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ABSTRACT: Artificial ground freezing (AGF) is used as temporary support in the construction of underground
openings such as tunnels and shafts. Ground movements may arise due to pretreatment (eg lowering or raising
the water table), stress redistribution due to the opening, frost heave and thaw settlement. The mechanisms
associated with the latter two are reviewed briefly together with routine methods by which they can be controlled.
Data from more than a dozen case histories is summarised. Whilst a few movements associated with shaft
‘construction exceeded 100mm all the works were completed successfully. For tunnels, it is shown that the surface
heave dome and settlement troughs approximate to Gaussian curves and that the maximum settlements compare
favourably with those observed from alternative methods of construction.

1 INTRODUCTION

A major objective of the design of any type of
temporary or permanent support for underground
construction, such as a tunnel or shaft is to ensure that
displacements of the ground surface are within
tolerable limits. These limits will vary according to
the nature and sensitivity of the structures and other
facilities within the zone of influence.

For the particular case when Artificial Ground
Freezing (AGF) is used as a temporary works
expedient, ground movements may arise from:

(a) pre-treatment of the ground (eg lowering or
raising the water table, grouting, etc),

(b) stress re-distribution as the opening is made
and the load transferred firstly to the temporary
support and then to the permanent support,

(c)frost-heaving,

(d) thaw-settlement.

This paper will concentrate on surface (or near
surface) movements due to tunnelling, although brief
reference will be made to the effects of shaft
construction.. The emphasis will be on actual
measurements of heave/settlement as described in
published case histories of both frozen and unfrozen
excavations.

2. CAUSES OF MOVEMENTS

2.1 Pretreatment

Dewatering and/or grouting are frequently used in
advance of tunnel construction, whether or not AGF is
to be used. If pre-treatment is used it is often difficult
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to distinguish between surface displacements due to
pre-treatments and those which arise from subsequent
construction processes including AGF.

2.2 Stress Redistribution

These movements can be controlled by proper
attention to design and practice. Sufficient thickness
of frozen ground (the ice-wall) is needed to withstand
ground and water pressures without undue
deformation. The design will take into accourt the
temperature dependent stress-strain-time relationship
for the frozen ground.Back-wall grouting to ensure
there are no voids behind the lining is often essential
to avoid excessive settlement when the ground thaws.

2.3 Frost Heave

The capillary model (Figure 1) shows that as ice

Figure 1. Capillary model



penetrates into a water saturated pore there will be a
pressure difference across a curved interface of the
ice-water front, governed by the Clausius-Clapeyron
equation, such that

u; - u, = 20,/1, =ATL/T,V,, ¢))]
where u; and u,, are the ice and water pressures, 0, is
the interfacial energy ice/water, r,, is the radius of
curvature,ATis the freezing point depression, L is the
latent heat of fusion, T, = 273K (degrees Kelvin), V,,
is the specific volume of water.

Starting from this simple model, it can be inferred
that (a) at low values of u;, u ,, will be negative so that
water will be sucked to the freezing front and an ice
lens may form (b)frost susceptibility varies with soil
type and (c)water will freeze at a temperature just
below 0°C and that there will be a “frozen fringe” of
partially frozen soil below the lowest ice lens. In this
fringe suction gradient and permeability vary very
rapidly making accurate mathematical modelling
difficult.

Furthermore, capillary models are inappropriate to
clays in which all the water is adsorbed. In these
materials the water travels to the ice front through the
adsorbed films. As yet, there is no mathematical
model for this mechanism.

One way of overcoming these difficulties is to use
the concept of segregation potential, SP such that

&
(22)

V = SP gradT
= [(h - ho)/TJkq

where V is the water intake rate, T is the temperature,

h,is the suction at the lensing front, h, is suction at the

freezing front (both in cm of water), T, is the
temperature at the base of the ice lens, ki is average
coefficient of permeability in the frozen fringe

(assumed constant).

By determining SP experlmentally for appropriate
conditions, the dlfﬁculty of measuring or estimating
kqindependently is avoided.

From a consideration of the mechanism and theories
of frost heave, several other important factors emerge
such as:

» confining pressures inhibit frost heave,

« heave will be in the direction of minimum restraint
which may not be in the same direction as the heat
flow,

e in clay soils, the unfrozen zone may become
desiccated due to water being drawn to the freezing
front faster than it can be replenished from the water
table,

» rapid freezing inhibits frost heave because there is
less time for the water to migrate.

2.4 Thaw effects &

On thawing, the excess water will drain. Excess pore
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pressures which may be induced by a fast thaw will be
dissipated according to the Terzaghi consolidation
equation.Freezing changes the structure of many fine
grained soils so that ¢, for thawed ground is likely to
be higher than for unfrozen ground.

For a fuller discussion of frost heave and thaw
effects see Jones (1993) or Harris (1995).

3. PRECAUTIONS TO PREVENT EXCESSIVE
FROST HEAVE MOVEMENTS

When ground conditions indicate that heave may be a
problem, the risk of damage is usually minimised by
taking precautions both with the installation and its
operation.

3.1 Installation of freeze-tubes

Loss of fines during the drilling of horizontal holes
can be prevented by the use of suitable stuffing boxes
(Harris & Norrie 1982).

Frost heave damage to the installation can be
minimised by using good quality freeze-tubes with
joints tightened by controlled torque, and ensuring that
all joints in the freeze-tubes are secure. The outside of
the tubes can be greased to facilitate relative
movement between the tubes and the frost heaving
ground.

3.2 Control of frost heave

Heave can be reduced by restricting the growth of the
ice-wall once the minimum thickness for structural
stability has been achieved. Intermittent freezing
during the maintenance stage is helpful (Bebi &
Mettier 1979,Deix & Braun 1978,Jones &Brown
1978,Valk 1980) and has the added advantage of
reducing the overall cost. At Milchbuck, faster
excavation requiring shorter freezing periods, coupled
with intermittent freezing, reduced the heave between
the first and subsequent stages. Elsewhere, the growth
of the frozen zone has been restricted by insulating
part of the tube (Kiriyama et al 1980) or allowing the
coolant to circulate only through the lower portion
(Valk 1980). The growth of the frozeén zone may be
restricted by the use of heating pipes (Miyisho 1979)
Other methods which have been used to minimise
frost heaving (Miyisho 1979, Kiriyama et al 1980)
are:
¢ dewatering
» raising the viscosity of the pore water by using an
additive
* preventing confined freezing
» drilling relief holes to adsorb at least partially the
volume expansion.

A3

4. CASE HISTORIES

Case histories of surface movements associated with




AGF have been reviewed previously ( Jones 1982).

4.1  Shafis

Two sets of shafts sunk in Britain were included. The
first was colliery shafts sunk between 1947 and 1976
through Triassic and Permian strata (Mercia

Mudstone, Sherwood Sandstone, Permian Marls and
‘Limestones) down to Coal Measures. Depths varied

between 100m and 250m and the overall freezing
period was of the order of 18 months. Heaves much
in excess of 100mm were unusual although the
maximum heave at Cotgrave was 429mm.
Nevertheless all the shafts were completed and
commissioned successfully.

The second set of shafts considered (Collins &
Deacon 1972 ) was the Ely Ouse scheme sunk
through superficial deposits, very thin layers of
Greensand and Chalk, into the Gault Clay. Five of the
shafts caused heave of between 43 and 85mm; the
sixth resulted in a heave of 144mm. These heaves
were not detrimental to the schemes which were
completed successfully.

Since then 10 shafts and 2 drifts have been sunk at
the Selby mine but there is almost no published
information about observed movements. An exception
is the Wistow ventilation drifts ( Auld 1988).

Each shaft had an inclined drift through soft to firm
clay and a water bearing sand layer which was
underlain by a firm clay below. An impermeable cut-
off was formed by ground freezing from a row of
vertical freeze-tubes on either side of each drift. The
connection of the square section drift to the circular
shaft proved a tricky operation but was successfully
completed.

The extreme recorded vertical movements along
each drift are shown in Table 1 for two different dates.

Table 1. Movements at Selby Wistow Ventilation
Drifts

Drift - Range of Date

movements/mm
(Heave +, settlement -)
#1(air) | +51 -43 8/2/80
. +19 -3 2/5/80
#2(fan) | +124 -9 5/10/79
+107 +2 19/12/80

In addition, #2 shaft was deflected horizontally 50mm
but there was no horizontal movement on #1 shaft.

" At arecently completed shaft frozen to 62m through
superficial deposits  overlying Sherwood
Sandstone,neither the heave or the settlement
exceeded Smm (Harvey & Bélton 1994).
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4.2  Tunnels

Tunnels are often constructed in urban areas, close to
building foundations. The possible effects on
adjoining properties are often greater than for shaft
construction and acceptable movements tend to be
less. For tunnels, it is widely accepted that on a
greenfield site the settlement trough corresponds to an
inverted Gaussian distribution curve (O’Reilly & New
1981). The trough shape is given by .

©)

where s is the surface displacement at distance y from
the centre line, s, is the displacement at the centre
line and i is a parameter such that the trough half-
width is equal to 3i. Empirical relations exist between
the trough width and the depth of the tunnel for
various soils.

S/Smax = €Xp(-y*/2i%)

The volume of the trough, V is given by
VvV = i/271t 1Spax
= 2518,

In practice it is more convenient to work in terms of
V, which is the volume lost expressed as a percentage
of the excavated volume, mr?, where r is the radius, so
that

(4
)

Swax = 0.0125V,1%i (6)

often V,=1-2%.

The methods of constructing tunnels using AGF are
shown in Harris (1995). Essentially the protection can
be a complete cylinder of frozen ground generated by
(near) horizontal freeze-tubes or a protective arch
formed either in a similar manner or by vertical
freeze-tubes. Published case histories involving (near)
circular tubes referred to in the Proceedings of ISGF
are summarised in Table 2. Data on the settlement
trough and the 'heave dome' are given only for
Milchbuck (Mettier 1979). The observations,
normalised by expressing the heave or settlement at a
point to the maximum value at the centre of the
profile, h/hmax and s/smax, respectively were fitted
by the method least squares to a Gaussian distribution
(Figure 2).Good agreement was obtained so that it is
reasonable to plot the maximum movements against
z,/r* (Figure 3a). The curve of equation (6) with V, =
2% for ease of comparison.with data from tunnels
constructed by other means (Figure 3(b)) The
settlements recorded in Table 2 are usually those at the
end of construction.
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Figure 2(a) Heave dome -(b)Settlement bowls at
Milchbuck (after Mettier1979)

Whilst there may be additional long term settlement,
problems have not been reported from this cause. It is
seen that the movements associated with ground
freezing, both heave and settlement, compare well
with those observed by other methods of construction.

5. RESPONSE OF BUILDINGS TO GROUND
MOVEMENT

Many buildings can tolerate uniform heave or
settlement. They are: more vulnerable to differential
movements, angulardistortion, tensile strain and
movements causing hogging (Tomlinson 1995).

6. AN EXAMPLE OF FREEZING BENEATH A
SENSITIVE BUILDING

The case history #9 summarised in Table 2, involved
twin' metro tunnels under a telecommunications
building in Vienna. The crown of the tunnel was only
1.5m below the foundations. Because of the sensitive
relays, the maximum angular distortion could not
exceed 1:500 and the differential settlement between
adjacent walls could not exceed Smm. The subsoil
profile was sandy gravels and silts. The tunnel was
constructed using the NATM with compressed air. To
avoid air loss and minimise vertical movements a 1m
thick frozen slab was constructed between the tunnel
and the foundations. Near horizontal freeze-tubes
were installed from both sides of the building Two
trial freezings were undertaken prior to construction to

Max Heave or Settlement (mm)

0 50 100 150
0 1 . 1
& ¥ 8 *
. 0
2
*
&
T 4]
o
N
[ —
'@ 6
[0} T S max * 0-025V|r¥/z,,
E (V;=2%)
©
@ Q
g8 87
o
-—
o) . H
T 10 . Sea:’e
ettlement
0 (a)
12
\.
maximum settlement sypax (mm)
(o] 10 20 30 40 50 60 70 BO
0 s h ) )
. xoe Xo4 n/:’_\ﬂ_'l—%;?%
it ' — == %
osO %Yox_, goxsmz/ - A4 xz.iﬁ 3 Xz 3_'16 0ts
o4 21 2:1 / /
— 2 os'lxs 8 A .
Nt 1 :ID{ZZ/.H o, - L as . o7
h? 3 E’ oov/%ﬁﬁ/isozz v 7)?
P %
aJ 03 / %
‘.CTJ 03 /o
E 4 g [ / 58 a
(0] / /
ey
[3] 5 /
o ! a
< o
-
) | o KEY
© ' ® e Granular soils
7 1 X  Cohesive soils
& 4 Residual soils/silts and filis
o Mixed soils
8 1-6
'L ts  Volume loss
% — Predicted if syax=0-025V)r¥/z,
o = T Bestfitto case history data
o (b)

Figure 3 Case History data for tunnels (a) heave and
settlement of AGF tunnels (data from Table 2) (b)
settlement of other tunnels (after Rankin 1988)

prove the system. In addition a comprehensive
progranfme of laboratory tests was undertaken to
enable frost heave to be estimated using the
segregation potential theory. The observed frost heave
was in good agreement with that predicted (Jessberger
et al 1988).
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7. PREDICTION OF MOVEMENTS

Heave may be predicted by theoretical means using
experimental data such as that outlined above. Finite
element methods have been used to estimate
movements due to the excavation although great care
is needed in selecting an appropriate constitutive
equation and to model the sequence of events
accurately. Engineering judgement and empirical
methods continue to have an important place.

8.  CONCLUSION

Properly desigﬁed and executed, construction using
AGF can be adopted safely in the proximity of
sensitive buildings.
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