overburden pressure and intake flux of water (Konrad
and Morgenstern, 1982b). They have suggested a simplified engineering theory, which
assumes that in the field the rate advancement of the freezing front is slow in comparison to
that in laboratory frost heave tests, so these engineering problems can be regarded as close
to steady state heat flow conditions. In laboratory freezing tests the warm side temperature
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is kept close to 0°C thereby producing zero suction conditions at the frost front, thus an
upper bound solution to frost heave will be predicted. Consequently the Segregation
Potential is simply related to the overburden pressure by Equation 3.28.

SP,, = SP, ¢"(PPov) (3.28)
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Equation 3.28 is substituted into Equation 3.27 (putting SP, equal to SPyy) to calculate the
water influx over a known time period. The total frost heave can be calculated from the
summation of the water influx over the total time period (segregated frost heave) and the
volume expansion of the 'in situ’ water upon freezing (Equation 3.29).

H = 1.09 SPygradT dt + 0.09nedx (3.29)

Total heave (mm),

Soil porosity (m3 m-3),

Dimensionless factor taking into account the unfrozen water content,
Movement of frost front during time interval dt (mm).

E.m:s';:
n u

i

Konrad and Morgenstern (1982b) note that water expulsion during frost heave can occur
under high overburden pressures however, by putting the suction pressure at the frost front
equal to zero, they ignore this effect. Nixon (1987) has suggested a method to incorporate
this effect into a modified Segregation Potential theory.

3.3.7 Classification of Frost Susceptible Soils,

It is generally accepted that under normal, annual freeze-thaw cycles, silts are the most frost
susceptible, clays are somewhat intermediate in their behaviour and gravels are non-frost
susceptible soils. However under longer freezing periods, such as those induced by artificial
ground freezing methods (eg. LNG storage tanks, chilled gas pipelines etc.), frost
susceptibility extends to dirty gravels and silty clays. From a simplistic viewpoint, frost
susceptibility can be regarded as dependent on the suction force at frost front and the
permeability of unfrozen soil, since these largely control the flow of water to the freezing
front. The suction force being inversely proportional to pore size and permeability being
directly proportional to pore size.
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Silt is classified as frost susceptible due to its medium pore size and permeability, thus the
permeability allows water to migrate to the freezing front under the suction gradient. Clays
on the other hand develop much higher suctions due to the smaller pore size however, their
very low permeability inhibits water migration to a freezing front. Thus thick ice lenses are
unlikely to form at the frost front, and so they are not classified as highly frost susceptible.
Sands and gravels with their relatively large pore sizes have very high permeabilities but
only limited suction forces and are generally classified as non-frost susceptible (Anderson ez
al., 1984b).

For engineering purposes, large numbers of tests, criteria and methods of characterising
soils have been developed to predict the likelihood of heave and its magnitude
(Chamberlain, 1981). This highlights the difficulty of the problems in classifying the frost
susceptibility of soils. Casagrande (1931) was the first to apply a criterion in 1931, which
stated that "under natural freezing conditions and with sufficient water supply one should
expect considerable ice segregation in non-uniform soils containing more than 3% of grains
smaller than 0.02 mm, and in very uniform soils containing more than 10% of grains
smaller than 0.02 mm". Modifications based on these principles form the basis of many
frost susceptibility criteria some fifty years on (Chamberlain et al., 1984). This gradation
classification is now supplemented by unidirectional freezing tests under laboratory
conditions. Chamberlain (1981) and Chamberlain et al. (1984) have reviewed most of the
tests and identified three levels of sophistication:-

Level 1 Based on particle size distribution, eg. Casagrande's criterion,

Level2  Based on particle size distribution and supplemented with data such as
Atterberg limits, permeability etc,

Level 3 Specialized laboratory freezing tests.

In the U.K. the Level 3 approach is followed which involves use of the TRRL Frost Heave
Test (Roe and Webster, 1984), where nine cylindrical specimens 102 mm in diameter and
152 mm high are placed in a frost heave cabinet (Figure 3.16). The specimens rest on
porous ceramic discs within copper carriers, with the discs in contact with water. A freezing
gradient is induced through the specimen as the ambient air temperature above the specimens
is set at -17°C % 1°C, with the water temperature kept between 3 and 4.5°C. The sides of the
specimen are wrapped with waxed paper, and the intervening space filled with coarse dry
sand (5 to 2.36 mm fraction) for lateral insulation. Push rods bearing on caps placed on top
of the specimens enable the heave to be measured. Heave and water intake are monitored
every 24 hours, and thermocouples monitor the boundary and internal temperatures of the
specimen. Heave should not exceed 9 mm in a freezing period of 96 hours if the sample is
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to be classified as non-frost susceptible (Roe and Webster, 1984). This test has now been
adopted by the British Standards Institution (1989) for the determination of frost
susceptibility for aggregates that would otherwise be used in an unbound form in road bases
and sub bases at depths where frost penetration is likely.
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FIGURE 3.16 Main Features and Dimensions of the TRRL Frost Heave Cabinet (after
Roe and Webster, 1984).
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The US Army Corps of Engineers have used a frost heave cabinet test to investigate the
frost susceptibility of unbound highway materials and subgrade soils. This test is used to
classify materials regarded as borderline by a gradation test and has been in use for over
thirty years (Chamberlain, 1981). The test is similar in principle to the TRRL frost heave
test except that the cold side temperature is varied to maintain the rate of advance of the frost
front at about 1.3 mm per day. An overburden pressure of 3.5 kPa is applied to each of the
four specimens to simulate pavement depth. The samples are initially saturated and, during
the twelve days of the freezing cycle, are allowed free access to water. There are no
prescribed limits but categories of frost susceptibility have been developed. Recently
Chamberlain (1988) has developed a more detailed, but faster test which involves two full
freeze-thaw cycles. Each freeze-thaw cycle lasts for 48 hours, a constant rate of frost or
thaw penetration is not used however, the cold and warm side temperatures are varied in a
step-wise function. This new test can investigate a greater range of potential frost action
problems, these are a single freezing period, repeated freeze-thaw cycles and thawing
behaviour (from a terminal CBR Test).

34 nics of Froz n

The mechanical properties of frozen soil have primarily been investigated through Iaboi'atory
experimentation, involving creep, constant rate of deformation and relaxation tests. The
results obtained from these tests have been used to describe three main engineering
functions:-

1.  The strength and creep parameters of frozen soils in Permafrost Regions which
are to be loaded by possible structures, and where the soil temperatures can fall
to -15°C.

2.  The strength and creep parameters for soils to be frozen as an aid to construction
works (Artificial Ground Freezing),

3.  The development and validation of numerical models for the prediction of
strength and creep parameters of frozen soils.

Indeed much of the work carried out over the past forty years into this subject has been
summarized by Andersland ez al. (1978), Ladanyi (1981), Johnston, (1981) and more
recently by Sayles (1988). Williams and Smith (1989) have discussed the mechanical
properties on a more fundamental basis, involving thermodynamics of the water-ice
interface which is particularly important at temperatures close to 0°C.
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A frozen soil is usually regarded as a composite of soil particles, ice, unfrozen water and
air, although salts may also be present (Johnston,1981), and so its response to any loading
regime is a function of the combined interactions of all these materials. The mechanical
properties of the soil particle derive from the ice-particle bond, together with the frictional
resistance and cohesion between the particles. The ice provides resistance to stresses mainly
under short-term loadings, as it leads to creep, through a regelation process, even under low
stresses. The unfrozen water has little direct effect on strength, however it allows the
movement of soil water from areas of high stress to low stress and, therefore contributes to
the creep properties of frozen soils. Although air has no effect on strength, it can account
for the compressibility of frozen soils at temperatures close to 0°C (Sayles, 1988).

The strength of frozen ground can be considered under two interrelated conditions,
instantaneous (short term) and long term loading. Under short term loading the stress-strain
response can be idealized as elastic, with an abrupt failure point at high loadings. This
failure mode is of a similar magnitude to that of pure ice. It is therefore evident that failure
occurs in the ice matrix and any residual strength is a function of the inter-particle reactions
of friction and cohesion.

When the loading is insufficient to produce instantaneous failure but it is maintained over a
relatively long period, then the frozen soil will deform slowly and it has been suggested
(Johnston, 1978) that, for engineering purposes, its strain-time dependent characteristics are
similar to the classic creep curve (Figure 3.17). After the initial elastic strain, the rate of
strain decreases in the Primary creep zone (I) until a constant rate is observed in the
secondary creep range (II). If the loading is sufficient the rate of strain will begin to
accelerate denoting plastic failure in the tertiary creep zone (III). Sayles (1988) argues that
some rescarchers have found that only an apparent secondary creep zone exists and itis a
function of the shape of the curve at the point of inflection (Point D in Figure 3.17) between
decelerating and accelerating strain rates. Initially the load is taken by the ice however,
under loading cases not exceeding the instantaneous strength, the ice will creep allowing the
movement of unfrozen water (and ice) from high to low stress. At the same time the soil
particles become more closely packed and there is a resultant increase in their frictional and
cohesive strength. If this increase in strength exceeds the loss due to ice creep, a long-term
failure will not occur, otherwise eventually failure will result.

With decreasing temperature, there is an increase in both instantaneous and long term frozen
soil strength, however the rate of strain decreases, and this can be attributed to the increased
ice strength (Williams and Smith, 1989) and reduction in the unfrozen water content. In
general, at equal total water contents, coarse grained soils have higher strengths and
undergo less creep than fine grained soils. This is important at temperatures close to 0°C
where there can be significant amounts of unfrozen water. It has also been recognized that
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the form of ice influences the mechanical properties, as soils with ice held predominantly
within the pores is stronger than soils with the ice in lenses or reticulate veins. In summary,
the mechanical properties are dependent on temperature, applied stress, soil composition,
water content, unfrozen water content, ice content, ice distribution, and time.

(D)

time

FIGURE 3.17 Idealized Illustration of the Creep of Frozen Soils under a Constant
Loading Insufficient to cause Instantaneous Failure (Johnston, 1981).

3.4.1 Thermal Contraction of Frozen Ground,

This has been investigated by many authors (Lachenbruch, 1962, Grechischev, 1973,
Mackay, 1974, Zhaojun, 1985, Andersland and Al-Moussawi, 1988).

34.1.1 ic Laws Tem king of Frozen n
Frozen soils behave like many other materials (eg. steel, concrete etc.) as they change
volume in response to a change in temperature, neglecting changes in the unfrozen water

content. Frozen soils have large coefficients of thermal expansion, typical values are given
in Table 4.3.
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Soil Type Co-ctficient of
Thermal Expansion
(per °C)
Clay 0.002
Sand 0.00002 to 0.00005

TABLE 3.3 Average Values of Thermal Contraction for Clays and Sands (after
Grechischev, 1973)

The magnitude of this coefficient of thermal expansion is temperature dependent, with the
coefficient decreasing with decreasing temperature. The thermal deformation has been
related to the total moisture content of the frozen soil and generally, for soils at their natural
moisture contents, the relationships can be summarized as follows:-

1.  Clays - coefficient of thermal expansion increases with a decrease in moisture
content, _

2.  Sands - coefficient of thermal expansion increases with increasing moisture
content, .

3.  Clay/sand mixture - decreasing the clay content (with a corresponding increase
in sand content) results in the coefficient of thermal expansion increasing
exponentially.

In nature, fluctuations in air temperature are relatively small, and so these do not over stress
the frozen soil mass as the induced stresses can be alleviated by creep. It is thought by
Grechischev (1973), that ground cracking is initiated by secondary short-term temperature
fluctuations, ie. those that occur over a few days (thermal shock). The higher the frequency
of these secondary temperature fluctuations, the greater the individual temperature
fluctuation must be to initiate crack formation. Zhaojun (1985) also noted that crack
initiation can occur with rapidly falling temperatures, such as the rapid temperature drop in
autumn in Northern China. When a "primary crack” occurs, it relieves the thermal stress at
right angles to the line of the crack but it has little effect on the thermal stress parallel to the
line of the crack. Consequently a "secondary crack" may subsequently occur at right angles
to the primary crack, the occurrence of which is dependent on the amplitude of the
temperature fluctuation. The result of this is that the frozen ground is divided into irregular
blocks known simply as "polygons". The effective diameter of these polygons is also
dependent on the amplitude of the secondary temperature fluctuation (Lachenbruch, 1962
and Mackay, 1974) or the rate of temperature drop (Zhaojun, 1985). The smaller the
amplitude or temperature drop, the larger the the effective diameter of the polygon.
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34.1.2 Contraction Crack Theories of Frozen Soils,

Contraction cracks are produced by thermal contraction stresses which occur in frozen
ground subjected to a further fall in temperature. The theories suggested by Lachenbruch
(1962), Zhaojun (1985), Andersland and Al-Moussawi (1988) are very briefly outlined in
this section.

Lachenbruch (1962) was the first author to quantitatively discuss thermal contraction of
frozen ground. He was concerned with the origin of ice-wedge polygons, which are many-
sided ground features found in Arctic Regions and have diameters typically between 10 and
20 metres. Under each side is a wedge of ice which can extend to a depth of 3 to 10 metres,
the width diminishing with depth. Lachenbruch (1962) put forward an idealized model,
determined from a theoretical approach, and based on a temperature-stress relationship
which assumes a visco-elastic response from the frozen soil. This is expressed as a non-
linear relationship involving distortional strain and distortional stress. When the tensile
stress at the soil surface is sufficient, a crack will form and propagate into the soil mass until
it enters a zone of compressive stress where its progress is halted. This is described by The
Modified Griffith Theory (Irwin, 1958), which has previously been applied to the brittle
fracture of metals. At right angles to the crack, a zone of stress relief will form after cracking
(Figure 3.18) and the subsequent stress distribution is described using Muskhelishivit's
Method of Complex Stress Functions (Lachenbruch, 1961). This demonstrates that the
deeper the crack propagates, the wider the zone of stress relief and, consequently, the
horizontal spacing of the cracks is increased.

Zhaojun (1985) analyzed tensile frost cracks in a more simplified context, by deriving a
relationship involving the tensile and shearing strength of the frozen soil together with
thermal gradient across the frozen soil. This relationship assumes that there is a linear
temperature profile and that the coefficient of thermal expansion is constant. Stefan's
equation is used to predict the depth of freezing from the thermal properties of latent heat of
fusion and thermal conductivity (Zhaojun, 1985). It also allows the input of geotechnical
properties, such as moisture content and dry density. Therefore, by incorporating
thermodynamic and geotechnical parameters into an elastic model, the depth and spacing of
these cracks can be predicted.

Andersland and Al-Moussawi (1988) have investigated contraction cracking at landfill sites
in the USA, where crack development can lead to water ingress possibly leading to leachate
generation and, subsequently the escape of associated gases. They state that cracking will
occur during rapid temperature drops and so assume that the frozen soil behaves elastically,
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Very basic elastic equations involving Young’s Modulus, Poisson’s Ratio, strain and stress
were put forward to define the behaviour of this frozen soil.

Horizontal
Stress

HOﬁZOﬂta_l
difference (Tz- Ty)

To = Uniform horizontal tension before fracture.
Tz = Component of tension parallel to crack after fracture.
Ty = Component of tension perpendicular to crack after fracture.

FIGURE 3.18 Stress at Ground Surface near an Isolated Crack (after Lachenbruch,
1962).

3.5  Thawing of Frozen Soils.

In permafrost areas thawing of frozen ground poses a far greater threat to the integrity of
structures than frost heave (Johnston, 1981). However, thaw settlement behaviour is
partially dependent on the process of freezing which can alter the internal structure of the
soil mass by forming ice lenses or reticulate ice veins, thereby increasing the total water
content and by local consolidation of the soil matrix. The thawing of frozen soils is
therefore related to its thermal, stress and hydraulic history.

During thawing, soil water will be released and, if this exceeds the capacity of the soil
matrix, water will accumulate at the thawing front. If water drains away freely the soil
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matrix will consolidate (settle) under the overburden and any associated applied loadings.
However, when drainage is impeded, excess pore water pressures can be generated leading
to a loss in strength and bearing capacity of the soil. These excess pore water pressures are
released slowly and the consolidation of the soil mass that takes place can be described by
Terzaghi's Theory of Consolidation (Wilun and Starzewski, 1973). The following sections
are a brief review of the geotechnical engineering principles involved in the prediction of the
thawing phenomena.

3.5.1 Thaw Settlement.

The term thaw settlement covers the volumetric change resulting from phase change
followed by the consolidation of the unfrozen soil. Figure 3.19 illustrates the results from a
typical thaw settlement test. This test simply involves a specially adapted odeometer that has
heating coil at the top, thereby allowing rapid thawing under known loading (Morgenstern
and Smith, 1973). Points a to b represent an increase in pressure on the frozen sample to the
thawing pressure, thawing is then allowed under constant pressure (b to c). After this thaw
consolidation was complete, the load on the sample could be increased (c to d) to undertake
one or more standard consolidation tests at higher pressures (Morgenstern and Smith,
1973). The response ab'c'd' illustrates that the response of the thawing soil sample is not
constant under differing pressures (Nixon and Ladanyi, 1978).

T<0°C l T>0°C

bt = X
|
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g . |
g8 . |
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_14_ Effective pressure, o
. T<0°C | T>0°C P

FIGURE 3.19 Typical ReSponsc of a Frozen Soil Undergoing Thaw Settlement (after
Nixon and Ladanyi, 1978).
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Watson et al. (1973) describe a practical method for the calculation of thaw settlement from
representative soil samples. A sample is placed in a lubricated chamber and allowed to thaw
at room temperature under constant pressure. After thawing is completed, additional loading
stages are undertaken while the vertical deformation of the sample is regularly monitored.
From a plot of relative settlement against applied pressure (Figure 3.20), the Thaw
Settlement Parameter (A,) and volume compressibility (my) of the sample can be
determined. These parameters allow the prediction of thaw settlement under field conditions
and can account for any subsequent loading conditions. Watson ef al. (1973) also note that
there is a general relationship between increasing frozen bulk density and decreasing thaw
settlement.

-

o

>
o

A 0= Thaw Settlement Parameter

Relative Settlement, A p

Pressure

FIGURE 3.20 Generalized Thaw-Settlement Curve (after Watson et al., 1973).

3.5.2 Thaw Consolidation,

This is an analysis of the settlement of ice rich soils, in which drainage is impeded by either
the low permeability of the unfrozen soil behind the thawing front or the velocity of
advancement of the thawing front. This is of importance as it provides information linking
the rate of thawing and the rate of consolidation, so that the stability of the soil during
thawing can ascertained. '

Morgenstern and Nixon (1971) formulated a solution to the problem in terms of linear, one-
dimensional thaw consolidation, in which thawing proceeds downwards from the ground
surface. The theory assumes that the soil is fully saturated, the water surface coincides with
a free draining ground surface and the effective stress at the thawing plane is zero. This
solution involves coupling the classical theories of heat conduction and soil consolidation.
This is achieved by combining Stefan's solution to the problem of the rate of advance of a
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thawing front with the coefficient of consolidation by the empirical Thaw Consolidation
Ratio, R,

o
e (3.30)
=  Thaw consolidation ratio,
1
o =  Constant from Stefan's equation (mm s ‘/2 )i
cy = Coefficient of consolidation (mm?2 s -1).

This empirical parameter is a measure of the ratio between water generation at the thawing
front and rate of movement of water away from the thawing front, and can be used to
estimate the excess pore water pressures generated. When the thaw consolidation ratio
exceeds unity it is likely that excess pore water pressures will be generated at the thaw front.

Morgenstern and Nixon (1971) have also provided a mathematical formulation for the
average degree of consolidation that occurs at time t, under self weight and applied loading.
It is assumed that the average degree of consolidation is equal to the ratio between thaw
consolidation at time t and the total thaw consolidation that would occur if thawing ceased at
time t. This theory has been verified by comparing laboratory and in situ tests, and has also
been developed to provide solutions for non-linear consolidation and layered soil profiles
(Nixon and Ladanyi, 1978). The concept of residual stress which is the initial effective
stress at thawing front, has been investigated in connection with thaw consolidation. The
higher the residual stress the lower will be resultant settlement since lower pore water
pressures are generated and this also provides for a higher undrained shear strength (Nixon
and Morgenstern, 1973).

3.6  Freeze-Thaw Cycles,

The effects of soil freezing and thawing have been described individually in the previous
sections. These combined effects can lead to changes in both the physical structure and

engineering properties of soil. Johnson et al. (1984) have summarized the process under
three conditions:-

1. Silts frozen under maximal conditions for frost heave and subsequently subject
to rapid thawing. This results in an underconsolidated soil with a residual stress
equal to zero, producing a very low initial shear strength and modulus of
deformation (stress divided by strain),
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2. Clays, which during freezing generate large suction forces, leading to
overconsolidation and shrinkage cracks in the soil directly in-front of the frost
line. Due to overconsolidation the soil has a substantial shear strength,

3.  Sands that exhibit frost heave due to the expansion of ice, upon thawing the soil
particles fully consolidate under the normal overburden conditions. Therefore
the soil has strength and deformation properties similar to those prior to
freezing,

Chamberlain (1981) notes that very few observations have been reported on the effect of
freeze thaw cycles on frost heave. However he reported that a under laboratory testing, the
total frost heave of a frozen till had quadrupled, much of this occurred in the second freeze
cycle and was also dependent on the applied surcharge on the sample. Clays were observed
to have increased their total frost heave by up to a factor of eight at low surcharges, again
most of this occurred in the second freeze cycle. A silty sand was reported (Chamberlain,
1981) to have decreased its total heave. For clays Chamberlain and Gow (1979)
demonstrated that freezing a clay soil would increase its vertical permeability due to
shrinkage cracking. This would obviously affect its frost heave potential in a laboratory test
however, in the field, an undisturbed layer of clay may exist between the frost front and the
water table, thus the frost heave potential would be only slightly affected. Chamberlain
(1988) compared laboratory freeze-thaw tests to field freezing conditions for a variety of
soils and found that during the first cycle the average and laboratory heave rates were
related, though the field heave was an order of magnitude lower than observed in the
laboratory. During the second freeze-thaw cycle, this relationship was less evident.
Chamberlain (1981) also pointed out that repeated freeze thaw cycles have been shown to
decrease the thaw-CBR values of clays.

3.6.1 Natural Phenomena Involving Frost Action,

Growing stones and ice wedge cracking are manifestations of freezing and thawing and are
of interest to chilled pipeline operation, and formed part of the initial study programme. Ice
wedge cracking is discussed in Section 3.4.1.

3.6.1.1 Growing Stones.

In moderately cold climates 'growing' stones are a familiar feature. They are stones that
have moved up through the ground until they eventually protrude through the ground
surface and can ultimately form a feature known as patterned ground (Lunardini, 1981).
This is part of a process called vertical sorting, which can also involve the movement of
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'fines' (fine grained soil particles) ahead of the freezing front (Corte, 1961). Two theories
(Lunardini, 1981) have been put forward to explain the phenomenon of 'growing’ stones.

Frost Pull-Mechanism, whereby freezing around the top of a stone results in the 'fines’
around the stone gripping it due to frost expansion. With continuing frost heave
development in the soil, the stone is moved up with the rest of the frozen soil mass (Figure
3.21a). This results in a cavity forming under the stone. During thawing from the ground
surface downwards, the 'fines' tend to settle around the stone. Eventually the cavity will fill
with saturated fines as the thawing front further descends. The result is that the stone cannot
settle to its original position (Lunardini, 1981).

fines settle but
stone held by
frozen base

Frozen

uplift of stone Thawed
~with fines

Frozen

Thawed X
cavity

Freezing half-cycle Thawing half-cycle

FIGURE 3.21a The Frost-Pull Mechanism (after Lunardini, 1981)

Frozen Thawed
freezing isotherm

Iee
Frozen freezing isotherm
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lens which thrusts
up stone

Freezing process Thawing process
FIGURE 3.21b The Frost-Push Mechanism (after Lunardini, 1981)
Frost Push Mechanism, whereby the thermal conductivity of the stone is much greater than
that of its surrounding soil mass. Thus, when the freezing front descends to the top of a

stone, the whole stone will reach 0°C faster than the surrounding soil. The result is the
formation of an ice lens below and to the sides of the stone (Figure 3.21b). Water migration
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to the frozen front (ice lens) results in the stone being pushed upwards by the enlarging ice
lens. Later when thawing begins the ice lens will thaw at a slower rate than the surrounding
soil mass even though the stone will reach the thawing temperature more rapidly than the
surrounding soil mass. This is a result of the latent heat of ice. As thawing continues the
'fines' settle around the stone and eventually the ice lens totally melts. The stone may settle
slightly as some of the meltwater is expelled, however under the stone is a saturated cavity
into which 'fines' will flow. These 'fines' will stop the stone from returning to its original
position (Lunardini, 1981).

3.7 Summary,

Chilled gas pipeline operations can lead initially to frost heave and subsequently to thaw
settlement within the outer extent of the frozen annulus. Chilled gas pipeline operation in the
Pre-heating Seasons takes place annually and therefore the surrounding soil mass is
subjected to freeze-thaw cycles. This chapter provides a discussion on the thermal
properties of soil which determine the size and shape of the frozen annulus ie. the soil mass
under consideration. Subsequently frost heave is defined in basic thermodynamic terms
involving the soil thermal, hydraulic and stress regimes. The complex nature of frost heave
is highlighted in the limitations of both the mathematical theories that have been developed
and in the multitude of laboratory tests in use for the classification of frost susceptibility.
However thaw settlement is a more clearly defined subject area and its prediction is
dependent on laboratory testing. A further complication to the prediction of frost heave is
the effect that previous freeze-thaw cycles impart on the soil structure, thereby altering the
frost susceptibility from one year to the next. The uncertainty in the prediction of the soil-
pipeline interactions involving frost heave and thaw settlement around a chilled gas pipelines
is further compounded by the variability of soil classification, hydraulic conditions, thermal
interactions, depth of pipe burial, etc, along its length.

The next chapter provides overviews on pipeline design and soil-pipeline interactions
without the influence of frost action. Subsequently the influence of frost action is introduced
first with respect to civil engineering structures and then with chilled gas pipeline operation,
which under British, USA and Arctic conditions are all expanded upon in terms of the soil-
pipeline interactions of frost heave and ground cracking, especially in terms of engineering
predictive and mitigative procedures. Importantly, consideration is given to the Caen project
(Geotechnical Science Laboratories, 1991) which addresses the soil-pipeline interactions
from a fundamental viewpoint and therefore highlights the deficiencies in the knowledge
base of chilled gas pipeline operation.
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CHAPTER 4 SOIL-PIPELINE INTERACTION

4.1  Introduction,

Utility and oil companies have made massive investments in transporting oil and gas by
pipeline. Consequently, there have been extensive investigations into both pipeline failure
and the associated soil-pipeline interactions that pose problems to smaller diameter
pipelines. Most of these research efforts have been in house and so have regarded by the

companies as commercially sensitive.

This study project examines the effect of the pipe on the surrounding soil and not the effects
of the ground on the integrity of the pipe. However it must be noted that this is an
interaction problem, so that the operating conditions of the pipe may influence the ground
conditions in such a way as to detrimentally affect the pipeline performance.

In this chapter the problem of soil-pipeline interactions are initially addressed without the
influence of sub-zero temperatures, subsequently the discussion is extended to consider the
influence of sub-zero temperatures on the integrity of the pipeline structures. Chilled gas
pipeline operation is expanded upon in terms of previous studies, including full-scale tests.
A section is also included which reports previous small-scale physical models with respect
to sub-zero temperatures and pipe movement,

4.2 ipelin ign

The function of a pipeline is to deliver safely and efficiently a fluid to its destination. Many
liquids are transported including oil, gas, water, sewerage, crushed coal and liquefied waste
by-products, and so pipeline design must account for the potential hazards resulting from
breakage. Therefore the maintenance of the mechanical integrity of a gas pipeline is more
important than a water or sewerage line for example. The operation of pipelines in the gas
industry is split into two categories, National Transmission and Local Distribution
pipelines, each are operated under different conditions and are subjected to individual design
procedures. This section provides an general overview of the complex processes of pipeline
design, however further information is available in codes such as the ASI/ASME Code for
Pressure Piping, B31.8 (1986) and IGE/TD/1.Ed 2 (1977). The discussion provided on the
geotechnical design aspects (Section 4.3.2) is equally applicable to all underground
conduits. The overall design procedure for the Transmission pipelines within the British
Gas network is reviewed in Chapter 2.
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4.2.1 Route Selection, :
Prior to the actual detailed design an environmental impact assessment (EIA), including an
outline design, is submitted to the appointed legislative body for approval of the scheme
(Clarke, 1988 and ASME, 1986). The submitted EIA should put forward a route that is the
least environmentally destructive. Design should also cover pipeline route selection to
reduce to a minimum the number of dwellings (person) in close proximity (Knowles et al.,
1977 and ASME, 1986). The route selection can be substantially affected by adverse terrain
and geotechnical conditions.

4.2.2 Pipe Design.

The design pressures and mass flows are reflected during the design procedure on the
positioning and specification of the associated compressor and Pressure Reduction Stations.
These operating conditions also provide the input characteristics in determining the pipe
specifications for material type, diameter and wall thickness (Wilbur, 1963, Peng, 1978a,
Ahmed et al., 1981). Pipe thickness is derived from Barlow's formula (Wilbur, 1963):-

PD
'™ 2 on @.1)
T =  Pipe wall thickness (mm),
P =  Pipe design pressure (kN mm-2),
D =  Nominal outside diameter (mm),
Og = Hoop stress (kN mm-2),

A factor of safety can be applied to Equation 4.1 to cover the expected construction loads,
types of pipe connections, in-service loadings due to traffic or geotechnical interactions,
maintenance, repair and replacement costs (ASME, 1986). The longitudinal stress in a

restrained pipeline is given by:-
oL = Ea AT - Oy (V-0.5) | 4.2)
OL = Longitudinal stress =F[/ ag, (kN mm-2),
FI, = Longitudinal force (kN),
ag =  Areaof pipe material (mm?2), ,
E = Young's Modulus of pipe material (kN mm-2),
o = Co-efficient of thermal expansion of pipe material (°C-1),
AT =  Temperature change (°C),
v =  Poisson's ratio.
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Equation 4.2 incorporates the thermal co-efficient of expansion in the first term, and allows
for the hoop stress in the second term. The hoop stress produces a resultant shrinkage in the
longitudinal direction as defined by Poisson’s ratio, however the internal gas pressure also
produces a longitudinal pressure equal to half the hoop stress (Wilbur, 1963, Peng, 1978a).
For safe operation the hoop and longitudinal stresses must be less than specified minimum
yield strength (SMYS) of the pipe selected, this SMYS is often corrected to allow for a
factor of safety.

Once the pipe specifications have been decided upon, then a protection system is designed
for both external and internal corrosion (for steel pipes that are normally used in large-
diameter transmission pipelines), using the techniques such as pipe surface coatings,
cathodic protection, sacrificial anodes etc.

4.2.3 Geotechnical Design,

Peng (1978a, 1978b) and Luscher et al., (1979) note that soil-pipeline interaction is a major
concept in pipeline design since it encompasses all the relative soil pipe movements.
Essentially a pipe is laid at the 'tie-in' temperature and if the operating temperature is
substantially different then large longitudinal stresses are generated. In a long section of
straight steel pipe these stresses are resisted by the soil friction at the pipe surface and if the
pipe is in compression they may also be restrained by thrust blocks or anchors at the points
direction changes. Anchors or thrust blocks are used to reduce the potential for excessive
bending stresses. Excessive bending stresses coupled with the hoop stress either produce
pipe failure or necessitate a gas pressure decrease to reduce the combined stress to less than
the SMYS.

Loading regimes can be imposed on a pipeline during construction and operation, if these
are significant, then the pipe must be designed to withstand them. Typical loadings are from
vehicular traffic, and the pipeline may be strengthened at these locations by using a thicker
pipe wall or placing the pipe within a sleeve. Vehicular loadings are important since uneven
soil pressures may be transferred to the pipe producing bending stresses. During a
pipeline’s design life it may be subject to the following relative ground movements:-

1. Excavations (including tunnels and mining subsidence),

2. Boundaries between frost and non-frost susceptible soils,
3. Boundaries between thaw and non-thaw stable soils,

4, Land slides,

5.  Earthquake slip planes,

6.

Rising water table (pipeline floatation).
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Each of these situations where necessary should be incorporated in both the pipe design and
risk assessment procedures during pipeline operation. The proper modelling of such soil-
pipeline systems and the prediction of bending stresses needs an accurate estimation of the
soil subgrade response to pipe movement in the vertical uplift, vertical foundation,
horizontal and longitudinal directions.

4.2.4 Post-Construction and Monitoring,
Ideally after pipe-laying has been completed the land within the construction easement
should be returned, as close as possible, to its pre-construction state. Wilkins (1988)
discusses the British Gas Corporation methodology both to land re-instatement and post-
construction liaisons with the landowners.

With a large capital investments in large-diameter pipelines, a comprehensive monitoring
and risk assessment programme is undertaken to maintain the integrity of the pipeline and its
associated installations (ASME, 1986).

4.3  Soil-Pipeline Interactions,

Soil-pipeline interactions are not solely the result of chilled gas pipeline operation for they
are commonly observed under normal loading conditions. These interactions are a result of
imposed loadings on the pipe or ground surface, excavations close to the pipeline, mass soil
movements (earthquakes, landslides, etc), thermal strains, pipeline floatation etc. In this
section soil-pipeline interactions are introduced without the effects of sub-zero temperatures,
but its effects are discussed later (4.4, 4.5 and 4.6).

4.3.1 Definition of Soil-Pipeline Interaction,
Soil-pipeline interactions by definition describe the process by which loads are transferred
between the soil mass and the pipe and, under the imposed loading, this continues until the
deformations of both the soil and pipe are at a (dynamic) equilibrium. This load transfer
does not therefore produce a single reaction but a set of very complex interactions associated
with the mechanical properties of both the soil and pipe.

This definition needs to be extended to include the responses produced by heat transfer
between the pipeline and soil when the pipeline is being operated significantly above or
below ambient ground temperature. Under these conditions heat transfer can indirectly
influence the soil deformation characteristics and moisture movements close to the pipe.
Typically, during low temperature operation, the frozen soil annulus acts to change the
interaction from a two layered to a multi-layered system. In this study both heat transfer and
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moisture movement greatly influence and compound the uncertainty of predicting potential
soil-pipeline interactions.

4.3.2 Vertical Pipeline and Soil Movements.

Most studies involving relative pipe movement are, out of necessity, biased towards
investigating the integrity of the pipeline. The soil mass deformations resulting from relative
pipe movements are usually of secondary importance, however a simple investigation of the
ground surface deformations can indicate the nature of the soil-pipeline interactions.

4.3.2.1  Yertical Pipe Movements,

Vertical pipe displacements are of concern at the boundaries between areas where the pipe is
held rigidly (fixed) and areas where settlement or uplift occurs. Across such a zone bending
stresses are developed within the pipe and, depending on the pipe characteristics, failure
may ensue.

Casson (1984) reported tests undertaken as part of the Pipe Loading Underground Project at
the British Gas Engineering Research Station that involved the upward displacement of
small diameter mains (100 to 200 mm in dia). The study investigated the effects of
settlement loading on pipes at different depths in differing soil types. During settlement the
pipe behaves as a structural beam supporting a wedge of overlying backfill and, if this
loading is excessive, failure may result. The tests involved lifting lengths of abandoned
main at depths between 0.5 and 1.5 metres using two hydraulic rams at each end of 2 2.5 to
3.2 m pipe, thus simulating settlement loading. In the tests maximum pipe displacements
occur at the edge of the trench (Figure 4.1). However, in practice maximum pipe
displacement occurs at the midspan. Casson (1984) notes that the experimental results are
applicable since the same classic soil failure pattern (Figure 4.1) has been observed in the
experiments and in practice. A soil failure plot (for test site No.4) indicated that this failure
pattern is dependent on parameters such as soil type, soil strength and proximity to
overburden loads (Casson, 1984). It was noted that the angle of the diagonal internal soil
crack was related to soil strength and soil type, 40-55° and 35° to the vertical for cohesive
and non-cohesive soils respectively (Casson, 1984).

In this test the pipe cannot be considered as 'Rigid' since its cross-sectional area is not
constant. Casson (1984) suggests that the diagonal crack is a 'limiting crack' and its shape
may be dependent on a least energy shape (log spiral), man-made layering above pipe, or
changes in the direction of the stresses during crack growth. These changes occur after the
formation of the limiting crack and result in horizontal tensile stresses being generated in the
soil block above the pipe. If vertical failure occurs, two wedges will form and, due to the
resultant weight redistribution compressive stresses will develop between the crack apex and
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the soil surface. Consequently during further pipe lifting, the crack will deviate away from
the ground surface until it runs parallel to it (Figure 4.1). The shape of this wedge was
observed both during the trial and at the location of the failure of a 600 mm main (Howe,
1982) from differential settlement.

Ground settlement around a rigid pipe has been the subject of many analytical studies and
these have been summarized by Matyas and Davis (1983a) and Trautmann et al. (1985).
These studies have produced semi-empirical models to define the force-displacement
characteristics during a pipe loading testin relation to pipe diameter, depth of burial, soil

/ Vertical Crack

Diagonal
Crack

FIGURE 4.1 Classic Soil Failure Pattern resulting from the Uplift of Small Diameter
Pipes.

type and density. Most of the models in use in the USA and Canada are derived from work
carried out by Spangler in the 1940's (Matyas and Davis, 1983a). These models assume that
the loading is due to the weight of the backfill and the internal angle of friction of this
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backfill. Trautmann et al. (1985) report the use of these models in designing pipelines for
the maximum loading expected during earthquakes. However, Matyas and Davis (1983a
and 1983b) describe their use for designing underground service pipes that are hung from
slabs supported by piles in poor ground. These models can also be applied to any general
situation where excessive soil loading takes place at transitions and slip planes (earthquakes,
frost heave, mining subsidence, slope failure etc).

Matyas and Davis (1983b) and Trautmann et al. (1985) undertook laboratory tests (Section
4.6.5) on small diameter rigid steel pipes, 48 mm and 102 mm O.D., to develop enhanced
procedures for pipeline design. Basic measurements of soil loading and pipe displacement
were taken at various pipe depths and soil densities in sandy soils. Trautmann et al. (1985)
found increased depth of burial resulted in increased maximum soil loading and also that
increased sand density produced higher maximum soil loadings. Matyas and Davis (1983b)
results are in general agreement with those of Trautmann et al. (1985). Both tests indicated
that maximum soil loading takes place at upward vertical pipe displacements between
0.005H to 0.015H (H is depth of burial to pipe centre), indicating that soil failure occurs at
small displacements. After the maximum soil load had been observed the load tended to
either decrease slightly or remain constant (Figure 4.2) again dependent on soil and test
conditions. Matyas and Davis (1983b) noted failure surfaces during the tests and, typically
for the test with a depth to diameter ratio of 8.75, the failure surfaces consisted of two
diagonal surfaces radiating from the side of the pipe. These failure surfaces were observed
at approximately four times the net pipe movement at the maximum soil load, and in the
reported test the failure surfaces tended towards the vertical and halted within the soil mass
(Figure 4.3).

Pipe loading

Fae=e

)
£
Vertical pipe displacement

FIGURE 4.2  Simplified Vertical Load-Displacement Response of the Buried Pipe.
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FIGURE 4.3  Illustration of the Failure Surface Observed by Matyas and Davis
(1983b).

4.3.2.2 ical Pipeli v ion

Large-diameter steel gas pipelines are buoyant when in water, thus when the water table
rises to the pipe level an upward force will be exerted. The estimation of buoyancy can be
considered as a function of a floatation force and a resisting force (Bonar and Ghazzaly,
1973). When the water table is above the pipe crown the hydrostatic uplift force is simply
described by Archimedes' law (Johnson et al., 1984). The resistance to floatation is
provided by the overburden weight and shearing resistance of the soil (Figure 4.4).

Ground surface

T R T 7K
\ | Water table
T \\ IV o lq -
\‘ ) ,l
| |

FIGURE 4.4  Buoyancy Forces Acting on a Pipe.
At pipe floatation the uplift force must equal or exceed the resistance force (Equation 4.3)
Uplift force (Py) = Resistance force (F)

Hu - WP= W + ZT (4.3)
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Hy = Hydrostatic force,

Wp = Weightof pipe and contents,

W = Effective weight of overburden soil mass,

5 =  Effective shearing resistance of overburden soil mass.
4.3.2.3 i n vem nnellin

During tunnel excavation a ground settlement trough will form perpendicular to the direction
of tunnelling. O'Reilly and New (1982), Attewell and Woodman (1982) and Howe (1982)
report that the settlement trough especially in clays can be described by a normal probability
curve, assuming no soil consolidation above the pipe. The normal probability curve shows
that settlement "W'at any distance 'y’ from the tunnel centre-line is given by:-

2
e oo ()
Wg = vertical settlement (mm),
Wsmax = maximum vertical settlement (mm),
y = perpendicular distance from the tunnel centre-line (mm),
i = distance to point of inflexion, ie. w g = 0.606 wWg max, (mm).

Figure 4.5 illustrates the normal probability curve described by Equation 4.4.

Tranverse distance from tunnel centreline (y axis)
3i 2i i 0 i V3 2i 3i
A M i 1 A

- 0.2

- 0.4 \
4 Point of
- 0.6 maximum

curvature at
L 0.8 y=v3r

L1 Settlement at point
: of inflexion (y =)
W= 0.606W5 max

FIGURE 4.5 Normal Probability Curve of Settlement Across an Advancing Tunnel.

Mathematically the inflection point can be related to the settlement volume by Equation 4.5
which is derived from Equation 4.4,
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Vi = ¥2% & Woaaz = 2.5 1 Wsman (4.5)

Vs = Settlement volume (mm?2).

The shape and size of settlements are influenced by soil type, depth to tunnel and amount of
over-dig during tunnel construction.

4.3.2.4  Other Pipe Movements.

Lateral pipeline movements are very important for the design and damage/risk assessment in
a number of situations such as across faults and close to excavations. Audibert and Nyman
(1977) and Trautmann and O'Rourke (1985) review the previous analytical models and
laboratory testing programmes associated with lateral pipe displacements resulting from
mass soil movements. Audibert and Nyman (1975) undertook a testing programme to
investigate soil restraint during the lateral displacement of a buried pipeline. The pipe
diameters were 25, 60 and 114 mm, and were buried at various depths in a sand, the sand
density and therefore its internal angle of friction were also altered. Trautmann and
O'Rourke (1985) undertook a similar testing regime with diameters of 102 and 324 mm,
again with different sand densities and depths of burial but with variable pipe surface
roughness. Audibert and Nyman (1975) noted the failure modes for their tests, and at
shallow depths tensile cracks developed above the pipe (Figure 4.6), at greater depths a
simple contained zone of failure in front of the moving pipe was observed (Figure 4.7).
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FIGURE 4.6  Shallow Wedge Failure Mechanism Resulting from Lateral Pipe
Displacement (after Audibert and Nyman, 1975).
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FIGURE 4.7  Deep Punching Failure Mechanism Resulting from Lateral Pipe
Displacement (after Audibert and Nyman, 1975).

The longitudinal displacement of a pipeline and is commonly caused by temperature and
pressure induced strains (Peng, 1978a and 1978b, Ahmed and McMickle, 1981, Luscher et
al., 1979). The tendency of the pipe to longitudinally contract or expand is resisted by the
longitudinal soil-skin friction which is a function of the shear strength of the surrounding
soil and the roughness of the coating on the pipe. Hunter (1983) reports that for cast iron
mains as the soil temperature falls tensile forces are developed in the pipe, however below
0°C thermal contraction of frozen ground is greater than that of the pipe and compressive
stresses are induced.

4.4  Frost Action and its Influence on Structures.

4.4.1 Introduction.

Frost action is detrimental to any structure if left uncontrolled or ignored, this section
discusses the implications of frost action in general civil engineering. Emphasis is placed
on pipes, gas industry tests and soil-structure interactions of relevance to chilled gas
pipeline operation.

4.4.2 FErost Action on Structures.

Pavements and Ice Rinks

During natural freezing improper design of pavements structures can lead to failure due to
excessive differential heave or thaw weakening of the sub-grade (Johnson et al., 1984).
This is a particular problem in colder climates however, design criteria exist in the United
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Kingdom to reduce the risk to a minimum (Roe and Webster, 1984). The operation of ice
rinks has been shown to be vulnerable to excessive differential frost heave displacement
(Chapuis, 1988, Leonoff and Lo, 1981). Frost heave can continue for many years under
these conditions and the most effective remedial solution is to excavate the frost susceptible
foundation material and replace with a non-frost susceptible gravel or sand (Chapuis,
1988). If necessary insulating layers and/or heating systems can be combined with sub-
grade replacement to provide a comprehensive solution.

Foundations and Piles
Frost heaving can affect foundations by two soil-structure interactions, basal heave and

tangential adfreeze (Figure 4.8).

Load
Ground
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Depth of frost
____________ e

FIGURE 4.8 Basal and Tangential Adfreeze Forces on a Pile and Pad Footing
Foundations within Frozen Ground.

Basal heave pressures (Pp) are simply the vertical frost heave pressures acting on the
underside of the foundation. Johnston (1981) notes that there is limited information on basal
heave pressures and that an indication of these can be ascertained from a knowledge of frost
heave pressures (Section 3.3.4). Domaschuk (1981) collated the literature from a number of
investigations and found that the basal heave pressure varied between 200 to 3000 kN m-2
and that the results were influenced by the testing regime rather than soil type. After the
frozen soil freezes to the side of the foundation the soil may expand vertically as a result of
ice lens formation. This bond strength is related to surface characteristics of the foundation
and is referred as the tangential adfreeze bond (Paq). Again Domaschuk (1981) Teports
maximum adfreeze stress as between 45 and 2750 kN m-2, and that these results are more
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affected by the test methodology than by the soil factors. The values of these stresses are
dependent on the soil type, foundation loading, soil temperature profiles, rate of
advancement of the frost front, duration of freezing temperatures, foundation material and
coating etc (Johnston, 1981). Thus prediction of these forces requires a knowledge of the
soil thermal, moisture and stress regimes over the period of sub-zero temperatures and the

foundation materials.

LNG Tanks

LNG tanks contain liquid natural gas at -163°C and thus the surrounding ground will
freeze, however the amount of frozen soil depends on design considerations. Goto ez al.
(1988) have investigated the shear strength of the soil around a LNG tank in relation to tank
heave. Two soil failure modes were put forward (Goto et al., 1988), shear failure at or
close to the unfrozen/frozen interface or localized edge failure near to the ground surface
again at the unfrozen/frozen interface (Figure 4.9). A simple pull-out test indicated that
shear failure occurs not at the unfrozen/frozen interface but in front, in the unfrozen soil,
thus the shear strength of the unfrozen soil is a governing factor in the resistance to LNG
tank heave. It was put forward that the suction forces generated to maintain thermodynamic
equilibrium imparted strength to the unfrozen soil close to the interface (Goto ez al., 1988).

Shear
failure
E_dge/ Frozen , Unfrozen
failure soil soil
Ffl F
Interface
friction
TFH FH=WT+WI+FI

FIGURE 4.9 LNG Tank In-Ground Failure Modes (after Goto et al., 1988).

Takagi and Tanaka (1980) and Kinosita et al. (1982) undertook small-scale tests on in-
ground model LNG tanks operating at approximately -25°C in a basin of homogeneous soil.
Both these investigations were concerned with the heaving pressures that can be exerted on
the tank wall during operation, the thermal and moisture regimes were also monitored.
Takagi and Tanaka (1980) demonstrated that the frozen earth pressure on the tank wall
reached a maximum after 20 hours and then decreased slowly. In contrast the predicted
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pressures increased with time. This difference is accounted for as a result of the cracking at
the ground surface which acted to reduce the frozen earth pressures. The ground surface
was shown to move upwards and away from the tank as time progressed, measurements
within the soil also indicated horizontal displacement. The observed ground cracks appeared
at the same time as upward tank displacement started. These cracks at the end of the test
were up to 20 mm in width and extended radially from the tank wall, cracking was mainly
within the frozen soil with cracks extending into the unfrozen soil (Takagi and Tanaka,
1980). Kinosita et al. (1982) undertook a similar trial and concluded that the frozen earth
pressure acting on the tank wall initially rises rapidly but levelled at approximately the same
time as ground cracking was reported. At the end of the trial these radial ground cracks were
reported to be between 0.5 and 1.0 m in length, 5 to 10 mm wide and 100 to 300 mm deep.
Moisture tension measurements in front of the frost front were maximal close to the frost
front and decreased rapidly away from the frost front. Vertical soil displacement was a
maximum at about 250 mm from the tank wall indicating that the tank exerts an influence on
the soil close to it (Kinosita et al.,1982).

4.4.3 Frost Action on Pipes.

The effect of frost penetration from the ground surface under freezing air temperatures has
been investigated due to the increased likelihood of pipe failure during the Winter months
(Yie, 1968b, Smith, 1976, Bahmanyar, 1982 and Hunter 1985). These investigations cover
small diameter pipelines, carrying either gas (Yie, 1968b, Hunter 1985) or water (Smith,
1976 and Bahmanyar, 1982) and so, during the periods of low temperatures, the pipe fluids
exhibited a resultant temperature drop thereby inducing thermal strains into the pipe.

Monie and Clark (1974) report a test on a 225 mm (9") cast iron water main, the results
showed that as the freezing front descended towards the pipe there was an associated
increase in the load on the pipe which was attributed to the expansion of the soil water upon
freezing. This increased load can result in the failure of a pipe if combined with other
conditions such as live loads, corrosion, relative soil movements. This trial was flawed
(Smith, 1976) since the load cells were located directly on top of concrete piers and attached
to the underside of the pipe, and so the measured stresses were not those that would be
found under a pipe resting on a continuous foundation. Smith (1976) in a continuation of
Monie and Clark's test used a pipe split in the longitudinal direction (at 90° and 270° to the
vertical), with load cells placed vertically within the split pipe and similarly noted an
increase in load on the pipe during sub-zero air temperatures. Bahmanyar (1982) suggested
that this test gave an indication of the effects of a descending isotherm, however it did not
fully simulate the pipe bending stresses since the pipe was split.
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Bahmanyar (1982) undertook a statistical analysis of pipe failure, a field study and operated
a laboratory model filled with a silty-sand, again this bore out the above conclusions.
Increased loading was hypothesized to be related to the expulsion of water at the freezing
front producing a redistribution of the soil moisture and a change in the soil structure
thereby altering the soil load bearing characteristics. The laboratory model indicated that the
induced load was a related to rate of advancement of the freezing front and the ease of
access to water. The small-scale model is further discussed in Section 4.6.3.

Hunter (1983) reported tests where three 100 mm ductile iron mains had forced sub-zero air
temperatures applied to the ground surface within a canopy. Only minimal bending stresses
were reported as the frost front descended to pipe level within a homogeneous soil type.
However where the pipe crossed a granular fill zone significant bending stresses were
measured and it was suggested that they occurred from moisture redistribution to the
freezing front, that in turn produced a relative expansion or contraction of the backfill
material compared to the gravel.

This section illustrates that the imposition of frost action to a small-diameter pipe can
produce significant changes in pipe loading and bending stresses. The tests draw different
conclusion from varying test results, however these suggest that a clear understanding of
the frost action process is necessary for understanding the imposed pipe stresses.

4.4.4 Warm Qil and Gas Pipelines In Permafrost Regions,

Oil pipelines often have to be operated at above ambient ground temperatures since crude oil
can have a high viscosity which precludes high rates of flow under economic pumping
energy inputs. Therefore the oil is heated prior to transportation to decrease the viscosity.
An economic "trade-off" between crude oil temperature and energy requirements for
pumping determines the oil temperature, other factors such as pipe material, soil conditions
will also influence crude oil temperature. Hot oil pipelines pose a significant problems when
they pass through Permafrost Regions since thawing of frozen ground will take place. Over
the design life of the pipeline a thaw bulb will form and grow and settlements may result.
Differential settlements can occur in zones of discontinuous permafrost that can produce a
loss of integrity of the pipeline. The formation of the thaw bulb can alter the precarious
thermal balance within the ground altering the moisture movements affecting both the
pipeline integrity and the local terrain (Harris, 1986, Williams, 1986). The rate of growth
of the thaw bulb with time and the ice content of the soil within the bulb determines the
settlement of the pipeline. Lachenbruch (1970) and Wheeler (1978) developed 2D
techniques to predict the size of the thaw bulb incorporating the latent heat effects.
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Trans Alaskan Pipeline (TAPS)

In Alaska a 1.22 m diameter pipeline was constructed for commission in 1977 to transport
crude oil 1290 km from Prudhoe Bay on the North coast to Valdez on the South coast. This
pipeline transports crude oil at temperatures between 60 and 65°C and passes through
permafrost areas for over 70% of its length (Harris, 1986, Williams, 1986).

Norman Wells Pipeline

In 1985 the 869 km Norman Wells Pipeline was brought into commission. This is a 324
mm diameter pipe passing through discontinuous permafrost and is buried along its full
length. Its design differs from the TAPS project in that some degradation of the surrounding
permafrost is anticipated, the pipe is designed as a structural member to withstand the
resultant differential settlements and it is situated on previous right-of-ways where feasible
(Nixon et al., 1984). This crude oil can flow freely at temperatures slightly below 0°C and
the opportunity was taken to minimize the energy exchange by setting the inflow
temperature to -2°C and allowing the pipeline temperature profile to follow that of the
ambient ground temperature. Therefore the pipeline can operate at sub-zero or above zero
temperatures and differential pipe movements due to thaw settlement and frost heave were

included in the design procedure.

4.4.5 Soil-Pipeline Temperature Profiles,
The Schorre Equation (Equation 4.6) has been used, and modified, by many authors for

applications involving the prediction of the temperature profile along gas pipelines (Schorre,
1954, Vinson and Burgar, 1964, Haynes, 1974, Firoozabadi, 1977 and Archer et al.,
1984).

(Ty + Jxp) - (T + %) 2 X

(r2+]x?)_(Tg+J/a) _2303

Log;o (4.6)

T1,T2 = Gas temperature at point xj and x2 (°C),

Tg = Ground temperature (°C),

x1,x2 = Distance downstream (m),

X = Distance between xj and x3 (m),

J = Joule - Thompson Effect (°C m"1),

a = (2rRpU)/(q ),

Rp = Qutside pipe radius (m),

U = Heat transfer co-efficient (W m-2°C-1),

q = Mass flow rate (kg s°1),

Cp = Specific heat of gas at constant pressure ( kJ kg1 °C1)
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This equation can be simplified by assuming that x; is at the station outlet (Firoozabadi,
1977 and Archer et al., 1984). The accuracy of the the Schorre equation is dependent on the
estimates of the heat transfer co-efficient (U) which is analogous to the thermal conductivity
of the surrounding soil mass. The thermal conductivity (Section 3.2.2) has been shown to
be dependent on soil type, soil moisture content and temperature, and so it will vary along
the length of the pipeline. This value can be measured directly from soil samples or by
monitoring the temperature profile along pipeline and by back analysis deriving an overall
heat transfer co-efficient (Archer et al., 1984). King (1977) and Lunardini (1981) used
classical heat transfer theory to develop a similar equation for heat flow from a pipe.

The prediction of the zero isotherm around a chilled pipeline is very difficult since, again,
local soil types and moisture contents must be known. Archer et al. (1984) used a simple
equation based on the radial temperature profile from a cylinder (Equation 4. 7) and provided
an approximate solution under British Gas operating conditions.

R, = R, ¢UrTp~TD @.7)
RL = Radiusto iéothcrm (m),
Y, = Heat transfer co-efficient (°C-1),
Tp, TL = Temperature of pipe and isotherm at R, (°C),
4.5 hill ipelin ion
4.5.1 Introduction,

The economics, security of supplies and physical barriers to Natural Gas transportation
have on the whole dictated the use of large diameter steel pipelines in preference to haulage.
Therefore the concept of gas pipelines operating at sub-zero temperatures has evolved from
the necessity to transport large quantities of Natural Gas from inaccessible locations to
demand centres. Sub-zero operation can take place either on route to or within the
Transmission System. Katz and King (1973) have discussed the merits of LNG, Dense
Phase and Chilled Mode gas transportation in connection with large diameter pipelines to
carry gas from Arctic fields to the Southern Canadian Transmission System. Both the
necessity to maintain the integrity of the permafrost and economics indicated that chilled
operation was most suitable. Normally chilled gas pipeline operation is a manifestation of
reducing the amount of pre-heat applied at upstream Pressure Reduction Stations within a
Transmission System (Archer et al., 1984, Kempner, 1968).

99



4.5.2 Chilled Gas Pipeline Operation in Temperate Climates,
At Pressure Reduction Stations (PRS's) there is a considerable economic saving to be made
if the amount of pre-heating prior to pressure reduction is minimized (Section 2.3.3). In
Britain it has been British Gas policy to operate the outlet temperature at +5°C, thus a study
was initiated to assess the lowest safe outlet temperature (Archer er al., 1984). Study
programmes in the USA have recognised the potential savings and have investigated
methodologies of reducing the troublesome soil-pipe interaction associated with frost
heaving (Kempner, 1968, Yie, 1968a, 1968b, 1969a, 1969b, Browning, 1970, Ahmad,
1978).

4.5.2.1  Brtain

Archer et al. (1984) undertook a full-scale trial involving assessment of the mechanical
integrity of the system as a whole, improving pre-heater efficiency, predicting temperature
distributions along the pipe and investigating soil-pipeline interactions. Two troublesome
soil-pipeline interactions were reported in the system under trial, namely frost heave and
ground cracking.

Frost heave can express itself as pipe heave and/or ground surface displacement, and the
pipelines were monitored at the points of restraint within the PRS's using strain gauges and
pipe heave rods. At Orrell PRS pipe displacement was monitored regularly and the restraint
on the pipe was minimized by releasing the pipe from above-ground mountings and
mechanical fixings. Pipe bending stresses were calculated from pipe displacement data
using a FEM computer program, and were found to be less than 20 Nmm-2 (20 MPa) which
did not adversely impair the integrity of the pipe. A maximum pipe uplift of over 85 mm
was reported in April of 1984 and had steadily risen to this level since November in
response to ground and pipe temperature drops (Figure 4.10). Ground heave was a concern
at road crossings but, since these are typically sleeved or buried at greater depths than
normal, it was suggested that it would not present a major problem (Archer et al., 1984).

Ground cracking was reported intermittently along that part of the pipeline within the
distance necessary for the gas temperature to rise above 0°C. The cracks consisted of a
vertical crack penetrating from the ground surface to its apex slightly above the pipe. At the
locations of ground cracking it was reported that no pipe or ground heave was observed
(Archer et al., 1984). It was suggested (Archer et al., 1984) that the cracks formed due to
moisture migrations to the frost front and to the ground surface for evaporation during
warm spells. This would ultimately produce a desiccated zone between the frozen soil
annulus and the ground surface (Figure 4.11), where a soil shrinkage crack would develop
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and enlarge. These ground cracks were observed to be more prevalent in clayey soils which
by their general nature are susceptible to soil shrinkage cracking (Reeve et al., 1980).
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FIGURE 4.10 Graph Showing Pipe Lift, Ambient Ground Temperature and Pipe
Temperature during the Pre-heating Season (Nov to May) at Orrell PRS

(after Archer et al., 1984).
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FIGURE 4.11  Diagrammatic Illustration of the Hydraulic Regime around a Chilled Gas
Pipeline incorporating Moisture Movements for Ground Surface
Evaporation.
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The cost saving for the trial involving the operation of two Pressure Reduction Stations
during the Pre-heating Seasons 1982-1983 and 1983-1984 amounted to about £550,000, of
which a vast majority came from the much higher flow Blackrod Station. Therefore the cost
savings were very significant and particularly appropriate to large diameter, high flow
National Transmission Pressure Reduction Stations (Archer et al., 1984).

4.5.2.2 North America,

Research into chilled gas pipeline operation has been carried out since the 1960's, for many
purposes. The initial work concentrated on problems due to the encasement of distribution
mains with frozen soil. This was a result of either operating the mains at sub-zero
temperatures or the penetration of the zero temperature isotherm into the ground to below
the pipe. Yie (1969a) noted that pipe stresses induced by frost heave downstream of a PRS
were known to result in excessive pipe bending stresses and even failure. Four
organisations have been identified involved in assessing potential problems, and
investigating mitigative solutions:-

1. Michigan Consolidated Gas Company, Detroit, Michigan (Kempner, 1968),

2. Consumers Power Company, Jackson, Michigan (Browning, 1970),

3. Institute of Gas Technology, Chicago, Illinois (Yie, 1968a, 1968b, 1969a and
1969b),

4  Northern and Central Gas Corporation Ltd, Ontario, Canada (H.Ahmad, 1978).

These all identified ground/pipe heave as the main problem and showed grouting to be a
very useful mitigative solution. Browning (1970) also suggested improving the drainage
characteristics of poor draining soils by installing land drains as a positive solution.

Kempner (1968) described a practical and effective method of controlling the ground
distress, caused by the operation of chilled gas pipelines, other than expensive pre-heating
of the gas prior to pressure reduction. In the 1958/59 Pre-heating Season four different
installations showed adverse effects due to the operation at sub-zero temperatures in the
distribution system operated by the Michigan Consolidated Gas Company, in Detroit,
Michigan (Kempner, 1968). There were also fifteen other installations operated under
similar conditions that did not experience any problems. As a result of these problems a
study programme was initiated (Kempner, 1968), paying particular interest to the main
problem which was the damage caused by ground heave and not the encasement of the pipe
by frozen ground.
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The study (Kempner, 1968) involved two main areas of activity:-

1.  Field measurement programme:- this was undertaken to study the formation of
the frozen annulus around the pipe and the extent of ground heaving. This
involved the measurement of the temperature regime around the pipe, the strain
in the pipe and the heave of the pipe. These measurements were undertaken at
seven locations within the distribution system. In addition soil samples were
taken to determine the particle size distribution and moisture content of the soils
at each location.

2. Soil additive programme:- this investigated methods to reduce or eliminate

ground heaving. Two types of additives were considered:-

1. additives to reduce the freezing point of the soil, eg. calcium chloride and
sodium chloride injection,

ii.  additives to reduce the permeability, eg. emulsified asphalt, cut-back
asphalt and Lignosol (a wood derivative).

Regulator Concrete Lignosol Injection
Vault Anchor Area December 1962

)

18.3m

25.0m

31.4m

38.7m

©  Pipe Movement Stations

« Lignosol Injection Locations

FIGURE 4.12  Plans Showing Pipe Movement Stations and Lignosol Injection Area
(after Kempner, 1968)

Freezing point-depression tests indicated that neither of the additives for reducing the
freezing point had any permanency, this was due to the leaching of the salts by the
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movement of the soil water. Permeability and capillary tests indicated Lignosol was the
most effective additive at reducing permeability. Thus, in late 1962, Lignosol was injected
around a gas main (Figure 4.12) at one of the locations which had previously been chosen
for pipe heave monitoring. During the first winter, pipe and ground heave remained the
same as in previous year, this was thought to be due to the fact that the Lignosol had not
dispersed completely around the pipe. However when the ground thawed in the next
summer, dispersion was able to take place, this was demonstrated by the reduction in pipe
heave in the following six years (Figure 4.13). Up to 1968 when this paper was published
(Kempner, 1968), five other locations had been treated with Lignosol and showed positive
results both from the cost savings (ie. not having to run pre-heaters) and reductions in the
ground and pipe heave. A similar successful trial (Ahmad, 1978) was carried out by the
Northern and Central Gas Corporation Ltd, Ontario, Canada. In this trial Lignosol was
again used to control both pipe and ground heave.
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FIGURE 4,13  Pipe Movements at Station No.3 (adapted from Kempner, 1968).

During 1968-1969 a test program was undertaken by Yie (1968a, 19685. 1969a, 1969b) at
the Institute of Gas technology, Chicago, Illinois funded by the American Gas Association.
The objective was to find a mitigative solution to the breakage of cast iron mains which
occurred more frequently during the winter months. This has been attributed to the zero-
isotherm penetrating below the pipe in response to freezing air temperatures. The cast-iron
main breakage was due to soil/pipe interaction as a result of either pipe heave or thaw
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settlement of the surrounding ground, both giving rise to differential movements. The
project considered grouting as a solution, initially identifying ten grouting processes (Yie,
1968a). The Polymer grouting process was selected for further study after an extensive
literature survey. This process involved the injection of two free-flowing monomers into the
soil, polymerisation into hard or rubbery solids subsequently occurring in the soil pores.
Lignosol, which has been used by both Kempner (1968) and Ahmad (1978), was rejected
due to problems with its grouting properties (viscosity, permanency, etc). The two polymer
grouts used were a Phenol grout and a Siroc grout (similar to AM-9 which is a widely used
one-shot chemical grout).

Four sites were selected and the results showed that both grouts were effective in stabilizing
the soil around the pipe, and considerably reduced water migration to zones where ice
lensing would cause pipe heave (Figure 4.14). To assess the grouting effectiveness a
vibration technique was used. This involved dropping a standard mass on the ground before
and after grouting and measuring the pipe vibration from a riser linked to a chart recorder.
Soil-pipeline interaction conditions were adequately reflected by the vibration characteristics
of the pipe, with the accuracy improving when the mass was dropped closer to the riser

(Yie, 1969b).
/ Injection pipes \\

Grouted
soil

FIGURE 4.14  Grout Injection Using a Single or Double Pipe Technique (after Yie,
1969a).

4.5.3. Arctic and Northern Pipelines,

Davison et al. (1979), Jahns and Heuer (1983) report on potential mitigative solutions for
frost heave and permafrost protection in Arctic climates. Since interest in Northern pipelines
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started in the early 1970's large-scale research facilities have been constructed and operated
to assess the potential problems associated with transporting very large volumes of chilled
natural gas from Arctic Regions, to southern consumers many hundreds of miles away.
Problems are a result of the "permanent” frozen annulus around the pipeline which, if
conditions are favourable for frost heaving, would lead to excessive pipe heave. The
structural integrity of the pipeline at the interfaces between frost susceptible and non-frost
susceptible soils, such as discontinuous permafrost zones could also be threatened due to

differential heaving of the pipe (Figure 4.15).
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FIGURE 4.15 Pipeline Subject to Differential Frost Heave Forces.

Calgary was one of two frost heave test facilities operated by the Foothills Pipelines and its
American partner Northwest Alaskan Pipelines. The other test facility is in Fairbanks,
Alaska and very limited information is available on the results obtained (Slusarchuk er al.,
1978, Carlson et al., 1981, Carlson, 1984, and Williams, 1986). A further test facility was
operated in Inuvik by the above organisations to assess the effect of warm gas pipelines on
permanently frozen ground (Hanna et al., 1983, Carlson er al., 1983, Carlson 1984,
Williams, 1986). Extensive laboratory testing programmes have been undertaken to
compliment the data received from the test facilities. The overall objective of these
programmes was to develop an empirical engineering model for frost heave prediction with
respect to chilled gas pipeline operation (Slusarchuk er al., 1978, Nixon et al., 1981 and
Nixon, 1982).

At the Calgary test facility the upper stratum was a very frost susceptible silt, over 8 m
deep, with the water table about 2 m below the ground surface (Slusarchuk er al., 1978).
These characteristics coupled with freezing air temperatures in the Winter and chilled gas
flowing through the pipeline produced ideal conditions for excessive frost heave
displacements. The facility was constructed in the Winter of 1973-74 and initially consisted
of four sections of 1.22 m diameter pipe operating at -10°C, the cross-sections are shown in
Figure 4.16 (a),(b),(c) and (d). The objective was to assess the mitigative potential of the
following on frost heaving:-

106



1. Increasing the depth of burial of the pipe,
2.  Applying restraint to the pipe, and
3.  Replacing the soil under the pipe with a non-frost susceptible gravel pad.
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FIGURE 4.16 Diagrammatic View of the Six Test Sections at the Calgary Test Facility
(after Carlson et al., 1981).

All the sections (Figure 4.16 (a), (b), (c) and (d)) were backfilled with the material
excavated from the trench (Slusarchuk et al., 1978). Measurements of the following were
taken in all six sections (Carlson et al., 1981, Carlson, 1984):-

Temperature profile around pipe - vertical thermistor arrays,

Pore water pressure - pneumatic piezometers,

Ground heave - heave gauges,

Pipe movement - pipe heave rods,

Ambient air and ground temperatures - thermistors and thermistor strings,
Rainfall - rainfall gauges.

ol o ol

Figure 4.17 shows the development of pipe heave and frost front penetration below the pipe
in the non-insulated sections until the end of 1980. The values at the end of 1980 are given
in Table 4.1. Figure 4.17 illustrates the mitigative potential of deep burial, restraint and
gravel bed sections (Slusarchuk et al., 1978, Carlson, 1984) and the effects of the
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subsequent imposition of a 1.5 m high soil berm. It should be noted that, in the gravel
section, the pipe heave reached a limiting value in 1979/80, with the subsequent responses
being directly related to seasonal temperature fluctuations.
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FIGURE 4.17 Pipe Heave and Depth of Frost Penetration Below Bottom for Non-
Insulated and Insulated Sections (after Carlson, 1984).
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Section Pipe Heave (m) Frost Penetration

Below Pipe (m)

1980-end 1977-mid | 1980-end 1977-mid
Control | eee-- 0.60 2.7 2.7
Deep Burial 0.69 0.54 2.7 2.7
Restraint 0.43 0.39 2.7 2.7
Gravel Bed 0.40 0.27 2.7 P

TABLE 4.1 Pipe Heave and Frost Penetration for Non-Insulated Sections at the end of
1980 and in mid-1977.

In 1977 two more sections were installed so that the pipes were insulated with 16 mm of
polyurethane and the operating temperature was maintained at -10°C, The first insulated
section was backfilled with the excavated silt and in the other section the pipe was
surrounded in imported gravel fill with silt merely used as backfill above the pipe (Figure
4.16 (e) and (f)). The pipe heave and frost penetration shown in Figure 4.17, for the
insulated sections are very different to those for the non-insulated sections, being
significantly less than were measured in the non-insulated sections after similar operating
times. Pipe heave and frost penetration were negated in the summer months, showing that
these quantities fluctuated in response to annual temperature fluctuations. Insulating the pipe
sections is a very effective method in reducing both pipe heave and frost penetration,
particularly when the section is backfilled with gravel (Carlson, 1984).

The movement of a frost bulb around the deep burial non-insulated section is shown in
Figure 4.18. This illustrates the initial rapid growth and the effect of sub-zero ambient air
temperatures in the Winter on the shape of the frost bulb.
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FIGURE 4.18  Frost Penetration around Deep Burial Section (after Slusarchuk et al.,
1978).
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Extensive laboratory testing programmes were undertaken to supplement data received from
the large-scale field test. The laboratory testing programme was mainly centred on the
unidirectional freezing of small soil samples (approx 100 mm in diameter and 100 mm in
height) under controlled conditions (Carlson et al., 1981). This involved varying cold and
warm side temperatures, applied pressure, access to water etc. When comparing the
parameters of heat flux, time and soil volume with respect to the small-scale laboratory tests
and the large-scale field test, it is obvious that difficulties would emerge in modelling
(Nixon er al., 1981). Thus a cold plate (Nixon et al., 1981, and Nixon, 1982) 0.76 m in
diameter was developed, allowing these parameters to be more closely modelled. These cold
plates were placed in situ (Figure 4.19), thus allowing a better representation of the soil and
ground-water conditions to which a section of pipeline would be subject. An in situ cold
plate is particularly useful in areas which are difficult to model in the laboratory such as silty
gravels, loose sands, low water table, etc (Nixon er al., 1981). A frost bulb forms under the
plate, and frost heave may occur depending on the in situ soil conditions. The cold plate
installation allows plate heave, temperature profile under and total vertical stress on the plate
to be measured with time.

Ground
Surface

50 mm
Insulation

Sleeved
Anchor
Rod

Riser Rod In
Grease Filled
Plastic Pipe

Gloetzl Cell

75mm

lnsulalloﬂ OO T

Concrete -

Grout Steel Base Plate

+——— Thernmister String

0.75m ¢
Cold Plate

FIGURE 4.19  Tllustration of Frost Heave Test Plates used at Calgary Test Facility (after
Nixon, 1982).
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An ice-segregation theory was developed to predict frost heave from the initial results at the
test site and involved plotting graphs of pipe heave against frost front penctration depth. The
critical parameter is the ice-segregation ratio (ISR), which is the ratio of pipe heave to frost
front penetration depth, and it is dependent on the pressure at the frost front and the frost
penetration rate (Carlson et al., 1981). The incremental ice-segregation ratio is calculated as
a series of incremental heaves from Equation (4.8)

HEAVE = YAH =z[AISR(x.Pf]] AX (4.8)

ISR Ice-segregation ratio,
X =  Frost penetration depth (m),
Pg Pressure at frost front (kN m-2).

Carlson et al. (1981) reported that further testing was underway, but its application has not
since been reported. The results from the laboratory tests were later input in to the
Segregation Potential Method of frost heave prediction (Section 3.3.6.4) to predict frost
heave of the non-insulated test sections at Calgary test facility. Good agreement has been
found between these predictions of heave and the observed heave (Konrad and
Morgenstern, 1984). However Nixon (1986) and, Carlson and Nixon (1988) have
advocated the use of their 2-D thermal simulator which incorporates a Modified Segregation
Potential Theory to improve the prediction of frost heave of the non-insulated test sections.

In the early 1980's the test sections underwent considerable thawing resulting from ice
blockages in the pipes. During 1982 a Canadian Governmental Agency took an interest in
the project and undertook more detailed studies on the sections (Burgess, 1985) and finally
in March 1986 the site was dismantled (Williams, 1986, Carlson and Nixon, 1988). During
the dismantling stage the opportunity was taken to log the frost bulb around the deep burial
and insulated silt section (Carlson and Nixon, 1988). They found that the ice lensing in the
deep burial section was more pronounced than in the insulated silt section and that the
orientation of the ice lenses tended to be influenced more by stratigraphic features than the
direction of the thermal gradient towards the chilled pipe.

Williams (1986) criticized the nature of the test facility since its primary function was to
demonstrate the positive mitigative effect that the application of overburden pressure on pipe
heave. He also suggests that the sections were laid without due concern for the previous
stress and freezing history of the soil at the site. Since the soil conditions were not carefully
selected the results yielded could not be analyzed from a fundamental viewpoint.
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The Fairbanks frost heave test facility has been described by Hale (1979), Beheshti (1980),
Carlson (1984), again operating 1.22 m diameter pipe sections at between -10 and -13°C at
4.8 Nmm-2 (4.8 MPa). Ten pipe sections are buried in various ditch configurations to
measure the effects of rapid freezing, gravel backfill and pipe insulation, a single section
was buried across a transition zone between a frost susceptible and non-frost susceptible
soil, and a further section in frozen ground to quantify secondary heave effects (Beheshti,
1980). This test was much more carefully and extensively monitored than the Calgary site
and, included heat flux transducers, heave rods, radial extensometers, strain gauges and
pressure transducers (Beheshti, 1980). The test facility was also operated to validate
Hwang's numerical model for 2-D frost heave. As with Calgary very limited information
has been published and that this may have been due to the adverse results obtained in
respect to pipe heave by the sponsoring organisations (Williams, 1986). In 1982 a joint
Canadian-French Study at a large-scale indoor facility at Caen, France was instigated to
investigate the fundamental behaviour of the soil around a chilled gas pipeline in Northern
climates (Geotechnical Science Laboratories, 1989).

4.5.4 Caen Test Facility,

This represents the most thorough investigation into the soil behaviour at and in close
proximity to a frost susceptible/non-frost susceptible soil interface in response to chilled gas
pipeline operation. The test facility was previously used by French scientists to investigate
the behaviour of pavement structures under frost action. The facility provides a temperature-
controlled hall, 8 m wide and 18 m long, which can be filled with soil to a depth of 2 m.
The indoor environment provides two main advantages for large-scale testing:-

1. natural variations in hydrological, thermal and soil conditions are largely
eliminated, and initial conditions can selected to suit the environment to be
modelled,

2. the _protected environment allows more detailed and comprehensive
instrumentation than can be achieved in the field.

An understanding of water migration in the unfrozen and frozen soil, and the resultant frost
heave pressures are of great importance to the successful operation of chilled Arctic
pipelines (Kettle, 1984). Thus the indoor environment can reduce the number of variables
such as environmental conditions and soil homogenity, therefore providing comparative
results relating the soil hydraulic, thermal and stress regimes.
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4.5.4.1  Description of Test Facility,

An 18 m length of 273 mm diameter steel pipeline was buried in the facility at a depth of
330 mm across a transition between a non-frost susceptible sandy soil and a highly frost
susceptible silt (Figure 4.20). The physical characteristics of the soils are described in Table

4.2.

Caen Silt Snec Sand

% by weight

Clay (< 0.002 mm) 5-15 -

Silt (0.075 - 0.002 mm) 85-90 10

Sand (0.075 - 5 mm) 10 80-90
Gravel - 10

Wp 21% -

wi 28.5% -

I 7.5 -

lﬁnﬁlc_d' Soil Classification ML Sw -Sp
Unfrozen Permeability 1x 109 ms-! 1 x 10~ ms-1
Dry Density 1.8 x 103 Kg m-3 2.05 x 103 Kg m-3
Dry Density in situ 1.65-1.7 x 103 Kg m-3 | 1.8-1.85 x 103 Kg m-3

TABLE 4.2 Physical Characteristics of the Soils at the Caen Test Facility.

The soils were placed in the pit in 300 mm layers and compacted using a vibrating plate and
small roller. The ground water table in the soils was maintained with a basal irrigation
system at a level approximately 300 mm below the pipe. Separate refrigeration systems
were used to control the air (ground surface) temperature and the temperature of the air
circulating through the pipe. A fuller description of the test facility is provided by Burgess et
al. (1982). Table 4.3 shows the dates of the freeze-thaw cycles to which the test facility has
been subjected since its start-up in September 1982.

Event Date Date Operating | Conditions
From To Air/Ground | Pipe temp
| temp (C) | (*C)
First freeze 21/9/82 8/6/83 -0.75 -2.0
First thaw 8/6/83 17/10/83 4.0 -2.0
Second freeze 17/10/83 18/9/85 -0.75 -5.0
Second thaw 18/9/85 . 1/2/86 4.0 ambient
Re-instrumentation |  1/2/86 3/3/86 - -
Third freeze 3/3/86 25/2/87 -0.75 -5.25
Third thaw 25/2/87 25/5/89 4.0 ambient
Shutdown 21/5/87 6/1/88 - -
Fourth freeze 6/1/88 24/5/89 -0.75 -5.25
TABLE 4.3 Operating Cycles at Caen Test Facility (after Geotechnical Science

Laboratories, 1989),
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FIGURE 4.20a Longitudinal Section Through the Caen Test Chamber (after Kettle,
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4.5.4.2 Instrumentation,

Instrumentation of the thermal, hydrologic, pipe deformation regimes and soil physical
parameters was effected prior to the first freeze-cycle (Geotechnical Science Laboratories,
1983). This included heat flux plates and arrays of thermocouples that were logged by an
automatic data acquisition system. This was supplemented by manual measurements of
thermistors, water levels, ground surface levels, tensionmeters, glotzl pressure cells,
telescopic heave tubes, frost depth tubes, TDR moisture content probes, pipe deflection,
pipe curvature and pipe strain. Other, less frequent measurements, included soil density
profiling and gravimetric water content determinations (Dallimore and Crawford, 1984).
After the second thaw period further magnetic heave devices, Petur pressure cells and
thermistor strings were installed (Geotechnical Science Laboratories, 1986b).

4.5.4.3 Qbservations and Results,

These have been reported in considerable detail in a series of interim reports on the
experiment (Geotechnical Science Laboratories, 1982,1983, 1984a, 1985, 1986a, 1986b,
1988a, 1988b, 1989, Dallimore, 1985) and in the proceedings of two seminars held at Caen
(Geotechnical Science Laboratories, 1984b, 1991), and so this section only outlines the
main results achieved at the test facility.
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A : Silt (Ist cycle)
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FIGURE 4.21 Progression and Recession of the Frost Front beneath the Pipe (after
Dallimore and Crawford, 1984).

Figure 4.21 illustrates that lowering the pipe temperature from -2°C in the first freeze cycle
to -5°C in the second freeze cycle, with constant air temperature, results in a quicker
progression of the frost front beneath the pipe. Dallimore and Crawford (1984) noted that
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during the second freeze period that it took only 60 days for the frost front to penetrate to
the same depth in the silt as at the end of the first freeze period after 250 days. The
progression and recession of the frost front is faster in the less frost susceptible sand due to
its higher thermal conductivity and lower water content.
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FIGURE 4.22a Deformation of the Pipe during the Third Freeze Cycle (after Geotechnical
Science Laboratories, 1988a).
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FIGURE 4.22b Pipe Bending Stress during the First Freeze Cycle (after Geotechnical
Science Laboratories, 1988a)
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Pipe deformation began during the initial weeks of freezing and was due to the differential
heave between the silt and the sand. The results of the first freezing period are illustrated in
Figures 4.22a and b. The rate of heaving is greatest early in the freeze cycle, when the frost
front advancement is quickest, and slows with time. At the end of the thawing period, there
was still some residual heave, 20 mm in the silt and 10 mm in the sand. This residual heave
increased at the end of the second and third thawing periods respectively and indicated a
progressive jacking of the pipe in the silt section (Figure 4.23). During the second freezing
period, due to lower gas pipe temperatures there was considerably more pipe deformation
and bending stress than in the first freezing period. Analysis was carried out by a number of
different methods, of which strain gauges provided the most reliable stress values (Bowes,
1984). In first freezing period the maximum bending stress reached approximately 50% of
the yield stress, however in the second period 85% was reached (Geotechnical Science
Laboratories, 1985). Thus, if the pipeline had a significant operating pressure, it would be
operating beyond its yield stress, and therefore the pressure would have to be dropped. In
the design stage, this would necessitate either a more expensive pipe with a thicker wall or
the adoption of a special geotechnical design to limit pipe heave (Geotechnical Science
Laboratories, 1985, 1986a). Thermal considerations indicate that the amount of net heave
during the second, third and fourth freezing periods should be equal after comparable time
periods however, at the end furthest from the interface in the silt section, the heave at 99
days increased from 98.8 to 107.7 to 114.0 mm over these three periods. This indicates that
the soil was undergoing a structural change (Geotechnical Science Laboratories, 1988b).
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FIGURE 4.23  Vertical Pipe Profile at the Start of Each Freeze Cycle (after Geotechnical
Science Laboratories, 1989).
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Soil pressure beneath the pipe was initially monitored using Gloetzl cells and in the fourth
cycle by much smaller Petur cells. An unexpected result from the three later cycles was that
the total stress in the soil below the pipe exhibited minimal increase until the frost front
descended to its level when it increased significantly. After the pressure cell was encased in
the frozen soil the total stress increased up to a constant level and in the case of the cell at 10
cm below the pipe the total stress later gradually reduced (Figure 4.24). This increase in
total pressure implied that it was the frozen annulus, rather than the surrounding unfrozen
soil, that provided the reaction to the frost heave force and consequently for pipe uplift. To
take this to its natural conclusion the pipe is therefore surrounded by a frozen soil annulus
that acts in a manner to crush it (Geotechnical Science Laboratories, 1985). Figure 4.24 also
illustrates the effect of the breakdown of the compressor (about day 100) on the total stress
within the frozen annulus, there is an associated fall in the total stress which was partially
recovered upon the successful repair of the compressor. This shows that the internal
pressure is very temperature dependent, and these internal pressures were further
investigated in small-scale laboratory tests (Williams and Wood, 1984, 1985b) and have
been discussed in terms of thermodynamics and creep properties of frozen soil in Section
3.3.4. In the fourth cycle the Petur cells were installed to monitor the downward, lateral and

total soil stresses developed during the test.
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FIGURE 4.24 Soil Pressures at the B-B Section (4.5 m from the Transition) Below the
Pipe in the Silt Section during the Third Freeze Cycle (after Geotechnical
Science Laboratories, 1988a).

Telescopic heave tubes and magnetic heave devices monitored the relative vertical movement
between a number of points within the soil. At Caen they were used to monitor the total
frost heave within layers of soil as the freezing progressed downwards (Geotechnical
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Science Laboratories, 1989). The amount of heave was expressed as a percentage strain of
the initial unfrozen soil layer (Figure 4.25). The strain rate decreases and the total strain
increases with time and consequently with depth of frost penetration in the silt section. At
the onset of freezing the rate of frost penetration is rapid and the rate of frost heave is high,
however as the frost penetration rate slows increasing quantities of water will arrive at the
frozen front under generated suction forces. This increased accumulation of water produces
greater frost heave and soil strain but lower heave and strain rates within the lower layers. It
can be seen from Figure 4.25 that strain increases after the layer is fully frozen and
demonstrates that secondary (Continued) heave is a significant process in Caen Silt. It is
more evident in the lower layers when the thermal gradient is low (Geotechnical Science
Laboratories, 1989).
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FIGURE 4.25 Soil Strain 25 cm Perpendicular to the Pipe Axis at Section B-B during
the Third Freeze Cycle (after Geotechnical Science Laboratories, 1988a)

During the freezing cycles the ground surface heaved in response to both the freezing air
and pipe temperatures. Typical ground profile movements, in the third freezing cycle in the
silt section, are shown in Figure 4.26. These demonstrate that the pipe operating
characteristics had the greatest influence on frost heave with the soil immediately above the
pipe exhibiting the highest heave (Geotechnical Science Laboratories, 1986b). Ground
heave was more prominent in the frost susceptible silt and this is illustrated in Figure 4.27
which shows the net ground heave on day 503 of the fourth freeze cycle (Geotechnical
Science Laboratories, 1989). It is also evident from Figure 4.27 that the pipe-frozen
annulus exerts an influence on the frost heave of the soil along the pipe axis and thus the
ground surface. Geotechnical Science Laboratories (1989) note that, generally, the heave
rate decreased as the freezing period continued.
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FIGURE 4.26 Ground Surface Heave along Section B-B during the Third Freeze Cycle
(after Geotechnical Science Laboratories, 1986b)

FIGURE 4.27 Net Ground Surface Heave on Day 503 of the Fourth Freeze Cycle (after
Geotechnical Science Laboratories, 1989).

Ground cracks were observed during both the freezing (Geotechnical Science Laboratories,
1985) and thawing periods (Geotechnical Science Laboratories, 1986b). The cracks
observed in the second freeze cycle were parallel to and on both sides of the pipe (Figure
4.28) and were inclined away from the pipe. The pipe had a residual upward displacement
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at the end of each freezing period and, coupled with soil consolidation during thawing, it
was suggested that the cracks formed during thawing were a result of the resultant upward
displacement of the pipe relative to the surrounding soil (Figure 4.29). Therefore the cracks
are more prominent in the silt and enlarged as thawing proceeded since there was a greater
residual upward pipe displacement in the silt section (Figure 4.23) (Geotechnical Science
Laboratories, 1986b).

Water profiles (Geotechnical Science Laboratories, 1986a) were monitored using Time
Domain Reflectrometry (TDR) and these showed that the unfrozen water content decreased
in front of the descending frost front. It was suggested that this was a result of the partial
desiccation of the unfrozen soil due to moisture migration to the freezing front. This zone of
desiccation was reported to increase in length as the rate of frost penetration slowed
(Geotechnical Science Laboratories, 1986a).

More recently Van Vliet-Lanoe and Dupas (1991) have reported on the change in the soil
structure resulting from repeated freeze-thaw cycles at Caen. Upon the excavation of pits in
the silt section during the fourth cycle, the ice lens arrangement shown in Figure 4.30 was
observed. The ice lenses close to the pipe were circular while those further away were
observed to incline towards the pipe.

The ice lens arrangement in Figure 4.30 is not simply a function of the thermal conditions
prevailing at the time of observation, but a very complex inter-relationship between (Van
Vliet-Lanoe and Dupas, 1991) :-

. The test operating conditions,
Differential consolidation shearings during thaw settlement,
Variable thermal gradients during the freezing cycles,

bl

Redistribution of hoar ice above the pipe that was formed during the failure of
the air circulating system.

The trend of increasing frost heave during the freeze-thaw periods was thought to be related
to the changing soil structure (fabric) occurring during each cycle. Van Vliet-Lanoe and
Dupas (1991) note that the aggregates formed during freezing are very stable during slow
thawing and are strengthened during re-freezing due to the pressures exerted by a growing
ice lens. It takes some four to five cycles for the soil structure to be permanently modified
and subsequently the ice lenses reform at specific locations due to the formation of fissures
which also allow easier water movement along a suction gradient. Thus the frost heave
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capability of a soil will increase in response to the alteration of the soil structure by cyclic
freezing.

FIGURE 4.30 Ice Lensing around the Caen Pipeline (after Van Vliet-Lanoe and Dupas,
1991).

Mathematical modelling of the experiment has been undertaken in both France (Blanchard
and Fremond, 1985) and in Canada (Geotechnical Science Laboratories, 1988b and 1989)
with both groups showing success in matching the moisture, thermal and stress fields. The
application of the Segregation Potential concept to the prediction of heave had previously
been shown to give reliable estimates from 100 to 350 days using consolidated laboratory
specimens however, beyond this period, considerable over estimation of heave is likely
(Smith et al., 1985). Geotechnical Science Laboratories (1988a) demonstrated that the
restraint imposed on the frozen soil by the pipe results in a decrease in the Segregation
Potential of the soil with time.

4.5.4.4 New Experimental Design,

During early 1991 the test site was refurbished and new experimental design undertaken.
The new experiment has been designed to investigate the effect of a transition zone on
differential pipe displacement. The transition zone represents an abrupt demarcation in a
discontinuous permafrost area between permafrost and unfrozen soil. Thus the whole test
facility has been filled with Caen silt, with half the facility being subject to sub-zero
temperatures until the soil was nearly all frozen and the other half being maintained at
ambient air temperature. Thus the pipe is 'locked in' in the permafrost side and subject to
frost heave pressures on the 'warm side',

124



The facility is being operated, as before, with an ambient air temperatures of -0.75°C and a
pipe temperature of -5°C. The basic conditions, pipe diameter, depth to water table etc. have
not been changed to allow comparison between this new test and previous freeze-thaw
cycles. The instrumentation is basically the same as in the previous test, except that more
magnetic heave devices have been added and these are located close to thermistor strings.
Load cells have been attached to the underside of the pipe to monitor the soil pressures
exerted on the pipe and linear voltage displacement transducers have been attached to the
pipe to monitor lateral pipe movement. This new test is being supported by both Canadian
and French Governmental Agencies in conjunction with a number of oil and gas companies
under the guidance of Foothill Pipe Lines (Canada). A smaller length of pipe has also been
embedded in the soil and is operating under the same conditions as the main pipe but will, at
a later date, be subject to a slow pull-out test. Complete freezing of the permafrost section
was completed in August 1991 and the test initiated.

4.6 mall-Scal

Physical small-scale studies have been undertaken to investigate soil-pipeline interactions
under carefully environmental conditions. Normally a limited number of interactions are of
interest in the experiment and therefore a full scaling down of all the soil and pipe
characteristics is not necessary.

4.6.1 Chilled Pipe Operation,

Parmuzin et al. (1988) describe a physical model to verify their mathematical model to relate
pipe heave at any instant during operation to the growth of the frozen annulus below the
pipe. The equations presented take into account the soil parameters, pipe characteristics and
are based on the pipe, pipe fluid, frozen soil, unfrozen soil masses together with the shear
resistance of the overburden soil and that at the unfrozen/frozen interface. The physical
model involves a 76 mm pipe of 0.3 mm thickness placed at a depth of 120 mm to its crown
in a metal box of dimensions 4.05 x 1.5 x 1.6 m (L x W x H), the pipe could be clamped at
either end or allowed free movement. The box was filled with a frost susceptible heavy
loam and the water table held between 250 and 280 mm below ground level, Measurements
of the soil temperature and pipe displacement were taken and air was circulated at -20, -30
and -60°C through the pipe. The results were reported for the first 24 hours of operation,
and indicated that the rate of freezing directly influenced the rate of frost heave. The pipe
displacement was also reported to be a linear function of the increase in the size of the
frozen annulus.
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The authors (Parmuzin et al., 1988) noted that it would be necessary to investigate the effect
of pipe diameter and to operate full-scale tests to further verify their results. The duration
and pipe temperature of the tests suggests that little if any ice segregation took place and so
it is therefore not surprising that, in a uniform soil under non-variable environmental
conditions, there was a direct relationship between frost/pipe heave and growth of the
frozen annulus.

4.6.2 ntrollin A nd Chilled Pipeli
Svec (1980) and Vermeulen et al., (1981) have operated physical models of a chilled gas

pipeline surrounded by frozen soil. The objectives of their studies was to investigate the
control of frost heave by using electrical heat cables to thaw the soil under the pipe.

Svec (1980) investigated the negation of ice lenses by using both a layer of insulation under
the pipe and heat cables at either side of the insulation (Figure 4.31). The objective was to
reduce vertical pipe heave but to permit the development of the less destructive horizontal
frost heave. The apparatus consisted of a plexiglass tank 203 x 406 x 305 mm (L x W x H),
with a brass pipe (50.8 mm O.D.) passing through it, the arrangement allowed the pipe to
heave vertically and insulation at each end of the pipe ensured 2D heat flow. The
temperature was measured with 56 thermocouples and two dial gauges monitored pipe
displacement. The pipe was operated at sub-zero temperatures and the heat input to control
frost heave was monitored. The results illustrated the mitigative potential of heat cables and
the reliability of his numerical model.

Plexiglass 'O’ Ring

305

25.4
19.1 -

19.1 406.4 19.1

All Dimensions in mm

FIGURE 4.31  Cross-Section of Model Tank used by Svec (1980).
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Vermeulen et al. (1981) constructed a physical model (Figure 4.32) to investigate a
mitigative solution to areas where frost heave had become a problem. This simply involved
installing electrodes at each side of the pipe and applying a voltage. This produced a melt
zone between the two electrodes and in later tests between pairs of electrodes displaced
longitudinally along the pipe. The model was scaled to adequately represent the relationship
between the physical properties and the electrothermic reactions. The model was 127 x 152
x 127 mm (L x W x H), constructed from PVC (Figure 4.32), and a 2.54 cm diameter
plastic pipe (representing a mechanical scale factor of 64) was placed in the soil which was
frozen before the heat tests were undertaken. The results indicated the potential of
electrothermic scale modelling and provided information on the mitigative potential of
permafrost thawing by electrical heating (Vermeulen et al., 1981).

Electrodes PVC Pipe
\ O.D. = 25.44 mm
Wall = 3.2 mm

PVC Wall
13 mm

FIGURE 4.32  Cross-Section of Model Tank used by Vermeulen et al. (1981).

4.6.3. Freezing Air Temperatures on Pipe Stresses,
Edil and Bahmanyar (1983) have reported on their physical model to further investigate the

imposition of a descending freezing front on pipe stresses. The model was constructed from
12.7 mm plexiglass sheets, and the container is 1.83 x 0.61 x 1.22 m (L x W x H) and
made up of two sections 0.61 m high (Figure 4.33). The tank was insulated around the
sides and on the bottom using 51 mm thick styrofoam boards. The pipe was 54 mm (O.D.)
and made of copper and water was pumped through during the test. The pipe had a number
of strain gauges attached to it and 8 thermistors were installed in a vertical plane above and
below the pipe. The apparatus was placed in a cold room and freezing air temperatures
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produced a descending frost front. The results from this test have been described in Section
4.4.3.

Thermistors

12.7mm
Plexiglass
Sheet

1.17m

54mm O.D.
Copper Pipe

0.61m

FIGURE 4.33  Cross-Section of Model Tank used by Edil and Bahmanyar (1983).

4.6.4 Thaw Settlement Tests Using a Centrifuge.

Experiments using centrifuges have been used in geotechnical engineering to model soil-
structure interactions for over fifteen years. Centrifuges have been used to investigate the
soil-pipeline interaction associated with thawing beneath warm oil pipelines buried in
shallow offshore areas in Arctic Regions (Vinson and Palmer, 1988). A small-scale test
provides scale modeling due to gravity only, however a centrifuge test allows the stress-
strain and strength of the soil to be fully scaled in relation to a full-size test. The pipe, pipe
thickness, depth of burial etc are directly scaled from expected field conditions. The model
is placed in a bucket at the end of a 4 m arm attached to the centre of the centrifuge and is
then rotated to produce a radial acceleration equal to the scale of the model conditions in
relation to gravitational acceleration. The stress and strains in the model are a scale
equivalent to those in practice and the displacements can be scaled to those in practice by
using the scaling factor used in model and radial acceleration.

Vinson and Palmer (1988) used a cohesionless sand and a saturated compressible clay to
represent the ice-rich permafrost and thawing permafrost. This is an idealization of the soil
conditions since it neglects thermal considerations, however the clay will settle with time
thus representing thawing behaviour. Conversely sand only exhibits settlement at very high
inertial accelerations, and its settlement is not time dependent. The scaled pipe is placed over
the clay block, the size of which is dependent on the size of the thawing zone to be modelled
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(Figure 4.34). During the tests ground and pipe displacement, pipe strain and pore water
pressures in the clay were monitored. Ten tests under various experimental conditions were
undertaken, and results indicated that centrifugal testing is a satisfactory method for
investigating soil-pipeline interactions associated with thawing soils.
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FIGURE 4.34 Centrifuge Model for Pipe Thaw Settlement (after Vinson and Palmer,
1988).

4.6.5 Uplift Pipe Tests.

Laboratory tests have been undertaken to define the load-displacement characteristics of
pipes subject to upward vertical displacements under varying depths of burial, soil type and
density etc. (Matyas and Davis, 1983b, Trautmann ez al., 1985).

Trautmann ez al. (1985) constructed a model (Figure 4.35) with chamber dimensions 2.29 x
1.22 x 1.52 m (L x W x H). The walls were made of two 20 mm thick layers of plywood
and strengthened with 50 x 250 mm struts to reduce side deflections during pipe loading.
The inside of the plywood was covered with Formica to reduce side friction and a 12.7 mm
thick glass window of dimensions 1.5 x 0.9 m was installed to allow observation of the soil
during pipe loading. A steel pipe 102 mm (O.D.) with a wall thickness of 3.2 mm and a
length of 1.2 m was jacked up by two rods at either end of the pipe. Sand was placed in 50
mm layers in the chamber by a hopper, with white powder and short dowel bars placed
adjacent to the window. The upward average rate of movement was 20 mm/min and
continued until displacement was between 50 and 100 mm. From this the force-
displacement characteristics of the system were determined. The results of this study have
been discussed in Section 4.3.2.1.
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FIGURE 4.35 Physical Small-Scale Model used by Trautmann ez al.

(1985) for Pipe Pull-Out Tests.

4.7 Summary.

Soil-pipeline interactions can produce detrimental effects on safe pipeline operations and
these interactions typically involve the relative movement of the pipe in relation to its
surround soil mass. Chilled gas pipeline operations have also produced soil-pipeline
interactions and this project specifically investigates the effect of frost action on the soil
surrounding a pipeline. In this chapter it has been demonstrated that large frost heave
pressures have been generated in the presence of sub-zero temperatures which have severely
affected the integrity of roads, ice rinks, buildings etc. Subsequently this discussion was
extended to cover pipeline operations in both the UK and the USA which highlighted the
problems with frost heave and ground cracking. However, grouting around the pipeline has
been shown to substantially reduce frost/pipe heave. The experiment at Caen (Section
4.5.4) has approached chilled gas pipeline operation on a fundamental basis, and has
provided valuable data on both frost heave and pipe movements. The final section of this
chapter has described the various small-scale laboratory models that have been operated to
investigate either relative pipe movements or pipeline operations involving frost action.

The soil-pipeline interactions of frost heave and ground cracking have been shown to be
problematic ie. how they affected the safe operation of a pipeline. Whilst the origins of
frost/pipe heave are known, those relating to ground cracking are more uncertain. British
Gas have found both interactions to be problematic (Archer et al., 1984), and also their
prediction is very complex and uncertain. Therefore this study programme was initiated to
assess and define the soil-pipeline interactions of ground cracking and frost/pipe heave.

130



CHAPTER 5 SCOPE

The study programme has involved two clear stages with, initially, the assessment and,
secondly, the definition of the mechanisms of the soil-pipeline interactions associated with
the sub-zero temperature operation of large-diameter, high pressure Natural Gas pipelines.
There are principally two types of mechanisms, frost heave and ground cracking, of which
ground cracking has been of particular interest as its mechanism of formation was uncertain.

5.1 il-Pipeline In ions.

Buried Natural Gas pipelines operating at sub-zero temperatures produce a frozen soil
annulus around the pipeline (Figure 5.1). Heat flows from the surrounding soil to the
chilled pipe, this heat is initially provided by decreasing the specific heat capacity of the soil,
ie. cooling, and, subsequently by freezing the soil water which liberates the latent heat of
fusion (Farouki, 1986 and Lunardini, 1981). The size and rate of growth of the frozen
annulus are related to:-

1.  Pipeline operating conditions, these include, gas temperature, mass flow rate,
gas pressure and pipe wall materials.

2. Soil characteristics, these include, particle size distribution and mineralogy,
water content, specific heat capacity, thermal conductivity, ambient ground
temperatures, density, permeability and frost heave susceptibility.

G.L.
%
: | Unfrozen
Soil
Frozen
Soil
Annulus

FIGURE 5.1 Diagram Showing the Frozen Soil Annulus that forms around Chilled Gas
Pipelines.
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As a result of the combination of both the British climate and British Gas operating
conditions, the frozen annulus reaches its' maximum size in March or April. When gas
flows downstream of the Pressure Reduction Station it gains heat and will, if allowed, reach
equilibrium with ambient ground temperature at pipe depth, which in this country will
always be above 0°C. The frozen annulus can only form in that part of the pipeline where
the gas temperature is below 0°C (Archer er al., 1984), ie. between the Pressure Reduction

Station and the equilibrium point.

5.1.1 Ground /Pipe Heave.

The formation and development of ice lenses was detailed in Chapter 3, similarly ice lensing
around a chilled gas pipeline is dependent on the soil thermal, hydraulic and stress regimes.
If these conditions are favourable ice lenses may develop radially around the pipe in the
frozen annulus (Figure 5.2). In Figure 5.2 the frozen soil annulus is shown as circular

however, in reality, due to spatially varying thermal gradients, it may be elliptical in shape.

G

Frozen
Soil
Annulus

Ice
Lenses

Unfrozen
Soil

FIGURE 5.2  Diagram Showing Ice Lenses within the Frozen Soil Annulus
Surrounding a Chilled Gas Pipeline.

The formation of ice lenses may lead to the formation of several detrimental soil-pipeline

interactions:-

1. Net upward movement of the ground surface, this results in damage to
overlying foundations, roads and structures.

2. Differential pipe movements at the boundary between two soil types of different
frost susceptibilities, this can lead to the development of large bending stresses
in the pipe, and if undetected may lead to failure (Williams, 1986, Nyman et al.,
1986).
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3. Differential pipe movements resulting from pipe heave restraint due to
overburden pressures, again this may lead to large bending stresses at the
boundary between restrained and unrestrained sections therefore potentially
leading to failure.

5.1.2 Ground Cracking.

This is a phenomenon that has only recently been reported by Archer et al. (1984),
Geotechnical Science Laboratories (1986a) and Williams (1987) with respect to the
operation of chilled gas pipelines. The crack is wedge-shaped and extends vertically
upwards from its apex above the pipe in the overlying soil mass to the ground surface
(Figure 5.3). The cracking runs parallel with and is centred directly over the pipeline, it may
be a single crack or a multiple of smaller cracks (Sections 4.5.2.1 and 4.5.4.3).

G.L.

Ground
Crack

Frozen
Soil
Annulus

Unfrozen
Soil

FIGURE 5.3  Diagram Showing the Ground Cracking that has been Observed
Downstream of Blackrod Pressure Reduction Station.

Archer et al. (1984) reported that cracking occurred intermittently along that length of the
Blackrod to Engine Lane pipeline operating at sub-zero temperatures, and a soil shrinkage
mechanism was advanced to explain this phenomena (Section 4.5.2.1).

At a large scale test at Caen (Section 4.5.4.3) ground cracking has been noted both in the
freezing (Geotechnical Science Laboratories, 1986a) and thawing cycles (Geotechnical
Science Laboratories, 1986b), but no general hypothesis has been presented to explain the
nature of cracking in the freezing stage. However it was suggested (Geotechnical Science
Laboratories, 1986b) that cracking during thawing was related to the thaw consolidation of
the soil mass around the pipe (Section 4.5.4.3). These are untested hypotheses about the
nature of cracking, as mechanism for this phenomenon has not yet been fully understood
(Archer er al., 1984 and Williams, 1987).



In Britain this ground cracking has lead to two troublesome consequences. The first affects
the integrity of structures, especially pavements passing over the buried pipeline while the
second concerns the potential hazard to land management mainly affecting the safety of
livestock. In Arctic Regions a further consequence is that an ice wedge may form and
develop in the crack. In plan, these ice wedges normally form polygon shapes because of
the thermal contraction of frozen ground (Lachenbruch, 1962, Mackay, 1974 and Williams,
1986) and affect both the hydrological and thermal regimes in their vicinity. In the case of
those that form in ground cracks it would eventually cause the loss of integrity of the
pipeline resulting from changes in the soil conditions around the pipeline.

5.2 Objectives.

This study programme was carried out under a SERC CASE Award, the collaborating
organisation was the British Gas Corporation plc., Engineering Research Station in
Newcastle-Upon-Tyne. The Corporation had initiated a research programme in 1981 to
assess the minimum temperature, after pressure reduction, at which the Pressure Reduction
Station and the associated downstream pipelines could be safely operated (Archer et al.,
1984). This earlier study trial indicated, first, that the temperature profile of the pipeline
downstream of a Pressure Reduction Station could be calculated from the Modified Schorre
Equation. Secondly, that two soil pipeline interactions could occur, frost heave that was
expected and ground cracking that was unforeseen (Archer et al., 1984).

5.2.1 Soil-Pipeline Interactions,

This study continues from the earlier study (Archer et al., 1984) and is primarily targeted to
investigate the soil-pipeline interactions that have been reported. The major objective of this
study was to investigate the ‘unforeseen’ phenomenon of ground cracking. There were two
aims first, to define the mechanism by which ground cracking occurred and secondly, to
collect data for the development of possible predictive procedures for ground cracking. The
subsidiary objective was to investigate methods of mitigating frost heave both in the
laboratory and subsequently on site but, due to limits on both time and resources this testing
was not undertaken.

53  Methodology,

The study programme was specifically designed to investigate the ground cracking
mechanism. Therefore the first stage of the study involved a comprehensive literature review
to identify previous research and methods of approaching the investigation (Chapters 3 and
4).
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5.3.1 Questionnaire,

This was designed and sent, via the British Gas Engineering Research Station, to each
Regional Transmission Engineer within the twelve British Gas Regions. The questionnaire
was designed both to assess the amount of chilled gas pipeline operation within the
Corporation and to provide information on the following factors:-

1.  The number of pipelines operated at sub-zero temperatures,

2. The amount of both frost heave and ground cracking observed,

3. The pipeline operating conditions when operating at sub-zero temperatures,

4. The general soil classification of the soil surrounding the pipe especially where
frost heave or ground cracking has occurred,

5.  The periods during which frost heave and ground cracking are observed.

Upon analyses of the above information it was hoped to correlate both pipeline operating
conditions and surrounding soil characteristics with either or both frost heave and ground
cracking.

5.3.2 Full-Scale Test,
After close examination of the replies to the questionnaire, Blackrod Pressure Reduction

Station was selected to be the site for the full-scale test. This selection was based on two
criteria that both ground cracking and frost heave had been previously observed downstream
and that the British Gas Region involved, in this case the North Western Region, had both
experience with and a positive interest in the operation of chilled gas pipelines.

Three sites were selected downstream of Blackrod for further study based on their varying
potential for ground cracking, this information being supplied by the local Engineer. A
detailed instrumentation system was designed, this allowed the measurement of the soil
hydraulic, thermal and stress regimes around the pipeline together with the pipeline strain
and movement. The instrumentation was installed during November and December 1987
and monitored using both automatic data acquisition systems and manual readings each
week until March 1990. At the Pressure Reduction Station the site instrumentation and data
loggers were used to provide information on the pipeline operating conditions. The
information from these sites was collected using portable computers and returned to Aston
for analysis on both the Vax Cluster Mainframe and Apple Macintosh Microcomputers.

5.3.3 Small-Scale Laboratory Model Test,

With experience gained from operating the full-scale test site a small-scale model was
designed and constructed for operation in a controlled laboratory environment. The site
conditions at Blackrod cannot be directly modelled by a small-scale test because the soil
hydraulic, stress and thermal regimes are impossible to scale correctly due to their nature.
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Therefore the small-scale model was primarily designed to reproduce the soil-pipeline
interactions of frost heave and groimd cracking observed at Blackrod and other Pressure
Reduction Stations and, under controlled conditions, to allow further investigation in to
these mechanisms.

5.3.4 Soil Testing,

Soil classification testing was carried out on soil samples collected from the full-scale test at
Blackrod Pressure Reduction Station, and were carried out according to the British
Standards Institution, Methods of Test for Soils for Civil Engineering Purposes, BS1377

(1975).
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CHAPTER 6 QUESTIONNAIRE

This chapter is concerned with the primary stage of the investigation, basically a data
collection exercise involving the collation of information on recent chilled gas pipeline
operations within the British Gas Network. Of particular interest are the definitions of the
scale and extent of both chilled gas pipeline operation and the troublesome soil-pipeline
interactions of frost heave and ground cracking. Data was therefore collected to describe the
extent of the problems, and then to analytically or descriptively compare the various
parameters that have been identified during the literature survey as probably affecting frost
heave (pipe heave) and ground cracking.

6.1 j fi igation

The problem of soil-pipeline interactions has been defined in the earlier chapters and from
this three areas for further study were identified early on in this investigation:-

1.  Assessment of the amount of experience within the British Gas Corporation of
chilled gas pipeline operation and the extent/scale of associated soil-pipeline
interactions, so as to assess whether chilled gas pipeline operation poses
significant problems.

2. Investigation of relationships of both frost heave and ground cracking with
respect to general soil properties and pipeline operating conditions, to identify
those factors that would merit further investigation both at the proposed large-
scale test site and in the laboratory under controlled conditions.

3.  Selection of a site for a large-scale field study.

6.2  Design of a Questionnaire,

In any data collection study the objectives must be clearly stated and the study subsequently
reviewed to see if these are obtainable and of use to the instigator (Berdie ez al., 1974). The
subject areas to be investigated were of great importance in the development of an overall
strategy for this research project and therefore initial data collection was deemed necessary.

6.2.1 Definition of the Objectives,
6.2.1.1 Chilled Gas Pipeline Operation and_Associated Interactions.
British Gas operates via a regionalized, corporate structure and this presents problems with

access to information on pipeline operation and management. It was decided to collate data
on chilled gas pipeline operation so as to provide an overview of the total operations and
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soil-pipeline interactions. In order to provide descriptive information, the following

parameters were assessed:-
1.  Number of pipelines operating below 0°C,
2.  Number of pipelines along which frost heave was observed/reported,
3. Number of pipelines along which ground cracking was observed/reported,
4. Number of pipelines along which both frost heave and ground cracking were
observed/ reported.
6.2.1.2. In f Pipelin nditions and Soi

This part of the data collection exercise can be termed an analytical or relational type of
survey (Oppenheim,1970). It was designed using a Factorial design method whereby the
variables are chosen so that they may disentangle a complex set of relationships. The results
will allow variables such as soil type to be compared to either or both of the soil-pipeline
interactions. The following variables shown in Table 6.1 were identified for further

investigation:-
‘Experimental |Dependent ‘Controlled Uncontrolled
Variables Variables Variables Variables
Soil Soil properties:-
Frost heave. |classification. bulk density,
moisgtutf_le content,
Depth to water strength, atterberg
Ground e
cracking. table. limits, etc.
Pipe diameter. Rainfall.
Outlet Bias of the
temperature. respondent and
their Region.
Outlet pressure.
) Respondents
Depth of pipe appreciation of
burial. the soil-pipeline
interactions.
Ambient air
temperature.
Ambient ground
temperature.
Periods when
experimental
variables are
observed.
TABLE 6.1 List of Variables under Consideration in the Data Collection Programme.
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Factorial designs are commonly used in social study research programmes where large
groups need to be analysed. For a factorial design to be correctly undertaken an equal and
sufficient number of occurrences must be present in each classification group within each
variable. However, because of the limited lengths of chilled pipelines and the relatively large
number of factorial groups, a full correlation of the variables would be inappropriate as
most relationships would be limited to a small number of occurrences. This does not
negate its use in this survey since only a descriptive analysis of the the main relationships
was to be investigated, namely those between the soil-pipeline interactions and soil type
and/or pipeline diameter. The analysis of these results in simple frequency tables usually
provides an indication of whether a potential relationship exists but, more complex statistical
analysis was not be undertaken, due to the limited number of potential pipelines operating at
sub-zero temperatures.

6.2.2. Sclection of Data Collection Method.

Four methods were considered:-
1. Literature and record search,
2. Observations,
3.  Questionnaire,
4. Interview.

Literature searches are potentially a fruitful source of information but, due to the scale of the
task, it would have been non-productive to make an examination in each Region, assuming
that access to the records was allowed. Within each Region there are staff with "hands on"
experience of pipeline operation who would offer a far better source of information.
Observational techniques were discounted early on, due to the scale of such a task.
However, it must be noted that the occurrence of frost heave and ground cracking is
primarily noted as a result of observation in the field by the local Engineer or his assistants.
Interviews were not entirely discounted and it was planned to use them to back up
"promising" questionnaire replies. It was not used in the first stage because it was deemed
necessary to gain the basic facts without clouding the issue with engineering decisions and
personal judgements.

A questionnaire was chosen as it was considered to be the best way of collecting reliable
data when the questionnaire is carefully worded in a simple and direct manner. This allowed
the collection of data without the views of the respondent or the Region having a substantial
impact on the final results. A weakness of such as survey is that a control group could not
be used as soil-pipeline interactions can occur without the pipe operating in chilled mode.
Pipe movements and visible surface features can result from many events such as nearby
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excavations, water table movements etc and so some of the occurrences could be influenced
to an unknown extent by these external factors.

6.2.3 ndents and Their Limi
Before the questionnaire was written, judgements had to be made on the respondents with
respect to their:-

. Position within the Regional Office,

Knowledge of the Regional pipeline network,

Knowledge level with respect to soil-pipeline interactions in general,
Exposure to Geotechnical Engineering,

Access to information on pipeline operating conditions.

N

The background of the respondents, in this case Transmission Engineers, was investigated
to gather information on the above factors. This allowed the questionnaire to be designed so
that the individual questions were limited to the likely knowledge base of these respondents.
This knowledge base was relatively low in only Geotechnical Engineering, but it was
decided that valuable information could be collated using a general classification for soils

(ie. clayey, sandy etc).

6.2.4 General Layout of the Questionnaire,

The questionnaire was designed to investigate the selected variables and the knowledge level
was based on the expertise of the respondents. The questions were kept short and concise,
thereby giving the respondent less room for personal qualification on the selected topics. By
keeping the questionnaire short, the respondent was not discouraged from completing the
task, and at the same time this allowed the results to be analysed in an efficient manner.

Three sections were included in the questionnaire:-

1. Section A:- Details of the upstream Pressure Reduction Station and its operating
conditions together with information on the pipeline such as general depth of
burial and surrounding soil classification. A table was also attached in which the
average monthly operating conditions of the Pressure Reduction Station were to
be entered covering the period in which heave or cracking took place. This
section ended with a question about the occurrence of frost heave and ground
cracking which subsequently led in to Section B and/or C.
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2.  Section B:- This was a short section asking for details of frost heave, such as
where and when it occurred, estimated pipe lift (this is easier to quantify than
frost heave and for the remainder of this chapter will be referred to as frost
heave) whether there was any associated ground cracking. This section had to
be filled out for all events of frost heave.

3. Section C:- This again was a short section asking for details of ground cracking
such as where and when it occurred, and estimated crack width. As with section
B it had to be filled out for each case of ground cracking.

It was recognised that there would be a definite spread in the knowledge base of the
respondents, therefore some questions would be difficult or impossible to answer.
Redundant questions which would allow a check on the validity of an individual
questionnaire by cross examination of the respondent were omitted since the respondents
were regarded as very reliable.

6.2.5 Expert Assistance,

After completing these steps in the questionnaire design, the draft questionnaire was sent to
the British Gas Engineering Research Station where an experienced Engineer carefully
criticized the draft and suggested modifications and improvements to make it more
appropriate to Transmission Engineers without further sacrificing its usefulness.

6.2.6 Sending the Questionnaire,

Within British Gas there are regular meetings of the Senior Transmission Engineers, with
members of each of the twelve Regions in attendance. It was decided the best way to
circulate such a questionnaire was to explain the project and its aims at one of these
meetings and then ask the individual(s) representing each Region to arrange its completion
by the appropriate staff. A covering letter was also included to provide any necessary
information, especially stressing its beneficial nature to the overall project.

The final version of the questionnaire can be seen in Appendix B.
6.3  Results,

6.3.1 Replies to the Questionnaire,

The questionnaire was presented in April 1987 to the relevant committee (Section 6.2.6) and
early in 1988 a reminder was sent to the recalcitrant Regions urging them to make their
replies. Replies were received from ten of the twelve regions on the dates shown in Table
6.2.
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REGION Number of replies Month of reply
Northern & May 1987
South Eastern 1 June 1987
North West 6 July 1987
South West 1 Sept 1987
East Midlands 17 Jan 1988
West Midlands 12 Feb 1988
Eastern 8 Mar 1988
North Thames 14 May 1988
Southemn 1 June 1988
Wales (Cymru) 1 July 1988
Scotland 0 e —
North Eastern 0 JE—

TABLE 6.2 Details of Numbers of Replies and Dates Received.

Overall the questionnaires were filled in with the required information, although some of the
questions proved to be too demanding or time consuming and were very rarely answered.
Section A (General Information) was successfully completed by the Regions and this
allowed a general overview to be formed, however Table 1 of the questionnaire (Appendix
B) was only filled-in fully by some respondents, with the other returns ranging from
incomplete to nil. This can be put down to the variations in the knowledge base and also to
the number of replies made by the individual Regions. When answered, Sections B and C
were filled in carefully, however the depth to the water table was unknown as was to be
expected in most cases. Consequently the variables that could reasonably be compared to
the soil-pipeline interactions were limited by the volume of answers to soil type, pipe
diameter and periods of occurrence, but it was these variables that were of fundamental
value to the project. Fuller details of the answers to the questionnaire can be seen in
Appendix B.

There was a discrepancy between number of replies and number of pipelines operating in
chilled mode and this was due to respondents using the form for a number of pipelines
when they all shared the same upstream Pressure Reduction Station and had no observable
soil-pipeline interactions. ' '

6.3.2. n il-Pipeline In ion

A total of 83 pipelines had been operated in chilled mode of which only 16 reported
observable soil-pipeline interactions. This is illustrated in Figure 6.1 which shows the total
operation per Region and the cases of the soil-pipeline interactions. In this figure, where
ground heave (pipe heave) and ground cracking occur along the same pipeline, it does not
necessarily imply that they occurred at the same location. Figure 6.2 illustrates the various
diameters that have experienced sub-zero temperature gas flow.
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FIGURE 6.1 Ilustration of the Number of Pipelines that have been Operated Below
0°C and those where Soil-Pipeline Interactions have Occurred on a

Regional Basis.
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FIGURE 6.2 Illustration of the Range of Pipeline Diameters Operated by Each
Individual Region.
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In the questionnaire estimates of pipe heave were ascertained as it was easier than ground
heave for the Engineer to quantify. When ground cracking and frost heave (pipe heave) are
considered separately, it is seen from Figure 6.3 that frost heave is more likely to be
observed within a Pressure Reduction Station (PRS), while ground cracking is equally
likely to be observed both within or downstream of the PRS. In only one case was frost
heave observed both within and downstream of the PRS, similarly with ground cracking,
and both cases were reported at Tatsfield AGI (S.E.Gas). Figure 6.4 shows the effect of
coupling together pipelines along which frost heave and ground cracking were reported. It
can be seen that in seven out of the ten reported cases, that frost heave and ground cracking
took place at the same location, mainly within the PRS, however if they occur at different
locations then the frost heave was observed within the PRS and ground cracking

downstream.

PRS and Downstream

18 B Downstream

S 14

£ ]

& T "B

S 10 4 :

"5 d

™ a-

2 6]

E 3

z

Ground Cracking Frost Heave

Soil-pipeline interactions

FIGURE 6.3  Illustration of the Locations where Ground Cracking and Frost Heave
occur when considered Independently.

The information displayed in Figures 6.3 and 6.4 is summarized in Table 6.3 in the form of
observed frequency tables. These tables show that when frost heave occurs there is a 71%
likelihood that ground cracking will occur along the same pipeline, and when ground
cracking occurs there is an 83% likelihood of frost heave. It also shows that when ground
cracking is not observed there is a 6% likelihood of frost heave, and for frost heave to be
observed in the absence of cracking there is only a 3% likelihood. These results do not
show a relationship between ground cracking and frost heave but indicate that they are
influenced by common variables and tend to be observed together, if observed at all.
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FIGURE 6.4
both Frost Heave and Ground Cracking occur.
Observed Freguency Table
Heave No heave Totals:
Cracking 10 2 12
No cracking 4 67 71
Totals: 14 69 83
Percents of Row Totals
Heave No heave Totals:
Cracking 83.33% 16.67% 100%
No cracking 5.63% 94.37% 100%
Totals: 16.87% 83.13% 100%
Percents of Column Totals
Heave No heave Totals:
Cracking 71.43% 2.9% 14.46%
No cracking 28.57% 97.1% 85.54%
Totals: 100% 100% 100%
TABLE 6.3 Tables Showing the Relationship between the Likelihood of Ground

Cracking and Frost Heave occurring Along the same Pipeline.
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Observations indicate that the extent of both frost heave and ground cracking are greatest
downstream of the PRS, the ranges are shown in Table 6.4. This could be related to
likelihood that the extent of these interactions must be larger downstream of the PRS to be
noticed, however it does suggest a relationship between frost heave (pipe heave) and

ground cracking.
R RA [ FROST HEAVE
(pipe heave)
Min Ave Max Min Ave Max
Width Width Width | Heave Heave Heave
PRS 6 mm 12mm | 25 mm 3mm 45 mm 80 mm
Downstream | 40 mm 62mm [125mm | 26 mm | 70mm | 100 mm
TABLE 6.4 Ranges of Ground Crack Widths and Frost Heave (Pipe Heave).

6.3.3 _ [eave a ,
From design considerations large flows and high pressures equate to large, thick walled
pipes, at the other extreme low pressure and small flows give rise to small diameter
pipelines. Frost heave and ground cracking are more likely to be observed along large-
diameter pipelines as is evident from Figure 6.5. Therefore, under normal British Gas
operating conditions the frost heave and ground cracking occur more often along large-
diameter pipelines, and this is quantified in the observed frequency tables in Tables 6.5, 6.6
and 6.7.

18

16 7 Pipeline observations
o L / Both cracking and frost heave
¥ 14 7. .
£ | Cracking only
:g. 12 Frost heave only
o y No cracking or frost heave
w 10
= y
B8
E
5 6
Z

4

> 1’

0 1] [ |

L= (=] = = L= (= L (=] (= (=] (=] (=]
F=2832 258388 88
E Pipeline diameter
FIGURE 6.5 Bar Chart Illustrating the Diameters of the Pipelines that have Operated

below 0°C in Relation to the known Soil-Pipeline Interactions.
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6.3.4. Influence of Soil Type on Frost Heave and Ground Cracking.

Figure 6.6 illustrates that 44 of the 83 pipelines in the survey were laid in clayey soils, and
that 11 of the 16 pipelines where observable soil pipeline interactions occurred were buried
in clayey soils. The influence of soil type is quantitatively described in the observed
frequency tables in Tables 6.8, 6.9 and 6.10. These results are in general agreement with
the literature which indicates that frost heave was more likely in silts, clays and silty sands.
Chalks are also very frost susceptible, however frost heave was not observed.
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FIGURE 6.6 Bar Chart Illustrating Soil Types in Relation to Frost Heave and Ground
Cracking.

6.3.5. Periods of Observable Frost Heave and Ground Cracking.

Figure 6.7 shows the influence of the time of the year on the observation of frost heave and
ground cracking. Frost heave and ground cracking were reported along fourteen and twelve
pipelines respectively, however not all respondents replied to the time-scale of observations.
Thus there is a discrepancy between total frost heave and ground cracking observations with
the numbers reported in Figure 6.7. Frost heave occurs mainly from November through to
April and this represents the Pre-heating Season, ie. the period when pre-heat is applied
prior to pressure reduction. Ground cracking follows a similar pattern, but it continues to be
observed until July. This indicates that the soil-pipe interactions are related in part to the
operating conditions imposed upon a PRS due to increased flows occurring during the Pre-
heating Season.
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Observed Frequency Table

silty clayey sandy gravelly unknown limestone chalk made-u... Totals:

Heave 1 10 2 0 0 0 0 1 14
No heave 5 34 3 1 9 8 8 1 69
Totals: 6 44 5 i 9 8 8 2 83
Percents of Row Totals
silty clayey sandy gravelly unknown limestone chalk made-u... Tgtals:
Heave| 7.14% |71.43% [|14.29% 0% 0% 0% 0% 7.14% |100%

No heave] 7.25% |49.28% | 4.35% | 1.45% |13.04% [11.59% |11.59% | 1.45% |100%

Totals:  723% 53.01% 6.02% 12% 1084% 9.64% 9.64% 241% 100%

Percents of Column Totals
silty clayey ~ sandy gravelly unknown limestone chalk made-u... Totals:
Heave] 16.67% |22.73% | 40% 0% 0% 0% 0% 50% |16.87%

No heave | 83.33% |77.27% 60% 100% 100% 100% 100% 50% |83.13%

Totals:  100% 100% 100% 100% 100% 100% 100% 100%  100%

TABLE 6.8 Frequency Tables Showing the Relationship between Frost Heave and
Soil Type.
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Observed Frequency Table

silty clayey sandy gravelly unknown limestone chalk made-u...Totals:

Cracking 1 9 0 0 1 0 0 1 12

No cracking 5 35 5 1 8 8 8 1 Al

6 44 5 1 9 8 8 2 83
Percents of Row Totals

silty clayey  sandy gravelly unknown limestone chalk made-u... Totals:

Cracking | 8.33% 75% 0% 0% 8.33% 0% 0% 8.33% [100%

Nocracking | 7.04% | 49.3% | 7.04% | 1.41% |11.27% |11.27% |11.27% | 1.41% [100%

Totals:  723% 53.01% 6.02% 12% 1084% 0.64% 9.64% 2.41% 100%

Percents of Column Totals

silty clayey sandy gravelly unknown limestone chalkk made-u... Tptals:

Cracking | 16.67% |20.45% 0% 0% |11.11% 0% 0% 50% |14.46%

No cracking | 83.33% | 79.55% | 100% 100% |88.89% | 100% 100% 50% |85.54%

Totals: 100%  100% 100%  100% 100%  100%  100%  100%  100%

TABLE 6.9 Frequency Tables Showing the Relationship between Ground Cracking
and Soil Type.
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Observed Frequency Table

gravelly unknown limestone chalk made-u...

silty clayey sandy
YES 1 8 0 0 0 0 0 1 10
NO 5 36 5 1 9 8 8 1 73
Totals: ¢ 44 5 1 9 8 8 2 83
Percents of Row Totals

silty clayey  sandy gravelly unknown limestone chalk made-u... Totals:

YES | 10% 80% 0% 0% 0% 0% 0% 10% 100%

12.33% |10.96% |]10.96% | 1.37% | 100%

NO | 6.85% |[49.32% | 6.85% | 1.37%

Totals: 723% 53.01% 6.02%  1.2% 10.84% 0.64% 9.64% 241% 100%

Percents of Column Totals
sity - clayoy sandy gravelly unknown limestone chalk made-u... Totals:
YES |16.67% |18.18% 0% 0% 0% 0% 0% 50% | 12.05%

100% 50% 87.95%

NO |83.33% |81.82% | 100% 100% 100% 100%

Totals: 100%  100%  100%  100%  100%  100%  100%  100%  100%

Tables Showing the Relationship between Both Frost Heave and Ground
Cracking with Soil Type.

TABLE 6.10
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FIGURE 6.7  Bar Chart Illustrating the Number of Pipelines with Frost Heave or
Ground Cracking Soil-Pipe Interactions during each Month.

6.4 Main Conclusion

1. Eighty-three pipelines have been operated in chilled mode, of which only
sixteen reported observable soil-pipeline interactions. Along ten of these
pipelines both frost heave (pipe heave) and ground cracking were observed,
however only six showed both interactions at the same location.

2. The magnitudes of the soil-pipeline interactions are both greater downstream of
the PRS.

3. Under British Gas operating conditions both soil-pipeline interactions are more
likely to occur along large-diameter pipelines (ie. above 450 mm). Larger
pipelines have high mass flow rates and thus gas temperature recovery to 0°C
occurs further downstream.

4. The pipelines in this study were predominantly laid in clayey soils, and as
expected from the literature frost heave and ground cracking mainly occurred in
this soil type. However the small sample size prohibits further interpretation of
other soil types, especially very frost susceptible silts.

5. Both soil-pipeline interactions are initially observed in November and total
number of observations reaches a maximum in February and steadily decline to
zero in June/July. This pattern coincides with the British Gas Pre-heating
Season and continues slightly beyond the end of the Season. Frost heave is
more predominant early in the Pre-heating Season, with ground cracking being
more predominant later in the Season.

6. The above general conclusions suggest a link between ground cracking and
frost heave.
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CHAPTER 7 LARGE-SCALE STUDY PROGRAMME

7.1  Introduction,

The second phase of the study programme involved monitoring an operating Pressure
Reduction Station and its associated downstream pipelines. A site was selected and
instrumented with the prime aim of identifying the mechanism(s) of ground cracking and
subsequently to more thoroughly define the impact of ground cracking on the local
environment. Thus, it was hoped to establish an engineering perspective of ground
cracking, thereby leading to an appropriate method for the prediction of ground cracking
together with a pipeline operating methodology targeted at reducing any ground cracking to
acceptable limits.

With a large-scale test there are many uncontrolable variables such as rainfall, ambient air
temperatures, water table, soil type and spatial variability along the line, agricultural land
usage etc. Selection of the site was partly based on its previous operational history and on
its susceptibility to ground cracking. Since the site has out of necessity been operated below
0°C, this will have influenced the frost heave behaviour of the soil within the frozen annulus
as a result of the previous freeze/thaw cycles. Consequently previous ground cracking will
have had an effect on the stress-strain behaviour of the soil directly above the pipe since soil
failure planes (cracks) may exist from one year to the next. However, the operation of a
full-scale test allows the in situ measurement of ground cracking and practical engineering
values to be assigned to the variables under examination.

7.2 Qbjectives,

Although ground cracking has been observed intermittently along a number of large-
diameter pipelines, its mechanism of formation is unknown and has been the subject of a
hypothesis put forward by Archer et al. (1984). Replies from the questionnaires (Chapter 6)
indicated that ground cracking and frost heave have not been the subject of detailed
examination within the British Gas Network.

The objectives were to:-
1. Define the extent and problems resulting from ground cracking.
2. Investigate ground cracking in relation to frost heave,
3.  Determine the mechanism(s) of ground cracking, and
4.  Evolve a predictive procedure for ground cracking.
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In order to address the above objectives the following monitoring was undertaken:-

1.  Ground cracking and frost/pipe heave under field conditions,

2. Fundamental investigation of the soil thermal, hydrological and stress regimes,
especially in the area between the pipe and the ground surface,

3. Pipe operating conditions,

4. Pipe movement, and ground surface movement.

7.3 Site Selection,

7.3.1 Seclection of a Pressure Reduction Station,

After consultations with British Gas personnel at both the Engineering Research Station,
Newecastle-Upon-Tyne and a number of British Gas Regions, it was decided that British
Gas Northwestern would be approached with a view to operating a full-scale facility under
controlled test conditions. British Gas Northwestern were selected due to their previous
experience (Archer et al., 1984) and because there was a definite commitment from this
Region to investigate and define the soil-pipe interactions associated with chilled gas

pipeline operation.

British Gas Northwestern (BGNW) agreed to the proposal after a presentation at a regular
Pre-heating Meeting in September 1987. Blackrod A.G.I. was again selected for
monitoring, since ground cracking had been previously observed. Cracking had been
observed intermittently along the line and the size and extent varied from one cracking zone

to another.
Site monitoring was effected in two stages:-

1. Investigation of the influence of the formation and growth of a frozen annulus
around the pipe on ground cracking at the three downstream sites (A,B and C),

2. Investigation of the relationship between pipe heave and ground surface
movement across the line of the pipe within Blackrod PRS.

7.3.2 Selection of Downstream Sites For Instrumentation,

The 900 mm x 12.7 mm pipeline from Blackrod to Engine Lane Pressure Reduction Station
was selected in preference to the smaller, lower flow 600 mm x 9.5 mm pipeline to
Shevington Pressure Reduction Station. The selection was based primarily on the criteria
that more cracking had been observed along the larger pipeline. This pipeline runs for
approximately 15 km before entering the next downstream PRS, and ground cracking had

156



been reported up to 3.1 km downstream of Blackrod PRS, Table 7.1 shows the zones of
cracking reported during the 1983-1984 Pre-heating Season.

After discussions with the relevant Engineers and their staff, three sites were selected based
upon their susceptibility to ground cracking. All three sites are in areas used for pasture by
cattle and therefore instrumentation and its associated cabling had to be laid without
disruption to these normal farming activities. The sites were:-

Site A Atchainage 20 m, close to the perimeter of the compound of Blackrod PRS,

Site B At chainage 200 m, close to Marker Post (M.P.) 1,
SiteC At chainage 2750 m, close to Marker Post (M.P.) 19.

Downstream Length of Classification Land
Chainage (m) (*) | Cracking (m) of Cracking (#) Usage
000 - 140 140 Moderate Pasture
380 - 480 100 Slight Pasture

650 - 860 210 Shght Pasture

870 - 970 100 Shght Arable

970 - 1130 160 Severe Arable
1280 - 1790 510 Shght Pasture
2100-2110 10 Slight Pasture
2320 - 2470 150 Shight Pasture
2600 - 2990 390 Severe Pasture
2990 - 3050 60 Shght Pasture

Notes. * Chainage 0 m is where the pipeline exits the PRS.

# Maximum crack width was 150 mm, British Gas classification scale is based on this maximum.

TABLE 7.1 Observations of Cracking along the Blackrod to Engine Lane Pipeline
during Pre-heating Season 1983-84.

7.3.2.1 Severe Cracking (Site C),

This was the most heavily instrumented site, since it is in the area where the most severe
cracking had been observed. A wedge-shaped crack with its apex at the crown of the pipe
and a maximum width of 150 mm at the ground surface had been previously reported
during the months of April, May and June 1984 (Archer et al., 1984). During the rest of the
year a slight depression was evident along the line of the pipe. As a result of the severity of
cracking, relationships between factors such as pipe temperature, ground temperature
regime, soil water potential, etc with respect to ground cracking should be clearer than in an
area with only slight cracking. '

7.3.2.2  Moderate Cracking (Site A),
This site has been instrumented to provide results and observations which could be
compared with those obtained from Site C.
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7.3.2.3 No Cracking (Site B),

This site was primarily instrumented as a control site.
7.4  Instrumentati i B

As this section of the study programme involved an investigation into the mechanism(s) of
ground cracking, it was evident that monitoring of the soil thermal, hydrologic and stress
regimes represented the most effective manner to assess the interactions existing in the soil
mass above the pipe. Supplementary data involving pipeline movements, strains and
ambient conditions were also necessary to provide more concise data on ground cracking.

At each site a trench was excavated fully exposing the 900 mm diameter pipe. The trench
extended 2 metres at right angles from the side of the pipe on one side only (Figure 7.1,
Plate 7.1), to allow sufficient working room. The two sides of the trench marked "A" and
"B" in Figure 7.1 were carefully excavated to produce vertical surfaces. This allowed a grid
to be marked on the walls (Plate 7.2), this aided the placement of both the thermocouples
and thermocouple-psychrometers. A stand pipe was placed in one of the comers furthest
from the pipe, in a small excavation to a depth of 1 m below pipe invert level. Strain gauges
were placed on the pipe and a pipe heave rod was attached to the top of the pipe. Two other
pipe heave rods were placed in smaller excavations at 20 m upstream and 20 m downstream
of the main excavation. Soil pressure transducers were installed in a separate excavation
close to the main excavation.
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FIGURE 7.1  Diagrammatic View of the Excavation.
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PLATE 7.1 Excavation at Site C.

PLATE 7.2 300 x 300 mm Grid Marked on Trench Wall at Site C.
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In the following sections discussion will be limited to Site C, further information on the
positioning of the instrumentation at Sites A and B can be found in Appendix C.

7.4.1 Thermal Instrumentation,

The thermal regime was measured using Platinum Resistance Thermocouples (P.R.T's),
their layout is shown in Figure 7.2 (Plate 7.3) and the positions are given in Table 7.2,

Ground Surface
Platinum 3 18%
X Resistance 20% -
Thermocouples 17 % 16% 15% 14x% 13x
N.B. Positioned 135 m
on a 300mm x 12x 11x 10x
300mm grid
7% 6x 5x
4x Ix 2x 1x -'—

FIGURE 7.2  Layout of Platinum Resistance Thermocouples at Site C.

PRTNo.J1|213{4]5]6}718]19]10J11§12§13]14}15]16]17118}19§20] 21 | 22

vert. (m)‘ 0]010])010.3]0.3]0.3]0.6{0.640.6{0.6{0.6]0.910.9]0.910.9]0.9§1.2]1.2]1.2]0.45]0.45

hor. (m)* {0.60.9]1.2]1.8]0.6]0.9]1.5] 0 |0.3]0.6]0.9]1.2] 0 0.3]0.6]0.9]1.5] 0 fo.6]1.2] 0 | o
* The origin is taken from the pipe centre.

TABLE 7.2 Positions of the Platinum Resistance Thermocouples at Site C.,

A total of 22 PRT's were installed to provide data on the growth and recession of the frozen
annulus during and after the Pre-heating Season. Analysis of the results from the previous
trial at Blackrod indicated that the frozen annulus could extend to over 600 mm from the
pipe wall, thus the grid pattern was designed to encompass this maximum annulus size.

Platinum resistance thermocouples were selected due to their:-

1.  Reliability,

2. Robustness,

3. Accuracy (x 0.25°C, which represents the resolution capability of the data
loggers),
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4. Linear output over the expected temperature range,

5. Previous British Gas experience had shown their proven reliability over long
periods,

6. Automatic data logging facilities were readily available,

7. A suite of computer programs was available to allow the interpretation of data.

8. No cold junction required (a monitor channel with a 100 ohm resistor was used
to correct for data logger drift).

The PRT's probe is a 50 mm long x 5 mm diameter stainless steel section with a hole drilled
part way through it on its longitudinal axis. The PRT element was connected to four
insulated cables and was housed in the element. A sealing compound was injected into the
hole to hold the element in place and the connection between the stainless steel section and
the cables connecting to the data logger were sealed with heat shrinkable plastic. The PRT's
and data loggers were constructed and supplied by British Gas NorthWestern.

7.4.2 Hydrological Instrumentation.

The soil moisture regime was measured by thermocouple-psychrometers, which were
installed on a predetermined grid in trench wall "B" (Figure 7.3) ie. the opposite wall to
where the thermocouples were installed. Plate 7.4 shows the thermocouple-psychrometers
at Site A. Again the positioning of the instrumentation was determined by the expected
maximum size of the frozen annulus.

Thermocouple-psychrometers directly measure the water potential (soil suction) of the
system under observation, for soils the water potential is inferred directly from the vapour
pressure of the system (Van Haveren and Brown, 1972). A thermocouple-psychrometer is
basically a temperature sensing device, whereby the temperature differential between a
junction at ambient and another where free evaporation of water is occurring can be related
to the total water potential of the system. The thermocouple-pyschrometers were supplied
by Wescor (Logan, Utah, USA) and an illustration is given in Figure 7.4.

The wet bulb junction of the thermocouple-psychrometers used in this investigation is a
welded junction of chromel and constantan wires each 0.0025 mm diameter. The dry bulb
junction (Copper-Constantan) is much larger to allow for the dissipation of heat energy
which is generated in response to wet bulb junction cooling. This allows the dry bulb
junction to be maintained at the ambient temperature of the surrounding soil and thus the
temperature differential between the wet and dry bulb junctions is not affected. A small
current is passed across the wet bulb to produce cooling by the Peltier Effect. If an
excessive current is used the junction will heat due to the Joule Effect. The current is
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PLATE 7.3

PLATE 7.4

Installation of PRT's at Site C.

Installation of Thermocouple-Psychrometers at Site A.
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Ground Surface
KEY <~

Thermocouple- 9% A
Psychrometers 6x

Arrays at (°, iR

45° and 90° 5% 135m
to the vertical

3 x 2%

FIGURE 7.3  Layout of the Thermocouple-Psychrometers at Site C.

Ther, Pyc. No. 1 2 3 4 5 6 7 8 9
Vertical (m) * 0 0 0 |0.45(0.75]1.05]0.60 | 0.90 | 1.20
Horizontal (m) * | 0.65 | 1.05 | 1.45 [ 0.45 [0.75 | 1.02 | 0 0 0

*  The origin is taken from the pipe centre.

TABLE 7.3 Position of the Thermocouple-Psychrometers at Site C.

PVC Insulated Copper (+) Teflon gorou..vs.
Plug eramic

Shield

Chromel
0.0025 cm
dia

Drain Wire For Shield

Copper-Constantan

Dry Bulb Junction Constantan

0.0025 cm Welded
dia Wet Bulb
Gold Plated Connecting Pins Junction

FIGURE 7.4 Thermocouple-Psychrometer (after Briscoe, 1984).
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supplied for sufficient time for vapour to condense on the junction, during the application of
the current the junction is continuously cooling and this induces a p.d. that is measured as
the thermocouple-psychrometer output (points a to b Figure 7.5). This induced p.d. is
known as the Seebeck Effect and the copper-constantan junction dissipates the heat
generated in response to the cooling of the wet bulb (Van Haveren and Brown, 1972). A
typical output from a thermocouple-psychrometer is shown in Figure 7.5. When cooling is
stopped the wet bulb junction will immediately heat up and there will be a decrease in p.d.
between the two junctions (points b to ¢ Figure 7.5), however the latent heat of the
evaporation of water on the wet bulb junction will equal the rate of heat gain at some point
(points ¢ to d, Figure 7.5) unless there is zero water potential. The greater the vapour
pressure gradient between the wet bulb and the surroundings the greater will be the rate of
evaporation and consequently the p.d. between the junction will be higher. Measurement of
this plateau (points c to d, Figure 7.5) allows the estimation of the water potential of the
surrounding soil (Briscoe, 1984). Once evaporation has completed the p.d. between the
junctions will return to pre-cooling state (points d to e Figure 7.5), in this case zero.

20 =

—
Ly
1

—

(=]
L
="

Lh
1

a e
0 T T T T T 1
0 15 30 45 60 15 90

TIME (Seconds)

Thermocouple-Psychrometer Output
(Microvolts)

FIGURE 7.5  Output from a Typical Wescor Thermocouple-Psychrometer (after
Briscoe, 1984).

The estimation of water potential is dependent on the following variables, microvolt output,
equilibrium temperature, Peltier cooling current and the temperature difference between the
wet and dry bulbs resulting from thermal gradients (Brown and Bartos, 1982). Merrill and
Rawlins (1972) demonstrated that temperature gradients such as those typically found
within the upper 0.35 m of the soil horizon can induce large errors in water potential
estimation. However, if the thermocouple-psychrometer is placed at right angles to the
thermal gradient, these errors can be very considerably reduced.
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Brown and Bartos (1982) have developed and verified a mathematical model for the
determination of water potential based on its relationship with the above described variables.
The computer program based on this model is provided in Appendix D.

Brown and Johnston (1976) report the successful field use of thermocouple-psychrometers
for monitoring periods in excess of forty months. Daniel et al. (1980) report that
thermocouple-psychrometers are the most useful devices for measuring soil suction in
relatively dry unsaturated soils. However it was noted that corrosion associated with in
acidic or clayey soils caused the rapid deterioration of the 0.0025 mm constantan wire.
Clark (1989) reports their success in measuring soil suctions associated with soil freezing in
laboratory tests.

Thermocouple-psychrometers were selected since they measure soil suction directly, cover
the full range of suctions expected during the trial and have been shown to reliable over long
periods. They were gently pushed horizontally into a hole made in the wall of the excavation
making sure that good contact was made between the ceramic shield and the soil. The output
wires were turned downwards to prevent water travelling along the cable and accumulating
at the thermocouple-psychrometer. The wires were subsequently brought to the ground
surface through a plastic access tube. The thermocouple-psychrometers used were corrosion
protected and measurements were taken weekly using a psychrometer-microvoltmeter (PR-
55) supplied by Wescor.

7.4.3 Soil Stress Instrumentation,

The soil stress regime was measured from a vertical array of soil pressure transducers above
and slightly offset from the pipe centreline (Figure 7.6, Table 7.4). The soil pressure
transducers were installed in a small excavation either upstream or downstream of the main
excavation (Plate 7.5). The transducers were placed in an excavation rather than a small
access made by an auger since it was hoped to measure the frozen soil stresses during the
growth and recession of the frozen annulus in a soil mass that had not previously been
subjected to the ground cracking. Only one array of soil pressure cells was installed at each
site due to cost considerations. A vertical array was selected to define the actual time that
ground cracking occurred and the maximum soil pressure prior to soil failure.

The soil pressure transducers were selected to cover the range of soil pressures expected
and that they could be automatically monitored by modifying the data loggers used for PRT
measurement. The soil pressure transducers chosen had a 34 mm diameter sensing area,
again a larger sensing area would have been better since it gives a better average soil stress
but their cost was prohibitive. The range was between 0 and 196 (2) or 0 and 480 (5)
KNm-2 (Kg cm-2) and were supplied by Techni Measure (Studley, Warwickshire).
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Ground Surface

>
KEY 3 == A
s Soil Pressure
Transducers L
145 m
1 ==

900mm
Nominal
Diameter
Pipe

FIGURE 7.6 Layout of Soil Pressure Transducers at Site C.

Soil Pressure No. | 1 2 3
Vertical (m) * [ 0.65 | 0.95 | 1.25

Horizontal (m) * | 0 0 0
*  The origin is taken from the pipe centre.

TABLE 7.4 Position of Soil Pressure Transducers at Site C.

;
PLATE 7.5 Installation of Soil Pressure Transducers at Site A.
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7.4.4 Pipe Movement Instrumentation,

Pipe movement was simply measured from three pipe heave rods attached to the crown of
the pipe at 20 m intervals along its line (Figure 7.7). The central rod was installed in the
same excavation as the PRT's and the thermocouple-psychrometers. Three pipe heave rods
were installed allowing local pipe curvature and average values to be obtained. The tops of
the pipe heave rods were levelled weekly using a tilting level, a precise level was not
deemed necessary since large movements of up to 80 mm had previously been reported. A
T.B.M. was set out close to the pipe heave rods and was regularly checked with respect to a
remote T.B.M. The tilting level was also checked weekly.

Pipe
sleeve
o
[/
900 mm
% 1.D.
PIPE
\

FIGURE 7.7  Schematic Layout of Pipe Heave Rods at Site C.

Since the installation of the pipe heave rod involved cutting through the cold tar around the
pipe and attaching a steel object to the pipeline, care was taken to minimize the potential
danger of corrosion to the pipeline. The area of cold tar cut out was filled with a low thermal
conductivity adhesive supplied by British Gas and two steel blocks 75 mm square, 25 mm
thick and with 15 mm diameter holes cut out in their centres were then placed on top. Each
pipe heave rod was located in the holes which were subsequently filled with low thermal
conductivity adhesive. After this had set the base was covered in a low thermal conductivity
putty and the outer plastic case was placed over the pipe heave rod (Figure 7.8).
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FIGURE 7.8 Pipe Heave Rod.

7.4.5 Pipe Strain Instrumentation.

Strain gauges were attached to the pipe at Site C only (Figure 7.9) to investigate the vertical
and lateral pipe strains induced in the pipe during low temperature operation. Osborne
(1985) described the installation of vibrating wire strain gauges and the factors affecting the
output from such gauges. British Gas have installed many vibrating wire strain gauges as
part of the development of risk assessment procedures for pipelines and report that they
have been both reliable and durable (Osborne, 1985).

Ground Surface
-—

KEY

mm Vibrating Wire
Strain Gauges

1.35m

900mm
Nominal
Diameter

Pipe

FIGURE 7.9  Layout of Strain Gauges at Site C.
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Installation again involved cutting through the protective cold tar coating, and so involved

the use of special corrosion inhibiting procedures (Figure 7.10, Plate 7.6).

Strain Gauge
Plucking Device

Strain Gauge Clamp

Steel Protective

Cover Sealant

I_DW Thel'mal AP \m\ : : : ; \‘
Conductivity Putty "EE a
e, S0 N

S H
Mg
S P

T i SO oo SOSSY S

S 7 0

Epoxy Adhesive

Cold Tar
Coating

T

7

FIGURE 7.10 Vibrating Wire Strain Gauge Arrangement.

PLATE 7.6 Installation of the Vibrating Wire Strain Gauges at Site C.
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7.4.6 Blackrod PRS Operating Characteristics,

Pipeline operating conditions are monitored at Pressure Reduction Stations and sent via
telemetry to Hinckley Operations Centre. During the earlier study (Archer et al., 1984)
monitoring of the Blackrod PRS was undertaken using this instrumentation and PRT's
which monitored soil and pipe temperatures. This instrumentation was logged on-site using
an automatic data acquisition system. The 18 channel data logger in the station was used to
monitor:-

Gas temperatures:- station inlet, outlet to Blackrod and outlet to Shevington,
Horizontal soil temperatures:- pipe wall, 75, 150, 600 and 900 mm,
Ambient temperatures:- air and ground (pipe depth),

Gas Pressures:- station inlet, outlet to Blackrod and outlet to Shevington,
Gas flow through the station.

e N

The equipment used for pressure and flow measurement is British Gas standard and soil
and ambient temperatures were measured with PRT's as described in Section 7.4.1.

7.4.7 Ambient Conditions,

The PRT used to monitor ambient ground temperature was buried at approximately pipe
depth (about 1.5 m) and at a sufficient distance from the pipeline or other thermal
disturbance to ensure that there would be no influence on the readings. Ambient air
temperatures were measured at a height of 1 m above ground level, and the PRT was placed
within a small insulated block to reduce the effects of sunlight and wind movements on the
output.

Two rainfall gauges were placed in an open area away from obstructions within the
Blackrod PRS. These were a siphon rainfall recorder (Casella) as the main recorder and a
simple rainfall gauge (Casella) used as a check gauge.

7.4.8 Automatic Data Acquisition System.

This consisted of two distinct systems:-

1. Datalogging, and
2. Data conversion and reduction.

Data logging took place at Blackrod PRS and the downstream sites, these data were
subsequently transferred to Aston University for analysis.
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7.4.8.1 Data Logging.

The data loggers were B10 logger units and were designed by Ketron and constructed
under license by British Gas Northwestern. A range of loggers was available, they could
monitor between 1 and 24 PRT channels and/or 1 to 8 D.C. voltage channels. The loggers
were powered by rechargeable 12volt batteries. The operating characteristics such as
interval reading time, start of reading, etc. were set from an lap held Epson PX-8
microcomputer. These data were downloaded from the data logger to the microcomputer
where this information was then held in its internal RAM (Figure 7.11a).

Brobes

PRT's

Gas [

Flow je————3p=| Data > %p)??g - éston'
Gas > Logger Computer University
Pressure [

Soil
Pressure = Data Flow

FIGURE 7.11a Data Flow Diagram for Data Collection from Blackrod Instrumentation.

Data Backup
Copy on
/ Floppy Disc Plg:::ut
Aston
University VAX Conversion and
Epson Mainframe [ | grexidecimal Data
Computer \ J \ Textronix
Terminal:-
Epson *
Graph
Printer Plotting
Apple Macintosh
Micro-Computer:-
Graph Plotting
Data Backup
Printer Copy on
Floppy Disc

eweeqi  Primary Data Flow
———= Secondary Data Flow

FIGURE 7.11b Data Flow Diagram for Data Interpretation at Aston University.
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7.4.8.2 Data Interpretation,

At Aston University the microcomputer's RS§232 port was linked to the Vax Cluster
mainframe via the Local Area Network. The suite of computer programs for data processing
on the Vax were provided by British Gas Engineering Research Station. The file transfer
program provided was rewritten and enhanced to make use of the more efficient data
transfer facilities available at Aston. The data were transferred in Hexidecimal code, and
three programs were then run on the files to:-

1.  Hexconvert:- convert data to decimal,
2.  Average:- average data on a daily basis,
3.  Accumulate:- accumulates data files form individual loggers.

These programs were also modified to run on the Vax Cluster at Aston. These accumulated
data files were subsequently transferred to an Apple Macintosh micro-computer for further
data reduction in spreadsheets and/or finally printed out using graph plotting packages. Data
transfer was effected using a standard file transfer package, in this case KERMIT. All the
other data from Blackrod were also analyzed on an Apple Macintosh micro-computer,
therefore the final stage allowed direct comparison with these data. Figure 7.11b illustrates
data flow during its interpretation at Aston University. -

7.5 Instrumentation of Pressure Reduction Station.

The primary objective was to investigate the profile of the ground surface during the
formation and recession of the frozen annulus. Initial results indicated that pipe heave even
3 km downstream could reach 50 mm, and so it was probable that ground movements in
excess of this could be anticipated. The secure compound of the PRS offered the
opportunity to investigate pipe and ground movements without ground surface disturbance
from people, cattle or wildlife.

During the earlier study (Archer et al. 1984) the structural integrity of the pipeline within the
compound area had been monitored by pipe heave rods and strain gauges (British Gas
Corporation, 1988). These had shown that significant bending stresses were not introduced
into the pipe array as a result of sub-zero temperature operation. In late 1988 the pipe heave
rods were refurbished to provide a reliable monitoring system to give the Engineer advance
warning of any threats to the integrity of the Blackrod system, and so this refurbished
monitoring system was incorporated into this study programme. |
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7.5.1 Pipe Heave/Ground Surface Movement,
Pipe movement was originally monitored by five pipe heave rods (Site A', B, C', D' and

E') within the PRS (Figure 7.12). Sites C' and D' were selected for further investigation as
they had previously shown the largest total pipe heaves (British Gas Corporation, 1988).
Pipe heave had formerly been monitored by manual observation of the vertical movement
of the pipe heave rod against a ruler attached to the goalpost. In order to reduce the possible
effects of frost heave on the goalpost a new pipe heave rod with a large head replaced the
old one, thus allowing a levelling staff to be placed directly on it (Figure 7.13, Plate 7.7).
The outer casing was previously checked for any residual movement. At the same time, the
distances between the top of the pipe heave rod and both the top of the goalpost and outer
casing were measured as a further check on the validity of the results.

Ground surface heave perpendicular to the line of the pipe was measured simply by
fastening a very taut nylon string between each upright of the goalpost and measuring down
to the ground surface with a steel ruler. The ground surface was first stripped of the pea
gravel layer to expose the underlying soil, and this exposed surface levelled to an even
grade and marker nails driven into this surface. At either side of the pipe centre, nails were
placed at 0.1 m intervals for 1 m and then at 0.2 m intervals from 1 to 2 m (Figure 7.13).
When readings were taken both ends of the goalpost were levelled to correct for any relative
movement of nylon string.

7.5.2 Pipe Bending Stress,

An assessment was undertaken of the pipe network within Blackrod PRS to determine the
locations of restraint on the pipe and so verify that the selected pipe heave sites (Sites A',
B', C, D' and E') were not subject to excessive restraint. These pipe heave sites were
found to be correctly positioned to facilitate the measurement of pipe movement around the
regulator bund walls, but Site D' was noted to be close to a location where the pipe passed
from being buried to being supported above ground on vertical support members. At each
location (Site A' to E') the pipe was buried. The five sites were refurbished as described in
Section 7.5.1 to allow direct levelling of the pipe heave rod. Since the goalposts at Sites A",
B'and E' had widths of under 2 m, any frost/pipe heave would produce a resultant upward
movement of the goalpost, and so levelling was used to provide a reliable datum.
Monitoring was undertaken on a weekly basis during periods when little pipe heave was
occurring however, during operations at -5°C, this was increased to three times a week.

173



*spoy 9Aeay odig oyt Jo suonisod ayp Summoys porjoeg Jo noke] onewuwreiderq  7I'L TINOLI

uojdunaed
oL
A

*KJUED JOJ PONIWWO U] ARY SIA[RAIYL 30N

= — —UdY — —_
Aqssjuieg
wox
_ <
Yo
SSVd
SYALVIH 0.t |
: ok
—>
SINVAULS .,*
ﬂ ONINALAW
. SYALTIA
111111
/ 1

- WY - —

174
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FIGURE 7.13  Typical Pipe Heave Arrangement during the Study.

PLATE 7.7 Pipe Heave/Ground Surface Profile Arrangement at Site C'.
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7.6  Reading Intervals,

This section provides information on the reading intervals for the monitoring systems
downstream of the PRS at Sites A, B and C (Table 7.5), PRS operating and ambient
conditions (Table 7.6) and the pipe/ground heave instrumentation within the PRS (Table
7.7).

Reading

Instrument Interval
Site A Site B Site C
PRT's (soil) 4 hours 4 hours 4 hours
PRT's (pipe) 4 hours 4 hours 4 hours
Soul Pressure Cells 4 hours 4 hours 4 hours
Thermocouple-psychrometers weekly weekly weekly
Pipe heave rods weekly weekly weekly
Strain gauges e weekly
Water table weekly weekly weekly

TABLE 7.5 Reading\lntcrvals of Instruments at Site A,B and C Downstream of PRS.

Instrument Reading Interval
PRT's (ambient air) 4 hours
PRT's (ambient ground) 4 hours
PRT's (pipe inlet and outlets) 4 hours
PRT's (honizontal soil) 4 hours
(Gas tlows (inlet) 4 hours
Gas pressures (inlet and outlet) 4 hours
Rainfall weekly

TABLE 7.6 Reading Intervals of Pipeline Operating Characteristics, Ambient
Conditions and Soil Temperature Profile taken in PRS.

Instrument Reading
Interval
Site A' | Site B' | Site C' | Site D' | Site E'
Pipe movement weekly * | weekly * | weekly * | weekly * | weekly *
Ground movement weekly * | weekly * | --mecee-e

* During trial period (outlet -5°C) readings were taken three times a week.
TABLE 7.7 Reading Intervals of Pipe and Ground Movement in the PRS,
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7.7  Results,

The instrumentation was installed with assistance of British Gas Corporation
NorthWestern, Transmission Department during the period Nov 1987 to Jan 1988. Regular
monitoring of the downstream Sites A,B and C, together with Blackrod PRS operating
conditions and ambient conditions were effected from 3rd February 1988 (Week 0) to 7th
March 1990 (Week 109). The pipe heave monitoring system within Blackrod PRS, from
the earlier British Gas study (Archer et al., 1984), was refurbished in Nov 1988 and regular
monitoring of both pipe and ground heave started on 24th Nov 1988 (Week 42) and
continued until 7th March 1990 (Week 109).

7.7.1 Blackrod PRS Operating Conditions.

In the earlier study the setpoint temperature was -5°C (Archer et al., 1984) and therefore it
was hoped to produce ground cracking under similar operating conditions. Thus -5°C was
selected as the setpoint temperature but, due to operational difficulties that arose during the
trial, this temperature was only maintained for 34 days out of the total of 763 days. The
actual setpoint temperatures and periods of operation for Blackrod PRS are given in Table
7.8.

Outlet Start Finish Remarks
Temperature Date Date
-2°C pre-Dec | 24/11/88 | British Gas Engineers confident of ground
1987 (Week 42) | cracking at this temperature in the Spring.
(No significant ground cracking observed)
0°C 24/11/88 31/1/89 | British Gas Northwest required extra
(Week 42) | (Week 52) | instrumentation to monitor pipe heave within
PRS. (Installed Nov 1988)
-5°C 31/1/38 23/2/89 | First trial.
(Week 52) | (Week 55)
-2°C 23/2/89 5/2/89 | Temperature raised since British Gas
(Week 55) (Week | Northwest were concerned at the frost heave
105) downstream of PRS. The temperature was
raised to -2°C, not 0°C to reduce the
possibility of thaw settlement.
-5°C 5/2/90 16/2/90 | Second trial.
(Week (Week
105) 106)
-2°C 16290 | ------ Operational requirements required an
(week 106) increase in outlet temperature.

Note:  Week numbers are approximate and apply to the nearest week.

TABLE 7.8

Outlet Temperature Setpoints for Blackrod PRS during the Trial.
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Figure 7.14 illustrates the operating conditions of Blackrod PRS during the monitoring
period. However, weekly average values have been used for ease of interpretation, thereby
averaging out the daily variations in gas flows, pressure and temperature.

The station outlet setpoint temperature is shown in Figure 7.14a, however the actual station
outlet temperature was observed to deviate from this value annually between April and
November. This indicated that the maximum temperature drop across the station was
insufficient to compensate for the increase in the inlet temperature during this period. Again,
during the periods that the station had a setpoint of -5°C there was an insufficient
temperature drop, thus an average weekly outlet temperature of -4°C was recorded (Figure

7.14a),

Blackrod PRS operates its downstream pipelines at a nominal outlet pressure of 3.2 MNm-2
(465psi) and Figure 7.14b illustrates that this constant outlet pressure was successfully
maintained. The flow through the station is shown to cycle on an annual basis (Figure
7.14b) and this is typical of the demand pattern for gas in the UK (Francis, 1984). As a
result of the construction of additional pipelines within the British Gas NorthWestern
Transmission System, flows through Blackrod PRS were considerably less than in the
earlier study (Archer et al., 1984), but local Grid Control supplied a maximum feasible flow
through the station during the periods when ground cracking could be anticipated.

The inlet pressure to Blackrod PRS can be calculated by the addition of the pressure drop
across the station (Figure 7.14¢) and the outlet pressure (Figure 7.14b). It has an average
value of 5.0 MN m-2 (725 psi) which is much less than its design value of 6.9 MN m-2
(1000 psi) at which it was operated during the earlier study (Archer el al., 1984). This
decrease in the potential pressure reduction from 3.7 to 1.8 MN m-2 represents, from
thermodynamics, a decrease in the potential average temperature drop from 18.5 to 9°C.
The actual temperature drop across the station is illustrated in Figure 7.14¢ and was
dependent on inlet pressure, temperature and outlet setpoint temperature.

7.7.2. Ambient Conditions at Blackrod PRS During the Trial,

The average weekly air and ground (at pipe depth) ambient temperatures are shown in
Figure 7.15. Both the air and ground temperatures follow an approximate sine wave with a
period of approximately 1 year. The air temperature oscillates between 2.5 and 17.5°C but,
the ground temperature oscillates between 4.5 and 14.5°C and, lags behind the air
temperature. These findings are consistent with the discussion in Section 3.2.3.1. It is
evident from Figure 7.16 that the inlet temperature at Blackrod PRS is effectively that of the
ambient ground temperature throughout the trial period.

Rainfall was monitored from week 14 onwards and a bar chart representation of the weekly
rainfall is provided in Figure 7.17.
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FIGURE 7.16 Average Weekly Inlet Pipe and Ambient Ground (at pipe depth)
Temperatures.

7.7.3 Downstream Sites,
Discussion of results in this section is concentrated on Site C since this is the site where

ground cracking was observed during the trial and was also the most intensively
monitored.
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7.1.3.1 Soil Classification,
The soil classifications of the downstream Sites (A, B and C) are provided in Table 7.9

Site A Site B Site C
Gravel Content 17 % 30 % 22 %
Sand Content 6 % 6% 13%
Silt Content 50 % 42 % 60 %
Clay Content 27 % 21 % 5 %
Organic Content —meeee L 15 %
Liquid limit 33% 36 % 68 %
Plastic limit 15% 18 % - %
Plasticity index 18 % 18 % NP
Shrinkage limit 10 % 9% 6 %
Dry density 1890 kgm-3 [1930kgm-3 |910kg m-3

TABLE 7.9 Soil Properties at Sites A, B and C.

7.7.3.2 Thermal Regime,

Data collection was effected by manual readings using a digital hand held temperature
indicator (Digitron Model 3204), from 26/7/88 until the relevant data loggers were installed
(Table 7.10 summarizes the installation dates of the downstream data loggers). The results
from the probes closest to the ground surface are expected to have been affected by daily

ambient air conditions.

Data Logger Site Function Date Installed
40 A 24 channel PRT 21710/88  (Week 37)
41 A 4 channel Soil Stress Jan 1990  (Week 101)
42 B 24 channel PRT (Week 38)
43 B 4 channel Soil Stress Jan 1990  (Week 101)
4 C___| 24 channel PRT 23/12/88__(Week 46)
45 C 4 channel Soil Stress Feb 1989 (Week 52)

Note: Week numbers are approximate and apply to the ncarest week.,
TABLE 7.10  Installation Dates for the Downstream Data Loggers.

The temperature regimes at Site C at 90°, 60°, 45°, 30° and 0° to the vertical above the pipe
are shown in Figures 7.18, 7.19, 7.20, 7.21 and 7.22 respectively and the probe numbers
refer to Figure 7.2 and the positions given in Table 7.2. The results are provided on a
weekly average format using either manual or data logger readings, It is evident that after
the data logger (DL44) was installed, only minimal data were collected and this has been
attributed to the unreliability of the data logger. A similar pattern emerges for the
temperature data loggers at Site A (DL40) and Site B (DL42), and these are given in
Appendix C. Figures 7.18-22 illustrate that for Site C, the frozen annulus extended between
150 and 200 mm from the pipe wall during periods of low temperature operation. It is
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uncertain whether the frozen annulus was elliptical, with its smallest dimension directly

above the pipe crown, or circular in shape.

At Site A there was a much larger frozen annulus which reached a maximum of
approximately 400 mm horizontally from the pipe and over 250 mm at 30° to the vertical
(Appendix C). The data for Site B shows that the frozen annulus extended over 450 mm
horizontally from the pipe wall and over 150 mm vertically upwards from the pipe crown
(Appendix C). These two sites indicate that the frozen annulus was elliptical with its
smallest dimension from the pipe wall directly above the pipe centre.
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FIGURE 7.18  Average Weekly Temperature Profile at 90° to the Vertical at Site C.
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FIGURE 7.19  Average Weekly Temperature Profile at 60° to the Vertical at Site C.
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7733 H lic Regime.

The water table levels for Sites A, B and C are shown in Figure 7.23 and these were
observed from standpipes. At Site A the soil above the pipe was a clay liner overlying a
quarry site which had been compacted by mechanical equipment during placement and water
was often observed in ground surface depressions. The standpipe at Site A was broken a
number of times by farming activities. Site B is in the same area as Site A, but the water
table was at pipe invert depth in contrast to Site A, where it was at pipe crown level until the
standpipe was broken.
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FIGURE 7.23  Depth to Water Table at Sites A, B and C.
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At Site C the water table was more prone to fluctuations and there was an anomalous rise
during November 1989 (Weeks 91-94). This resulted from the farmer altering the drainage
system causing the water to flow directly under Site C, but there was a break in the drainage
pipe close to the gas pipeline. Local flooding of this area ensued and this was augmented by
the heavy rainfall during this period (Figure 7.17). Subsequently the drainage pipe was
repaired and the water table fell to 1.6 m that is 0.2 metres above the pipe invert level.

At Site C the results from the thermocouple-psychrometers are shown Figure 7.24, and, the
position of the probes are given in Figure 7.3 and Table 7.3. A positive output indicates that
a positive pore water pressure was observed from most probes (Figure 7.24), but the
instrument is only capable of measuring a negative pore water pressure. This either indicates
that the instruments were affected by chemicals in the soil that produced a corrosive reaction
or that positive outputs are observed at zero or positive water potentials. Small positive
outputs have been discussed by Brown and Bartos (1982) under saturated conditions. Most
of the results indicate positive potentials between 0 and 5 bars, the peaks above this occur at
the same time for most of the probes and may be due to errors induced when water entered
the microvoltmeter housing box and so unfortunately these data are of little value to the main
investigation. The outputs for Sites A and B are given in Appendix C.

7.7.3.4 Soil Stress Regime,

Late installation and improper data logger design resulted in data loss, but initial results in
the trial indicated that monitoring of this regime would only provide peripheral information
and would not deflect from the objectives of the project, since the soil pressure cells were
primarily installed to provide information on when ground cracking was initiated.

1.7.3.5 Pipeline Movements and Strains,

At Site C the pipe movement at each of the three pipe heave stations shows a similar
displacement profile with time (Figure 7.25). The total pipe heave during the 1989/90 Pre-
heating Season was greater than that observed during the 1988/89 Season and this can be
attributed to pipeline operating at -2°C during the two months previous to the trial period
(Figure 7.26). Thus substantial heave had taken place prior to the trial period. During the
trial periods there was a rapid average pipe heave rate of 1.07 and 1.37 mm/day for the
1988/89 and 1989/90 Pre-heating Seasons respectively. Previous to first and second trial
periods the average pipe heave rate was 0 and 0.29 mm/day respectively.

Figure 7.25 shows an anomalous peak in the pipe movement profile at Week 92 (9/11/89)

and Figure 7.26 shows a temporary outlet temperature drop below 0°C during Weeks 88 to
90 (12/10/89 to 26/10/89), but data was not available for the actual pipe temperature at Site

186



3
§
>
°

7.24a 90°

Time (weeks)

- o |
S et
5 son
- O
ERE
H L b
__ : 2
i .
i el
(=] o n o
R223°333ddaazy
(z- W NIW) [enuajod Jajem

65

52
Time (weeks)

39

26

(z- ™ NIW) [epuajod Jajem

=
R3]
b
>
2
=)
g
~

52
Time (weeks)

FIGURE 7.24 Results from 'Ihermocouplc-Péychromctcrs at Site C.

187



Pipe movement (mm)

L] L (]
w ] o
g o (=] o o
—— | o ] 1 T

30 ——  20m u/s
i Site C
20 - e, 20m d/s

10 J

g f 2 : 3 ¥ : B
0 13 26 39 52 65 78 91 104
Time (weeks)

FIGURE 7.25 Pipe Movement at the Three Pipe Heave Stations at Site C.

C. A more probable reason for the anomalous peak is the rise in the water table which
started in Week 90 and reached a peak in Week 92 and, subsequently fell to close to its
original level. The water level rose from 1.8 m, which is pipe invert level to 0.4 m,
therefore the pipe was completely submerged and subject to buoyancy forces as discussed
in Section 4.3.2.2. The time periods for water table rise and anomalous pipe movement
coincided (Figure 7.27) indicating a relationship between these two variables but, more
importantly, this indicates that buoyancy forces did not produce or add to the pipe heave
being monitored during the trial periods.
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FIGURE 7.26 Average Weekly Station Outlet Temperature, Average Weekly Pipe
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FIGURE 7.27 Average Pipe Movement and Water Table Movement during Monitoring at
Site C.

The readings from vibrating wire strain gauge No.2 (Figure 7.28) were the only set that
could be monitored throughout the period and, as the gauge was located on top of the pipe,
it effectively measured the vertical pipe strain. The vibrating wire strain gauges at Site C
show a definite seasonal pattern (Figure 7.28) indicating that the strain became more tensile
during the winter periods and more compressive during the summer periods. These strain
differences are not absolute since the gauges were installed after the pipe was laid so that the
tie-in temperature, pipeline construction and previous in-service strains have not been
assessed. Under normal pipeline operating conditions, with pre-heat, the pipe would
typically be subject to increasing tensile strains in the winter since it is trying to contract, but
soil friction acts in the opposite direction thereby inducing tensile strains (Herbert and
Leach, 1990). A similar concept holds for compressive strains induced in the summer
(Herbert and Leach, 1990). This is shown in Figure 7.28, however the amplitude of the
strain curves No. 1 & 2 was greater than expected and the extra strain may be due to
bending strains.

The strains recorded are not significant in comparison to the Yield Strain of approximately
2000 micro strain, assuming a yield stress of 413 Nmm-2 for a Grade X60 Steel Pipe
(ASME, 1986), Young's Modulus of 210 KN mm-2 and elastic behaviour. The step in the
curves is a product of the "forced" temperature control of the pipeline. The strain change
resulting from the temporary increase in the water table is also clearly seen in November
1989.
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FIGURE 7.28 Vibrating Wire Strain Gauge Readings for Gauges at 0° (No.2), 90°

(No.3) and 270° (No.1) at Site C.

All the pipe heave stations at Site A had a similar profile with time (Figure 7.29), but there
was a distinct difference in the magnitude of their responses to pipe heave and settlement.
Figure 7.30 shows the average pipe movement in relation to the pipe temperature (assuming
the station outlet temperature is the same as the pipe temperature). It can be seen that this
pipe movement is dependent on the pipe temperature fluctuations and it is clear that when
there was a temperature drop below 0°C in Nov 1988 (Weeks 39-42) and Nov 1989
(Weeks 87-90), this resulted in an upward pipe movement. Pipe heave during the 1988/89
Pre-heating Season was less than 1987/88 and 1989/90 since the lowering of the pipe
temperature below 0°C was delayed until February (Weeks 52-55) in the 1988/89 Season.
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FIGURE 7.29  Pipe Movement at the Three Pipe Heave Stations at Site A.
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FIGURE 7.30 Station Outlet Temperature and Average Pipe Movement at Site A during

the Monitoring Period.

It became evident at Site B that when the TBM and the check TBM were re-levelled, their
levels had changed and this lead to the installation of a new TBM further from Site B. At
Site B the pipe was surrounded with a sand backfill with pipe cover of 150 mm and little
pipe movement was expected until the frost front had advanced beyond it. After the new
TBM was installed it was found that there was under 10 mm pipe movement (Figure 7.31)

and this represented the least pipe movement at any of the three sites (Figure 7.32).
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FIGURE 7.31  Pipc Movement at Site B Pipe Heave Station for New and Old TBMs.
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FIGURE 7.32  Average Pipe Movement at Sites A, B and C.

Figure 7.32 shows that the settlement at Site A, between March and July 1988, was
significantly greater than that recorded at Site C. The PRS setpoint temperature had been at
-2°C since early 1987 and thus, from October onwards, would have produced a frozen soil
annulus around the pipe in areas close to the station outlet. The formation of the frozen
annulus would have extended downstream with time and it is suggested that pipe heave at
Site A, which is at the station outlet, would have been in excess of that taking place at Site
C. Consequently the settlement to the pre-frozen annulus level would have been greater at
Site A than Site C. This is reinforced by the results from the Pre-heating Season 1988/89
whereby the pipe returned to its previous level after thawing indicating that the subgrade had
been conditioned by the freeze-thaw cycles. A similar situation would have occurred in the
Pre-heating Season 1989/90 except that the pipe temperature increased above 0°C during
November 1989 (Weeks 87-90) thereby negating the pipe heave observed previously at Site
A (Figure 7.30).

7.7.3.6 r kin

Site C was previously known to be the area most susceptible to ground cracking and so this
site was subjected to the closest examination during the trial period. The area under
examination was between MP(marker post)18 and MP21 which consisted of three fields

used for pasture, and the total distance is 600 metres of which each field is approximately
200 m across.
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During the 1987/88 Pre-heating Season ground surface fissures were observed
intermittently between MP18 and MP19+50 m. In areas the surface fissures developed into
ground cracks and these reached their maximum size on the 11/3/88 (Week 5), however
cracking up to 10 mm width and 150 mm deep was only observed intermittently with most
cracking limited to surface cracking (Figure 7.33).

The pipeline operating characteristics in the Pre-heating Season 1988/89 provided the
greatest ground cracking with widths up to 50 mm and depths of 600 mm (Figure 7.34).
Maximum cracking was recorded on 23/2/89 (Week 55) and subsequently these were filled-
in using imported topsoil by sub-contractors. Plates 7.8 and 7.9 show cracking between
MP18 and MP19 on the 16/2/89 (Week 54) and these cracks have a width of about 5 mm
and penetrate up to 100 mm. The larger cracks that were observed on the 23/2/89 (Week 55)
are shown in Plates 7.10 and 7.11, these have a width up to S0 mm and depths of up to 600
mm. Plate 7.12 shows the crack extending from MP19+20 m towards MP20 and at this
point a trial hole was excavated to show the crack profile (Plate 7.13) revealing that the
crack extended to the top of the frozen annulus. Maximum crack size occurred at maximum
pipe heave which averaged 26 mm at Site C (Figure 7.32).

During the 1989/90 Pre-heating Season cracking reached a maximum on 14/2/90 (Week
106) , maximum widths of up to 20 mm and depths of 600 mm were recorded between
MP19 and MP19+50 m (Figure 7.35). Ground cracks between MP19 and MP20 were
recorded in the first 50 m, beyond this point there was a distinct depression across the line
of the pipe that continued up to MP20 (Plate 7.14). Excavations to the top of the frozen
annulus in this area showed no visible signs of cracking.

On 11th August 1989 (Week 79) trial pits in the area MP19 to MP19+50 m showed that
cavities had formed between the ground surface and the pipe top (Plate 7.15 and 7.16). The
trial pit shown in Plates 7.15 and 7.16 shows a cavity extending over the pipe at
MP19+37.5 m, this had a height of 20 to 30 mm.

Figure 7.36 shows that the cavity was located approximately 400 mm below the ground
surface and 350 mm above the pipe crown. Section YY, which is perpendicular to the line
of the pipe, shows that the cavity was curved at a distance of over 200 mm from the pipe
centreline (Figure 7.36¢). However along the line of the pipe the cavity maintained a
constant level of 350 mm above the pipe crown. The cavity extended 500 and 300 mm
downstream and upstream respectively.
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FIGURE 7.33  Illustration of Maximum Observed Ground Cracking during 1987/88 Pre-
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PLATE 7.8 Typical Ground Cracks between MP18 and MP19 on 16/2/89 (Week 54).

7_ X ./;(;'V;f o e 7%
PLATE 7.9 Typical Ground Cracks between MP18 and MP19 on 16/2/89 (Week 54).
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PLATE 7.10 Typical Ground Cracks between MP18 and MP19 on 23/2/89 (Week 55).

. - | ’ Y -

PLATE 7.11 Typical Ground Cracks between MP18 and MP19 on 23/2/89 (Week 55).
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PLATE 7.12 Typical Ground Cracks between MP18 and MP19 on 16/2/89 (Week 54).
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PLATE 7.13 Cross Section Through a Ground Crack between MP19 and MP20 on
23/2/89 (Week 55).

PLATE 7.14 Depression Across the Pipeline between MP19+50 and MP20.
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PLATE 7.15 Cavity at MP19+37.5 m on 11/8/89 (Week 79).

PLATE 7.16 Cavity at MP19+37.5 m on 11/8/89 (Week 79).
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FIGURE 7.36  Tllustration of the Cavity at MP19+37.5 m.
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7.7.4 Pressure Reduction Station Monitoring,
This was designed specifically to investigate the effect of both pipe movement and the
growth of the frozen annulus above the pipe on the ground surface profile perpendicular to

the line of the pipe.

7.7.4.1 Pipe Movement,

The vertical movements of the pipe at Sites C' and D' are shown in Figure 7.37 and it is
clear that the larger movements were observed at Site D' indicating that, at this point, the
pipeline was more susceptible to frost heave displacements. At each location the depth of
burial to the crown of the pipe was 600 mm, however, Site C' was located closer to a point
of potential restraint than Site D",

Pipe movement

Site D' . T
Pipe movement [
Site C' \\ r 10
Pipe temperature 3

&

Pipe movement (mm)
)
o
Pipe temperature (°C)

8

=]

s &
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0 13 26 39 52 65 78 91 104
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FIGURE 7.37 Pipe Heave and Pipe Temperature against Time for Sites C' and D' within
Blackrod PRS.

Figure 7,38 shows that, during those trial periods when the outlet temperature of Blackrod
PRS was lowered to -5°C, the frozen annulus grew rapidly. The frozen annulus extended to
300 mm horizontally from the pipe wall at the end of each trial. However, prior to the
second trial a smaller frozen annulus had formed and this accounts for the pipe heave
occurred prior to this trial (Figure 7.37).

7.7.4.2 Ground Movements,
The ground surface profile for Site C' in the trial periods is shown in Figures 7.39a and c,

while Figure 7.39b shows the settlement that accompanied thawing of the frozen annulus
after the first trial period. In the first trial the profiles for 9/2/89 (Week 53) and 16/2/89
(Week 54) have the shape approximating to a normal distribution curve, but on the 23/2/89
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(Week 55) there is a distinct deviation away from this profile. This profile exhibits two
peaks at approximately 0.4 m from the pipe centreline and a depression between these
points. The soil mass between these two peaks rose slower than expected and this can be
explained in terms of the ground surface cracks that opened during the period 16/2/89 to
23/2/89 (Weeks 54-55). Figure 7.40 shows the formation of ground cracks along the
profile and reports only the major cracks after 16/2/89 (Week 54). Until the 16/2/89 (Week
54), the ground cracks had a maximum width of 1 mm and on the 16/2/89 (Plate 7.17) the
major cracks were located at approximately 0.4 m from the pipe centreline. During the
following week these cracks opened up to 8 and 6 mm (Figure 7.40) and their depths
exceeded 50 mm, suggesting that the soil profile was moving unequally around these cracks
as pipe heave continued. After the first trial the cracking reduced in size and on 16/3/89
(Week 58) the main cracks were under 1 mm in size (Figure 7.40). Figure 7.39b shows that
by 31/3/89 (Week 60) the profile had dropped by a maximum of 20 mm and the two peaks
could no longer be observed. By 30/6/89 (Week 73) the profile had settled to approximately
its original shape and subsequently did not settle significantly.

Soil temperature
15 . Pipe wall
1 e 75mm hor.
*********** 150mm hor.
N [ 600mm hor.| '

10 M

Temperature (°C)

Time (weeks)

FIGURE 7.38  Horizontal Temperature Profile from the Pipe within Blackrod PRS.

During the 1989/90 Pre-heating Season the pipeline was operated at -2°C prior to the second
trial period and significant ground heave was noted. However the upward movement was
slower than in the first trial period and it was only after the start of the second trial that the
two peaks again formed (Figure 7.39c¢). During the second trial there was a heavy period of
rainfall (Figure 7.17) and no cracking was observed.

204



. Date of
measurement
30 4 o —_—a— 26/1/89

Vertical ground movement (mm)

-20 -1.5 -1.0 -0.5 00 05 10 15 2.0
Distance to centreline (m)

FIGURE 7.39a Ground Surface Profile Across the Pipeline at Site C' within Blackrod
PRS from 26/1/89 to 23/2/89 (Week 51 to 55).
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FIGURE 7.39b Ground Surface Profile Across the Pipeline at Site C' within Blackrod
PRS from 23/2/89 to 30/6/89 (Week 55 to 73).
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FIGURE 7.39¢c Ground Surface Profile Across the Pipeline at Site C' within Blackrod
PRS from 19/11/89 to 14/2/90 (Week 92 to 106).
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FIGURE 7.40 Plan View of Ground Cracking Perpendicular to the Ground Surface
Profile Apparatus at Site C' within Blackrod PRS from 2/9/89 to 16/3/89
(Week 53 to 58).
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PLATE 7.17 Ground Cracks at Site C' within Blackrod PRS on 16/2/89 (Week 54).

During the first trial the ground heave at Site D' reached a maximum of 50 mm (Figure
7.41a) which is 20 mm more than that observed at Site C' (Figure 7.39a). A crack 5 mm
wide was observed after 10 days of the trial, subsequently three 1 mm wide cracks were
observed between 0.1 m either side of the pipe centreline (Figure 7.42). An inspection of
Figure 7.41a reveals that there are no anomalous peaks which at Site C' were indicative of
cracking. Again, as with Site C', as thawing proceeded the ground surface profile returned
approximately to its original level (Figure 7.41b). Prior to the commencement of the second
trial period (Week 105 (5/2/90)) there was over 30 mm of upward ground surface
displacement produced by the normal operating outlet temperature of -2°C. When this
temperature was lowered to -5°C in the second trial this produced a maximum of 75 mm
displacement from the original level at the end of the first trial. However, during this second
trial, two peaks formed at 0.2 m from the pipe centreline (Figure 7.41c) when the ground
surface profile reached its maximum, but no cracks were observed.
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FIGURE 7.41a Ground Surface Profile Across the Pipeline at Site D' within Blackrod
PRS from 26/1/89 to 23/2/89 (Week 51 to 55).
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FIGURE 7.41b Ground Surface Profile Across the Pipeline at Site D' within Blackrod
PRS from 23/2/89 to 28/7/89 (Week 55 to 77).
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FIGURE 7.41c Ground Surface Profile Across the Pipeline at Site D' within Blackrod
PRS from 9/11/89 to 14/2/90 (Week 92 to 106).
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7.8  Summary,

Instrumentation of Blackrod to Engine Lane pipeline was undertaken to investigate ground
cracking and pipe/frost heave under in situ conditions. Monitoring involved assessment of
the pipeline operating characteristics, soil thermal, hydraulic and stress regimes around the
pipe, together with pipe movement and strain. The pipeline has been subject to sub-zero
operating temperatures since 1982 and thus the soil around the pipe had been subjected to
freeze/thaw cycles. During a short period in each of the Pre-heating Seasons 1988/89 and
1989/90 the outlet at Blackrod PRS was lowered to -5°C. In each trial period, as the frozen
annulus grew, rapid pipe heave was noted but, the amount of heave varied along that part of
the pipeline operating below 0°C. Ground cracking was observed in each trial period along
with pipe heave and both width and depth of cracking increased as the trial progressed.
When the cracks reached a maximum the apex was observed to be within the frozen
annulus, and widths of up to 50 mm were recorded at the ground surface. However,
ground cracking was only observed between chainage 2600 and 3050 m (Site C) during the
trial periods.

Monitoring of the ground surface perpendicular to the line of the pipeline was undertaken
within Blackrod PRS. Results showed that ground surface heave exceeded pipe heave at the
two points under consideration. Therefore frost heave in the frozen annulus both above and
below the pipe produced ground surface displacements. Ground surface heave decreased
with increasing distance from the pipe centre and its shape was observed to approximate to a
normal probability distribution curve. Slight ground surface cracks were recorded during
the Ist trial, but no cracking was reported in the 2nd trial due to heavy rainfall. This large-
scale trial indicated that ground cracking was dependent on frost heave that in turn is also
dependent on both pipeline operating conditions and soil conditions. Thus a small-scale
laboratory model was designed and constructed to investigate the dependence of ground
cracking on frost heave under controlled pipe and soil conditions.
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CHAPTER 8 SMALL-SCALE LABORATORY MODEL

8.1  Introduction,

Results initially from the questionnaire (Chapter 6) have indicated that along a pipeline that
is known to exhibit heave, there is a strong probability that cracking will also appear. This
has subsequently been supported by the large-scale trial at Blackrod A.G.L.(Chapter 7)
which also indicated a strong relationship between frost heave and ground cracking, The
final objective was to study the ground cracking phenomena under laboratory controlled
conditions. The model was designed to investigate both the relationship between frost heave
and ground cracking, and whether cracking had a similar shape to the classical pattern
reported by Casson (1984) during pipe lifting tests.

8.2  Objectives.

The small-scale laboratory model study represents the final stage in defining a mechanism
for ground cracking around large-diameter chilled gas pipelines. The objectives were to:-
1.  Produce ground cracking under laboratory controlled conditions,
2. Quantitatively describe pipe heave against ground surface movement,
3. Quantitatively describe pipe heave and ground surface movement in relation to
crack formation and growth,
4, Investigate the development soil suctions in the soil mass during the growth of
the frozen annulus,
5. Investigate the failure planes in the soil mass.

In order to address these objectives, the following monitoring was undertaken:-
1.  Vertical pipe and ground surface movement,
2. Fundamental investigation of the soil thermal and hydrological regimes, special
attention being directed to the soil mass above the pipe,
3. Ground surface detailing of crack development,
4.  Description of failure planes at end of freezing period,
5. Pipe operating characteristics.

8.3  Model Design,
8.3.1 Introduction,

A small-scale model has many limitations since it cannot simultancously model all the
parameters that would be encountered under natural conditions. These parameters include:-
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1.  Soil conditions; particle size distribution, bulk density, moisture content, depth
to water table, ambient ground and air temperatures, overburden stress, etc

2. Pipeline operating conditions; temperature, mass heat flow rate, fluid density,
depth of burial, pipe diameter, etc

3.  Frost susceptibility parameters; soil thermal, soil stress, soil moisture regimes,

4, Other test conditions; length of freezing period, rate of frost heave, rate of
growth of ground cracking, growth of frozen annulus.

A laboratory model is unsuitable for satisfactorily modelling of all the above conditions, and
so, during the 1970's, when consideration was given to the operation of large-diameter
chilled gas pipelines in Northern Canada, large-scale test facilities were constructed at
Calgary, Canada and Fairbanks, Alaska (Carlson, 1984). More recently, a 273 mm
diameter chilled gas pipeline has been successfully operated within an environmentally
controlled indoor facility at Caen, France (Williams, 1986) to further investigate the soil
thermal, stress and hydrological regimes associated with soil freezing (Section 4.5.4). The
Caen test has shown that scaled modelled tests can be undertaken when the variables under
test are selected and accounted for in the design stage of the facility.

8.3.2 Model Selection,

A small-scale model test allows control of ambient soil temperatures, particle size
distribution, moisture content and bulk density at the start of the test. The water table can be
maintained at a constant level and the effects of water infiltration from both rainfall and
surface runoff are excluded. The soil around the pipe can be placed under uniform
conditions, thereby reducing spatial variability in soil properties.

When operating a full-scale test, such as at Blackrod, the downstream pipe temperature
distribution is dependent on the previous pipeline operating conditions and the spatial
variability in the soil properties along the pipeline. A small-scale laboratory model allows
more precise control over the pipe operating temperature and thus the size of the frozen
annulus. Consequently the fluid in the pipe does not necessarily need to be that used under
actual pipeline operating conditions. A similar pipe material is necessary to achieve a co-
efficient of heat transfer similar to that at the full-scale site, but the pipe thickness is chosen
to match the scaling factor used in the test. The depth of burial of the pipe is assumed to be
scaled to that encountered under actual field conditions, but the stress/strain behaviour of the
soil mass above the pipe will be altered.

Previous scale models are described in Sections 4.5.4 and 4.6, but the test facility at Caen is
regarded as a large-scale test site (Smith et al., 1985). The centrifuge test was regarded as
inappropriate since it is primarily a short term settlement test that would be extremely
difficult to modify to investigate ground cracking around chilled gas pipelines. The model
used by Parmuzin et al. (1988) would have been an attractive except that it requires a very
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large amount of soil. Therefore the selection of the tank size was based on a scaling factor
of 10, which gave a pipe size of 90 mm and a predicted maximum frozen annulus size of 60
mm. The pipe was to be operated so that the pipe heave substantially exceeded that observed
under field conditions (Chapter 7) to determine whether internal soil failure planes occurred.
Assuming an internal soil failure plane at 45° to the vertical and a maximum depth of burial
of two diameters, the zone of influence of the failure planes would be 225 mm from the pipe
centre at the ground surface. Therefore the tank's dimensions were 1000 x 600 x 480 mm
(L x H x W) and the tank was insulated to maintain constant soil thermal conditions by
reducing heat inflow.

The soils used in the model were taken from sites where significant ground cracking had
been observed, in this case Blackrod (Site C) and Tatsfield (Appendix B). Thus, the frost
heave characteristics (thermal, stress and moisture) of the soils under test were not altered,
allowing comparison with actual ground cracking at these sites. The rate of growth of the
frozen annulus can be controlled to allow pipe heave to be a resultant of varying amounts of
cither ice segregation or insitu freezing of pore water. Similarly the duration of soil freezing
can be controlled, so that the width of the frozen annulus observed in the field is reached
after a defined time period has elapsed in the laboratory, thereby ground cracking can be
monitored under carefully controlled frost heaving conditions.

8.3.3 Maodel Construction

The tank which was constructed from perspex sheet was placed on polystyrene sheets and
surrounded laterally by an insulated box. Perspex was used for the tank since it offered
strength and flexibility, both of which were necessary to allow for the expansive frost heave
forces that would be generated during the trials. An insulation box, consisting of 45 mm
thick purlboard (insulation) on a backing of 5 mm plywood, was constructed in two halves
to form installation around the perspex tank (Figure 8.1). This insulation box could be taken
away at any time for inspection of the soil closest to the tank sides. The tank was placed
ontwo layers of 50 mm insulation and space was provided for a pipe to be connected to a
header tank from the underside of the perspex tank (Figure 8.2). A hole 100 x 200 mm (W
x H), was cut out at each end of the tank to position the steel pipe, the centre of each hole
being located at the centre point of the perspex face. A 1.4 m length of 90 mm diameter steel
pipe was placed through these holes and was connected to a flow cooler and temperature
controller, from which readings could be taken either by a data logger or manually. The
general layout of the small-scale model is shown in a schematic diagram (Figure 8.3).

The steel pipe was 90 mm O.D. with a wall thickness of 1 mm and was 1.4 m in length.
The pipe was sealed, but outlet/inlet connections were provided at each end. The pipe was
connected to two flow coolers, each of which had their own integrated temperature
controllers, the second flow cooler was used both as a fine tune controller and a back-up
system (Figure 8.4). The flow coolers pumped a water-glycol mixture around the system at
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FIGURE 8.3 Schematic View of the Small-Scale Laboratory Model.
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a rate of 20 litres per minute. The fluid was transferred from the flow cooler to pipe via 12
mm diameter plastic pipe, insulated with 10 mm thick lagging. The surface of the soil in the
perspex tank was covered in heavy gauge aluminium foil, again to reduce heat inflow. The
aluminium acted to trapped the cold air in the cracks and at the ground surface, thus direct
heat transfer between the ambient air and soil could not take place directly. Two perspex
flange plates 250 x 350 mm (W x H) were attached to the pipe and pushed up to the 100 x
200 mm (W x H) holes in the perspex tank, the flange plates were covered in silicon grease
in order to form a waterproof seal (Figure 8.1).

12mm plastic pipe
Sict inside 10mm of
el Il S foam insulation.

Flow cooler
Grant FC15

Churhill v

Valves
FIGURE 8.4  Diagram of the Temperature Control System for the Pipe.

The height of the water table was controlled by an external header tank (Figure 8.5) which
supplied water for ice lensing during the growth of the frozen annulus. The header tank was
connected to the underside of the perspex tank and the inlet was covered in a mesh. The
bottom of the tank had a 50 mm layer of 12 mm gravel to ensure that the water table in the
soil was at a constant level. Two standpipes were installed at in opposite diagonal corners to
monitor the height of the water table.

8.4 Instrumentation,

8.4.1 Thermal Instrumentation.

The pipe and ground temperature regimes were monitored using Copper/Constantan type
‘T thermocouples. These were selected because of their linear voltage/temperature output
around 0°C and robustness (Dean Baker ez al., 1975) and were constructed and calibrated in
the laboratory at Aston University. The thermocouples were installed at the same time as the
soil was placed in the tank, the positions are shown in Figure 8.6. Most of the
thermocouples were connected to an Orion data logger and readings were taken every hour.
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FIGURE 8.5 Diagram Showing the System for Maintaining the "Artificial' Water Table.

SOIL SURFACE
A~ 4 Jhermocouple
i

No. X Y

1 240 | 505

p) 240 | 463

g 3 230 | 425
% 7 240 | 383
3 240 | 345

6 328 | 388

1112 13 14 ] W 4435
X X X X g 241 301
0 240 | 345

11 335 | 300

x 20 2| 365 | 300
3 a05 | 300

17 45 | 300

3 220 | 213

1 0 | 173

7 220 | 135

I8 240 03

20 8 | 212

21 385 | 155

22 a4 99

FIGURE 8.6 Diagram Showing the Positions of the Copper/Constantan Thermocouples.
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8.4.2 Hydrological Instrumentation.

In order to represent in situ field conditions and to provide moisture for the soil freezing
process, it was necessary to provide the soil in the tank with an 'artificial’ water table. This
was simply achieved by using a header tank filled with water, the water level being kept
constant during freezing by the addition of water to the header tank.

Thermocouple psychrometers were installed radially above the pipe to monitor the expected
soil moisture suctions resulting from the freezing process (Figure 8.7). These instruments
were used because they allow the measurement of suctions to -8.0 MN m-2 (-80 bar) and
have been shown to be reliable under laboratory conditions (Clark, 1989). Their operation
and use are further described in Section 7.4.2 and the computer program used to interpret
the output is provided in Appendix D.

SOIL SURFACE
~

Thermocouple
Psychrometer
positions

No. Y X
1 495 230
2 445 230
3 305 230
4 444 96
5 408 | 132 |
6 | 372 | 168
7 300 45
8 300 95
9 300 145

FIGURE 8.7 Diagram Showing the Positions of the Thermocouple-Psychrometers.

8.4.3 il ss In
Soil pressure cells were not installed in the model since ground surface, pipe displacements
and ground cracking were being specifically investigated (Section 8.4.4).

8.4.4 Pipe and Ground Movement Instrumentation,

Upward ground movement, perpendicular to the line of the pipe, was monitored
automatically by a row of linear voltage displacement transducers (LVDT's) and, manually,
by two rows of dial gauges. The position of these instruments is shown in Figure 8.8 and a
section through the frost heave box illustrates the layout of the LVDT's (Figure 8.9). The
dial gauges and LVDT's were attached to a frame constructed across the tank and bore on
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FIGURE 8.9  Diagram Showing the Position of the Linear Voltage Displacement
Transducers (dimensions in millimetres).
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10 mm square steel plates. These plates allowed the weight/force of the instrument to be
spread over a larger area thereby increasing the reliability of monitoring. Pipe heave was
also monitored automatically by a linear voltage displacement transducer attached to a pipe
heave rod clamped to the pipe outside the tank, a check was provided on the other side of
the model using a dial gauge. Since the depth of burial was low the pipe could be regarded
as Rigid, in relation to the overlying soil mass, thus pipe heave at either end of the pipe
could be reasonably equated to the that within the model.

Detailing of the ground surface of the tank was effected every 6 hours and provided
information on the position of the crack and its width at various locations, and was
supplemented with a monochrome photograph of the soil surface.

8.4.5 Operation of the Frost Heave Tank,

The soil and instrumentation were installed over 7 days to allow the soil and water to reach
an equilibrium state. Aluminium sheeting was placed over the soil surface to prevent
moisture losses from evaporation. The frost heave tank was left for a further 7 days to allow
for the occurrence of any initial settlement of the ground surface. Once the soil had reached
a steady-state, the water/glycol mixture was pumped round the system at a sub-zero
temperature. During the test periods, the aluminium sheeting served to prevent both
moisture losses and heat gain from the local environment. The pipe was operated for a
sufficient period for both significant frost heave and ground cracking to take place. Indeed,
it was operated beyond the scaled frost/pipe heave, observed under field conditions in order

to exacerbate the ground cracking produced in the model.

The thermocouples and thermocouple-psychrometers were placed on a pre-determined grid
around the pipe, but they were not rigidly fixed since this could induce stresses into the soil
mass which could impair the analysis of the ground/pipe movement data. Therefore, during
each experiment, the position of the thermocouples and thermocouple-psychrometers altered
in relation to the pipe. ’

During the experiments, water was added to the header tank at 6 hour intervals to maintain
the water table at a pre-determined constant level. The operating temperature of the pipe was
changed in a step-wise manner and this was effected to increase the pipe heave rate after it
had slowed to a point where the increase in the width of the ground cracks was minimal.

Monitoring of the instrumentation continued during the freezing phase of the trials, but was
continued for a short period after thawing had begun. At the end of the freezing period the
insulation around the perspex tank was removed so that any soil failure planes within the
soil could be observed and photographed. A small excavation was made across the line of
the pipe, again to assess the failure planes within the soil mass.
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8.4.6 Monitoring System,

Table 8.1 summarizes the reading intervals for the instrumentation adopted during the tests.
Most of thermocouples and all the linear voltage displacement transducers were connected to
a 20 channel Orion B data logger and readings were taken hourly. The Orion B data logger
stored the data on cassette and a printout was also taken. At the end of the test, the data was

transferred directly to an Apple Macintosh micro-computer for analysis.

Thermocouple-psychrometers, dial gauges, crack profile, photographs, water table and

some thermocouples were manually monitored every 6 hours during the test. The detailed
maps of ground cracking were scanned and the images transferred to a micro-computer.

Figure 8.10 shows the data flow from the instrumentation to the micro-computer.

FIGURE 8.10
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Instrument No. Measurement type | Method of | Reading
reading interval
Thermocouple 14 Data logger | 1 hour
copper/constantan 20 Temperature
6 manually 6 hours
Thermocouple-
psychrometers 9 Soil suction manually 6 hours
Linear voltage 6 Ground movement | S Data logger 1 hour
displacement
transducers Pipe movement 1 Data logger 1 hour
Dial gauges 11 Ground movement manually 6 hours
Crack detailing 1 Crack growth manually 6 hours
Camera 1 Crack growth manually 6 hours
Standpipes 2 Depth to water table manually 6 hours
Header 1 Maintain water table manually 6 hours
TABLE 8.1 Reading Intervals of the Instrumentation during the Small-Scale Models
Experiments.
LVDT's —_— OIII)L%N B Datafile Micro-computer
Thermocouples ——a=1 Logger transter Apple Macintosh
% | |
Thermocouple-
psychrometers
Water table ——| Manual Manual input
Dial gauges — =] Readings of readings
Crack Width =~ —»{ __ __ _|
Crack detailing ——= | =1 Scanner

Data Flow Diagram for the Small-Scale Model Tests.



8.5  Results,

This sections describes the small-scale laboratory validation in brief and further expands on
the detailed tests undertaken on soil samples from Blackrod Site C and Tatsfield (Appendix

B).

8.5.1 Experimental Validation,

This was specifically undertaken to investigate whether ground cracking could be
reproduced under small-scale laboratory model conditions. A local sub-soil material was
taken from the University grounds and used in the validation test. The soil was placed in
100 mm layers and compacted over the full surface with two blows of a 5 kg hammer
dropped 200 mm. The pipe had a depth of cover of 135 mm which represented a depth of
burial ratio of 1.5 from the ground surface to the pipe crown. Subsequently the water table
was maintained at 60 mm below the pipe invert level. The water table was maintained at this
level during the four day freezing period, with the flow coolers operating between -5 and
-10°C during this period.

Monitoring of the ground surface for movement and ground cracking was undertaken on a
daily basis and, at the end of the test, both the frozen annulus and the vertical crack above it

were exposed to investigate their shape.

8.5.1.1  Ground Surface Cracking,

In this experiment ground cracking, with surface widths up to 5 mm, were observed above
and parallel to the pipe after two days of sub-zero operation. After four days a continuous
crack had developed with a average crack width of 12-15 mm. A plan view of this ground
crack is provided in Figure 8.11 and is supplemented by a photograph of the ground surface
(Plate 8.1). From Plate 8.1 it is evident that the ground crack was influenced by the pipe
flange plate at the end of the tank, since the crack deviates towards the edge of this plate.

An excavation immediately after the completion freezing cycle showed (Plate 8.2) the frozen
annulus to be approximately circular in shape. Plate 8.2 shows the frozen annulus and
ground crack at Section B-B and it can be observed that the crack apex is within the frozen
annulus. There were no indications of internal soil failure planes as reported by Casson
(1984) during pipe uplift tests.
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PLATE 8.2 Photograph Showing the Shape Frozen Annulus above the Pipe and the
Ground Crack Above the Annulus at the end of the Final Validation Test.

8.5.1.2 Ground Surface Movement.

Figure 8.12 shows the vertical ground movement across Section B-B (Figure 8.11) during
the final validation test. Ground movement was greatest in the final two days of the test and
the maximum ground movement occurred over the pipe centre and decreased with increased
distance from the pipe centre. The soil surface profile on day 4 indicates that the whole

ground surface was moving upwards (Figure 8.12).

2. EX
 |— owo
aeeedpecee Dy |
L of crack
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-250 -200 -150 -100 -0 0 SO 100 150 200 250
Distance from pipe centreline (mm)

Vertical ground movement (mm)

FIGURE 8.12  Ground Surface Profile Perpendicular to the Line of the Pipe at the Centre
(Section B-B) of the Small-Scale Model.
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8.5.2 Tatsfield Test Run,

8.5.2.1 Introduction,
The soil was collected from an area downstream of Tatsfield PRS (SE GAS) where both

ground/pipe heave and ground cracking had been reported (Appendix B). The sample was
taken 700 m downstream and from the zone between the ground surface and pipe top.

The pipe centre was 300 mm from the bottom of the tank and had a depth of cover of 160
mm at the start of the test. The water table was maintained at a constant level of 150 mm
above the base of the tank which, at the start of the test, was 115 mm below pipe invert
level. The test was operated without aluminium foil covering the soil surface in an attempt
to induce ground surface movement from pipe heave such as observed in the full-scale test.
However, a substantial amount of ground movement was attributed to frost heave in the
frozen annulus above the pipe. Consequently, at 312 hours into the test, the foil was placed
over the soil surface to increase the rate of growth of the frozen annulus by acting as an
insulating layer. The objective of the test was to drop the pipe wall temperature to -2°C until
the pipe heave rate had slowed to a limiting rate. Upon reaching this point a sudden
temperature drop was applied to investigate the effect of a negative thermal shock on both
pipe and ground heave and, consequently, ground cracking.

8.5.2.2 ] ification
Tatsfield Soil
Gravel 10 %
Sand 43 %
Silt 34 %
Clay 13 %
Plastic limit 19 %
Liquid limit 43 %
Plasticity index 24 %
Shrinkage limit 11 %
Dry density 1780 kg m-3

TABLE 8.2 Soil Properties for Tatsfield Soil.
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8.5.2.3 Pipe Operating Characteristics,

The pipe temperature was lowered to -2°C over a period of approximately 100 hours and
subsequently maintained at this value until 240 hours had passed (Figure 8.13). At this
stage it was initially lowered to -4°C, after which the pipe temperature was lowered
progressively to -7°C. Thawing was initiated at 384 hours and monitoring continued until
the frozen annulus had completely thawed (Figure 8.13).

&

S

15
10

Pipe temperature (°C)

'logmmm
0 50 100 150 200 250 300 350 400
Time (hours)

FIGURE 8.13 Pipe Temperature during the Tatsfield Small-Scale Test.

8.5.2.4 Soil Temperatures, -
The soil temperatures radiating from the pipe at 0°, 45°, 90°, 145° and 180° to the vertical

are shown in Figures 8.14 - 18. The probes were not rigidly fixed around the pipe since this
could have altered both ground and pipe movements. Figure 8.14 shows a distinct change
in the temperature profile in the thermocouple array vertically above the pipe at 240 hours. It
is suggested that this resulted from changes in either the shape of the lower portion of the
crack or the thermal regime in the crack, thereby producing a vertical free surface close to
the thermocouple probes. At 312 hours there is a drop in the temperature at the locations of
the probes closest the ground surface resulting from the application of the aluminium foil to
the ground surface (Figures 8.14 and 8.15) but, with depth, this change is less noticeable
(Figures 8.16, 8.17 and 8.18).
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FIGURE 8.14

FIGURE 8.15

FIGURE 8.16

No. 1
No.2
No.3
* No.4
No.9

Temperature (°C)

Bl hsasipaanssanns sanns s  AAARARARASLEELE LS

0 50 100 150 200 250 300 350 400

Time (hours)
Vertical Temperature Profile above Pipe Crown (see Figure 8.6).
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FIGURE 8.17

FIGURE 8.18

8.5.2.5
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Temperature Profile at 45° to the Vertical below the Pipe (see Figure 8.6).
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il r Potential

The results from thermocouple-psychrometers vertically above, at 45° and horizontally from
the pipe centre within the soil mass (Figure 8.7) are provided in Figures 8.19a, 8.20a and
8.21a. Figure 8.19a shows that, in the vertical array of thermocouple-psychrometers above
the pipe, the probe closest the ground surface underwent a sudden increase in negative
water potential at 240 hours, which coincides with the thermal shock applied to the pipe
(Figure 8.13). Low positive outputs from thermocouple-psychrometers have been
discussed by Brown and Bartos (1982) under conditions of zero water potential, and it is
suggested that positive output from Probe 3 can be interpreted as zero since the probe was
found to be satisfactory when re-calibrated after the test. This probe was the closest to the
pipe (Figure 8.7), but negative water potentials were not recorded even though its
temperature approached 0°C between 312 and 384 hours (Figure 8.19b).
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FIGURE 8.19b Soil Temperatures at the Positions where Soil Water Potential was
Measured Vertically above Pipe Crown.

The array of thermocouple-psychrometers at 45° to the vertical above the pipe axis (Figure
8.7) indicated negative water potentials at positions 4 and 6 (Figure 8.20a). Probe 6 is
closest to the pipe and shows a steady increase in negative potential up to -0.5 MN m-2(-5
bar) from 240 to 384 hours. However probe 4, which is nearest the ground surface,
showed similar behaviour to probe 1 (Figure 8.19a) in that at 240 hours, when the pipe
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temperature was lowered, there was an increase in negative water potential of -1.2 MN m-2
(-12 bar) even though the probe temperature was recorded as +10°C (Figure 8.20b).
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FIGURE 8.20a Soil Water Potential Profile at 45° to the Vertical above the Pipe.

Temperature (°C)
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Time (hrs)

FIGURE 8.20b Soil Temperatures at the Positions where Soil Water Potential was
Measured at 45° to the Vertical above the Pipe.

In Figure 8.21a probe 9, which was nearest the pipe (Figure 8.7), showed a rapid increase
in negative water potential which coincided with the passage of the zero isotherm at
approximately 312 hours (Figure 8.21b). The negative water potential of probe 8 increased
steadily to -1.0 MN m-2 (-10 bar) between 60 and 324 hours (Figure 8.21a), but then

230



decreased to zero at 360 hours. This is in contrast to probe 9 which increased to a maximum
value of -3.4 MN m-2 (-34 bar) at 384 hours and subsequently decreased to zero at 394

hours.
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FIGURE 8.21a Soil Water Potential Profile Horizontally from the Pipe.
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FIGURE 8.21b Soil Temperatures at the Positions where Soil Water Potential was
Measured Horizontally from the Pipe.

Probes 6 and 9 both showed increased negative water potential as the frost front moved
towards them and upon instigation of thawing these potentials decreased to zero by 390
hours. This suggests that the negative water potentials recorded by these probes were a
result of the suction forces developed within the frozen annulus. On thawing, water would
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be released from the frozen annulus and, as these probes were in close proximity to the
annulus, the measured suctions would be negated very quickly.

Thermocouple-psychrometers 1 and 4 showed increases in negative water potential from
zero to -2.3 and -1.3 MN m-2 (-23 and -13 bars) respectively between 252 and 264 hours.
It is proposed that these increases are the resultant of both their proximity to the walls of the
soil failure cracks and to the rapid drop in pipe temperature that subsequently lowered the air
temperatures in these cracks. After the pipe temperature was lowered, the air temperature
within the cracks could have dropped below 0°C and so a layer of frozen soil may have
formed on the surfaces of the cracks. This would produce in a desiccated zone of soil
behind the face of the cracks and thus negative water potentials. Both these probes had very
substantial temperature gradients between the sensing junction and the temperature
measurement junction indicating that they could have been in close proximity to crack
surface. During the thawing of the frozen soil layer the water potential gradient would
recede but, unlike probes 6 and 9, there would not be sufficient moisture immediately
available to saturate the desiccated zone and return it to zero water potential.

The amount of water added to maintain a constant water table during the test is shown in
Figure 8.22 and, up to 240 hours, the average rate of water addition was 0.03 litres/hour.
This rate subsequently increased to 0.056 litres/hour suggesting that, after the pipe
temperature was lowered at 240 hours, there was an increase in frost heaving for, with the
location of the water table remaining constant, the added water must have been drawn to the
frozen annulus for freezing.

20-
18-
164
14

Total water added (litre)
=
e |
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0 50 100 150 200 250 300 350
Time (hours)

FIGURE 8.22 Water Added to Model during the Tatsfield Test to Maintain a Constant
Water Table Level.
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8.5.2.6 n kin

The total surface crack widths across each of the three sections, where the ground surface
profile had been monitored, were summed and the resulting average values are plotted, with
pipe wall temperature, against test duration in Figure 8.23. There was rapid crack growth
between approximately 42 and 96 hours as the pipe temperature dropped below 0°C. After
96 hours the crack growth rate decreased substantially from 0.18 mm/hour to 0.02 mm/hour
until 240 hours. At this time the pipe temperature was further lowered and crack growth re-
commenced, and increased significantly after the aluminium foil was placed on the ground
surface (Figure 8.23). The placing of the aluminium foil induced a rapid decrease in the
temperature of the soil above the pipe resulting from its thermal insulation effects, and so
the growth of the frozen annulus would have resumed above the pipe. Thus it was hoped by
placing aluminium foil to increase the rate of cracking at the end of experiment.

- 30
- 25
- 20

" 15

Crack width (mm)
Pipe temperature (°C)

-5 ----.--"]II'I'II"'I'l'."!‘.l"'l.-v'}.10
0 50 100 150 200 250 300 350
Time (hours)

FIGURE 8.23  Average of Width of Cracking Across the Soil Surface at the Locations of
the Dial Gauges and LVDT’s in Relation to Pipe Temperature.

The data in Figure 8.23 is limited to the period of sub-zero pipe operation since, after
thawing was initiated, pipe settlement was hindered by the friction forces generated between

the pipe flange plates and the perspex tank wall. Consequently the recorded change in crack
width would not necessarily be applicable to in situ conditions.

Plates 8.3 to 8.7 show the soil surface during the test and are supplemented by a detailed
plan views of the surface showing the positions of the cracks and the their surface widths
(Figures 8.24 - 8.28). The selected times of 48, 96, 240, 312 and 384 hours represent the

stages at which there were marked changes in the profile of the crack width plot (Figure
8.23).
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A ground surface crack over the line of the pipe approximately 400 mm in length was
initially recorded after 42 hours and, by 48 hours, a number of cracks were observed along
the full length of the soil surface over the pipe (Figure 8.24, Plate 8.3). At the centre of the
tank two distinct cracks were observed (Figure 8.25, Plate 8.4) indicating that the formation
of the initial crack had produced a re-distribution of the tensile stresses in the overlying soil
mass leading to a further soil failure plane. Figures 8.26, 8.27 and 8.28 show the increase
in cracking as the test continued and it is apparent that the total crack widths, perpendicular
to the line of the pipe, were similar whether one or two cracks were observed across the
profiles. Radial ground cracks in the comners were recorded in the latter stages of the test
(Plates 8.5, 8.6 and 8.7) and it is suggested that they are a resultant of friction forces
mobilized between the model tank and the soil mass.

At 396 hours the insulation box around the model tank was temporarily dismantled and an
internal soil failure plane was observed through the perspex tank (Plate 8.8). The average
measured angle was 65° to the vertical assuming a linear failure plane profile between its
apex and the ground surface. This failure plane grew from the edge of the frozen annulus at
approximately the level of the pipe centre to approximately 140 mm below the ground
surface at the perspex wall. At the perspex wall the average height of the failure plane was
30 mm indicating that it formed at an earlier stage in the experiment since the soil wedge had
moved up a similar amount,

Plate 8.9 shows the excavation at 396 hours and after the loose soil debris and hoar ice were
cleared from the crack the soil failure planes that penetrated the ground surface are seen to
have their apexes within the frozen annulus. This indicated that, after the cracks had
penetrated the unfrozen soil mass from the ground surface to the top of the frozen annulus,
the annulus grew around these cracks.

8.5.2.7 Pipe Movement,

Significant vertical pipe movement was not recorded until 66 hours into the test (Figure
8.29) indicating that it occurred after the pipe temperature dropped below 0°C at 42 hours.
Beyond 66 hours the pipe moved upwards at a steadily decreasing rate but, at 240 hours
and again at 312 hours, the rate of pipe movement initially increased in response to changes
in the thermal regime of the model. However, the rate of pipe movement in each instance
was seen to steadily reduce after these peaks had been noted.
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PLATE 8.8 Side View of Perspex Frost Heave Tank showing the Internal Soil Failure
Plane during the Tatsfield at 396 hours.

PLATE 8.9 Plan View of the Excavation of the Unfrozen Soil Overlying the Frozen
Annulus during the Tatsfield Test at 396 hours.
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FIGURE 8.29 Vertical Pipe Movement in Relation to Pipe Temperature.

8.5.2.8 Ground Surface Movement,
Ground surface movement was initially recorded by the dial gauges at 42 hours and this

was coincidental with the first observation of ground cracking. At this time no pipe
movement had taken place, but ground movement over the pipe centre-line was 0.2 mm, so
that the ground heave recorded (Figure 8.30) at 42 hours was a result of frost heave above
the pipe. The crack recorded at 42 hours was a ground surface crack that extended 400 mm
from perspex tank wall through which the pipe inlet passed (ie. the face furthest from the
camera position).

At 72 hours it was noted from dial gauge measurements that upward displacement was
taking place across the full extent of the ground surface profile (Figure 8.31). The wedge of
soil bounded by the angle of the internal soil failure plane (Section 8.5.2.6) meant that the
entire soil surface would be effected by upward pipe movement. Pipe movement was
recorded from 66 hours onwards suggesting that it was frost heave under the pipe that
produced the total movement across the soil profiles. Therefore the internal soil failure
planes had formed soon after pipe movement had commenced.

The rate of ground surface movement was observed to decrease prior to 240 hours with the
heave across the profile increasing on average by 1.13 mm between 216 and 240 hours in
contrast to an average increase 2.83 mm between the preceding 24 hours (192 to 216 hours)

(Figure 8.31).
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FIGURE 8.30 Mean Ground Surface Profile Across the Line of the Two Sets of Dial
Gauges from 0 to 54 hours.
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FIGURE 8.31 Mean Ground Surface Profile Across the Line of the Two Sets of Dial
Gauges from 54 to 240 hours.
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FIGURE 8.32 Mean Ground Surface Profile Across the Line of the Two Sets of Dial
Gauges from 240 to 384 hours.
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Between +40 and +80 mm in Figure 8.31 there was a distinct drop in the ground surface
profile and this position corresponds to the right hand crack in the centre of the model in
Figures 8.25 and 8.26. This drop in the ground surface profile became exacerbated after the
thermal regimes of the pipe and later of the ground surface were altered at 240 hours and at
312 hours respectively reaching a maximum of 10 mm by 384 hours (Figure 8.32).

Figure 8.33 shows that the ground surface directly above the pipe heaved to a greater extent
than the pipe. Both pipe and ground surface heave follow the same profile, but pipe heave is
approximately 60% of the ground surface movement. Ground surface movement was noted
from 42 hours onwards, but pipe movement was only recorded after 60 hours. This
suggests that upward pipe movement was resisted by either overburden pressure and/or
friction between the pipe flange plates and the model tank wall. Therefore, either the pipe
movement restraining forces were greater than the frost heave pressures or the soil below
the frozen annulus was compressible, thereby allowing the frozen annulus to expand into
the unfrozen soil. Frost heave in the frozen annulus above the pipe resulted in crack
formation and growth to an average width of 4 mm (Figure 8.23) before pipe heave was
recorded.
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FIGURE 8.33  Pipe and Ground Surface Movement over Pipe Centre again‘st Pipe
Temperature
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8.5.3 Blackrod Test.

.33 Introduction, : =
The soil used in this test was collected from Site C on the Blackrod to Partington line that

had been monitored in the large-scale test. The sample was taken from between the pipe
invert and ground level.

The objective was to investigate the effect of negative thermal shocks, induced by rapidly
lowering the pipe temperature, on pipe/ground surface movement and, subsequently, the
stability of the frozen annulus when the pipe temperature is increased. In effect this matches
the actual operating characteristics of the Blackrod system during the trial period (Section
7), and the test was operated with the aluminium foil covering the soil surface throughout
the test, to reduce the effect of ambient thermal conditions on the experiment.

8.5.3.2 Soil Classification.

Blackrod Soil
Gravel 10 %
Sand 5w x ¥ - 15%
Silt 69 %
Clay ' 6 %
Organic Content 15 %
Plastic Iimit - %
Liquid limit = 68 %
Plasticity index NP
Shrinkage limit 5%
Dry density 890 kg m-3

TABLE 8.3 Soil Properties for Blackrod Soil.

8.5.3.3 Operating Characteristics.

The pipe centre was 300 mm from bottom of the tank so that the depth of cover was 190
mm at the start of the test. The water was maintained at a constant level of 195 mm above
the base of the tank which, at the start of the test, was 60 mm below the pipe invert level.
Figure 8.34 shows the pipe temperature during the test, initially pipe temperature was
lowered to -3°C, after which two negative thermal shocks to -5 and -7°C were applied at 72
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and 108 hours respectively. The temperature was raised to -2°C at 122 hours and
subsequently lowered to -2.75 and -3.5°C at 144 and 179 hours respectively to stabilize and
re-initiate frozen annulus growth. Finally, at 217 hours, complete thawing of the frozen
annulus was started. Results up to 274 hours are provided for the thermal and hydrological
regimes but not for ground movement, pipe movement and crack growth since friction
effects, between the pipe flanges and the side wall of the perspex tank, prohibited pipe

settlement after 217 hours.

Pipe temperature (°C)
| =]
1
L=t

8
-10.]

0 25 50 75 100 125 150 175 200 225 250
Time (hours)

FIGURE 8.34 Pipe Temperature during the Blackrod Small-Scale Test.

8.5.3.4 Soil Temperature,

Figures 8.35 - 8.39 show the soil temperature profiles determined from the thermocouples
located around the pipe (Figure 8.6). These probes were not rigidly fixed in relation to the
pipe and so, with the growth and recession of the frozen annulus, their relative positions
would have altered with respect to the pipe centre.

The curves (Figures 8.35 . 8.39) show a general fall in ground temperature as the pipe
temperature (Probe No. 8) was lowered up to 122 hours. Subsequently, during the period
of partial thawing and rc'-freezing, the temperature regimes remained generally constant
indicating that significant movements of the freezing front did not taken place.
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FIGURE 8.35 Vertical Temperature Profile above Pipe Crown (see Figure 8.6).
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FIGURE 8.36 Temperature Profile at 45° to the Vertical above the Pipe (see Figure 8.6).
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FIGURE 8.37  Horizontal Temperature Profile from the Pipe (see Figure 8.6).
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FIGURE 8.38 Temperature Profile at 45° to the Vertical Below the Pipe (see Figure 8.6).
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FIGURE 8.39 Vertical Temperature Profile below Pipe (see Figure 8.6).

8.5.3.5 Soil Water Potentials, o

The results from the arrays of thermocouple-psychrometers radiating vertically above, at 45°
and horizontally from the pipe centre (Figure 8.7) are given in Figures 8.40, 8.41 and 8.42.
The water table was maintained at a constant level 60 mm below the initial pipe invert level.

Figure 8.40a shows the soil water potentials vertically above the pipe but, as the test
progressed, these values became less negative, especially at probe 3. Further, it is clear
from Figure 8.40b that the temperature of these probes did not drop below 5°C and the
accompanying negative water potentials decreased. Thus, the formation and growth of the
frozen annulus did not seem to produce moisture migration to the frozen front at and beyond
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the position of the nearest probe (No. 3), which assuming that if a pure ice lens had formed
on the pipe would be a maximum of 50 mm from the frozen annulus.

Water Potential (MN m "2)

-10 ' L T T T T T T T T Ty

0 25 50 75 100 125 150 175 200 225 250 275
Time (hrs)

FIGURE 8.40a Soil Water Potentials Vertically above the Pipe Crown (see Figure 8.7).
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FIGURE 8.40b Soil Temperature at the Positions of Soil Water Potential Measurement
Vertically above the Pipe Crown (see Figure 8.7).

The thermocouple-psychrometers at 45° show only small negative soil water potentials at
the start of the test and these remained between 0 and -0.3 MN m-2 (0 and -3 bar) until the
end of the test (Figure 8.41b). Again, the temperature profiles of the probes indicated that
they were not within the frozen annulus and that, at a maximum distance of 50 mm from the
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frost front (if it is assumed that the growth of the frozen annulus was purely by ice lensing),
the suctions associated with soil freezing were not detected.

Water Potential (MN m “2)
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FIGURE 8.41a Soil Water Potentials at 45° to the Vertical above the Pipe (see Figure
8.7).
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FIGURE 8.41b Soil Temperature at the Positions of Soil Water Potential Measurement at
45°* to the Vertical above the Pipe (see Figure 8.7).

In Figure 8.42a, probes 7 and 9 showed negative water potentials of between 0 and -0.1
MN m-2 (0 and -1 bar), and again the suctions generated, due to soil freezing, did not
extend to probe 9 which was at 2°C after 122 hours (Figure 8.42b).
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FIGURE 8.42a Soil Water Potentials Horizontal to the Pipe Centre (see Figure 8.7).
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FIGURE 8.42b Soil Temperature at the Positions of Soil Water Potential Measurement
Horizontal to the Pipe Centre (see Figure 8.7).

Figures 8.40a, 8.41a and 8.42a illustrate that no increase was recorded in the negative soil
water potential ahead of the advancing frost front associated with soil freezing. Thus these
negative soil water potentials, if they exist, act over a very short range which on this
evidence would seem to be less than 50 mm from the frozen annulus. This suggests that the
suction forces developed within the frozen annulus were negated over a very short distance
as a result of the soil properties of particle size and hydraulic conductivity.
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It was evident from Figure 8.43 that, after 122 hours when the pipe temperature was raised
from -7 to -2°C that water was released from the frozen annulus by thawing. After 144
hours when the pipe temperature was lowered to -2.75°C, water intake was again recorded
indicating an increase in the size of the frozen annulus.

20 7 20
2 0] EIS &
5 167 Wateradded [ &
< 144 L 7
o s \ - 10 E
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= 107 Pipe temperature 5 i
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2 8N\ . P
B 61 S 1
= - L 8-
n 4- d - —
= 54 5"

0- F-10

0 25 S50 75 100 125 150 175 200 225 250 275
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FIGURE 8.43 Water Added to Model during the Blackrod Test to Maintain a Constant
Water Table Level.

8.5.3.6 Ground Cracking.

The total width of cracking across the three sections, where ground movement was
monitored, was summated and averaged, and these values are shown in Figure 8.44. Rapid
crack growth was observed after the pipe temperature dropped below 0°C, with ground
surface cracking first recorded after 12 hours and by 18 hours it had opened up to an
average value of 3 mm (Figure 8.45).

As a result of partial thawing of the frozen annulus after 122 hours there was an associated
reduction in average total crack width. Repeated crack width growth occurred beyond 179
hours when the pipe temperature had dropped to -3.5°C. Results are not provided beyond
217 hours since the pipe was unable to settle during thawing of the frozen annulus due to
the friction forces developed between the flange plates and the wall of the perspex tank. In
consequence the ground surface had a net upward displacement approximately equal to that
of the pipe which was 20.6 mm at the end of the experiment and so the residual ground
cracking characteristics would probably have been affected by these displacements.

Plates 8.10, 8.11, 8.12 and 8.13 show the soil surface at 18, 66, 144 and 204 hours and
are supplemented with plan views which provide crack width details (Figures 8.45, 8.46,
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8.47 and 8.48). The main crack was noted to run parallel and approximately 70 mm to the
right of the centre-line of the pipe. The effect of the pipe flange plates was clearly seen at
either end of the tank, where small cracks were found to originate from the opposite side of
the flange plate to that where the main crack was located (Plate 8.11, Figure 8.46).
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FIGURE 8.44 Average of the Total Width of Cracking Across the Soil Surface at the
Locations of the Dial Gauges and LVDT’s in Relation to Pipe
Temperature.

After 217 hours an excavation was undertaken around both ends of the pipe to identify the
soil failure pattern. Plate 8.14 shows the excavation closest to the camera position, as
illustrated in Figures 8.8 and 8.45 - 8.48, and it is evident that two soil failure planes
formed to produce a wedge of soil with its upper boundary between -240 and +60 mm on
the ground surface (Figure 8.49). The vertical crack was observed to slant away from
directly over the pipe centre, within the frozen annulus, to reach the ground surface at a
location +60 mm from the pipe centreline. The internal soil failure crack was slanted at 35°
to the vertical with its lowest, point within the frozen annulus being at a depth of 240 mm
below the ground surface and -70 mm the centreline of the pipe (Figure 8.49). This point of
contact with the frozen annulus occurred 40 mm above the pipe centre.

The other excavation, shown in Plate 8.15, revealed the expected soil failure pattern for the
net upward displacement of a pipe, in relation to the surrounding soil, and involves a
vertical crack over the pipe and two internal soil failure planes which were slanted upwards
from either side of the frozen annulus. The internal failure planes, which are highlighted on
Plate 8.15 with white powder, had angles of 32 and 34° to the vertical to the left and right
respectively and the central ground crack was noted to be vertical (Figure 8.50).
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PLATE 8.14 Photograph of Soil Failure Pattern 200 mm from the End of the Tank
Closest to the Normal Camera Position (Figure 8.8).
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FIGURE 8.49 Illustration of the Soil Failure Planes shown in Plate 8.14.
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PLATE 8.15 Photograph of Soil Failure Pattern 200 mm from the End of the Tank
Furthest from the Normal Camera Position (Figure 8.8).
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FIGURE 8.50 Illustration of the Soil Failure Planes shown in Plate 8.15.

258



8.5.3.7 Pipe Movement,
The pipe temperature dropped below 0°C at 10 hours and pipe movement was first recorded

at 40 hours (Figure 8.51). Pipe uplift is a function of frost heaving in the frozen annulus
below the pipe but, if these heaving pressures were less than the combination of overburden
pressures and pipe flange plate friction forces, no movement would take place. However as
freezing continued the heaving pressures would increase but, if the subgrade was
sufficiently compressible, pipe movement would still not occur for the frozen annulus
would have expanded into the subgrade. When sufficient compaction of the subgrade had
occurred and the frost heave pressure exceeded the combined overburden pressure and pipe
flange plate friction forces, upward pipe movement resulted.
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FIGURE 8.51 Vertical Pipe Movement in Relation to Pipe Temperature.,

Pipe movement stopped after partial thawing of the frozen annulus was initiated at 122
hours and, presumably, the pipe flange plate friction forces held the pipe in its new
position. However, it is uncertain whether the pipe was held in position by the pipe flange
friction forces or by the residual frozen annulus below the pipe after 122 hours (Figure
8.51). Upon complete negation of the frozen annulus, the pipe had a residual upward
displacement equal to that value recorded at 122 hours of 20.6 mm and this suggests that
pipe flange friction forces were indeed present during thawing.

8.5.3.8 Ground Surface Movement,

Upward ground movement over the pipe centre-line was first recorded by the linear voltage
displacement transducers at 11 hours (Figure 8.52). This coincides with the pipe
temperature dropping below 0°C at 10 hours, but pipe movement was not recorded until 40
hours at which time ground surface movement over the pipe centre was 9 mm.
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Consequently ground surface movement was exclusively linked to the growth of the frozen
annulus above the pipe between 10 and 40 hours.
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FIGURE 8.52 Pipe and Ground Surface Movement over Pipe Centre against Pipe
Temperature.

Figure 8.53 shows that upward ground movement was first recorded by the two arrays of
dial gauges at 12 hours and by 30 hours the whole profile was moving upwards. The
formation of the main crack (Figure 8.45), at the +90 mm position, can be seen by a distinct
drop in the profile between +80 and +120 mm which increased from 0.74 to 3.22 mm
between 12 and 36 hours. This suggests that two distinct zones of soil were forming on
either side of the crack and moving upwards at different rates. After 30 hours the whole
profile was noted to be moving upwards (Figure 8.53), but it was uncertain whether
internal soil failure had occurred at this time and produced two soil wedges above the frozen
annulus. This is due to the circumferential growth of the frozen annulus imparting a
component of vertical movement across the ground surface. As the test proceeded, the
shape of the ground profile was noted to be changing slowly which, indicated some
expansion of the frozen annulus. However, the whole ground surface was moving upwards
(Figure 8.54) and this indicated that internal soil failure had occurred between 36 and 60
hours, since this is the period when the ground surface started to heave at a relatively
constant rate and pipe movement was first recorded.

As the crack grew it opened up under the dial gauge at +80 mm and a steel plate was placed
across the crack, causing the shape of the ground surface profile to be altered since this dial
gauge indicated an average value across the crack (Figure 8.54). After the pipe started to
heave at 40 hours the average rate of ground movement over the pipe centre increased from
0.30 to 0.57 mm/hr, but the pipe heave rate in this period, between 40 and 122 hours,
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averaged 0.25 mm/hr indicating that the frozen annulus above the pipe was producing an
average uplift rate of 0.32 mm/hr.
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FIGURE 8.53 Mean Ground Surface Profile Across the Line of the Two Sets of Dial
Gauges from 0 to 36 hours.
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FIGURE 8.54 Mean Ground Surface Profile Across the Line of the Two Sets of Dial
Gauges from 36 to 126 hours.

Between 126 and 144 hours there was a average drop in the ground surface across the array
of dial gauges of 7.8 mm (Figure 8.55), but after the pipe temperature was lowered at 144
hours from -2 to -2.75°C, surface settlement halted indicating that the frozen annulus was at
a steady state thermal condition. At 179 hours the pipe temperature was further lowered to
-3.5°C and this produced ground heave. Again after the pipe temperature was subsequently
raised to -2°C thaw settlement of the ground surface was recorded.
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FIGURE 855 Mean Ground Surface Profile Across the Line of the Two Sets of Dial
Gauges from 126 to 217 hours.

8.6  Summary.

This chapter has described the final phase of the study programme which involved the
design and operation of a small-scale laboratory model of a chilled gas pipeline. The model
was operated to investigate both the effect of the growth of the frozen annulus on ground
cracking and the nature of the soil failure pattern in relation to that observed during pipe
uplift tests without the effects of frost action.

Two tests were undertaken using crack-susceptible soils from Blackrod and Tatsfield
PRSs. After the pipe temperature was reduced below 0°C ground surface fissures were first
observed at ground surface displacements of under 1 mm, but no pipe heave was recorded.
Pipe heave was however, recorded after the frost heaving pressures in the frozen annulus
below the pipe were sufficient to overcome the overburden pressure, pipe weight and flange
plate friction. However, initially these frost heaving pressures would have produced
compaction of the subgrade. Ground cracking was noted to follow the line of the pipe and
increased in width as the tests proceeded. The crack formed from a ground surface fissure
which penetrated into the soil to the frozen annulus, and as the test proceeded the frozen
annulus grew around its apex. At the end of the tests, excavations indicated that internal soil
failure planes similar to those expected during pipe uplift tests had indeed formed. The
angles of the failure planes were 65° and 35° to the vertical for the Tatsfield and Blackrod
tests. The thermocouple-psychrometers indicated that in the Tatsfield test large suctions
were developed within 50 mm of the frozen annulus, but no such suctions were recorded in
the Blackrod test. However, these suctions were recorded after cracking had been initiated.
These results indicate that ground cracking was produced in response to the expansion of
the frozen annulus. Further interpretation and discussion of these findings together with
those from the questionnaire and the large-scale study are provided in the next chapter.
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CHAPTER 9 DISCUSSION

9.1  Introduction,

In this chapter each phase of the study program is discussed in relation to both ground
cracking and frost heave. Subsequently both phenomena are individually elaborated and,
finally, a general mechanism for ground cracking is developed in terms of the frost heave
process emanating from the frozen soil annulus. As a summary, guide-lines are presented
with respect to the soil-pipeline interactions investigated in this study programme, to aid the
Engineer in the operation of PRSs at low temperatures.

9.2 mation of tionnaire Resul
9.2.1 Introduction,

The questionnaire was basically a medium to gain an engineering perspective of the total
scale of chilled gas pipeline operation and whether soil-pipeline interactions were regarded
as a potential hazard to the successful maintenance of the National Transmission System
within the British Gas Network. More importantly to this investigation, the opportunity was
taken to gain useful information on the operating conditions under which ground cracking
and frost heave had been observed. These conditions encompassed both the pipeline
operating conditions and the local soil conditions, together with observational details on the
scale pipe/frost heave and ground cracking. More detailed information was precluded at this
stage as the detailed examinations required to successfully define the soil thermal, hydraulic
and stress regimes could not be provided by the British Gas pipeline staff. However, they
were able to define the PRS operating characteristics with reasonable accuracy. At the end
of this section a discussion is given on the extra information provided by the British Gas
Regions relating to the troublesome consequences of chilled gas pipeline operation.

9.2.2 Extentof SPIs, -+ - : L

It is important to stress that the soil-pipeline interactions (SPIs) of frost heave and ground
cracking were observed but not regularly monitored and, since the questions posed were in
hindsight, they relied on the interactions being reported to the local Engineer for his
interpretation. The replies from the questionnaire indicated that at least 83 downstream
pipelines had been operated in chilled mode and either frost heave and/or ground cracking
has been observed along 16 of these pipelines (Figure 6.1). This is similar to the experience
of Michigan Consolidated Gas Company whereby nineteen regulator stations and their
associated downstream pipelines were operated at sub-zero temperatures with only four
showing the effects of ground freezing and frost heaving (Kempner, 1969).
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Figure 6.7 provides details on the time periods when the SPIs were observed and it is of
interest to note that they invariably started in November and were last reported in June/July,
this representing the Pre-heating Season. The peak observation period was from December
to March indicating that the phenomenon primarily manifests itself in the Winter under
British Gas operating conditions. Frost heave was more predominant early in the Pre-
heating Season, with ground cracking being more predominant in the latter part of the
season. However these results do not indicate that a single mechanism was responsible for
SPI leading to ground cracking.

9.2.3 SPI and Pipe Diameter,
The frequency of both forms of SPI show a general trend whereby both occur more

frequently with increasing pipe diameter (Figure 6.5 and, Tables 6.5, 6.6 and 6.7).
Generally larger pipelines are utilized for larger flow operations thus the mass flow rate
increases with increasing pipe diameter. It can be shown from the Modified Schorre
Equation (Archer et al., 1984) that under equal sub-zero PRS outlet temperatures, the
temperature recovery distance to 0°C will be greater with larger diameter and mass flow
pipeline than for a smaller diameter and lower mass flow pipeline. Therefore, the gas
temperature of a small diameter pipeline will recover to 0°C over a very short period, such
as described by Kempner (1968), and consequently the SPIs associated with chilled gas
pipeline operation will be observed either within the PRS or very close to its outlet.
However, it must be noted that smaller diameter pipes fail under lower loads than larger
pipes, thus care must be taken in low temperature operation since frost heave can produce
very large forces (Section 3.3.4.2).

9.2.4 SPI and Soil Type,

The bar chart illustration in Figure 6.6 shows that SPIs have been observed in the range of
sandy to clayey soils and this is in broad agreement with the general criteria (Anderson et
al., 1984b) for soils susceptible to frost heave. However, no such definition exists for the
relatively novel concept of ground cracking, but clayey soils are regarded as susceptible to
shrinkage cracking which develops upon soil desiccation (Reeve et al., 1980). While Figure
6.6 and Tables 6.8, 6.9 and 6.10 provide information on the general soil characteristics they
do not take into account the water table level and soil parameters of bulk density, shear
strength, plasticity, etc, and therefore cannot be regarded as a definitive descriptions but
rather they do provide a general indication of the relationship between the SPIs and broad
soil classification.
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9.2.5 Ground Cracking and Frost Heave,

When account is taken of each SPI, frost heave was almost exclusively (ie. in 12 of the 14
cases reported) observed within the PRS (Figure 6.3), whereas ground cracking was
equally likely (ic. in 6 of the 12 cases reported) to be observed within the PRS and
downstream. Both observable frost heave and ground cracking within and downstream of
the PRS were only reported along one pipeline, this was the 600 mm pipeline downstream
of Tatsfield PRS (SEGas) and the results are given in Appendix B.

These SPIs were primarily observed during the Pre-heating Season and, as expected with
frost heave, they were fully negated by June. Unfortunately these results do not indicate
whether any residual displacements of the pipe had taken place. Such displacements could
include thaw settlement or residual upward movement, such as observed with the growing
stones phenomenon, this residual movement being reported upon at the Caen facility (Van
Vliet-Lanoe et al., 1991). Ground cracking was observed to continue into July and this
indicated that the cracks decreased in width in conjunction with a decrease in the observable
frost heave. Ground cracking in the soil mass above the pipeline at Caen was observed both
during the freeze (Geotechnical Science Laboratories, 1985) and thaw cycles (Geotechnical
Science Laboratories, 1986b), cracking in the freeze and thaw cycles were independent of
each other. Generally the cracks reported in the questionnaire were noted to develop during
the freezing stage and disappear during the thawing stage, and this suggests that these
cracks were of a different nature to those observed at Caen.

Tables 6.4 and 9.1 provide information on the estimated width of ground cracking and
amount of frost heave both within and downstream of the PRS. The width of the ground
cracks in the PRSs was substantially less than that observed downstream, similar trends
were also recorded for frost heave. It was uncertain whether the results indicated that
generally the magnitudes of ground cracking and frost heave were greater outside the PRS,
since the observation of these SPIs within a PRS would probably result in the local
Engineer raising the outlet temperature to negate the SPIs. A further uncertainty arises since,
these SPIs were more likely to be observed by British Gas personnel within the PRS and
for observation downstream, especially in farmland, their magnitudes would have have to
be greater to be noticed by the Pipeline Inspectors or the local landowner. Thus it was
uncertain whether the observed magnitude of the SPIs in the PRS or downstream are a
function of the magnitudes necessary for observation.

Table 9.1 summarizes Appendix B by providing details of the all the pipelines where SPIs

were observed. Ten of the sixteen downstream pipelines had both ground cracking and frost
heave reported along their length (Figure 6.1). However, within this group, seven pipelines
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showed both ground cracking and frost heave at the same location and the other three
(Pipelines 54, 56 and 62) had frost heave reported in the PRS and ground cracking reported
downstream (Figure 6.4). Table 6.3 emphasizes that there was a strong relationship
between observed frost heave and ground cracking along the same pipeline irrespective of
whether they were recorded at the same location These observed frequency tables (Table
6.3) illustrate that frost heave was noted along 83.33% of the pipelines where ground
cracking was observed, and similarly ground cracking was noted along 71.4% of pipelines
where frost heave was observed.

Pipe Pipe | SPItype # | Soil Type | Location When | Magnitude
Number * | Diameter (mm) +
(mm)
38 450 GC Clayey PRS Nov-Mar 6
45 450 FH Clayey PRS Jan-Mar Unknown
46 600 FH Clayey PRS Nov-Mar Unknown
GC Clayey PRS Nov-Mar 12
49 450 FH Clayey PRS Nov-Feb 80
GC Clayey PRS Unknown Unknown
51 Unknown FH Silty PRS Unknown 3
GC Silty PRS Nov-Feb 6
52 600 FH Sandy PRS Most of year | Unknown
54 900 FH Clayey PRS Dec-Apr 15
GC Clayey D/S May onwards | 125
56 300 FH Made-Up PRS Nov-May 80
GC Made-Up D/S Apronwards | 40
58 750 GC Unknown D/S Dec-May 25
61 300 FH Clayey D/S Feb-Mar 50-70
GC Clayey D/S Dec-Apr 75
62 600 FH Clayey PRS Apr-Jun 50-70
GC Clayey D/S May-Jun 50
64 600 FH Clayey PRS Feb-Jun 36
FH Clayey D/S Feb-Jun 100
GC Clayey PRS Feb-Jun 100
GC Clayey D/S Feb-Jun 120
66 900 FH Clayey PRS Nov 26
76 600 FH Clayey D/S Dec-Mar 50
GC Clayey D/S Dec-Mar 15-20
77 600 FH Clayey PRS Nov-Mar 50
GC Clayey PRS Nov-Mar |25
1 400 FH Sandy PRS Unknown Unknown

8
- See Appendix B for full details of upstream Pressure Reduction Stations,
# GC = Ground Cracking & FH = Frost heave,
+ For Frost heave refers to heave, but for Ground Cracking refers to crack width,

TABLE 9.1 Summary of Pipelines Where Frost Heave and Ground Cracking have
been Observed.
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9.2.6 Problems Associated with Chilled Gas Pipe Operation,

As a result of the low temperature operation a number of problems have been reported, the
majority of which are directly attributable to the growth and recession of the frozen annulus.
Frost heave and ground cracking has been discussed in the above sections and have
similarly been noted by Kempner (1968). Frost heave has lead to the surface disruption of
roads both within and downstream of the PRS in this study (Appendix B), the W.Midlands
Region noted that reconstruction was necessary at one site, and it has been reported in
N.America by Kempner (1968) and Ahmad (1978). Pipe uplift within the PRS can lead to
significant stresses in the pipe-work if pipe restraint is present, which prompted the
N.Thames Region to release all restraints on the pipe work at a number of PRSs. However,
at Tatsfield, a comprehensive monitoring program involving strain gauge measurement and
pipe levelling was adopted as a methodology for pipe integrity assessment. Large stresses
have been noted by Browning (1970) and these were counteracted by the frost heave control
measures described in Section 4.5.2.2.

Thaw settlement occurs in thaw susceptible soils and, therefore could be expected to some
extent under British conditions. Indeed it was noted by the W.Midlands Region along Pipe
No.76 where heave up to 50 mm was recorded during freezing, that during thawing, a
depression formed across the line of the pipe, which at its maximum was over 150 mm
below the original pre-freeze level. During a visit to Tatsfield PRS to collect soil samples,
such depressions were noted both within and downstream of the PRS (Plate 9.1). Thaw
settlement, unlike frost heave under the thermal operating procedures of PRSs, is a
permanent residual displacement of the ground surface and in the long-term may prove
disruptive to overlying structures and activities.

The W.Midlands Region noted that the formation of icings on above-ground pipe-work
hampered routine maintenance work. Similarly, damage to buildings/pits from frost heave,
has resulted in the reconstruction of a pit at one site.

9.3 - Test Si

9.3.1 Introduction,
The questionnaire replies received by September 1987 (Table 6.2) initially indicated that

both ground cracking and frost heave were observed along a majority of chilled gas
pipelines, however later replies reduced this number to a small minority of the total pipelines
(Section 9.2). After careful examination of the twelve replies received by September 1987
Blackrod, which was the site operated in the earlier study (Archer et al., 1984), was
selected for detailed monitoring.
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PLATE 9.1 Ground Surface Depression Over the Pipeline on the Exit from Tatsfield
PRS.
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The study was undertaken in two stages, initially three downstream sites were instrumented
to investigate the soil thermal, hydraulic and stress regimes in conjunction with pipe
movement and ground crack formation and development. Subsequently the PRS was re-
instrumented to provide both a pipe stress monitoring system and an opportunity for the
careful study of the ground surface profile above a chilled gas pipeline. The study started on
3/2/88 and continued for 109 weeks until 7/3/90 (Table 7.8), however data logging
problems resulted in an almost complete loss of data from the soil thermal and stress
instrumentation. The outlet temperature was only lowered to its anticipated of level of -5°C
for 23 and 11 days respectively during the 1988/89 and 1989/90 Pre-heating Seasons.

9.3.2 Blackrod PRS Operating Conditions and Ambient Conditions,

In comparison with the earlier study (Archer et al., 1984), where the average inlet pressure
to Blackrod PRS was 6.9 MN m-2 (1000 psi), it was only 5.0 MN m-2 (725 psi) (Figure
7.14) throughout this study. This was a result of the installation of extra pipelines within the
NorthWestern Region to route natural gas from the Morecambe Bay field into the National
Transmission System. This influenced the temperature drop across the station, which was
insufficient to achieve both the station setpoint between May and October and the required
-5°C during the trial periods (Figure 7.14a). However ground cracking was observed under
these operating conditions, but not to the same extent as in the earlier study (Archer et al.,
1984).

As expected the inlet temperature approximated to that of the ground at pipe depth (Figure
7.16), and these values indicated that full temperature recovery from upstream PRS
(Salmesbury), which had an outlet temperature of -2°C, had taken place on arrival at
Blackrod PRS. The temperatures of the air and the ground at pipe depth were sinusoidal in
shape (Figure 7.15) and were in general agreement with the published literature discussed in
Section 3.2.3.1. A simple analysis of rainfall data (Figure 7.17) indicated an average
rainfall of 1080 mm/annum and, from an interpolation of a rainfall contour map of Northern
England (Jarvis et al., 1984), this was noted to be in agreement with the rainfall statistics
for 1941-71.

9.3.3 SitesA.Band C,

This part of the investigation provided the opportunity to both generate ground cracking
downstream of a full-scale test facility and monitor the subsequent development of the
frozen annulus together with its effects on the surrounding soil mass, including pipe and
ground surface movements/ distresses.
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9.3.3.1 Soil Thermal, Hydraulic and Stress Regimes,

The results from the PRTs indicated that the size of the frozen annulus was inversely related
to the distance from the PRS outlet, however it was also very dependent on the thermal
conductivity of the surrounding soil. At Sites A and B the width of the frozen annulus was
minimal vertically above the pipe centre and increased in size to a horizontal line through the
pipe centre (Appendix C) indicating the frozen annulus was elliptical in shape but, at Site C,
no inference of this kind could be made (Figures 7.18 - 22). Unfortunately, due to the late
installation and lack of reliability of the data loggers, a significant amount of data was lost.

Soil water potential monitoring was primarily aimed at assessing a combination of the
suction forces emanating at the frozen front and at the ground surface due to evaporation. It
was hoped to further investigate the ground cracking hypothesis put forward by Archer et
al. (1984), but the low outputs in some cases positive indicate that either limited suction
forces were present or the thermocouple-psychrometers were unsuitable for long-term field
monitoring. Many of the thermocouple-psychrometers especially at Sites A and B, failed
early in the trial period (Appendix C), but those at Site C were noted to consistently produce
outputs. The positive outputs, noted especially at Site C (Figure 7.24), could have actually
indicated zero water potential since similar findings have been reported by Brown and
Bartos (1982). The small-scale model (Chapter 8) showed that, for the soil at Site C,
negative water potentials were recorded in close vicinity or behind the frost front and so it is
probable that the instruments close to the pipe had correctly recorded the soil water
potential. However, the probes closer to the ground surface should show the effect of
moisture migration for plant growth and for evaporation at the ground surface, and it is
uncertain whether the probes were in error.

Soil stress monitoring was to be undertaken using electrical resistance load transducers
connected to a datalogger which had been designed and supplied by British Gas
NorthWestern but, late installation and technical problems prohibited sufficient reliable data
collection. Shortly after the trial was initiated it was evident that significant pipe movement
was occurring, especially at Sites A and C (Figures 7.30 and 7.26), and so the emphasis of
the large-scale monitoring moved to the monitoring of pipe and ground movement in
conjunction with ground cracking. Consequently the results from the load transducers
would have been peripheral, rather than a primary source of evidence, to the tensile failure
of the soil mass above the frozen annulus.

9.3.3.2 Pipe Movement,

Figure 7.42 emphasizes that at Site B there was little pipe movement which can be partly
attributed to the sand bedding and surround to the pipe at this location. However, it was
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uncertain whether the effects of the increased depth of burial and the unknown subgrade
reaction of the soil beneath the frozen annulus resulted in lower levels of pipe heave. Basic
thermodynamics indicate (Williams et al., 1989) that a consequence of increased overburden
pressures would be reduced frost heave. The depth of burial was 2.0 m, which was greater
than at Sites A and C (1.2 and 0.9 m) and Carlson (1984) has reported that increased depth
of burial, from 0.75 to 1.65 m, resulted in a 10% reduction in the total pipe heave (Section
4.5.3) in a frost susceptible silt. However laying the pipe on a gravel bed produced a further
reduction of 55% in pipe heave and so it was probable that the sand, together with the lower
water table (Figure 7.23), were the major factors reducing the pipe heave at Site B in
comparison to Site A, for the soil classifications were similar at these two sites.

Pipe movement in the first Pre-heating Season (Figure 9.1) of the trial illustrates its
temperature dependent nature, since the increase in outlet temperature, coupled with
increasing ambient ground temperature, resulted in an immediate lowering of the pipe level
presumably in response to the negation of the frozen annulus. Site A showed a more
dramatic fall in pipe level than Site C, after the temporary outlet temperature rise at Week
14, and this can be attributed to its closer proximity to the station outlet (Figure 9.1).
However at Site A this pipe level quickly stabilized whereas, at Site C, it slowly decreased
until Week 20. In contrast, when the pipe temperature was raised to 1°C at 23 weeks, the
pipe at Site A had fully settled by Week 24, while the pipe at Site C showed no significant
response. Clearly, Site A showed a greater thaw settlement than Site C and this is a result of
the outlet temperature dropping below 0°C to -2°C in October 1987, prior to the
commencement of this study programme, thereby inducing frozen annulus growth at Site A
prior to growth at Site C, some 3 km downstream. Figure 9.3 demonstrates this for the
1989/90 Pre-heating Season, for which the temperature conditions were csscnﬁally the same
as the 1987/88 Pre-heating Season, and it was noted Site A heaved prior to Site C. If this
trend had continued, Site A would have heaved more than Site C however, a temporary rise
in the outlet temperature in early November 1989 (Weeks 91-92) prohibited further
comparisons. Clearly pipe heave was substantially greater at Site A than Site C and
consequently a greater settlement of the pipe would be expected at Site A for the 1987/88
Pre-heating Season.

During the Pre-heating Season 1988/89 the outlet temperature was at 0°C prior to the first
trial period (Figure 9.2) and, when the temperature was lowered, Site A again showed pipe
movement before Site C. At Sites A and C the pipe uplift was rapid and reached a maximum
just before the outlet temperature was raised from -5°C to -2°C, after which both curves
remained at a constant plateau until mid May 1989. This plateau, and the subsequent gentle
slope of the settlement profile, indicated that careful operation of the upstream PRS could
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produce slow thawing conditions. This would be especially important in thaw susceptible
soils, where soil water saturation would produce ideal conditions for thaw consolidation
leading, ultimately, to both the pipe and ground surface settling below their original levels.
Pipe thermal conditions indicated that the pipe temperature was higher at Site C (Figure
7.26) than at the outlet suggesting that the soil thermal, hydraulic and stress regimes were
more conducive to frost heave than at Site A.

Prior to the second trial period (1989/90 Pre-heating Season), the outlet temperature was
lowered below 0°C in Week 89 (mid October) and after a temporary rise in early November
1989 it operated at approximately -2°C until the start of the second trial (5/2/90). At this
stage the pipe heaving rates at both Site A and C (Figure 9.3) were steady and low in
comparison to the rates observed during the previous trial period (Section 7.7.3.5) but,
following the thermal shock produced by lowering the outlet temperature from -2 to -5°C,
only Site C showed a significant increase in the rate of pipe heave. This again illustrated that
the soil and freezing conditions at Site C were more favourable than those at Site A for pipe
heave resulting from the frost heaving process. The outlet temperature was subsequently
raised to -2°C as in the first trial period to eliminate the deleterious effects of thaw

settlement.

The pipe strain curve (Figure 7.28) shows the expected increase in tensile strains during the
Winter since the pipe cannot contract due soil skin friction, a similar concept generates
compressive strain in the Summer (Herbert and Leach, 1990). The strains are larger than
expected purely from the temperature amplitude of the pipe and so some bending stress
must also have been induced during the growth of the frozen annulus.

0.3:3.3 Pipe Floatation,
A point of interest from the pipe heave results obtained from Site C is the anomalous peak

registered at Week 92 (Figure 9.3), this occurred when the outlet temperature was above
0°C but, due to previous operating conditions, the pipe temperature at this location was at
-0.25°C. This peak is coincidental with a sudden increase in the height of the water table,
resulting from both re-routing of land drains and heavy rainfall (Figure 7.17), suggesting
that the peak was related to a rise in the water table (Figure 7.27). This is reinforced by the
output from strain gauge No.2 (Figure 7.28) where there is also an anomalous peak at
Week 92. This peak in compressive strain is indicative of a partial release of tensile strain
induced by vertical movement during the lowering of the pipe temperature at this location. It
was noted at Site C that the sudden rise in the water table led to flooding and this was
accompanied by the greatest pipe movement (Figure 7.25) and this relative upward
displacement produced a localised reduction in tensile strain.
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9.3.3.4 n kin

Over the three Pre-heating Seasons encompassed by the monitoring period ground cracking
was annually observed at Site C, however its maximal magnitude was variable and was
essentially a function of the frost/pipe heave rate and local soil moisture conditions.

Ground surface fissures, with intermittent ground cracks up to 10 mm wide and 150 mm
deep, were recorded at Site C (Figure 7.33) in Week 5 (11/3/88) although the maximum
pipe heave was not recorded until Week 9 (Figure 9.1). This primarily indicated that the
ground cracks were observed in areas where pipe heave was taking place, and differs from
the observations of Archer et al. (1984) who reported that ground cracking occurred in the
absence of pipe heave at the same location. Thus, at an outlet temperature of -2°C, ground
cracking had been initiated in March (Week 5) at this location, while in their earlier study
Archer et al. (1984), did not observe cracking until May even with an outlet temperature of
-5°C. It was observed that by Week 9 (7/4/88) most of the ground cracks had closed and
subsequently, in Week 11 (21/4/88), no ground cracking was evident. The period after
Week 9 coincides with pipe settlement and consequent thawing of the frozen annulus, and
was also coupled with the growth of local vegetation which impaired crack observation.

The first trial period (1988/89 Pre-heating Season) provided, as a consequence of
operational decisions, the opportunity to investigate the effect of a thermal shock on crack
formation and growth, this was achieved by dropping the outlet temperature from 0 to -5°C.
This was investigated because the cracking observed in previous Pre-heating Season had
indicated a relationship with the frost heave process and the movement of the soil mass
above the frozen annulus. Again ground cracking was observed at Site C but not at Sites A
and B. After one week of operation at -5°C ground surface cracking was observed between
MP 18 and MP 19+50 m and, in the subsequent week, these had opened up to 5 mm width
and 200 mm depth. At the end of the second trial, maximum ground cracks up to 50 mm
wide and 600 mm deep were noted (Figure 7.34). This generally indicated that ground
cracking was initiated at the ground surface and penetrated into the soil mass with time and
upward pipe movement,. It is suggested that the ground cracks observed during this trial
period were simply a result of tensile failure of the soil mass above the frozen annulus,
induced by the upward movement of this soil mass in response to frost heaving. Such
tensile failures of the soil mass have been reported by Casson (1984) during pipe uplift tests
and Howe (1982), although the pipes were not operating in the chilled mode. After the
subsequent 'filling in' of the cracks at Site C using imported topsoil, no further cracking
was observed.
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In the second trial period (1989/90 Pre-heating Season), ground cracking was again only
recorded at Site C but, although the total heave was greater than in the previous Pre-heating
Season, the crack width was smaller (Figure 7.35). In the early stage of crack formation,
ground surface fissures were observed but this occurred prior to the second trial when the
outlet temperature was still at -2°C, After the start of the trial the ground cracks grew and
this was co-incidental with an increase in the rate of both pipe heave and upward ground
surface movement. This indicates that the crack generation and growth were dependent on
rate of frost heave and, thus, on the time dependent stress-strain characteristics of the soil
mass above the frozen annulus, These cracks were observed to decrease in size by the Week
107 (23/2/90) and disappeared by Week 109 (7/3/90), but the ground surface was noted to
be extremely wet indicating that closure of the cracks could have been partially linked to the
changing soil moisture characteristics of the soil mass around the crack.

9.3.4 Blackrod PRS,
Initial results from Site C during the 1987/88 Pre-heating Season indicate that ground

cracking occurred during the period of maximum pipe heave, thus it was decided to monitor
both pipe and ground surface movement closely during the growth and recession of the
frozen annulus. The enclosed nature of a PRS provided an ideal opportunity for monitoring
under undisturbed conditions. Secondly this part of the study program was developed to
assess the integrity of the pipe network within the PRS resulting when exposed to pipe
heave. '

9.34.1 Pipe Movement,
It is sufficient in the context of this thesis to state that the strains induced at Sites A',B', C,

D' and E', by differential movements, were not regarded as serious with respect to the
maintenance of pipeline integrity. Discussion will therefore be limited to Sites C' and D'
where the ground surface profile was regularly monitored at the same intervals as the pipe
movement. During the Pre-heating Seasons of 1988/89 and 1989/90 Site C' had lower
maximum pipe heaves of respectively 15 and 21 mm in comparison to those of 32 and 56
mm for Site D' (Figure 7.37). However, following complete thawing of the frozen annulus
at the end of each Pre-heating Season, the pipe returned to its original level indicating that
neither thaw settlement or residual pipe uplift were problematic with respect to pipeline
integrity. This PRS has been operated since 1982 at sub-zero temperatures during the Pre-
heating Seasons and so it is probable that the repeated freeze-thaw cycles had affected both
the frost heave and thaw settlement characteristics of the surrounding soil, thus the pipe
returned to its pre-freezing level after thawing.
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9.3.4.2 Ground Movement,

Both Sites C' and D' showed upward ground surface movement during periods of sub-zero
operation (Figures 7.39 and 7.41). At both sites the upward ground movement followed a
normal probability distribution profile with the maximum uplift directly over the pipe
centreline however, as these displacements increased during the trial periods, a depression
was observed in ground surface profile over the pipe centre especially at Site C' (Figures
7.39 and 7.41) towards the end of the trial periods. Attewell and Woodman (1982)
demonstrated that ground surface settlement above a tunnel can be described by a normal
probability distribution curve, this being more applicable to cohesive soils (Section
4.3.2.3). They also concluded that there was considerable variability in the quality between
predicted and observed values, but a normal probability curve remains the most appropriate
method for describing the transverse settlement profiles above tunnels. The actual shape of
the settlement trough is related to the depth of burial and tunnel diameter together with soil

type, depth to water table etc.

Given tunnelling effectively involves the loss of a volume of soil at tunnel depth which
manifests itself as a settlement trough at the ground surface, it is not unreasonable to regard
the increase in volume of the soil around the pipe resulting from the growth of a frozen
annulus in the opposite sense. This would produce outward radial soil displacement above
the frozen annulus which at the ground surface is observed as an inverted form of the
tunnelling settlement trough. However, it is suggested that this shape would be significantly
altered upon the formation of internal soil failure planes resulting from the tensile stresses
induced in the overlying soil mass. Linear regression analysis was used to test the
correlation between the thirty one observed values at the ground surface with expected
values which were derived from Equation 4.4. This was achieved by altering the values of
the maximum displacement (Wmax) and the inflection point (i) by a simple iterative process
in which the gradient and the intercept of the regression line were adjusted to unity and zero
respectively. This allowed the 12 (sample co-efficient of determination) value to be
calculated on the basis of these adjustments and results for Sites C' and D' are provided in
Tables 9.2 and 9.3.

The results obtained from Sites C' and D' are given in Appendix E and the datum is 6/1/89
when settlement of both the pipe and ground surface had occurred after the pipe temperature
had been raised from -2 to 0°C on the 24/11/88 (Week 42). Both Tables 9.2 and 9.3 show
that there was very good agreement between the predicted and observed values during the
1988/89 Pre-heating Season which included the first trial period 31/1/89 to 23/2/89 (Week
52 to 55). Site D' shows the better agreement but both show an increase in agreement
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Date Week | Wwmax i r?
(mm) (mm)

19-Jan-89 50 1.5 700 0.30
26-Jan-89 51 2.1 700 0.46
2-Feb-89 52 4.5 330 0.72
9-Feb-89 53 12 490 0.90
16-Feb-89 54 17 790 0.93
23-Feb-89 55 28 965 0.90
2-Mar-89| 56 26 940 0.88
10-Mar-89 57 15 760 0.89
16-Mar-89 58 15 690 0.95
25-Mar-89 59 13 670 0.92
31-Mar-89 60 11 660 0.89
7-Apr-89 61 13 700 0.84
15-Apr-89 62 11 710 0.84
22-Apr-89 63 12 650 0.88
28-Apr-89 64 14 620 0.89
4-May-89 65 10 720 0.75
13-May-89 66 9 630 0.77
18-May-89 67 9 640 0.72
27-May-89| 68 6 850 0.54
9-Jun-89 70 6 800 0.58

TABLE 9.2 Output Showing Sample Co-efficient of Determination (r2) for Assumed
Maximum Deflection (Wmax) and Inflection Point (i) at Site C’ during Pre-

heating Season 1988/89.

Date Week | wmax i r2

{(mm) (mm)
26-Jan-89 51 0.7 1400 0.07
2-Feb-89| 52 7 510 0.75
9-Feb-89| 53 18 610 0.95
16-Feb-89| 54 26 740 0.96
23-Feb-89] 55 47 750 0.98
2-Mar-89| 56 40 800 0.97
10-Mar-89| 57 30 850 0.97
16-Mar-89| 58 32 730 0.97
25-Mar-89| 59 31 730 0.97
31-Mar-89| 60 29 720 0.97
7-Apr-89| 61 33 660 0.97
15-Apr-89| 62 29 680 0.96
22-Apr-89] 63 31 620 0.97
28-Apr-89 64 30 650 0.96
4-May-89| 65 28 680 0.96
13-May-89 66 30 590 0.90
18-May-89 67 28 570 0.96
27-May-89 68 23 540 0.94
2-Jun-89 69 21 520 0.91
9.Jun-89| 70 17 540 0.89
15-Jun-89 71 13 520 0.84
23-Jun-89 72 11 480 0.75
30-Jun-89| 73 7 650 0.61
6-Jul-89 74 6 610 0.48

TABLE 9.3 Output Showing Sample Co-efficient of Determination (r2) for Assumed

Maximum Deflection (Wmax) and Inflection Point (i) at Site D’ during Pre-
heating Season 1988/89.
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between the variables soon after sub-zero operation started and a general decrease after May
1989. This coincides with some of the points on the profile dropping below the datum
values (Figures 7.39b and 7.41b) indicating that ground surface settlement was irregular
with respect to the assumed normal probability distribution curve. Tables 9.2 and 9.3 also
demonstrates that the distance to the assumed inflection point increased with increased
ground surface uplift and subsequently decreased with ground surface settlement. This can
be attributed to the growth and recession of the pipe/frozen annulus composite together with
pipe movement. The same analysis was undertaken assuming a linear ground surface profile
and the sample co-efficient of determination (r2) was slightly less than that for the normal
probability distribution curve but it was still significant, However, when the best fit line,
using the linear ground surface profile, was plotted in comparison to the actual values it was
observed that the line deviated at the extreme values (je. the maximum and minimum points
of the actual ground surface plot). This suggests that the normal probability distribution
curve can be regarded as a more accurate approximation of the shape of the ground surface
profile. '

Similar results were obtained for the Pre-heating Season 1989/90 during which the second
trial from 5/2/90 to 16/2/90 (Week 105 to 106) was undertaken. At Site C' the agreement
between the expected and observed values was significantly improved by selecting a further
datum of 9/11/89 (Week 92), which corresponded to the lowest ground surface settlement
point prior to the 1989/90 Pre-heating Season. Site D' showed very close agreement
irrespective of the use of new or existing datum and, again, the normal probability
distribution gave better agreement with the observed ground surface than a linear profile.

Ground surface movement over the pipe centre at Site C' was not the point of maximum
heave, although the subsequent settlement was maximum at this point and Figure 9.4
illustrates the similar profiles adopted by both the pipe and ground movement at this point.
It can also be inferred that ground movement resulted from frost heave in the frozen annulus
below and above the pipe (Figure 9.4), since ground movement was greater than pipe
movement. Site D' shows (Figure 9.5) that frost heave beneath the pipe accounted for the
majority of ground surface movement except during the first and second trial periods, when
a significant part of the movement can be attributed to the frost heave in the frozen annulus
above the pipe crown.

9.3.4.3 Ground Cracking,
Ground cracking was noted at both Sites C' and D', especially between 31/1/89 and 23/2/89

(Weeks 52 to 55) during the first trial period, after which they closed up so that by 23/3/89
(Week 59) they had been completely negated (Figures 7.40 and 7.42). Even thou gh Site D'
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had the larger pipe and ground heave during the first trial period there was significantly less

total cracking in comparison to Site C'.
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FIGURE 9.4
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FIGURE 9.5
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On the basis that a normal probability distribution curve models the ground surface profile,
the maximum horizontal tensile strains at Site C' are developed directly over the pipe centre
and the maximum horizontal compressive strain develops at distance of V3 i from the pipe
centre. Ground cracking at Site C' took place approximately 0.5 m on either side of the pipe
centre (Figure 7.40) and this represented a deviation from the predicted point, but O'Reilly
and New (1982) in their derivation of the equations for vertical and horizontal strain over a
tunnel noted that they are not applicable to the soil mass within one diameter of the pipe. It
is thought that, since the depth of pipe burial was only 500 mm, two vertical shearing
planes formed at either side of the pipe/frozen annulus composite and these induced
cracking in preference to directly over the pipe centre as predicted by the normal probability
distribution curve. These cracks at 0.5 m acted as releases for tensile stresses generated due
to the pipe/frozen annulus expansion that had occurred and so cracking was not observed

directly over the pipe centreline.

At the end of the first trial period the magnitude of the ground surface displacement at Site
D' was greater than at Site C', but the visible cracks were only 1 mm in width and located in
the zone between 0.2 m either side of the pipe centreline. This is consistent with the
prediction, from the normal probability distribution curve, of maximum tensile soil strain
directly over the pipe centreline, but in this case three parallel cracks were generated which,
if pipe heave had been allowed to continue, would have presumably formed into a single
crack.

Ground cracking in the second trial period from 5/2/90 to 16/2/90 (Weeks 105 to 106) was
not visible and it was uncertain whether this was due to the heavy rainfall encountered
(Figure 7.17) or simply a function of the slow upward ground displacement prior and
during the trial period. Both these postulations would produce an attenuation in the
magnitude internal stresses developed in the unfrozen soil mass above the pipe since the
load displacement characteristics of the soil would be altered.

9.3.5 Ground Cracking and Frost Heave at the Large-Scale Test,

Ground cracks, both directly over and parallel to the pipeline, were observed to form during
the Pre-heating Seasons when the outlet temperatures were sub-zero. These cracks were
observed to close in the latter months of the Pre-heating Seasons, when both the pipe and
ground temperatures rise and this is in disagreement with the earlier study (Archer et al.,
1984) where ground cracks were initially observed with no observable pipe heave after the
end of the Pre-heating Season. Pipe heave was a resultant of frost heave in the frozen
annulus beneath the pipe invert and was observed both inside and downstream of the PRS
however, at Site B, the sand bedding and surround is thought to have reduced the pipe
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heave due to its low frost susceptibility. The ground cracks were observed to initiate during
periods when the PRS outlet temperature was -5°C, which coincides with both rapid growth
of the frozen annulus and pipe heave. Within the PRS the ground surface profile across the
line of the pipe was correlated to the normal probability distribution curve and the ground
movement profile directly over the pipe centre was shown to be similar in magnitude and
shape to the pipe movement profile (Figures 9.4 and 9.5). A normal probability distribution
curve indicated maximum soil strain directly under its point of maximum vertical
displacement, which in this case was, directly over the pipe centre, thus cracking would
occur preferentially at this point from the ground surface downwards. However at Site C,
where the pipe had a very low depth of burial, under 1 diameter, two vertical cracks formed

at either side of the pipe/frozen annulus composite.

The above indicates that the formation and growth of ground cracks was a result of ground
surface deformation induced by frost heave within the frozen annulus, primarily beneath but
also above the pipe. Ground stretching leads to tensile strains within the unfrozen soil mass
overlying the pipe, which are maximal at the ground surface and decrease with depth, When
these tensile strains cannot be accommodated, a crack develops which is dependent on the
soil stress/strain characteristics at the time (Casson, 1984).

9.4 Small-Scale Laboratory Model,

This represented the final stage in the refinement of the mechanism for ground cracking
involving a careful assessment of the influence of the soil suction forces, emanating from
the frozen annulus, on the overlying unfrozen soil mass. This controlled laboratory study
was limited to experiments on soils from the Tatsfield and Blackrod and these are discussed
in the following subsections.

9.4.1 Soil Thermal, Hydraulic and Stress Regimes,

The thermal regime was monitored both to provide an estimate of the size of the frozen
annulus, and to assist in predicting when to alter the pipe temperature in accordance with the
pre-planned operational schedule. In the Tatsfield experiment it was evident that placement
of aluminium foil over the soil surface at 312 hours produced a dramatic lowering of the soil
temperature in the zone above the pipe (Figures 8.14 and 8.15) but below pipe level, the
effect was less noticeable (Figures 8.17 and 8.18). A comparison of the rate frozen annulus
growth is prohibited since the operating conditions during the Tatsfield and Blackrod
experiments were different.

The thermocouple-psychrometers were successfully used in the experiments and this was
demonstrated by the re-calibration curves at the end of each experiment which showed only

281



insignificant changes in their calibrations. Suctions monitored during the Tatsfield
experiment were of a similar magnitude to those produced by frost action (cf. Clark, 1989).
These were clearly monitored at probes 6 and 9 (Figures 8.20a and 8.21a), located initially
50 mm from the pipe surface (Figure 8.7) and, upon the imposition of thawing, these
suction values dropped to zero within 6 hours (ie. the measurement interval). In contrast,
during the Blackrod experiment, such behaviour was not observed and it is suggested that
this can be attributed to the soil gradation properties (Anderson et al., 1984b). This soil had
a much larger grain size than the Tatsfield soil and the water table was below the pipe invert
level in both experiments. Consequently the suction forces were negated over a much
shorter distance from the Blackrod frost front in relation to the Tatsfield frost front.
Tatsfield exhibited large suctions at probes 1 and 4, which were both close to the ground
surface and to the soil failure planes, and it is postulated that the cold air in the cracks
caused a layer of frozen soil on the crack faces and the negative potentials measured were
due to the suction forces within these localised frozen layers. Conversely, these suction
could have developed in response to desiccation of the crack surfaces by evaporation,
although this is likely to have been a much slower process.

Soil stress was not directly measured, but monitoring of both ground surface and pipe
movement provided adequate information which was in a more directly applicable form,
since analysis these movements provide information on the points of maximum tensile
strains in the soil mass. '

9.4.2 Pipe Movement,

In both experiments, initial pipe movement was recorded only after the start of ground
surface movement directly above the pipe centre (Figures 8.33 and 8.52), especially in the
Blackrod experiment. This indicated that the summation of pipe weight, overburden
pressure and the friction developed between the pipe flange plates and tank wall was greater
than the soil subgrade reaction below the pipe. As a result the frost heave pressures in the
growing frozen annulus initially compressed the soil directly below this annulus. Once pipe
heave had started it was noted to be temperature dependent in both experiments although, in
the Blackrod experiment, thawing at 122 hours produced a deviation from this general
pattern due to pipe flange plate friction. Overall these experiments demonstrated that this
small-scale model can successfully reproduce pipe heave, but modifications would be
necessary to replicate pipe settlement.

9.4.3 Ground Movement,

In both experiments, ground surface movement quickly followed lowering of the pipe
temperature below 0°C, indicating that expansion from either ice lensing or the in situ
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freezing of pore water produced upward vertical displacement of the ground surface.
Initially the displacements were a direct result of frost heaving above the pipe level since
ground surface movement was recorded prior to upward pipe movement (Figures 8.33 and
8.52).

A normal probability distribution curve was fitted to the ground surface profile data for both
experiments (Appendix F) by the simple iteration process described in Section 9.3.4.2. The
results from the Sample Co-efficient of Determination (r2) for Tatsfield (Table 9.4) indicate
that, during the initial stages of ground movement, a reasonable approximation is provided
by the normal probability distribution curve (Equation 4.4) but, after some 60 hours when
the whole ground surface started to move upwards, this agreement is reduced. Further, the
values of the assumed inflection point (i) were close to the tank walls, or even outside the
tank, indicating that frozen annulus would have influenced ground movements up to 525
mm from the pipe centre at 240 hours, and such behaviour could only reasonably expected
in a pure elastic material. However, since a vertical crack and two internal soil failure planes
were recorded, it is unlikely that the frozen annulus would influence the ground surface
outside the zone enclosed by the internal soil failure planes. Thus the results provided are
for a small range over the pipe centreline and an extrapolation to zero displacement would be
inappropriate. The results for the prediction curve from the Blackrod experiment (Table 9.5)
are less conclusive, only indicating a tentative relationship between 30 and 42 hours.
Blackrod soil is far more granular than Tatsfield and, as reported with tunnelling settlement
prediction (O'Reilly and New, 1982), the use of this normal probability distribution curve is
less applicable when the particles are likely to undergo some dilation or compaction during
deformation. Both experiments indicate that, immediately prior to upward pipe movement,
the surface profile was a best fit for the normal probability distribution curve.

Time Wmax i r
(hours)| (mm) | (mm)

48 0.85 100 0.93

54 195 111 0.90

60 247 121 0.88

66 3.60 131 0.88

72 5.10 - 144 0.87

240 30.0 302 0.80

312 45.2 297 0.76

384 56.6 267 - 0.78

TABLE 9.4 Output Showing 12 for Assumed Maximum Deflection (Wmax) and
Inflection Point (i) At Selected Intervals during the Tatsfield Experiment.
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Time Wmax i r 2
(hours)| (mm) | (mm)

12 0.65 134 0.27

18 2.17 115 0.66

24 3.54 112 0.75

30 5.01 113 0.80

36 7.44 125 0.84

42 10.5 137 0.82

72 24.5 204 0.76

108 45.0 255 0.69

122 524 270 0.68

144 43.8 275 0.66

179 439 272 0.69

TABLE 9.5 Output Showing r2 for Assumed Maximum Deflection (Wmax) and
Inflection Point (i) At Selected Intervals during the Blackrod Experiment.

9.4.4 Ground Cracking,
In both the Tatsfield (Figure 9.6) and Blackrod (Figure 9.7) experiments ground cracking

occurred prior to pipe movement, indicating that the expansion of the pipe/frozen annulus
composite above the pipe centre was responsible for the formation of the vertical crack
above the pipe (cf. Figures 8.49 and 8.50). Ground cracking was initially observed as
ground surface fissures that subsequently grew both in depth and width as the upward
ground movement developed. Plates 8.9 and 8.14 show that at the end of the freezing
periods for both the Tatsfield and Blackrod experiments, the ground crack had its apex
within the frozen annulus indicating that the frozen annulus grew around the apex of the
crack. This suggests that cracking did not form in response to a thermal contraction crack
developing within the frozen soil mass and subsequently propagating through the overlying
unfrozen soil to the ground surface. The apex of cracks were noted to contain soil debris
and hoar ice . Ground surface movement was allowed to continue beyond the value scaled
to the field observations so as to exacerbate the soil failure planes within the soil mass. It
was noted that the internal soil failure planes were at angles of 65° to the vertical for the
Tatsfield experiment, the corresponding value for Blackrod being 35°. However, many
more experiments under a wide range of parameters are necessary to permit correlations
between properties such the internal angle of the soil failure planes and shear strength.

The plan view of the soil surface during both experiments illustrates that more than one
longitudinal crack may develop over the line of the pipe (Figures 9.6 and 9.7). This can be
explained in terms of the spatial variability in the soil properties in both the unfrozen and
frozen soil, since these variabilities will alter the local response to the tensile stresses
generated in the overlying unfrozen soil mass. Indeed, in some cases, the formation of the
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first crack may produce a redistribution of stresses which causes a second parallel crack
over or close to the line of the pipe.

As upward ground surface continued, edge effects, especially in the corners of the model,
were producing radial cracking which is unrealistic and a function of the size of the small-
scale model. This is due to the friction mobilized between the soil and the perspex wall in
the direction parallel to the pipe which, under full-scale conditions, would not occur as the
adjacent soil would also be moving upwards.

9.4.5 The Influence of the Pipe Flange Plates on Ground Cracking,

While the effect of the friction, mobilized at the perspex walls, was obvious a further effect,
that of the movement at the pipe flange plates, had also to be taken into account during the
design phase. The flange plates are attached to the pipe and this caused the soil close to the
plate to be restrained since the soil above the pipe moved upwards to a greater extent than
the pipe (Figures 8.33 and 8.52). To compensate for this localised effect at the flange
plates, the perspex tank was made 1000 mm long, to provide a sufficient area for the
occurrence of ground cracking due to pipe/ground heave. The pipe fluid flowed from the
end furthest from the camera position towards the camera and so it was expected that crack
growth would initially be observed at the fluid entry end and, additionally, the flange plate
at the fluid exit point would have only limited initial impact on the cracking since the crack
was propagating towards this point (Figures 9.6 and 9.7). This localised impact of the
flange plate on soil movement induced a triangular surface failure pattern at the furthest from
the camera both in the Tatsfield (Figure 9.6) and Blackrod experiments (Figure 9.7). The
failure pattern indicates that the zone of influence of the flange plate only extended some
150 mm from the flange plate and so the central portion of the soil surface (700 mm in
length) was only acted upon by the frost heave process. In support of this, the ground
surface profiles at the centre of the tank (Figures 8.30 - 8.32 and 8.53 - 8.55) showed no
evidence of the plateau over the pipe centre that would have been produced by flange plate
interaction.

9.4.6 Ground Cracking and Frost Heave,

Ground cracking in both tests was observed at very small vertical ground surface
displacements. Surficial ground cracking was first noted in the six hourly interval readings
taken at 42 and 12 hours respectively in the Tatsfield and Blackrod experiments, the
respective vertical ground surface displacements over the pipe centre being 0.18 and 0.77
mm. The cracking was observed prior to pipe heave (Figures 9.6 and 9.7) indicating that
the expansion of the pipe/frozen annulus composite above the pipe was primarily
responsible for ground cracking in these experiments. Such expansion is equivalent to an
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upward movement of the pipe and the zone of influence of this composite on the overlying
unfrozen soil increased as the annulus grew. Within sensible engineering limits this zone of
influence will stabilise after the development of internal failure planes in the soil mass
around the pipe.

In the Tatsfield experiment the soil suctions that were directly attributable to the growth of
the frozen annulus extended into the unfrozen soil for a maximum 50 mm. However these
suctions cannot be scaled since the frost susceptibility and soil properties are the same in the
model as at the full-scale site, thus these values are directly applicable without any scaling
factor, in this case ten. The Blackrod experiment indicated that the suctions produced were
negated a short distance from the frozen front and this brings into question the hypothesis
put forward by Archer et al. (1984), since this soil was taken from an area where cracking
was observed in their study programme. Their hypothesis (Archer et al., 1984) was
dependent on the development of suctions due to soil moisture movement to both the frost
front and ground surface, however the suctions developed at the frost front would have not
influenced the majority of the soil mass above the frozen annulus.

9.5 Relationship Between Ground Cracking and Frost/Pipe Heave,

The questionnaire provided basic background information on the occurrences of both frost
heave and ground cracking. Basically it was noted that along pipelines where ground
cracking was observed frost/pipe heave was also likely to be present. This tendency
increased with increased pipe diameter and they were more likely to be observed during the
Pre-heating Season. These results suggest a relationship exists between ground cracking
and frost/pipe heave since they were observed under similar circumstances.

Results from the Blackrod full-scale test showed that pipe heave occurred after the outlet
temperature was lowered below 0°C during Pre-heating Season and was dependent on the
interrelationship between both the pipe and the ambient ground temperatures. Monitoring of
the soil thermal, stress and hydraulic regimes at the three downstream Sites was effected
with varying degrees of success and subsequent results indicated that their definition was
not necessary, however results from the temperature and hydraulic regimes proved useful.
Ground cracking was observed downstream at Site C at times of rapid pipe heave which
followed large negative thermal shocks, such as lowering the outlet temperature from 0 to
-5°C. Monitoring of both the ground surface and pipe heave in the Blackrod PRS showed
that ground surface movement occurred at the same time as pipe heave. The ground surface
profile was shown to approximate a normal probability distribution curve (Equation 4.4),
which has been used to predict the ground surface settlement produced by tunnel driving in
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cohesive soils (O'Reilly and New, 1982). The vertical displacement of the ground surface
indicates that tensile stresses are developed in the soil mass above the pipe/frozen annulus
composite and, if displacement is sufficient, these tensile stresses are released by cracking
downwards from the ground surface. Differentiation of the normal probability distribution
curve indicates that the maximum tensile forces are generated above the pipe centre with the
maximum compressive strain at 1.73i. Thus a ground crack is predicted directly above the
pipe centre. However, at Site C' within Blackrod, cracking was observed 0.5 m to either
side of the pipe centre and this has been attributed to the low depth of burial. The results
from the full-scale test indicated that a ground crack formed in response to tensile strains
generated in the overlying unfrozen soil mass by the expansion of the pipe/frozen annulus
composite. The conditions during the trial also indicated that ground cracking was
dependent on the rate of pipe/ground heave and it is suggested that this is a function of the
time dependent nature of the stress/strain characteristics of the overlying unfrozen soil mass.

A small-scale model was designed to specifically investigate the actual nature of the soil
failure pattern and to compare it to that observed during pipe uplift tests, such as reported by
Casson (1984). Ground cracking was successfully re-produced however, edge effects were
noted at the points closest to the entry and exit of the pipe. The results indicated that ground
cracking occurred before pipe movement but after ground movement had started, and this
initial movement has been attributed to frost heaving in the frozen annulus above the pipe.
Pipe movement was initially inhibited as the subgrade reaction was insufficient to overcome
that summation of the overburden pressure and pipe flange plate friction force with the
perspex tank wall. The ground surface profile was not satisfactorily described by a normal
probability distribution curve, but there was a definite peak in the profile over the pipe
centre indicating that this was the point of maximum tensile strain at the ground surface.
Continued operation produced increased pipe and ground movement together with
increasing crack growth. At the end of the freezing period, excavations revealed that internal
soil failure planes had formed from the side of the pipe/frozen annulus composite and these
internal soil failure planes slanted upwards towards the ground surface. Such failure
patterns are indicative of the relative upward displacement of the pipe in relation to the
surrounding soil mass. The angles of the soil failure plane to the vertical were respectively
35° and 65° for the Blackrod and Tatsfield experiments, and it is suggested that this
difference is a function of the shear strength of the individual soils. The measured suctions,
which were due directly to the growth of the frozen annulus, were negated over distances of
about 50 mm in the case of Tatsfield and were not detected in the Blackrod experiment.
Ground cracking was, therefore, again attributed to the tensile stresses developed in the
overlying unfrozen soil mass due the upward motion of the pipe/frozen annulus composite.
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The results from each of the three stages of the study program put forward the following
general concepts:-

Stage 1.  Ground cracking and frost heave occurred under the same conditions,

Stage 2.  Ground cracking occurred after pipe heave had started especially at periods
of rapid pipe heave, and that frost heaving above and below the pipe
produced upward ground movement which could be modelled by a normal
probability distribution curve, '

Stage3  Under excessive frost heaving conditions, the soil failure pattern was similar
to that found when a pipe moves upward in relation to the surrounding soil
mass.

The progression of these results has lead to the conclusion that ground cracking is initiated,
under chilled operation, by the tensile strains developed in the overlying soil mass by the
upward expansion of the pipe/frozen annulus composite. Thus ground cracking takes place
when the overlying unfrozen soil mass can no longer accommodate the tensile strains
induced, and is dependent on the stress-strain characteristics of the soil which, in turn, are
dependent on factors such as time, displacement, soil type and geotechnical classifications.

9.6 Summary,

This section has linked together the three stages of the study programme which were
questionnaire, large-scale test and small-scale laboratory modelling. The results initially
indicated that frost heave and ground cracking occurred under similar soil conditions, and
along larger diameter pipelines. The large-scale test indicated that cracking formed from
tensile stresses generated above the expanding pipe/frozen annulus composite and was
inferred from pipe and ground surface movements. Finally the small-scale laboratory model
investigated whether this cracking was related to the classical soil failure around a pipe
undergoing relative upward movement. The soil failure plots from experiments indicated
that ground cracking above a chilled gas pipeline was similar to that of pipe uplift. Soil
suctions in front of the frost front were negated over very short distances, indicating
cracking was not a resultant of soil shrinkage.
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CHAPTER 10 CONCLUSIONS

10.1 Introduction,

Ground cracking was first reported under British Gas operating conditions by Archer et al.
(1984) in a trial to assess the minimum acceptable outlet temperature at a Pressure Reduction
Station (PRS). They provided a general mechanism for ground cracking (Section 4.5.2.1)
involving soil moisture migrations to the frozen annulus and the ground surface and, as a
consequence, suggested that a soil shrinkage crack formed parallel and directly over the
pipeline from May onwards. Importantly this hypothesis did not involve pipe heave for they
had reported (Archer et al., 1984) that no pipe heave was observed at the intermittent,
downstream locations of ground cracking. Similar ground cracks have also been recorded in
Canada (Williams, 1987) above large-diameter transmission gas pipelines, but little
information was available. :

Two soil-pipeline interactions are known, these are ground cracking and frost/pipe heave,
and both are regarded as problematic, with frost/pipe heave considered to have a more direct
impact on the integrity of the pipeline system. Frost/pipe heave produces upward pipe
displacement that, at points of restraint (Archer et al., 1984) or sites of differential pipe
movement, induces strain into the pipeline network (Nyman and Lara, 1986). Ground
cracking affects the ground surface by disrupting overlying structures, thereby necessitating
expensive remedial work. In open areas, such as farmland, cracking can pose a number of
problems presenting a hazard to people and livestock and its aesthetic impact can suggest, to
an untrained observer, a problem with pipeline integrity. The net result of this is again to
facilitate expensive remedial actions, such as the annual reinstatement of the ground cracks.

This chapter provides a summary of the important results of this study programme together
with a mechanism for ground cracking under British operating conditions. Subsequently
ground cracking is discussed in relation to methodologies for limiting its magnitude both at
the design stage and during in-service pipeline operations.

10.2 Aims of the Thesis,

Before any mitigative procedure for ground cracking can be developed it was necessary to
define its mechanism, therefore this represented the primary objective of the study. The
starting point for this investigation was the hypothesis developed by British Gas (Archer et
al., 1984) involving soil suctions (Section 4.5.2.1). As a consequence of investigating this
phenomena, information was collected to provide input data for the development of possible
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predictive/mitigative procedures for ground cracking. A subsidiary aim was to investigate
mitigative solutions for frost/pipe heave, but limits on time and resources made this
prohibitive.

10.3  Summary of Study Programme,

10.3.1 Introduction,

The soil-pipeline interaction system under investigation, in this instance the operation of a
chilled gas pipeline, necessitated three regimes to be defined:- pipeline, frozen soil annulus
and surrounding unfrozen soil. The study methodology was designed to the assess the
extent of ground cracking in terms of these three regimes, subsequently to generate and
monitor it at a large-scale test site and, finally, to investigate ground cracking under
laboratory controlled conditions by designing a small-scale model from information
gathered in the previous stages. The logical order of the stages of the study programme
enabled an increased definition to be made of the variables producing ground cracking as
cach stage progressed. The opportunity was also taken to gather information of value for the
development any subsequent predictive/mitigative tools.

10.3.2 Previous Studies.

Previous research in chilled gas pipeline operation has taken place for either Northern Arctic
Gas pipelines (Williams, 1986, Geotechnical Science Laboratories, 1984b) or in temperate
climates involving gas transmission and distribution systems (Kempner, 1968, Yie, 1969b,
Browning, 1970, Ahmad, 1978 and Archer er al., 1984). These have investigated the
effects of frost/pipe heave in terms of magnitude and mitigation, but ground cracking was
only reported by Archer et al. (1984) and Williams (1987) and limited information was
available, More recently a thoroughly instrumented full-scale indoor test facility at Caen
(Section 4.5.4) has been operating since 1982 under chilled air and pipe conditions
(Geotechnical Science Laboratories, 1991) and has provided information on the frost heave
process together with the deformation of a pipe across an interface between soils of varying
frost susceptibility. Prior to developing an understanding of the behaviour of the pipe-
frozen annulus system, it is essential to understand the complexities of frost action and these
are discussed in Chapter 3.

10.3.3 Questionnaire,

This was designed to provide background information on both frost/pipe heave and ground
cracking (Chapter 6). Eighty three replies were received from the twelve British Gas
Regions and these indicated that along only ten pipelines were both frost/pipe heave and
ground cracking observed, and along six of these pipelines their occurrence was noted at the
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same location. Along two pipelines ground cracking was observed in the absence of
frost/pipe heave and frost/pipe heave was noted without ground cracking along only four
pipelines. Overall the magnitudes of frost/pipe heave and ground cracking were greater
downstream of the PRS and the likelihood of observation increased with increasing pipe
diameter. Both these soil-pipeline interactions were observed during the Pre-heating Season
(November to May), generally frost/pipe heave was more predominant earlier than ground
cracking, but ground cracking persisted longer. The similarity in the conditions necessary
for frost/pipe heave and ground cracking suggested a link between these phenomena.

10.3.4 Large-Scale Study Programme,

Blackrod PRS (NorthWest Gas) was selected for a large-scale test site and instrumentation
was effected in two stages, downstream and within the PRS. Monitoring took place over
three Pre-heating Seasons (1987/88, 1988/89 and 1989/90), but there were only two trial
periods (31/1/89 - 23/2/89 and 5/2/90 - 16/2/90) during the first the outlet temperature was
lowered from 0°C to -5°C and in the second from -2°C to -5°C.

Three downstream sites (Section 7.4) were selected, based on their observed susceptibilities
to ground cracking, and instrumented to define the soil thermal, hydraulic and stress
regimes around the pipe, pipe movement and strain were also monitored. Problems with
data logging prevented sufficient information on soil temperature and stress, however soil
suctions were monitored with thermocouple-psychrometers which in many cases failed or
consistently gave zero readings. More importantly ground cracking was observed during
each Pre-heating Season and its magnitude was a maximal when pipe uplift peaked
especially during the trial periods. Ground cracking was generated at Site C which was
regarded as the most crack susceptible location soon after the imposition of a negative
thermal shock at the start of the trial periods, but its magnitude was dependent on the
previous pipeline operating conditions. Ground cracking was observed intermittently along
the pipeline up to 3 km downstream and had a maximum width of 50 mm and a depth of
600 mm at the end of the first trial period when pipe heave was 27 mm in 23 days. Ground
cracking was first observed as ground surface fissures directly over the pipeline, and
subsequently these developed both in width and depth, indicating that cracking was not due
to the formation of a thermal contraction crack in top of the frozen annulus which would
have propagated vertically upwards to the ground surface.

Initial results from the downstream sites during the first Pre-heating Season indicated that a
relationship existed between pipe uplift and ground cracking, consequently ground and pipe
movements were monitored within the PRS at two sites (C' and D') during the second and
third Pre-heating Seasons. Results indicated that frost heave occurred both below and above
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the pipe during the growth of the frozen annulus, and this was responsible for upward
movement of the ground surface across the line of the pipeline. The ground surface profiles
during the trial periods at both sites were fitted to a normal probability distribution curve
(Equation 10.1) which effectively is an inverted form of that used in the prediction of
ground surface settlements resulting from tunnelling activities in cohesive soils. A normal
probability distribution curve (O'Reilly and New, 1982) indicates that the maximum tensile
strains at the ground surface are generated directly over the pipe centreline and maximum
compressive strains at 1.73 i from the pipe axis. Ground cracking at Site C in the first trial
period was noted at 0.5 m either side of the pipe axis and was probably a function of the
low depth of burial of the pipe (O'Reilly and New, 1982).

2
Wh=Whmax CXP ( - y2 )
2(i%) 10.1
Wh = vertical groulnd heave (mm), -
Whmax = maximum vertical ground heave (mm),
y = perpendicular distance from the pipe centre-line (mm),
i = point of inflection of the curve, occurs at wy = 0.606 Wi, max (mm).

Each trial was terminated due to overriding engineering considerations, but the outlet
temperature of the station was raised to -2°C and not to above 0°C as originally specified by
the local Engineers. This could have produced conditions favourable for the thaw settlement
of both the pipe and overlying soil mass since a rapid thawing would have been induced.
Raising the temperature to -2°C at the end of the first trial period proved successful for,
although pipe heave was arrested, pipe settlement did not commence until towards the end
of the Pre-heating Season, from early May to late July (Figure 9.2), indicating slow
thawing.

10.3.5 Small-Scale Laboratory Model,
The model was specifically designed to investigate the effect of the g:roﬁh of the frozen

annulus on ground movements, pipe movements and ground cracking. Additionally it
offered the opportunity to define the influence of the soil water suction forces, emanating
from the frozen annulus, on the surrounding unfrozen soil mass. Two soils were selected
form locations downstream of Tatsfield and Blackrod PRS, as they were known to be crack
susceptible, and these were examined, under pipe temperature conditions which were
known to produce cracking, but over a shorter time period.

In both experiments ground surface movement took place after the pipe temperature was
lowered below 0°C and prior to pipe movement. Pipe movement occurred later and it is
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suggested that initially the subgrade reaction below the pipe/frozen annulus composite was
insufficient to resist the pipe weight, overburden pressure and, friction between the soil and
the perspex tank and thus, frost heaving compressed the soil below the frozen annulus.
While a direct comparison with the vertical load-displacement response curves for pipe
uplift tests (Section 4.3.2.1), as reported (Trautmann ez al., 1985), was impractical it was
noted that soil failure occurred at very small displacements both in this study and in the
study programme of Trautmann et al. (1985).

Ground cracking was initiated at ground surface displacements over the pipe centre of under
1 mm and prior to pipe movement. This cracking was first observed as fissures on the
ground surface, and these increased in depth and width with increasing ground movement
(Figures 9.6 and 9.7). At the end of each of the freezing periods in these experiments, the
vertical crack directly over the pipe was noted to have its apex within the frozen annulus and
this resulted from the expansion/growth of the frozen annulus around the apex. That part of
the apex within the frozen annulus was noted at the end of each test to contain soil debris
and hoar ice. Generally two internal soil failure planes were observed, slanted away from
the side of the pipe/frozen annulus composite to the ground surface (cf. 8.49 and 8.50).
This soil failure pattern is indicative of soil failure due to the relative uplift of a pipe in
relation to the surrounding soil as described by Casson (1984) for unfrozen soils. The
normal probability distribution curve was fitted to the ground surface movement but less
agreement was noted than at the large-scale test site and this is probably a result of the
scaling factors. Soil suctions, as defined by thermodynamic equilibrium within the frozen
annulus (Section 3.3), were noted in the Tatsfield soil up to 50 mm beyond the frost front
but, for Blackrod, they were not recorded, this suggests that any suctions were negated
over a very short distance. As a result of the limitations of a small-scale model, edge effects
between the soil, pipe wall and pipe flange plates were noted to produce local soil failure
patterns especially in corners and at the flange plates (Figures 9.6 and 9.7). However the
model was sufficiently long to allow cracking to develop under the influence of the
expansion of the pipe/frozen annulus composite without the edge factors affecting the
results. Two parallel ground cracks were observed at locations above the pipe (Figures 9.6
and 9.7) and it is suggested that growth of the second crack resulted from the redistribution
of tensile strain after the formation of the initial crack. -

104 G ¥ Cracking Af Chilled I Di Gas Pielin

The summary of the results has shown that ground cracking is dependent on frost/plpe
heave and takes place during the Pre- heatmg Season.
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Generally ground cracking and frost/pipe heave take place along large diameter pipelines
which by virtue of their size carry large amounts of gas at high pressures. During the Pre-
heating Season demand for natural gas is maximal and the inlet gas temperature is at its
lowest level, therefore pressure reduction can produce minimum outlet gas temperatures that
can be substantially below 0°C. If the mass flow rate is large then a substantial length of the
downstream pipeline will be sub-zero and a frozen soil annulus will form around the pipe
producing a pipe/frozen annulus composite.

If the soil in the frozen annulus is frost susceptible and favourable conditions exist for frost
heave the net result is an expansion of the pipe/frozen annulus composite. This produces
deformation of the unfrozen soil mass especially above the pipe centre causing ground
surface movement (uplift) and it has been shown that this transverse soil profile can be
approximately fitted to a normal probability distribution curve (Section 9.3.4.2). The
turning points of this curve indicate that the maximum tensile strain occurs at the ground
surface directly over the pipe centre and maximum compressive strain at 1,73i. This leads to
the conclusion that, if the ground surface movement is sufficient, the unfrozen soil mass
above the pipe/frozen annulus composite becomes unable to accommodate the associated
tensile strains leading to the development of a tensile crack at the ground surface directly
over the pipe centre. The continued expansion of the pipe/frozen annulus composite induces
greater ground surface heave with the inflection point moving further away from the pipe
centre and leads to the continuing re-orientation of the tensile strains resulting in increased
crack depth and width. When the crack meets the pipe/frozen annulus composite its growth
is subsequently limited to increases in width. In the small-scale laboratory tests, excessive
expansion of the pipe/frozen annulus composite, in relation to actual field conditions, has
shown the development of internal soil failure planes that slope away from the centre of the
pipe/frozen annulus composite towards the ground surface (cf. Figure 8.50). This indicates
that the failure of the soil mass above the pipe/frozen annulus composite is equivalent to
pipe uplift relative to its surrounding soil mass. The depth of burial in these experiments
was low so that the internal soil failure planes were observed to be linear unlike the log
spiral shape reported by Casson (1984) for uplift of pipes in unfrozen soil.

On the basis of the foregoing studies it is clear that ground cracking is simply initiated by
the expansion of the pipe/frozen annulus composite, induced by the frost heave process.
This produced upward vertical ground surface movement, thereby inducing tensile strains in
the overlying unfrozen soil mass that are relieved by the formation and growth of a vertical
ground crack and, if the subsequent expansion is excessive, internal soil failure planes will
develop. Both the large-scale test (Chapter 7) and the small-scale laboratory experiments
(Chapter 8) have indicated that ground cracking is very dependent on pipe temperature,
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previous pipeline operating conditions, frost susceptibility of the surrounding soil and,
since it is a tensile crack in the unfrozen soil, the stress-strain properties of the overlying
soil mass. Typically the rate of frost heave within the frozen annulus will have influence on
the time dependent nature of the stress-strain properties of the overlying unfrozen soil mass.
This leads the basic conclusion that the prediction of ground cracking is based on three very

complex parameters:-

1. The pipeline operating conditions and its downstream temperature profile,
2. Frost heave characteristics of the surrounding soil, and
3.  Stress-strain characteristics of the surrounding soil.

The results from the small-scale model indicate that the hypothesis advocated by Archer et
al. (1984) is unlikely since the suctions measured during the Blackrod small-scale
experiment were very small and ground cracking at Site C (Blackrod large-scale test) took
place during the Pre-heating Season rather than after it. Similarly pipe heave and ground
cracking were noted in the Pre-heating Season, which was in opposition to the findings of
Archer et al. (1984) and indicated that it was a tensile crack rather than an shrinkage crack.

10.5 Engineering Considerations.
10.5.1 n- ice Pipelin

The prediction of the magnitude of both frost/pipe heave and ground cracking is very
complex due to the spatial variability of soil properties and hydraulic conditions along any
pipeline. Therefore a detailed investigation of these properties would be expensive and may
provide little useful information. The dependency of frost/pipe heave and ground cracking
on the pipeline operating conditions and its downstream temperature profile add to the
uncertainty of prediction. Previous experience along the Blackrod to Partington pipeline has
shown that certain areas are more prone to ground cracking than others and that cracking
tends to re-occur at crack susceptible zones. Further experience indicated that the imposition
of large negative thermal shocks induced considerable frost/pipe heave which provided ideal
conditions for ground cracking, due to the accelerated movement of the ground surface.

A preferable Engineering Operational Procedure would involve careful control of the outlet
temperature of the upstream PRS together with monitoring of the downstream pipeline by
Pipeline Inspectors. This would involve lowering the outlet temperature by increments each
Pre-heating Season until the magnitude of ground cracking or frost/pipe heave is deemed to
be problematic and, at this stage, two options can be selected. The first would involve the
continued operation of the pipeline at this temperature with careful monitoring of the soil-
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pipeline interactions until the heave or ground cracking reached a limiting value at which
time the outlet temperature would be carefully raised to arrest these problems without
instigating rapid thaw settlement for this could produce a settlement trough over the
pipeline. Therefore the soil-pipeline interactions are constantly monitored and any problems
are countered by control of the outlet temperature, the criteria for these decisions being
modified with continued experience. Such a procedure could involve a 'real time'
application of a computer linked to linear displacement transducers monitoring the ground
and/or pipe movement at selected sites and using this information to control the outlet
temperature. The second option would involve remedial actions being taken at zones of soil-
pipeline interactions to limit their magnitude though the application of the following

procedures:-

1. Grouting,
2.  Water table reduction by drainage,
3. Soil replacement with non-frost susceptible materials.

Applications of the above techniques have been discussed in Chapter 4, and the use soil
reinforcement geotextiles could be considered for the overlying unfrozen soil mass so as to
act to resist the tensile strains induced by ground movement. The application of these
remedial measures would allow the operation of the pipeline with confidence at the desired
outlet temperature. However the use of these techniques would have to be analysed in terms
of the total cost of providing an effective pressure reduction operation.

10.5.2 ned Pipelin

This represents the most direct method of controlling these soil-pipeline interactions when
allowance is made in the design stage. The most effective method would involve
surrounding the pipe in a non frost susceptible material to a diameter equivalent to that of the
predicted pipe/frozen annulus composite. The size of the non frost susceptible surround
would be governed by its thermal conductivity and the depth to the water table. Whilst
insulating the pipe seems a practical solution by limiting the size and growth of the frozen
annulus it would necessitate an increased amount of pre-heating at downstream PRSs prior
to the entry of natural gas into the local medium and low pressure pipeline networks. Other
methods include installing land drains and placement of soil reinforcement,

10.6 Recommendations for Future Work,

This study programme has demonstrated that ground cracking occurs as a result of tensile
strain in the overlying soil mass. However, from fundamental and practical viewpoints, a
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number of factors need further investigation to assess their effect on ground cracking. In
particular the effect of the rate of frost heave on the stress-strain characteristics of the
overlying unfrozen soil mass together with the influence on this relationship of soil
classification, depth of pipe burial and depth to water table. Similarly the stress-strain
properties of the overlying unfrozen soil could be compared with a wide range of soil
properties such as shear strength, plasticity etc. so that future consideration can be given to
the development of a simple predictive tool for ground cracking. Further validation of the
normal probability distribution curve is necessary for its incorporation into such a predictive
procedure for ground cracking.

Ground cracking is dependent on frost heave, which is a complex temperature and pressure
dependent process, and it is important to precisely assess its role in ground cracking. Firstly
a knowledge of the rate of frost heave, in relation to pipe temperature and mass flow rates,
together with the stress-strain response for a variety of soil conditions should be sufficient
to allow the frost heave rate to be controlled by adjustment of the PRS outlet temperature.
Secondly, freeze-thaw cycles are known (Chamberlain, 1981, Van Vliet-Lanoe and Dupas,
1991) to alter the frost susceptibility of the soil and it is important to define the freeze-thaw
response of a number soils over a number of cycles so that pipe heave and ground
movement can be estimated from one Pre-heating Season to the next.

The small-scale model has demonstrated that laboratory modelling of physical geotechnical
interactions is possible when the parameters under investigation are carefully considered and
the model correctly designed. Further testing of the effects discussed above could be
investigated under laboratory controlled conditions, however it is suggested these be
undertaken in a perspex tank with a greater width and that the pipe flange plates be replaced
with sealed rubber membrane. The small-scale model is particularly useful for the
investigation of frost heave characteristics, unfrozen soil stress-strain characteristics,
mitigative procedures for frost heave and ground cracking and, with modifications, thaw
settlement characteristics. It also enables data to be obtained more quickly than by full-scale
tests.

The mechanism of ground cracking has been defined and related to frost heave, therefore it
is logical to extend the knowledge base to mitigative geotechnical procedures including
grouting, ground water lowering, soil replacement with non-frost susceptible materials and
geotextile reinforcements. The performance of these solutions could be assessed using the
small-scale laboratory model. Real-time applications of computers, linked to instrumentation
monitoring pipe strain, pipe and ground movements and pipeline operating characteristics,
could be developed by linking local knowledge of the previous operating methodologies
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with a fuller knowledge of the mechanism from the above recommended work. This would
allow the pipeline operating conditions to be altered to limit the soil-pipeline interaction and
could be achieved locally at the upstream PRS or on a much larger scale by involving a
number of PRSs. A similar approach would be to prepare a schedule for the outlet
temperature so that it would be altered on a weekly basis, using previous operational
knowledge, to limit frost heave and ground cracking. A further option to control the soil-
pipeline interactions could involve oscillating the outlet temperature on a regular basis
between sub and above-zero temperatures. Therefore partial thawing of the frozen annulus
would take place at regular intervals and a period of oscillation could be selected to reduce
the effects of both frost/pipe heave and thaw settlement.

Finally thawing could produce settlement of both the pipe and the ground surface and was
not the subject of this thesis, but further research is necessary since it can result in
settlement of structures and, if severe, could affect pipe integrity. It is also uncertain as to
whether settlements have a positive or negative effect on the magnitude of frost heave and
ground cracking and, for a long term strategy for low temperature operation, this is a
particularly important aspect for future investigation.
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APPENDIX A PROBLEMS EXPERIENCED WITH LARGE-SCALE TEST

Al In ion

The large-scale test was undertaken at Blackrod PRS and along its associated downstream
pipelines in the North West Region of the British Gas Corporation and, the author is
extremely grateful for efforts made by the Region to support this work. A number of
adverse conditions combined leading to a lack of data and, as a consequence the
experimental programme was continued into a fourth year. Subsequent data reduction and
analysis together with extra laboratory testing produced severe delays in the submission of
this thesis. The problems were with the control of the outlet temperature at Blackrod and the
reliability of the downstream data-loggers at Sites A, B and C. ‘

The earlier study (Archer et al., 1984) was undertaken by the Pipelines Division of the
Research and Development Department at the Engineering Research Station in Newcastle-
upon-Tyne in conjunction with North West Gas, Regional Transmission Department.
However in this study Aston University and the above two mentioned British Gas
Departments collaborated to undertake a low temperature trial.

A2  Quilet Temperature,

In the earlier study (Archer et al., 1984) the outlet temperature was -5°C and it was expected
to operate this large-scale trial at a similar outlet temperature. Consequently the positions of
the instruments (thermocouples, thermocouple-psychrometers and soil stress transducers),
in relation to the pipe, were determined from data collected during the earlier study which
had indicated that the frozen annulus could extend up to 600 mm from the pipe wall, even at
distances 3 km downstream of Blackrod Pressure Reduction Station (PRS). Thus it was
envisaged that, during this large-scale trial, the Blackrod PRS outlet temperature would be
operating at -5°C, but this was only achieved for 34 days out of 763. Table A.1 summarizes
the outlet temperature of Blackrod PRS during this study.

At the start of the trial British Gas North Western (BGNW) were confident of ground
cracking at -2°C, consequently the outlet temperature for the 1987-88 Pre-heating Season
was set to this temperature, but only surficial ground cracking was noted at Site C. It was,
therefore suggested that for the 1988-89 Pre-heating Season, the outlet temperature should
be set at -5°C, however a new Engineering Director was appointed to the Region and a
directive was issued stating that the trial could continue only if the integrity of the pipe
system could be guaranteed by the Engineering Research Station. As a result a monitoring
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Preheating
Season

Outlet

Temperature

ﬁtart
Date

Finish
Date

Remarks

1987 to
1988

1988 to
1989

1989 to
1990

-2°C

pre
1987

24/11/83 |

British Gas North Western (BGNW)
expected cracking to occur at this
temperature. The only reported
instances of cracking involved
surficial cracking.

24/11/88

31/1/89

New Engineering Director appointed
to BGNW and asked for the
installation of further equipment to
monitor pipe integrity within
Blackrod PRS prior to re-
commencement of large-scale trial.

-5°C

31/1/89

23/2/39

The author designed and 1nstalled an
monitoring system within Blackrod
PRS that provided the Engineer with
pipe movements at various locations,
from which an estimation of pipeline
stresses could be made. After
installation BGNW agreed to lower
the outlet temperature.

23/2/89

5/2/90

Cracking had appeared at Site C
within 10 days at -5°C, however
BGNW decided to raise the outlet
temperature since it was envisaged
that further operation could produce
serious ground surface disruptions
due to ground cracking and frost. .
heave.

-5°C

52190

16/2/90

More results were needed because
most of the data loggers had not been
installed and/or were unreliable last
year in the period 31/1/89 to 23/2/89.
Also further validation was deemed
necessary of the results recorded
31/1/89 to 23/2/89 when the outlet
temperature was at -5°C.

16/2/90

to date

A cold spell was forecast and
BGNW raised the outlet temperature
as they were concerned about icing
around the valves in Blackrod PRS.
Since there was no likelihood of
lowering the outlet temperature back
to -5°C, the site visits stopped on the

7/3/90.

TABLE A.1 Outlet Temperature of Blackrod PRS with Accompanying Remarks.
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system was designed and installed prior to the re-commencement of the trial and this
resulted in the trial starting much later in the Pre-heating Season than had been originally
envisaged. Subsequently this trial was halted at an early stage as BGNW regarded the
magnitudes of ground cracking and frost heave as problematic. A further trial during the
1989-90 Pre-heating Season was considered necessary for validation of the results collected
previously and -5°C operation started on 5/2/90 but was stopped on 16/2/90 as a result of
maintenance considerations.

In the early study by Archer ez al. (1984), flows were much higher and the pressure drop
across the station was greater. Typically the pressure drop was from 69 to 32 bar which
gave a maximum temperature drop of approximately 18°C, but in this trial the pressure drop
especially in the periods of -5°C operation was insufficient to achieve a temperature drop
down to the required setpoint. However BGNW were able to supply a maximum amount
gas, as dictated by Regional supply considerations, through the Blackrod pipeline system
and so the operating conditions which were expected during the design phase of the
monitoring programme were rarely achieved.

These two problems combined to allow a very short period of 34 days in which useful
measurements of ground crack growth could be monitored. It must be stressed that the trial
was undertaken on an in-use pipeline system which has the primary function to supply
natural gas at periods of demand and under strict safety considerations. Therefore,
disruption of the the trial was to be expected at various times since operational constraints
and the security of the gas supply were paramount. The author acknowledges that while
much potential data was unavailable, BGNW made every possible effort to provide the
pipeline operating conditions necessary for this trial.

A.3  DataLoggers,

The data loggers were designed by Ketron Ltd and constructed under licence by British Gas
North Western and are powered by re-chargeable batteries. They supply an excitation
voltage to the instrument such as a transducer or platinum resistance thermometer and
measure the reading as a number between 0 and 255. Readings can be taken at specified
intervals and are stored in a 6k ram. The loggers are down-loaded to an Epson Px-8 lap held
computer which can transfer the data to a Vax mainframe for analysis.

Problems were encountered with the downstream data-loggers (DL 40 to 45), these data

loggers were installed to monitor the soil thermal regime around the pipe and the change in
soil stress vertically above the pipe crown. Table 7.8 shows that the 24 channel
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thermocouple data loggers were installed prior to the start of the first operation at -5°C
(Week 52 to 55) however their reliability was poor. This was a result of many
considerations, including environmental factors and the availability of technical personnel
for servicing and repairing the loggers. The data loggers for the soil pressure cells were
designed to monitor the change in soil stress but, unfortunately, there were problems with
the design, reliability and late installation. These problems resulted in the total loss of soil
stress information and partial loss of temperature data. However the author is grateful to
BGNW for their concerted efforts in supplying and repairing data loggers which was a
considerable task considering the conditions under which the loggers had to function.

A4 mma

Problems with the operating conditions at Blackrod PRS and the downstream data-loggers
resulted in the continuation of the study programme beyond its three year specification and
necessitated extending the trial period and additional laboratory work. Whilst severe delays
were encountered, the author stresses that British Gas North Western made every possible

effort to ensure that the project ran smoothly.
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APPENDIX B QUESTIONNAIRE AND SUMMARY OF REPLIES

This section contains :-
1. A copy of the questionnaire issued to each British Gas Region.
Z. Tables containing the full results of the questionnaire, however full details on the

operating conditions have not been included due to constraints on space. The details
of these conditions are highly variable but pipeline diameter gives an indication of
expected flows, pressures etc, as this is determined from design considerations.

Table B.1. is a summary of the pipelines where soil-pipeline interactions were
observed, the pipeline number refers to Table B.2.

Pipeline number | Frost heave | Ground cracking
38 No Yes
45 Yes No
46 Yes No
49 Yes Yes
51 Yes Yes
52 Yes No
54 Yes Yes
56 Yes Yes
58 No Yes
61 Yes Yes
62 Yes Yes
64 Yes Yes
66 Yes No
76 Yes Yes
77 Yes Yes
81 Yes No

TABLE B.1. Summary of Pipelines along which Frost Heave or Ground Cracking
Occurred.
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Bl‘itiSh Gas Memorandum

From GL Archer To REGIONAL
TRANSMISSION
British Gas plc ENGINEERS
Engineering Research Station :
PO Box
Newcastle upon Tyne NE99 1LH
Telephone 091-268 4828 Extension Date 19 January 1987
Subject GROUND FREEZING PROBLEMS Reference GLA/KLB/
ASSOCIATED WITH SUB-ZERO :
OPERATION OF PIPELINES

A number of Regions have been experiencing problems resulting from ground freezing
around pipelines operating at sub-zero temperatures. There have been occasional incidences
of frost heave resulting in pipe lift and these have usually been associated with cracking in
the ground above.It seems, however, that ground cracking, often over considerable lengths
with no apparent lift, is a more common problem.

ERS have been concerned with sub-zero operation of pipelines for a number of years and
have carried out some work on the effects of ground freezing. It was decided that the most
economic and effective way to continue this work was through a University contract.
Consequently, a 3 year CASE Award was recently negotiated with Aston University who
have considerable experience and expertise in the effects of ground freezing. This work will
be closely supervised by ERS.

Preliminary meetings have been held and several visits to British Gas sites with ground
freezing problems have been made. A programme, involving theoretical, laboratory and site
work is currently being drawn up. It is hoped that this work will give us a better
understanding of the problems leading to better ways of predicting and even preventing
future problems.

Before finalising the programme, we need to obtain as much background information as we
can, so that our approach is as realistic as possible. Consequently, we have drawn up a
questionnaire attached and we would be very grateful if you could spare some time to
complete it. Since we are hoping to start our programme by the end of February. We realise
that the questionnaire may not be suitable for every situation and that all the details required
may not always be available. If you would like to discuss any aspects of the information
required, please do not hesitate to contact me.

G L ARCHER
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SHT.....OF.....SHTS

0 ; fve S0l tion Of Pipeli \t Sub-Z T
Name Of REZION  ccreersrcessiccenicrseensecssssssseseosesssasssssssesrossosssassasasssassossssssssss
Has the Region operated pipelines at sub-zero temperatures 7 YES /NO

If YES, please complete sections, A, B and C where appropriate.

A) I ND -ZER
1. Pipeline Reference NO. .ccciiiiinnennn. serissaveasniRRRLERS SesishiseadsasIRATRIRS RS
2 Name and Location of Upstream P.R.Station

llllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

3, Pipeline diameter (MM) ...ccccccviinsnncniansrcsnssnsoane

4, Pipeline depth of burial (1) RO

5. Total length of time pipeline has been operating at sub-zero temperatures.
(years, mMONthS) .icccccviiiiiinsniicssssansnnnicsssssnsessas

6. Complete Table I as far as possible (reasonable estimates would be better than
no information).

7. Complete the following table concerning soil composition (if possible)

CONSTITUENTS OF SOILS (%)

CLAY SILT SAND | GRAVEL

or describe the general type of SOil ......ccccoeerennrerernnes P R (Y

(eg. Clayey )
8. Have there been any incidents of frost heave or ground cracking? YES/NO
9, If YES complete section B and / or C as appropriate.
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SHT.....OF,....SHTS

B)  FROSTHEAVE

Please complete one form for each incident.

1. Pipeline Reference NO.  ..cininisiseiss

2, Distance from P.R. station (M) ......ccoovveerereneneene

3. Indicate general location ........cceeuns Pete AR SeSRaRN AT AT ISR
(eg. Road, Field etc. )

4. Duration of visible frost heave ...... SRR aaasson s SRR A AR SRR A TSNS PRR— .
( give the actual months eg. Dec - Apr)

5 Estimate maximum pipe lift ( MM ) .ceeeriiiieiiiiiineeeirsesseesssessessssnnessns

6. Depth of water table ( M ) .ivceicccnnsecnnecisinnsnnns

7. Was there any associated ground cracking ? YES/NO
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SHT.....OF.....SHTS

B)  GROUND CRACKING,

Please complete one form for each incident.

IS Pipeline Reference NO.  ...cccciviercnniicinninnneninne

2 Distance from P.R. station (m) .....cccceueen R

3 Indicate generil JOCAUOH ° iiniinimisimisssiasimnnssisistsmsietssonsesssrons
(eg. Road, Field etc. )

4, Duration of visible ground cracking ..... T o s
( give the actual months eg. June-Oct )

5. Length of cracking ( M )  cnisnsnsnssseisesisin

6. Maximum width of cracks ( Mm ) ....ccovevvvcrennnercene

Za Depth of water table ( M ) .ccvvvrvvriirnerversseecsaennns
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APPENDIX C TEMPERATURE AND SOIL WATER POTENTIAL
RESULTS FOR SITES A AND B
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C.1

SITE A,
Ground Surface
- ‘
23x 2x 21x
KEY
Platinum
- x x
% Besistance 203 19 18
Thermocouples
17x 16 15m 14m 13 1.65m
N.B. Positioned
on a 300mm x 12x 11x
300mm grid
Tx 6x
4x Ix 2x

No.

112131451617 )18191]10]11

12113

14

15116

19

20§ 21

22123

24

25

010)] 0} 0]0.3]10.3]0.3]0.6/0.6]0.6]0.6

0.6/0.9

0.9]0.9]0.9{0.9

1.2]1.2

1.2]1.5

1.5{1.5

0.45

0.45

hor|0.6{0.9]1.2]1.8/0.6/0.9/1.5} 0 |0.3]0.6}0.9

1.2] 0

0.3]0.6]0.9]1.5] 0

0.6

0.3]0.9

* The origin is taken from the pipe centre.
FIGURE C.1  Layout of Platinum Resistance Thermocouples at Site A.
Ground Surface
.~
A
KEY 3
» Thermocouple- 5x
Psychrometers 8% 2%
7% 1.65m
11x 10 Ix —
Ther. Pyc. No. 1 1 2 131415161 7181 9 110/
Vertical (m) © | 065 | 1.05 | 1.55 | 0.8 | 1.30 | 045 [0.75|1.05] 0 | 0 | 0
Horizontal(m)* | 0 | O | O |0.35]0.55|045 [0.75 | 1.02 | 0.65 | 1.05 | 1.55
*  The origin is taken from the pipe centre.
FIGURE C.2
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Layout of the Thermocouple-Psychrometers at Site A.




Temperature (°C)

Time (weeks)

FIGURE C.3  Average Weekly Temperature Profile at 90° to the Vertical at Site A.
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FIGURE C4  Average Weekly Temperature Profile at 60° to the Vertical at Site A.
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Temperature (°C)
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FIGURE C.5  Average Weekly Temperature Profile at 45° to the Vertical at Site A.
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FIGURE C.6  Average Weekly Temperature Profile at 30° to the Vertical at Site A.
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FIGURE C.7  Average Weekly Temperature Profile at 0° to the Vertical at Site A.
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FIGURE C.8  Output from Thermocouple-Psychrometers at Site A, Profile at 0° to the

Vertical.
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8]
o 67 wemem - Probe No.6
= ) ——  Probe No.7
> 44 2 Probe No.8
g ]
2 21
: -
2 -
= )
& 0-
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B e e e e e e s m e R
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FIGURE C.9  Output from Thermocouple-Psychrometers at Site A, Profile at 45° to the
Vertical.
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FIGURE C.10  Output from Thermocouple-Psychrometers at Site A, Profile at 90° to the
Vertical.
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C2 SITEB,
Ground Surface
=
22x
21 20
19
) 240
Platinum =
§ Ragtore 18x 17% 16
Fhemocouples 1Sk 4% 13% Qx
N.B. Positioned
on a 300mm x llx 0Ux 9% 3x 7x
300cm grid Fipe wall
6w 5n 3 2%
minal )
Nomi i £
ix I 2% 1Ix Diameter
Pipe
Noj1]2]|314)]5)16]718]9]10J11]12]J13)J14J15]16]17]18]19]20]21]22] 23| 24
vertf 0 | 0] 0] 0 ]0.3/0.3]0.6/]0.6{0.6/0.6{0.610.9/0.9}0.9]0.9]1.2]1.2{1.2]1.5]1.8]1.8]|2.1]0.45]0.45
hor}0.6/0.9]1.2{1.8]0.6/0.9] 0 10.3/0.6/0.9]1.2] 0 ]0.3]0.6]0.9] 0 |l0.6J1.2 0| 0 J0o.6] O] © 0
* The origin is taken from the pipe centre.
FIGURE C.10 Layout of Platinum Resistance Thermocouples at Site B.
Ground Surface
=
10
KEY >
Thermocouple- & #40.m
® Psychrometers sx
Sn
4n T
a ).
Nomin £
Iin 2x 1x Diameter
Pipe
Ther. Pyc. No. 1 2 3 4 5 6 7 8 9 10
Vertical (m) 0 0 0 |045)0.75]1.05]065)]1.05]1.45]2.10
Horizontal (m) = | 0.65 | 1.05 | 1.45 | 045 }0.75 |1.02| 0 0 0 0
*

The origin is taken from the pipe centre.

FIGURE C.12 Layout of the Thermocouple-Psychrometers at Site B.
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FIGURE C.14  Average Weekly Temperature Profile at 60° to the Vertical at Site B.

348



12 _ —8—  Probe 9
10 _ uusedhos  Probe 15
< 6] s
g - ” ]
- 'k
g 2. -
= f
-]
ﬁ 0] - ﬂ
9 o} r
4 -
i 1988 1989 1990
-0 - B0 > - ("] >
g = 2 2 & 2 2 2 8

0O 10 20 30 40 50 60 70 8 9 100

Time (weeks)

FIGURE C.15 Average Weekly Temperature Profile at 45° to the Vertical at Site B.
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FIGURE C.16  Average Weekly Temperature Profile at 30° to the Vertical at Site B.
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FIGURE C.17 Average Weekly Temperature Profile at 0° to the Vertical at Site B.
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FIGURE C.20 Output from Thermocouple-Psychrometers at Site B, Profile at 90° to the
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APPENDIX D THERMOCOUPLE-PSYCHROMETER PROGRAM

A modified version of Brown and Bartos's (1982) computer program is given below, this
can be either run on a BBC or an ‘Apple Macintosh microcomputer using BBC Basic.

zlgli.E-’Sl sedkdkdkd kb kbbb kb kb kb kb kb kb kb kb hkkkk kb kkkkkkk
30 REM Ray Brown's water potential equation coded by Denis
40 REM Greene in BBC Basic on 17/5/88. This is an
50 REM enhanced version of Mike Clarke's program written
60 REM in Microsoft Basic 3.0 18/5/87.
70 REM This program should be read in conjunction with a
80 REM research paper by R.W.Brown and D.L.Bartos;
90 REM A calibration model for screen-caged Peltier
100 REM Thermocouple Psychrometers, United States Department
110 REM of Agriculture, Forest Service, Research Paper
120 REM INT-293, July 1982.
130 REM The equations used for this method are shown on pages
140 REM 12 10 20. The program is written using the same
150 REM symbols as appear in the paper.
160 REM sebbbsbdndkp kb kb h kb ko
170 REM ****** CAL.CULATES THE NUMBER OF OBSERVATIONS *###**#«
180 REM ****** TO BE CALCULATED %%k sskskoksosokobsbokokdobobokok ook
190 INPUT "Number of sets of observations = ";Z
200 PRINT
210 INPUT "Correction co-efficient=";B
220 PRINT
230 INPUT "Site = ";A$
240 PRINT
250 PRINT
260 REM L L L1 INPU'I‘ DIN]ENSIONAL ARRAY koo sk ok ok ok ok ok ok ok ok ko ok
270 REM Loop to allow for the number of observations
280 LET Z1=Z-1
290 DIM Potential(Z1,3)
300 FORQ=0TOZ1
310 PRINT
320 PRINT
330 INPUT "PSYCHROMETER NUMBER =" Potential(Q,0)
340 INPUT "MICROVOLT READING =" Potential(Q,1)
350 INPUT "ZERO ERROR =" Potential(Q,2)
360 INPUT "TEMPERATURE =" Potential(Q,3)
370 NEXTQ
380 REM *eRkky Ol]"['PU'r SHEET Sxkkknkkkk ko dokkkkk kR ko
390 PRINT
400 PRINT TAB(30);" "
410 PRINT TAB(30);"* SITE="A$" *"
420 PRINT TAB(30);" e
430 PRINT
440 PRINT
450 PRINT TAB(10);"Psyr No.","Volts","Offset","Temp","Cool Time"," Potential”
460 PRINT TAB(10);"
470 REM ****** START OF CALCULATION **#kksskuskkkibkmbmbbhhks
480 REM ****** INPUT LOOP FROM DIMENSIONAL ARRAY **#**#*s#sxs
490 FOR Q2=0TO Z1
500 CS=Potential(Q2,0)
510 MV=Potential(Q2,1)
520 OMV=Potential(Q2,2)
530 T=Potential(Q2,3)
540 SEC=15
550 REM *#*#** CALCULATE UI FOR THE COOL TIME OF *#**###*%#%%%
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560 REM ****** VARIABLE LENGTH(1) AND OF 15 SECONDS (A) ****
570 YP1 = 39.2 - 0.0004346*(60-SEC)*2.45

580 YPA =39.2 - 0.0004346*(60-152.45

590 IN1 =12.1-0.003475* (60-SEC)*1.63

600 INA = 12.1-0.003475* (60-15)*1.63

610 IF T >0 THEN 650

620 UlIl=IN1

630 =INA

640 GOTO 670

650 UIl =INI1 + 0.017288*YP1*(T*1.1)

660 UIA = INA + 0.017288*YPA*(TAL.1)

670 REM ****** CAL.CULATE SP FOR THE COOL TIME OF *****k#kix
680 REM ****** VARTABLE LENGTH(1) AND OF 15 SECONDS (A) **#**
690 YP21 =8.4 + 2.734E-7*(60-SEC)*3.97

700 YP2A =8.4 + 2.734E-7*(60-15)"3.97

710 IN21 = 88 - 0.0002579*(60-SEC)Y2.7

720 IN2A = 88 - 0.0002579*(60-15)*2.7

730 SP1 =-(IN21-YP21*0.00017185%(40-T)*2.35)

740 SPA = -(IN2A-YP2A*0.00017185*(40-T)*2.35)

750 REM *#***** CAL. CULATING N, CALCULATE I FOR COOL ***¥*¥¥*%
760 REM **#*%* TIME OF VARIABLE LENGTH (1) AND OF *#*##**#x¥%
770 REM #**#*%% 1§ SECONDS (A) s she o o o o e s o ool o o o o o o o o e e ol e ol o oo

780 11 = 0.45+0.000333*(SEC)+1.9846E-19*SECA10

790 1A =0.45+0.000333*(15)+1.9846E-19*15410

800 REM #**#**¥x CA] CULATE M FOR COOL TIME OF VARIABLE *¥**¥¥*%
810 REM ****** | ENGTH(1) AND OF 15 SECONDS(A) *¥*¥¥¥dwkhiukk
820 M1 =25 +EXP(-(ABS((60-SEC)/60-1)/0.405)*3.0)

830 MA = 2.5 +EXP(-(ABS((60-15)/60-1)/0.405)*3.0)

840 REM **##*% CAL CULATING N, BUT SPLIT EXPRESSION INTQ ##*¥*
850 REM ****** N = 1,18 + 0.185*((EX1-EX2)/(1-EX2)) *¥¥¥¥¥uk

860 EXI11=EXP(-(ABS(((40-T)/40-1)/(1-11))M1))

870 EX1A = EXP(-(ABS(((40-T)/40-1)/(1-IA))AMA))

880 EX21 =EXP(-((1/(1-11)*M1))

890 EX2A =EXP(-((1/(1-IA))AMA))

000 REM ****%% CALCULATE N ****¥®tsirinridimkiikiokkkokiok kbbb
910 NI = 1.18+0.185*((EX11-EX21)/(1-EX21))

920 NA = 1.18+0.185*((EX1A-EX2A)/(1-EX2A))

930 REM *#***** CA] CULATING CORRECTION FACTORS *#*¥kkksuskkinxk
940 CI1 =UI1-UI1/ABS(SP1)AN1*ABS(SP1-(-22.5))AN1

950 C2=UIA-UIA/ABS(SPANA*ABS(SPA-(-22.5))"NA

960 C3 = C1/C2¥(0.015*OMV+0.00147*T*OMYV)

970 C = (C3+C1)/C1

980 REM **#**** CAT CULATING WATER POTENTIAL *##%*sksskikkikkkks
990 WP=(ABS(SP1)AN1*(UI1*C*B-MV)/(UI1*C*B))*(1/N1)+SP1

1000 PRINT

1010 PRINT TAB(10);CS; TAB(20);MV;TAB(30);OMV;TAB(40); T;TAB(50);SEC; TAB(60); WP
1020 NEXT Q2

1030 PRINT

1040 PRINT

1050 CLEAR

1060 INPUT "Do you wish to continue(Y or N)"Y$

1070 IF Y$="Y" THEN 10

1080 PRINT

1090 PRINT

1100 PRINT TABGO Pogskskookokokoak kbbb ook okl ke kok ok ok M

1110 PRINT TAB(30) "* THIS RUN IS CONCLUDED *"

112{) PRINT TABGO) kb kkk bk k"
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APPENDIX E GROUND SURFACE MOVEMENTS WITHIN
BLACKROD PRS '
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APPENDIX F GROUND SURFACE MOVEMENTS IN SMALL-SCALE
LABORATORY TESTS
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Time Distance from pipe centreline (mm) Pipe
(hrs) move-
-200| -160) -120| -80 | -40 0 40 80 | 120)| 160 200 | ment

e ol el T e B
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0,00 0.00 0.00 0.00| 0.00
6 0.00 0.00 -0.03 0.00 -0.02 003 -001 003 0.00 0.03 0.02| -0.06
12 0.00 0.03 001 0.05 001 005 0.00 0.05 0.02 0.03 0.03| 0.23
18 0.00 0.00 000 0.00 0.00 0.03 -0.01 0.03 0.00 0.03 0.00) 0.05
24 -0.10 -0.03 -0.02 -0.03 -0.01 0.00 -0.02 -0.03 -0.03 -0.03 -0.04] -0.01
30 -0.09 -0.05 -0.04 -0.05 -0.05 0.00 -0.05 -0.03 -0.07 -0.08 -0.08| 0.03
36 -0.09 -0.03 0.01 0.00 0.03 0.03 0.01 0.00 -0.03 -0.05 -0.08] 0.08
42 -009 0.05 0.09 0.10 0.18 0.18 0.13 0.08 0.05 0.00 -0.06] -0.01
48 0.08 043 046 0.58 095 091 061 0.56 033 0.28 0.01} 0.01
54 0.31 0.84 1.07 1.27 2.20 2.11 1.59 1.40 1.05 0.97 0.29 | 0.48
60 0.50 1.14 140 1.70 2.75 2.67 2.03 193 142 1.45 0.59| 0.72
66 0.83 1.80 2.15 2.54 3.98 3.89 3.03 295 226 2.26 1.20| 1.28
72 1.56 2.74 3.17 3.68 5.52 544 452 429 351 348 2.16| 2.08
78 223 3.78 434 493 697 693 595 5.64 478 4.70 3.25] 3.18
84 3.03 462 531 5.84 8.16 8.08 7.09 6.65 5.83 5.66 4.15| 3.71
0 4.15 5.87 6.62 7.19 9.69 9.60 8.53 8.10 7.19 6.99 5.34| 4.92
96 5.16 6.96 7.78 8.38 11.07 1097 9.83 9.40 840 8.20 6.47| 5.69
102 | 632 8.15 9.13 9.65 12.49 12.37 11.28 10.72 9.75 9.45 7.81| 6.77
108 7.32 9.22 10.15 10.77 13.65 13.51 12.36 11.84 10.87 10.54 8.83 | 7.69
114 8.29 10.36 11.28 11.91 14.87 14.66 13.55 13.03 12.04 11.71 9.93 | 8.43
120 | 9.34 11.38 12.36 13.03 16.06 15.93 14.70 14.20 13.16 12.85 11.02| 9.22
126 |10.42 12.55 14.12 14.25 17.37 17.22 16.00 15.47 14.44 14.05 12,23} 10.20
132 |11.33 13.61 14.58 15.29 18.45 18.31 17.04 16.56 15.47 15.11 13.21} 11.24
138 | 12.50 14.83 15.83 16.64 19.90 19.74 18.45 17.91 16.85 16.38 14.48| 12.24
144 |13.39 15.80 16.81 17.63 20.95 20.78 19.46 18.97 17.85 17.50 15.49)| 13.18
156 | 14.39 16.89 17.84 18.75 21.94 21.82 20.44 20.04 18.85 18.54 16.53| 14.03
168 | 15.96 18.59 19.59 20.55 23.93 23.77 22.32 21.89 20.65 20.32 18.21] 15.03
180 |17.56 20.27 21.25 22.33 25.69 25.53 24.04 23.67 22.41 22.15 19.95| 16.45
192 | 18.96 21.79 22.80 23.83 27.30 27.13 25.65 25.25 24.03 23.75 21.57| 17.74
204 |20.22 23.09 24.08 25.12 28.58 28.37 26.89 26.54 25.30 25.10 22.89| 18.76
216 |21.66 24.56 25.57 26.64 30.14 29.95 28.41 28.09 27.06 26.64 24.47{ 20.00
228 |22.10 25.04 25.95 27.05 30.44 30.20 28.71 28.40 27.22 27.03 24.83| 20.33
240 ]22.91 25.88 26.71 27.86 31.26 30.96 29.47 29.18 27.97 27.84 25.59| 20.82
244 122.94 25.60 26.67 27.51 31.05 30.51 29.26 28.78 27.80 27.46 25.47|] 21.19
252 |23.73 26.70 28.08 28.96 33.16 32.54 31.00 30.38 29.10 28.75 26.31] 22.76
264 |25.86 28.98 30.69 31.60 36.24 35.64 34.01 33.25 31.90 31.27 28.83| 23.69
276 {28.10 30.96 33.17 33.71 39.21 38.23 36.94 35.61 34.62 33.45 31.35] 24.22
288 |30.58 33.02 35.82 35.86 42.24 40.92 39.90 38.10 37.42 35.74 33.87| 24.87
300 | 32.69 35.03 38.07 38.07 44.93 43.56 42.49 40.54 39.93 38.05 36.22] 25.63
312 }34.74 37.03 40.26 40.11 47.55 46.08 45.00 42.85 42.27 40.18 38.47| 26.28
324 |36.28 38.58 41.98 41.81 49.71 48.16 46.98 44.75 44.12 '41.96 40.19] 27.26
330 |36.82 39.22 42.66 42.65 50.70 49.15 47.88 45.69 44.95 42.80 40.91] 27.94
336 {37.51 39.90 43.59 43.61 51.97 50.42 49.13 46.79 46.04 43,76 41.83| 28.57
342 | 38.00 40.61 44.26 44.63 52.97 51.64 50.05 47.83 46.82 44.68 42.41| 29.55
348 | 38.56 41.30 45.07 45.54 54.28 52.88 51.24 48.90 47.84 45.59 43.26) 30.15
360 {38.99 42.42 46.20 47.02 55.94 54.71 52.92 50.52 49.31 46.99 44.46| 31.51
366 [39.59 42.80 46.73 47.78 57.00 55.68 53.90 51.16 50.10 47.55 45.12] 32.12
372 139.883 43,28 47.31 48.41 57.73 56.49 54.62 51.77 50.69 48.08 45.58] 32.62
384 |40.69 44.30 48.49 49.81 59.31 58.17 56.15 53.19 52.00 49.33 46.60| 33.69

TABLEF.1 Average Vertical Ground Movement (mm) Across the Two Rows of Dial
Gauges for the Tatsfield Small-Scale Laboratory Experiment.
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Time Distance from pipe centreline (mm) Pipe
(hrs) move-
-zool-lsol-uol -ao| -4o| 0 I 40 I 80 | 120| 1so| 200 | ment

(mm)

0 |000 000 000 000 000 000 000 000 000 000 0.00| 0.00
6 |-001 -003 -001 -005 -0.02 -003 -001 -003 0.00 0.00 0.0} 0.00
12 | 014 069 039 113 046 077 030 051 020 028 0.08]| 0.00
039 128 127 279 204 220 139 154 083 072 028 0.00
065 179 198 425 349 348 248 246 150 115 0.50) 000
092 251 287 573 498 489 371 356 232 164 0.76] 0.00
176 433 474 796 1738 7.07 575 543 487 292 139 0.00
332 727 765 11.14 1059 1004 871 796 634 479 2.71| 022
48 | 606 1029 10.82 14.13 13.76 1295 11.72 1060 899 6.17 4.36| 132
893 13.16 13.88 17.18 1691 1587 14.71 1326 11.72 829 641 2.61
11.64 1595 16.79 1994 19.87 18.69 1743 15.87 1431 10.68 8.66 | 4.03
1426 18.61 18.60 2258 22.85 21.50 20.17 18.51 16.89 13.24 11.19| 546
1659 21.04 22.15 2491 2550 24.04 22.66 20.86 19.21 1546 13.40| 6.88
1991 24.50 25.60 28.49 29.18 27.57 2598 23.99 22.13 18.33 16.13| 9.29
2391 2824 29.75 3233 3363 31.64 30.09 27.67 2591 21.66 19.65] 1146
27.70 31.87 33.58 3530 37.78 35.53 3395 31.23 2947 24.86 22.94| 13.35
30.79 34.84 36.74 40.04 41.19 38.73 37.11 34.12 3243 27.52 25.75| 15.15
103 |34.34 3837 4045 4393 45.17 4257 40.80 37.96 35.85 30.52 29.15| 16.98
108 |36.55 40.29 42.69 46.05 4751 44.88 43.06 40.04 37.99 3244 31.19| 18.07
116 |41.23 44.52 47.57 5025 52.80 49.59 48.08 44.36 42.75 36.33 35.77| 19.55
122 |43.66 46.75 50.16 5243 55.63 52.02 50.75 46.64 45.24 38.37 38.18| 20.36
126 |43.97 47.03 50.32 5248 55.73 5225 50.87 46.92 45.48 38.76 38.58| 20.66
144 |36.55 40.17 41.01 44.65 46.88 43.60 41.71 39.40 37.39 32.84 32.17| 20.94
170 |35.89 39.76 41.36 44.54 4595 43.62 41.70 3932 37.20 32.74 31.99] 20.97
179 |35.93 39.83 4141 44.62 46.07 43.75 41.79 3942 37.27 32.82 32.07} 20.98
192 |37.38 4137 43.07 46.41 4823 45.77 43.78 41.19 39.01 3428 33.50( 21.01
203 ]38.69 42.85 43.92 48.05 50.10 47.49 4548 4270 4047 3543 34.67| 21.01
217 | 36.05 40.14 40.73 4495 4655 44.24 42.08 39.76 37.38 3297 32.26| 21.17

SR8 IR

KIE|IR|ZBN|&]|8|®

TABLEF.2 Average Vertical Ground Movement (mm) Across the Two Rows of Dial
Gauges for the Blackrod Small-Scale Laboratory Experiment.

363





