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A seriesof centrifuge tests was performed to study the behaviour of deep,

vertical shafts in dry sand with particular emphasis on the horizontal, effective pressures

acting on the shaft lining. The model development, instrumentation, and test procedure and

control are explained, and a technique to "excavate' the shaft in several stapes is presented.

The influence of the flexibility of shaft lining and the excavation procedure on the horizontal
pressures was studied using intrumented model shafts of various diameters and lenghts. In
addition, radial, tangential, and vertical stresses were measured in the soil mass. The settlement
profile of the ground surface, as well as the movements of theshaft bottom and the shaft lining
during excavation were observed. Measured horizontal pressures are presented and compared with
predicitions from theoretical models, and the importance of accounting for interaction between

the soil and the flexible shaft lining is emphazised.

INTRODUCTION

The renewed interest in application of coal for
energy production requires opening of new coal
fields in areas which have not been exploited
to date. Such a coal field is located in the
northern part of the industrial area in the
Ruhr District in West Germany. It is expected
that several deep shafts will be constructed
in this coal mining area in the future. The
carbon strata with coal layers in this field
are dipring tc the North ané overlayed by

3CO to 8CO w of different types of soft rock
anc soils with high water content. Yith this
geological profile it is advantageous to
employ artificial ground freezing techniques
in connection with construction of deep
vertical shafts. To construct such a deep
shaft, freeze pipes are installed in a circle
in the ground. When the ground is frozen, a
vertical cyclindrical shaft of frozen soil

is formed, and excavation inside this shaft
can proceed after the thickness of the frozen
wall is sufficient to resist the outside

earth pressure (Jessberger, 1980 ). To design
the thickness of the frozen ground which
provides temporary support for the deep shaft,
it is necessary to know the effective
horizontal pressures acting on circular shafts.

Several theories have been developed to
calculate the earth pressures on vertical
shafts, and an exellent review was presented
by Prater (1977). These theories are based on
idealized, rigid plastic soil behaviour, they
do not include effects of flexibility of the
shaft lining, and consideration of the real
stress-strain behaviour of the soil is not
included. There are large variations in the
earth pressures predicted by these theories,
and measurements of horzontal, effective
pressures on full scale, deep shafts are not
available.

CENTRIFUGE MODEL TESTS

To study the horizontal earth pressures on
circular shafts, model tests were performed

in the Cambridge University Geotechnical
Centrifuge. In centrifuge tests it is

possible to obtain stress magnitudes and
distributions in the soil, similar to those
acting around prototype shafts and it is
possible to impose stress-paths similar to
those occuring during excavation of real shafts.
Because stresses and strains in soils are very
sensitive to the stress-path, the results
obtained from such a study are dependent on
the modeling procedures adopted for the
investigation.

The Cambridge University Geotechnical Centrifuge
has arms with swinging platforms for the test
package and the counterbalance. Thus, the
test set-up can be built in a horizontal
position, mounted on the centrifuge platform,
and swing into a vertical position during the
initial stages of the test. In the vertical
position, the base of the platform is located
4.125 n from the rotating axis, and the
maximum accderation of 155 ¢ is obtained at
183 RPM. The maximum mass of the package
allowable at this acceleration is 900 kg.

The centrifuge is provided with slip-rings

for electic measurements of stresses, strains,
pressures, deflections, and accelerations. In
addition, low level air pressure may be
transferred to the test package for
manipulation of fluids in the geotechnical
models. The test package can be observed
continuously during flight using a closed
circuit TV-camera mounted on the rotating axis.

A detail description of the Cambridge

University Geotechnical Centrifuge and some
of the projects performed with this centrifuge
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are given by Schofield (1980),

THE CENTRIFUGE MODEL OF THE VERTICAL SHAFT

The model of the vertical shaft was constructed
in a cylindrical tub, which fitted on the
swinging platform. The tub was 695 mm high

and had an internal diameter of 850 mm, as seen
on Fig. 1
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Fig. 1. Model Package with Melinex Tube
Locations of Strain Gages and Earth
Pressure Cells are Indicated

To model as correctly as possible the far-
field conditions for a real shaft, the vertical
sides of the tub were provided with lubricated
surfaces consisting of a rubber sheet over

a layer of waterpump grease. A thin metal

plate with sand paper attached was placed in
the bottom of the tub to provide a rough
surface.

The shaft lining was made of a 0,35 mm sheet of
Melinex which is a polyethylene material that
exhibits negligible creep effects. The
properties of Melinex are given in Table 1.
Different shaft sizes were made by folding
precut sheets of Melinex and gluing the lap
joints with contact cement to form the
cyclindrical shaft lining. Both ends of the
shafts were open. In order that the side walls
of the tub would be sufficiently removed from
the shaft lining, the diameters of the shafts
were chosen to be about one tenth of the
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diameter of the tub. Similarly, to avoid severe
influence of the proximity of the bottom of the
tub, the lower ends of the shafts were located
at a distance of two shaft diameters from the
bottom, as indicated on Fig. 1

TABLE 1. Properties of Melinex

Property Value
Tensile Strength 17.65 kN/cm®
Yield Stress 9.81 kN/cm”®

Young's Modulus
(at 1% strain)
Elongation at
Yield Point =6
Coefficient of 1710 ~ cm/cm ¢
Thermal Expansion

430.0 kN/cm?
5 [

EXCAVATION TECHNIQUE

Since the horizontal pressures acting on the
shaft lining are dependent on the stress-path
imposed on the soil outside the shaft, it was
considered important to model the excavation

of the shaft as well as possible such that the
flexible shaft lining would deform as a real
shaft during excavation. Since it was not
possible to actually excavate real soil in the
centrifuge test during flight, it was necessary
to substitute the soil in the shaft with a fluid
which could be retained in a rubber bag inside
the shaft during spin-up and then removed in
stages to model the excavation of the shaft.
The purpose of the fluid was to exert the same
pressure inside the shaft as the soil would do.
Since so0il is a frictional material, it most
often does not exert the same pressure in
vertical and horizontal directions, whereas a
fluid can only impose the same pressure in all
directions. In the first series of tests the
fluid consisted of a ZnClz-solution with the
same density as the soil outside the shaft.
ZnClz-solutions can be made with densities from
1.0 g/cm3 up to approximately 2.9 g/cm3, thus
including the range of possible densities for
soil. With this fluid the vertical stress at
the open bottom of the shaft was modeled. In
later experiments, the ZnClj-solution was
exchanged with paraffin oil with a density of
0.765 g/cm®, thus being able to model with fair
approximation the horizontal pressures inside
the shaft corresponding to an initial Ko-con-
dition.

Before the tests, the fluid was contained in
two side tanks attached to the outside of the
tub wall, as seen on Fig. 2. The volume of the
two side tanks was large enough to contain all
the fluid in the system below the bottom of the
model shaft. An air pressure system, also shown
on Fig. 2, was nounted on the centrifuge axis
and could be electrically activated through
solenoid valves to pressurize the side tanks,
thus forcing the fluid into the rubber bag in
the Melinex shaft. The fluid was then held in
the rubber bag by closing the solenoid valve

at the bottom of the tub. After exhausting the
air pressure in the side tanks, the fluid level
in the shaft could be controlled through the
solenoid valve, thus letting the fluid run out



in stages to model the excavation of the shaft.
Several fillings of the shaft during flight
could be accomplished with this system.

MOUNT\[NG PLATE CLOSE TO ROTATING AXIS

\ BLOW-OFF VALVE
\ SOLENOID VALVES

Filtio %mwouo VALVE

Fig. 2. Air Pressure and Fluid System Used to
Model Pressures and Excavation Inside
the Shaft

The fluid level insicde the shaft was monitored
using two different systems. A float was attached
to a wmarker stick and positioned along the in-
side surface of the rubber bag. The marker stick
was held in veetical position through two heoles
in the instrumentation beam located across the
tub, as shown on Fig. 3.
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The marker stick was painted with black and white
rings of different widths according to a code
such that the level of the float could be
recognized immediately using the mirror and the
TV-camera, as indicated on Fig. 3. This system
was used during the test to control the fluid
level. In addition, a small pressure transducer
was surpended from the instrumentation beam in a
metal tube to the bottom of the rubber bag. The
readings from this pressure transducer were used
for checking the marker stick position.

INSTRUMENTATION

The thickness of the Melinex tube was chosen so
that it would have appropriate flexibility for
instrumentations with strain gages. These were
attached horizontally to the inside and outside
surfaces of the tube in four levels, as indicated
on Fig. 1. Two sets of gages sitting diametrically
opposite each other were employed at each level.
Each set consisting of an inside and an outside
gage was connected in series to form a quarter
bridge. Thus, only compressive strains were
measured, whereas bending strains were eliminated
in the measurements. Dummy gages were attached

to a block of steel (which has the same thermal
expansion coefficient as Melinex) located in the
junction box shown on Fig. 3, thus being at

about the same temperature as the gages on the
tube. The gages on the Melinex tube were connected
with the dummy gages to form a half bridge. Thus,
the radial strains in the tube were measured at
eight different locations. These strains were
used in connection with the inside fluid pressure
to claculate the horizontal pressure acting on
the outside of the shaft.

Earth pressure cells were employed to measure
the normal stresses in the soil. Up to eight
earth pressure cells were placed in the soil to
measure the vertical, radial, and tangential
stresses along the tub wall and outside the
Melinex shaft as shown on Fig. 1. Seven of these
cells were positioned at level 3, thus measuring
the stresses at the lower one third level of

the shaft. One earth pressure cell was placed
centrally below the bottom of the shaft.

Five LVDTs, shown in Fig. 3, were attached to
the instrumentation beam to measure vertical
settlements across the tub. One LVDT measured
the vertical movement of the bottom of the shaft,
and another measured the vertical movement of
the shaftlining (Melinex tube).

MODEL PREPARATION AND CENTRIFUGE OPERATIONS

The centrifuge tests were performed using dry,
fine Leighton Buzzard Sand 120/200, whose
properties are listed in Table 2. Fig. 4 shows
the stress-strain relations obtained from
triaxial compression tests over the approptiate
range of confining pressures and Fig. 5 shows
the results of a one-dimensional compression
test performed on this sand.

The dry sand was filled into the tub by pluvial
deposition from a hopper “hanging above the

tub. This resulted in a deposit with wuniform
density which could be reproduced for each model
test.
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Before# the$sand was slowly $fained #8%0 the tub,
the RAbder Yalg .was ca¥efully#poSitidwed centrally
iff the #&bo afid BShg* from thin winde$.#When the
s&énd level"reathet #le bot#om &fo¥he Hubber bag,
tthe Melfinex shhaft was-slippéd o¥edr &the bag and
the shind-depositis ctntifued up to level 3,
wher# the#earth&pre'ssure celd# werg installed.
The* final&str'fade #t the topt of#f €% tub was
sprirkled #itho &%oud S5*mii of carte sand to
pregéntt the $ine$sdnd From$bléwing oPf during

the "cBhtrifbgef t#$t.1 Binally? thé #An&t¥amentRtion
bedh .wast dt'tacked#to #&eo tHib and;Hhe .LVDTs were
positibred. Imhediftély Wefdpe $Be$beginning of
the #tefit, #the* fRuid $n#the side$tanks was pressured
ifi#o the MeMinex *shaft$y and#a set of!readings
wast vaReti from 411 the¢ En$#r(ment's$# Theklcentrifuge
wagt theri"accéleriited t65 the first !ldesired g-level
wvheré tBe beBavibu# of ‘the .sh#ft¥was$to be in-
vebtiffafedl Fot éach g#level&the fluid level was
lowere$ In&foutr !stapies, - Sor¥lespomdifip> approximat-
ely#to#the Bour#stiinl gage (leyels.$T&e spin-up
of #he"dntridlhge to *diffRreht g-lewel®d and the
flkid prefsuré at the#Bottdm#of thé¢ shaft
torre$pobldithg *t& four #xc@vation levels are
sh®wn$ih [Fig.*6 f8r dné of# tHhe( tests.
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SHice#f the'"acceletfattion field var#es over the
helight*off thé&tub,#the Raldes$gidert in this
papet corflespfond to the$leiwer one third level

of #he shiafts, whiere the eardh pressure cells
are ldtated. FoBlowing=¢a¢h éxcdavatidn the fluid
wag filled$intd th&%wbber !bdg hagdin before
d¢celerathich tb the#nekt g-(levélt &rmEtrument
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eXca#ator# dfage.

TEST RESULT)SBND INTERPRETATION

A¥thbhgh the #est series wds MHimit&d to four
prdldctifornt tésts $(afid twd ptodf tests with

ewpty s#afts¥ w#th the sam& s#jil density, various
f-levels were employed i#h e&lh #tefst such that
shaff t | géometries cHrrebponded to prototype
dighetets ftom A.3 @ tob12.9#m a#id shaft depths
from(9.5#n t¢ €1.0 m# The detadils of each of

the *flur#tebts are Histed )i% Tablg 3 # Th& strain
fhges$ ifh ofie fof th&"froGudtihn te&R'¢# mh lfunctioned,
Bat all other m&as$¥ementslwWere &Successfully
récorded.
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