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APPENDIX A DESCRIPTION OF THE EQUIPMENT
1 TheMk VIIID Self Boring Pressuremeter

It is a probe about 83 millimetres in diameter arlmetres long. Approximately 0.5m can
be expanded by dry nitrogen or compressed air dyoi@al test will expand the instrument
by 10%.

The expansion is monitored by three followers, @nivonally referred to as 'strain arms' or
more usually 'arms'. These are positioned at 186eedntervals around the middle of the
expanding test section. The arms are forced toiothe movements of the membrane by
strain gauged leaf springs, and hence radial exparsconverted to an electrical output.

The Self Boring Pressuremeter without a Chinese lantern

The internal pressure is measured by a strain gacgewithin the instrument. A further two
cells are attached to the membrane, 180 degrees apa these measure the changes in pore
water pressure during the test.

The membrane covering the expanding portion ofrteeument is in two parts. The inner
layer, which is sealed, is made of polyurethaneiamdbout 1.25mm thick. This inner skin is
then covered by an outer layer, which becauses @pgpearance when the instrument is
inflated is known as a 'Chinese Lantern' (CHL). ThidL is made up of stainless steel strips
bonded to a thin rubber skin; it has two main tadkstake the frictional forces that occur
when the instrument is being bored into the groand, to provide some protection from
inclusions that might otherwise puncture the irmembrane.
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The foot of the instrument is fitted with a shadged internally tapered cutting shoe. When
boring, the instrument is jacked into the ground] the material being cut by the shoe is
sliced into small pieces by a rotating cutting devi

The distance between the leading edge of the sibéhe start of the cutter is important and
can be optimised for a particular material. If those to the cutting edge the soil experiences
some stress relief before being sheared. If thiercigttoo far behind the shoe edge then the
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instrument begins to resemble a close ended pilstiff materials the usual setting is flush
with the cutting shoe edge. The cutting devicegakany forms. In soft clays it is generally a
small drag bit, in more brittle material a rockleolis often used. (see diagram on page 2)

The instrument is connected to the jacking systgm trill string. This is in two parts, an
outer casing to transmit the jacking force andrexei rod which is rotated to drive the cutter
device. The casing is smaller than the maximuntunsént diameter and the drill string is
extended in one metre lengths as necessary to atlatinuous boring to take place.

The cut material is flushed back to the surfaceubh the instrument annulus. Normally
water is used but air and drilling muds can alsaded if appropriate.

The self boring method has been well documentecharainplete description of the
instrument and its test can be found in the refasen

There is a watertight compartment at the lowerarttie probe which contains analogue and
digital circuitry. All transducers in the probe aead once every five seconds, and the result
is output as digital numbers in ASCII format viaR8232 compatible serial output. All the
signal conditioning is carried out in the probelitsso that the pressuremeter is unaffected by
changes to external equipment including the cable.

STRAIN GAUGED

== ARM SPRING

_—;
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SPRING CARRIER RING
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Strain arm configuration - a detailed view
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2. The Mk XD Self Boring Pressuremeter

This is identical to the Mk VIIID, except it haxstrain arms. As a direct consequence of
having to read an extra three sensors on eachrantas scan rate is slightly slower.

3. The Weak Rock Self Boring Pressuremeter

This is not a separate instrument but a conveddine soft ground self boring pressuremeter
— of either variety. The Chinese lantern and memdee removed together with all
associated parts. In their place is substituteitkiderrubber membrane about 4mm thick
which is a composite; the central part is plainoer) but the ends are reinforced with kevlar
strands so that the membrane is resistant to exialsion.

The rock machine uses a tougher Chinese lantere fnah 0.5mm thick stainless steel

strips curved to the form of the membrane but moided to a separate rubber sleeve as in the
soft ground SBP. The new CHL is very effectiveagieg the skin friction associated with
shearing heavily dilatant material, it also allaiws pressuremeter to be used in gravelly
materials that would wreck the standard instrument.

For most soft rock tests the cutting arrangemewerg similar to the soft ground machine,
but with the dimensions increased so that therayghoe shears a hole about 1% greater than
the diameter over the expanding section.

This oversize is likely to be within the elastioge of the material, so that the effect is to
introduce recoverable stress relief into the boriffge amount of relief is enough to minimise
skin friction, and greatly increases the types aterial which can be self bored. The system
is especially effective at drilling into dense sand

The crucial advantage of this arrangement is thiteafoot of the instrument the machine is
self boring in exactly the same manner as thegofind probe. No flushing fluid comes into
contact with the borehole wall. This gives a veighhquality pre-bored type test. Allowance
has to be made in the analysis for the stresd,rblie the stiffness of the initial loading is
similar to the slopes of unload/reload loops.

The disadvantage is that the point where the memelfiest moves no longer necessarily
indicates the insitu lateral stress. The analgstherefore dependent on appropriate models of
soil behaviour. The other major disadvantage usdxktthat there was no measurement made
of excess pore water pressure; but it has now begmssible to fit the cell caps in the usual
way — even with the thicker membrane.

3. The High Pressure Dilatometer

The 95mm High Pressure Dilatometer (95HPD) is agmred hole pressuremeter for testing
a nominal 201mm diameter pocket. The instrumenthnasverall length of about 2 metres.
The central third of the instrument is covered hguwgh rubber membrane about 6mm thick
and a 0.5mm thick Chinese Lantern — similar to tis&d on the weak rock SBP. The radial
displacement of the inside boundary of the membisngasured at six points equally
distributed around the centre of the expanding@ect
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Figure 1 The basic HPD-MPX kit

Microcomputer with
serial port

2-part Chinese Lantern

This displacement, and the pressure necessaryse the movement, are continously
monitored by strain gauged transducers containddmtihe instrument. Also within the
instrument is the analogue and digital electroimzudtry necessary to condition the signals
from the transducers. Every ten seconds a setdfirgs from all the measuring circuits are
transmitted to the surface as an RS232 data strdach may be connected directly to the
serial port of a microcomputer. Plotting these negsl of displacement against pressure
produces a loading curve for the material beintetesA number of mathematical analyses
are available for translating this loading curvéuedamental strength and stiffness
parameters for the ground.

Because the instrument has six strain arms theseni®e redundancy in the measurement of
strain, and this enables the user to carry outeessful test even if one of the arms are
defective. In order to give a similar level of eddility to the pressure measuring system a
second pressure cell is included in the HPD-MPX|, issreadings provide a check of the
performance of the first transducer.

The HPD can apply up to 30MPa of pressure to thargt, and can expand from an initial
diameter of 95mm to nearly 150mm. It will resolvevaments of less than 1 micron and
pressure changes of less than 1kPa. Hence althiowgk developed to test weak rock it can
make a test at two extremes of ground conditiagtgf-clays, which yield at pressures below
1MPa, and weak rock with a shear modulus greater 4GPa.
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Figure2 Displacement sensor of the 95mm HPD

Clamping Arrangement

The instrument is based on a smaller device (tnen783PD) that has had a long and
successful history of site work and has been usettiwide. It is a development of an
instrument invented by Dr J.M.O. Hughes in 1978ha&ligh internally complex by the
standards normally applied to instrumentation of kind, it is reliable and robust, and the
routine maintenance is straightforward. Becausthalkignal conditioning electronics is
contained in the probe itself , the instrumentraftected by external changes such as
replacing the cable.

4, Electronic Interface Unit (EIU)

All the pressuremeter hardware is powered by desitigj volt vehicle battery. The battery is
connected to the EIU, which introduces some prmte@&nd distributes the power to a
number of outlets, including one for the pressutemd he returning signals from the
pressuremeter connect to the same socket. Thaldigihals pass through an opto-isolation
circuit and are then made available on two idehtioakets for connection to the serial port

of a computer. There is also an analogue signalhwiepresents the mean output of all the
arms.

The unit has a panel meter which can be switchiéeéreto read the battery volts or to read the
analogue signal.

5. Strain Control Unit

The Strain Control Unit (SCU) is a box of electicmthat controls the rate at which gas is
supplied to the self boring pressuremeter. It Gaarpanged to inflate the pressuremeter at a
constant rate of strain (rather than the more usaradtant rate of stress). From a soil
mechanics point of view tests carried out at a @orisate of expansion are more desirable,
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in that significant details of the shear stresssls&rain curve are suppressed or distorted
during a stress controlled expansion.

The SCU uses specially modified magnetic valvesiviare controlled so as to operate in
response to the strain signals returning from iserument in the ground. Ten constant rates
of strain are available between 0.1% per hour &ag&r minute, increasing and decreasing.
In addition, the unit is able to hold the strairatoonstant value for an indefinite period. This
is useful when carrying out tests to determinehibvézontal consolidation characteristics of
clay. If at the end of a normal quick undrainedangion the strain is fixed whilst the excess
pore water pressures are allowed to dissipateatsmple closed form solution leads to the
derivation of G,

6. Pressure Control Pandl

The Pressure Control Panel (PCP) consists of a tiaeichted regulator, two gauges and a
number of valves.

It is used to monitor, and if necessary contra, gas supply to the Pressuremeter.

In general the panel is used to replace the S@aitrol Unit in the event of a breakdown, but
may be used instead of the SCU to give as smoqgtbssble a curve.

7. Data Logging / Analysis Software

Software developed by Cambridge Insitu is useadgalhe data during the test, and for
analysing the results subsequently.

The logging software stores the incoming data,ldspthe pressure/expansion curve in real
time, and provides a text file output of the temtadn engineering units. This file is read
directly by the analysis program, but can alsoda&l by any of the common spreadsheet
programs.

The analysis software provides routines which immaet a number of standard analyses. The
analyses are graphically driven, meaning that tfadyat identifies and marks significant parts
of the curve, either for slope or breakpoints. Tihal screen for the analysis is then output as
hardcopy backup for the decisions made. For thess,tadditional analysis work was
implemented, using Microsoft Excel.

8. Boring Equipment

The SBPM is bored into its test positions usingtany drill rig together with special
equipment designed and manufactured by Cambridgel IfiReaction for the drilling is
provided by the rotary rig. For shallow tests ift gpound a proprietary self-contained system
may be used, normally relying on the casing foctiea.

The drilling is assisted by water flush passing dalae rotating inner rods and returning
between these and the stationary outer rods. Mydomaised, but it can affect the pore
pressure cell response. In exceptional circumstraeflush may be used — sometimes with
larger diameter drill rods.

The drill rig is used to lower the SBPM down thdehand retrieve it after the test. The same
rig is used to prepare the hole before self-boramgl deepen it afterwards.

For the HPD tests the drill rig cores ‘H’ size pets into which the probe is lowered —
normally on the same rods used for the coring.
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APPENDIX B THE CALIBRATION PROCEDURE

INTRODUCTION
There are eight aspects to the calibration of éifeb®ring pressuremeter:

Scale factors

Reference (‘zero’) outputs

Membrane stiffness

Instrument compliance

Membrane thinning

Displacement compliance

Instrument straightness

Repeatability (or how much effort should be devdtedalibrations)

ONoOR~ONE

After presenting the background to the calibrapoocedures the actual calibrations used on this
contract are summarised, with plots presentedeofribre significant calibrations.

1 Scale Factors

The transducers in the pressuremeters are badedtl bridge strain gauge circuits. Any such
transducer produces an output dependent on thageolteing applied to it, the stress that is
deflecting it and the amplification or bufferingtbveen it and the recording system.

The instrument contains electronic devices thavigeoa regulated voltage to the transducers and
amplification of the resulting output signals. Besa this electronic conditioning is a fixed part

of the system it is not mentioned when presentaldpi@ations. The electrical output of the
transducer, in volts, is quoted only as a functibthe deflecting stress. This function is termed
'sensitivity' and gives the scale factor for dengypressure or displacement from the transducer
electrical output.

Although the output of the transducers is quotedbits, the true output of the system is a digital
data stream of ASCII encoded numbers which reptes#ts. This signal can be connected
directly to the serial port of a small computer vdriables associated with producing the final
digital output from the strain gauge signals afenaetion of the pressuremeter itself, and are
independent of external changes such as repldoengable.

When using the sensitivity calibrations to conveedings from volts into engineering units we
make two important assumptions about this outpat; it is linear and that the hysteresis is
negligible. The calibration procedure needs to ®evidence that these assumptions are
reasonable.

The displacement measuring system is often reféored 'the arms'. The arms are calibrated by
mounting a micrometer above each in turn and rexegrithe output for a given deflection. When
calibrating the instrument it is necessary to ftese readings for both an increasing and
reducing deflection. The difference at a given pbetween increasing readings and reducing
readings is a measure of the hysteresis. The wasst figure is noted, and steps are taken to
reduce the friction in the system if the hysteresisutside an acceptable limit - normally 0.5% of
the sensitivity.
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The slope of the best fit straight line throughtlaé points is used to quote the arm sensitivaty -
an output for a given deflection in units of mitits per millimetre (mV/mm).

There is an additional output signal from the belfing probes which is an analogue
representation of the average displacement sigha.is used in conjunction with a Strain
Control Unit to control the gas pressure suppleethe instrument during a test. The average
strain signal is separate from the pressuremeggatoutputs and is set to give a 0 to 600
millivolts change for a 0 to 10% increase in th&iament diameter. This implies that the
sensitivities of the arms be broadly similar, withi% of each other.

Positions for trimming resistors are provided ia thstrument so that the sensitivity of the arm

signals can be set. This is done by soldering figtlity fixed resistors across the strain gauge
bridge circuit. It is the only occasion when tisa@lute sensitivity of the strain gauge circuits is
important.

For the pressure measuring circuits the maximursiplessensitivity is desirable, the only
requirement is that the sensitivity be known andirear and stable.

The sensitivity of the internal pressure cell ised@ined by placing a large metal cylinder over
the membrane, and applying a known gas pressuhe toside of the instrument. The gas
pressure being applied is measured by a standstrddege.

As with the arms, the readings are plotted, theéengsis noted, and the best fit straight line drawn
through the plotted points.

The pore water pressure transducers are calibuaiad a special calibration cylinder. This seals
to the outside of the membrane and permits ext@mesisure to be applied to the instrument. The
output of the two transducers is then recordedpdmitied as described above for the total
pressure cell.

Pressure sensitivities are quoted in units of walts per MegaPascal.

2 Reference (‘zero’) outputs

The other parameter that the transducers havkriswan output for an 'at rest' position. For the
pressuremeter this is the value of the outputsymed by the circuits with atmospheric pressure
on the inside of the instrument, and the displacgmeeasuring system at the initial radius
position. This is called a little misleadingly fpé

The absolute value of this figure is unimportaints not necessary or desirable that the figure be
zero volts for the zero stress position, just thae known. For practical purposes, as the
analogue to digital converter can only output a benbetween -3.2767 and +3.2767, the ‘at rest’
readings tend be about minus one volt to allowldhgest possibly range. There is one exception
to this - the SBP requires that the average zetputsiof the arms be within plus or minus 50
millivolts of zero volts. This comes from the ndeduse a Strain Control Unit to carry out a test.
The SCU uses the mean displacement signal fronmétieiment, and can only accommodate a
limited offset from zero volts. Instruments whiah ot use an SCU to drive the expansion can
ignore this restriction.
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Adjustment positions are provided in the instrunfensetting this 'zero' output.

It is normal to take zero readings both at growwetll and also immediately prior to carrying out a
test. A significant change between zero readingst i@ investigated. 'Significant’ would mean a
change of 30 millivolts from the last set of zeeadings. It is not unusual for shifts of a few
millivolts to occur from day to day. It is importithat the zero readings be stable when viewed
over a period of a few minutes.

3 Membrane stiffness

The membrane that is expanded by the instrumentawn initial tension requiring a finite
pressure to move it. The readings measured bsttbss cells need to be reduced by this pressure
in order to determine the net stress being appdi¢de ground.

The term 'membrane’ is used here to mean bothetiledselastic sleeve over the instrument that
contains the pressure, and the rubber and staistieslsprotective sheath that sometimes covers
this. The sheath is known as the 'Chinese Lantern'.

The membrane correction has two components - g&spre to move the membrane from its
position at rest on the instrument, and a secontpooent that depends on the radial expansion.

The technique for obtaining the correction dat® isressurise the instrument in free air, using
the same rate of expansion as would be appliedglartest. The slope and the intercept on the
pressure axis of the graph produced by this testthie membrane correction information for
each arm.

Knowing that the membrane does not necessarilygggssotropic properties, it has been
customary to derive a different set of figuresdach arm position. However recent work
indicates that an unconfined inflation in air exagdes any variation in membrane properties; an
average correction factor is more appropriate.

The membrane correction data is quoted as a peessidPa to move the membrane from its rest
position together with a second pressure in urfitkRa/mm representing the pressure increase
necessary to maintain the inflation. Typical catiggcfigures might be 20 kPa and 7.0 kPa/mm.

4 Instrument compliance

The instrument will deform as a consequence optleesure being internally applied. Put simply,
the instrument stretches. Because the displacemesduring system uses the body of the
instrument as a reference, movements of the baxgeen as apparent displacements of the
membrane; some ingenuity is needed to immunisdiipacement measuring system from this
problem. This system compliance has implicatiomgfe measurement of shear modulus, and it
can become a significant source of error when megguery high modulus values.

There are a number of effects to consider but #ineycollectively determined using a single
procedure. The correction figure which resultsnewn somewhat inappropriately as 'membrane
compression'.
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The procedure which is normally suggested to oltarnection data for ‘'membrane compression'
is to inflate the pressuremeter inside a numbeyliders of different bores; by comparing these
known bores with the displacements actually obthinem the pressuremeter then a correction
curve can be obtained. Because the correctiond®s dissumed to be a function of membrane
thickness, then it is expected that the effectceduas the membrane thins. In other words, it is
treated as a strain dependent variable, and a ehamgembrane means a new correction curve
must be derived.

For the Cambridge family of pressuremeters real brane compression, that is the membrane
changing in thickness as a direct result of theguree differential across it, is almost too snall t
be measurable. There are a number of other falt@ensider of significantly greater magnitude
than membrane compression.

Inflating the instrument inside a steel cylindel i theory provide data on the magnitude of
these effects. However a separate source of &hich is a function of the calibration procedure
itself, then becomes apparent. The membrane ig@lebepand axially by a small amount, and as
a result experiences a change in thickness whighnoioccur in the ground. Although steps can
be taken to keep this axial movement to a minimticgnnot be easily eliminated.

As a consequence of the poor fit of a calibratiginder, and also of the relatively low

coefficient of friction between the membrane arelgteel by comparison with the membrane and
the ground, the instrument will move about in tigincer - its centre will not be the same as the
centre of the cylinder. Only average radial moveincan be derived from this calibration

process, and it is not possible to obtain good fitetaach arm.

There is evidence that much of the correction s tduthe Chinese lantern strips taking up the
form of the cylinder, a process that would onlywaa the ground if the material was good rock.
This is the explanation for much of the initial eature that occurs when an assembled probe is
inflated inside a metal sleeve - it is a seriousreio attempt to derive a correction factor from
this part of the loading.

One approach is to take the membrane out of threcayn loop by removing it altogether. A
special cylinder is then fitted which seals to bloely of the instrument, which is then pressurised.
The displacement data which this test produceses to determine the purely instrument related
factors. Typically the data is reduced to a slopeection, on the order of

1 - 2 millimetres per GPa, and is a constant, baifghction of the physical properties of the
instrument.

The membrane is then fitted, and the instrumeexjmnded in the cylinder. The slope of the
unloading path of the average radial displacenretttis cylinder is used to obtain a value - it has
been noted that the unloading path is much lesBaated by instrument movements.

The slopes obtained from the two methods are thewpared. Typically they are the same within
1mm/GPa. This is to be expected. The bulk modulushiboer is about 1GPa, and hence a
membrane that is about 2mm in thickness will has®pe of 1mm/GPa. Further expansions
inside other cylinders will not improve the qualdlthe correction so obtained.

To put the correction in context, a slope of 5mmedGR relatively large correction) is equivalent
to a modulus greater than 4GPa. Note that bef@redrrection data is quoted the expansion of
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the metal cylinders themselves must be removed thendata. One indication of the magnitude
of the correction is that the instrument compliaccgection is usually smaller than the
calculated deflections of the calibration cylinder.

The correction data can be used in two ways. Ag@g'mm per GPa' it can be used to correct
individual data points before analysis; this is practice. It can also be quoted as a system
modulus, and hence be applied subsequently to megarameters determined from analysing
uncorrected data.

5 Membrane thinning

During a test the pressuremeter membrane changeskmess as a consequence of being
stretched. This change in thickness can be catdilay assuming to a first approximation that the
cross-section area of the membrane remains con$tamtalculation is incorporated into the
program that converts raw data into engineeringsuni

Note that the term 'membrane’ includes the starde=e| protective sheath, and that the
measurement made by the arms is the radial distartbe inside of the membrane.

Definition of Terms

2a is the I.D. of the membrane at rest

2b is the O.D. over the membrane at rest

2C is the I.D. of the membrane expanded

2r is the O.D. over the membrane expanded

t Is the thickness of the stainless steel shagfiss
d is the measured movement of the strain arm
E is the actual expansion of the membrane
Calculation

At rest the cross-section area of rubbern(b-1t)2 - a2
The expanded cross-section area of rubben(E=—1t)2 - 2
Because the rubber is incompressible, these muestuoe:-

therefore (b—-t)2—a2=(r—-t)2-c?
Now:- c=a+d
and:- r=b+E

therefore (b-t)2-a2=[(b+E)-t]2—-(a+d)2
O[(b-t)+ER =(b- 2 - &+(a+ 92
= (b-t)2+d(2a+d)
Jb-t)+ E =[(b- 92+ d2a+ 9]
E=[(b-92+d(2a+ d]-(b-)

This is the form in which the calculation is comryoapplied to the data, witka, 2b andt being
known from the manufacturer's data, @hldeing the measurement made by the displacement
sensors during the test. For a standard self briegsuremeter fitted with a polyurethane
membrane and Chinese lantern:-
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2a = 79.1 mm
2b = 83.1 mm
t = 0.18 mm

To apply the correction at a given expansionaverageradius of the expanding membrane is
calculated. This average is then entered into gjo@tion and the ratio between the corrected
average and the raw average is expressed as dasttale(it turns out to be about 0.96 for an
SBP at all expansions). The scale factor is thg@hiegto the individual arm displacement
outputs.

6 Displacement compliance

This is not so much a correction or calibratiomaheck on the mechanical performance of the
self boring instrument.. Using the external preissuy cylinder gives information about small
movements of the strain arms under load.

This mimics the situation in the ground where tetrument has the insitu lateral stress pressing
against it prior to commencing the test. The presai this stress can create small deflections of
the strain arms. These deflections can create diadait the precise point at which lift off is
occurring.

Plotting the output of the strain arms as the piess removed during an external pressurisation
test produces plots which can be compared withteséldata. It will be observed that each arm
has its own 'signature’. Steps should be takeeap khese small strain movements to a minimum
by attending to the seating of the displacemeihbvicgr.

It is possible that recognising these signatureshedp with assessing the precise moment when
membrane lift-off occurs. However in this calibaatiprocedure there are no penalties for small
instrument deflections - in the ground these movemwill change the external pressure because
soil has stiffness.

7 Instrument straightness

The self boring instrument can become bent durpeyations due to the large forces applied
when it is being jacked down. Before bringing thstiument on site it is good practice to check
that the instrument is straight (within a smalktalnce). The method for doing this is to support
the instrument at the points where the membrankmped, and then to rotate the instrument
whilst the run out is observed at a number of @oint

The instrument is never perfect, and it happensfteguently a consistent bias in the
displacement system (especially in the vicinitynaial movement of the membrane) can be
linked to a lack of straightness.
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8 Repeatability (or how much effort should be deuved to calibrations)

Although it is important regularly to check the sinities of the strain gauge circuits, it is
unusual for them to change markedly. Indeed ibramon for the hysteresis to improve with use.
80% of the performance of a strain gauge bridgdicgipn can be predicted from its design; the
calibration removes the uncertainty due to manufagg tolerances, and can give early warning
of impending problems in a particular circuit.

The pressuremeter test is concerned with makirgivelmeasurements, not absolute
measurements. For example the SBP displacementunmeasystem will resolve movements of
less than 0.5 microns over a range of 7 millimettes pressure measuring system will resolve
changes of 0.5 kPa over a range of 5MPa. The HB&uton is equally good. This resolution is
considerably higher than can be seen with a stdndarometer or test gauge. To put it into
context, 0.5 microns is approximately the wavelbrggtvisible light. Obviously there is no
practical possibility of checking by measurement@aement so small.

Hence the term 'calibrating' is inappropriate. Wikatone in practice is to check that the various
sensors are linear over a number of relativelysmateps or intervals. We assume that this linear
behaviour will be true for very much smaller chasmge

For this reason alone, without considering add#@i@ources of error such as the skill of the
operator carrying out the calibration, the accuiaiche standard used to derive this linearityfis o
secondary importance. We would expect successli@ati@ons on the same sensor to be within
2% and would question a difference greater than 5%.

We also ignore secondary sources of error in tssi@ption of linearity, such as temperature
change. When critical measurements are being chadieg a test, for example when taking a
reload loop, it is reasonable to assume that tih@deature remains constant.

Using spreadsheet software to present the redutte @alibrations for sensitivity has become
common practice. One benefit of this is that slog@sbe calculated by linear regression
routines; this ensures that different operatorsmithe same set of data will derive identical
calibration factors. The calibrations are preseated tabulation of transducer output against a
known reference, with the linearity and hysteresisted for each calibration step.

If the ground is soft then membrane stiffness igamant. If it is extremely stiff then correcting
for instrument compliance is important. In betwéaese two extremes the contribution of the
imperfections of the machine to the derived paransas negligible.
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9 Table of derived scalar values
SBPM3 ‘Dougal’
DATE ARM1 | ARM2 | ARM 3 TPC PPC A | PPCB |Maximum
mV/mm | mV/mm | mV/mm | mV/MPa| mV/MPa| mV/MPa| pressure
23/12/05 264.7 293.9 299.6 493)2 232.5 237.3 40Dpsi
03/02/06 265.1 294 .3 298.2  488|5 - 240.3 600psi
07/03/06 264.0f 2954 297.2  493)9 231.4 23f7.6 ‘
07/06/06 262.1 293.2 2959 4920 231.3 237.2 ‘
HPD95 ‘Scotty’
Date Arml | Airm2 | Arm3 | Arm4 | Arm5 | Arm6 | TPCA | TPC B
mV/mm | mV/mm | mV/mm | mV/mm | mV/mm | mV/mm | mV/MPa| mV/MPa
07/02/06] 120.9 119.9 120.3 120.3 118.Y 120)3 79]1 80.6
11/04/06 121.9 122.3 122.8 120.5 120.5 122)5 80J1 82.3

Usually enough calibrations are given to demonstithiat they are stable and repeatable. An
‘after job’ calibration is included whenever posieb

10 Table of membrane calibrations
DATE TEST Membrane Membrane COMMENTS
calibration compression
kPa | kPa/mm mm/GPa
15/03/06 | C0306T1 - - 0.5 Typical SBPM
16/03/06 | C0306T2 21 8 - “ “
10/04/06 | S1004T06 63 5 - Typical HPD, large expams
28/04/06 | S2804T06 - - 4.7 To maximum pressure

Note that the plots are not straight lines, ancoanpromise must be made in choosing the values.
Sometimes different values are used for testsdiffierent expansions.

There is also a big gap between the loading andadihg paths of the membrane calibrations —
again a compromise must be made.

Note that the accuracy of the membrane calibraisoimportant for low pressure tests, whereas
it is the membrane compression (otherwise knowsyatem compliance’) that is important for
high pressure tests — they are the ones measuigigMalues of modulus.

The relevant tables and plots follow.
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SBP Calibrations

December

Pressure cells - new PPCs

psi

Zero
Slope

50
100
150
200
250
300
350
400
350
300
250
200
150
100

50

Sensitivity

Strain arms

mm

Zero
Slope
Max

OFrRrNWAMITTOOA~A,WDNEO

TPC
(volts)
-2.4609
-2.3015
-2.1364
-1.9677
-1.7965

-1.623
-1.4525
-1.2833
-1.1098
-1.2826
-1.4511
-1.6232
-1.7931
-1.9584

-2.133
-2.2973
-2.4595

-2.4678
3.40
493.2

Arm 1

(mV)
300.1
572.0
842.2
1108.2
1372.4
1631.9
1895.5
1630.2
1368.5
1104.8
838.4
570.4
300.2

305.1
264.7
2244.8
7.33

AppB.doc

Linearity

(%)
93.8
97.1
99.2

100.7
102.0
100.3
99.5
102.0
-101.6
-99.1
-101.2
-99.9
-97.2
-102.7
-96.6
-95.4

volts
mV/psi
mV/MPa

Linearity

mV

(%)
102.7
102.1
100.5

99.8
98.1
99.6
-100.2
-98.9
-99.6
-100.7
-101.3
-102.1

mV/mm

mV
mm

2005

Hysteresis
(%)

-0.10
-0.31
-0.25
-0.69
-0.25

0.01

-0.10
-0.05

Hysteresis
(%)

-0.01

0.10

0.24

0.21

0.24

0.11

S/n 920123

PPC A
(volts)
-0.1902
-0.1155
-0.0381
0.0416
0.1209
0.2012
0.2797
0.3576
0.4373
0.3533
0.2711
0.188
0.1068
0.027
-0.0543
-0.132
-0.2077

-0.2031
1.60
232.5

Arm 2
(mV)
439.0
746.4
1053.6
1348.4
1639.2
1928.0
2215.0
1925.0
1634.8
1343.6
1048.8
743.0
438.7

449.1
293.9
2489.0
6.94

Dougal

STG: 10759918 (0-600 Psi)

Linearity
(%)
93.2
96.6
99.4
98.9
100.2
97.9
97.2
99.4
-104.8
-102.5
-103.7
-101.3
-99.5
-101.4
-96.9
-94.4

volts
mV/psi
mV/MPa

Linearity
(%)
104.6
104.5
100.3
99.0
98.3
97.7
-98.7
-98.7
-99.1
-100.3
-104.1
-103.5

mV
mV/mm
mV
mm

Hysteresis
(%)
2.79
2.63
2.58
2.33
2.25
2.10
1.37
0.69

Hysteresis
(%)
0.02
0.19
0.27
0.27
0.25
0.17

Print date: 12-05-11
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PPCB

(volts)
-1.1789
-1.1027
-1.023
-0.9411
-0.8591
-0.7757
-0.694
-0.6131
-0.5297
-0.6138
-0.6956
-0.7787
-0.86
-0.9408
-1.023
-1.1022
-1.1789

-1.1831
1.64
237.3

Arm 3
(mV)
-262.6

27.9
3335
635.7
931.8

1229.1
1524.1
1226.6
927.9
630.0
328.4
24.8
-261.8

-266.0
299.6
1798.5
6.89

March 2011
Linearity Hysteresis
(%) (%)
93.1 0.00
97.4 -0.08
100.1 0.00
100.2 -0.05
101.9 0.14
99.9 0.46
98.9 0.25
101.9 0.11
-102.8

-100.0

-101.6

-99.4

-98.8

-100.5

-96.8

-93.8

volts

mV/psi

mV/MPa

Linearity Hysteresis
(%) (%)
97.0 -0.04
102.0 0.17
100.9 0.29
98.8 0.32
99.2 0.22
98.5 0.14
-99.3

-99.7

-99.4

-100.7

-101.3

-95.7

mvV

mV/mm

mvV

mm
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Weak Rock Self-boring Pressuremeter and High ReeBsiatometer Tests

Cambridge Insitu Ltd

SBP Calibrations

Pressure cells

psi

Zero
Slope

100
200
300
400
500
600
500
400
300
200
100

Sensitivity

TPC

(mv)
-2466.5
-2158.8
-1823.9
-1487.6
-1151.3
-815.3
-477.3
-814.6
-1151.3
-1493.2
-1832.5
-2160.3
-2486.3

-2488.1
3.37
488.5

Strain arms

mm

Zero
Slope

OFrRrNWkAMRITTOOPA~WDNEO

Arm 1

(mV)
360.0
628.9
897.7
1164.8
1429.3
1691.5
1951.5
1689.4
1425.7
1160.6
893.5
627.0
359.8

362.6
265.1
2288.8
7.27

AppB.doc

03rd February 2006

Linearity
(%)
91.4
99.4
99.9
99.9
99.8
100.4
100.2
100.0
1015
100.7
97.3
96.8

mV
mV/psi
mV/MPa

Linearity
(%)
1014
1014
100.8
99.8
98.9
98.1
-98.9
-99.5
-100.0
-100.8
-100.5
-100.8

mV
mV/mm
mV
mm

Hysteresis
(%)

1.00

0.08

0.43

0.28

0.00

-0.04

Hysteresis
(%)
0.01
0.12
0.26
0.26
0.23
0.13

S/n 920123

Dougal

STG: 10759918 (0-600psi)

PPC A
(mV)
3276.7
3276.7
3276.7
3276.7
3276.7
3276.7
3276.7
3276.7
3276.7
3276.7
3276.7
3276.7
3276.7

3276.7
0.00
0.0

Arm 2
(mV)
566.7
877.1

1184.4

1478.6

1768.3

2060.2

2346.0

2056.1

1764.9

1471.1

1176.0
871.4
562.7

576.2
294.3
2597.7
6.87

Linearity
(%)
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

mV
mV/bar
mV/MPa

Linearity
(%)
105.5
104.4
99.9
98.4
99.2
97.1
-98.5
-98.9
-99.8
-100.3
-103.5
-104.9

mV
mV/mm
mV
mm

Hysteresis
(%)
#DIV/O!
#DIV/O!
#DIV/O!
#DIV/O!
#DIV/O!
#DIV/O!

Hysteresis
(%)
0.22
0.32
0.47
0.42
0.19
0.23

Print date: 12-05-11
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PPCB
(mv)
-1071.9
-906.0
-728.8
-547.6
-391.6
-224.5
-84.9
-235.5
-400.4
-566.9
-733.4
-900.5
-1053.4

-1062.4
1.66
240.3

Arm 3
(mV)
-317.0

-12.0
287.8
587.5
885.3

1181.5
14745
1179.3

880.2
584.3
283.1

-17.0

308.2

-162.2
298.2
1683.3
6.19

March 2011
by Leo
Linearity Hysteresis
(%) (%)
100.1 -1.87
107.0 -0.56
109.4 0.47
94.2 1.96
100.9 0.89
84.3 111
90.9
99.5
100.5
100.5
100.9
92.3
mV
mV/bar
mV/MPa
Linearity Hysteresis
(%) (%)
102.3 -34.90
100.5 0.28
100.5 0.26
99.9 0.18
99.3 0.28
98.3 0.12
-99.0
-100.3
-99.2
-101.0
-100.6
109.1
mvV
mV/mm
mvV
mm
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SBP Calibrations

Pressure cells

psi

Zero
Slope

100
200
300
400
500
600
500
400
300
200
100

Sensitivity

Strain arms

mm

Zero
Slope

OFrRrNWAMITTOOA~A,WDNEO

TPC

(mv)
-2408.2
-2083.5
-1747.7
-1403.4
-1060.7
-721.7
-381.4
-718.4
-1058.0
-1401.5
-1742.6
-2078.5
-2403.5

-2414.9
3.41
493.9

Arm 1

(mV)
3425
608.6
878.4
1143.8
1407.0
1667.5
1924.1
1664.6
1401.9
1138.0
871.5
604.4
340.1

343.7
264.0
2064.4
6.52

AppB.doc

7th March 2006

Linearity
(%)
95.3
98.6
101.1
100.6
99.5
99.9
99.0
99.7
100.9
100.2
98.6
95.4

mV
mV/psi
mV/MPa

Linearity
(%)
100.8
102.2
100.5
99.7
98.7
97.2
-98.3
-99.5
-100.0
-101.0
-101.2
-100.1

mV
mV/mm
mV
mm

Hysteresis
(%)
-0.23
-0.25
-0.25
-0.09
-0.13
-0.16

Hysteresis
(%)
0.15
0.27
0.44
0.37
0.32
0.18

S/n 920123

Dougal

STG: 10759918 (0-600psi)

PPC A
(mV)
-678.9
-525.3
-367.0
-205.6

-45.2
112.7
271.8
114.0

-44.9

-205.8
-365.9
-523.9
-677.4

-681.4
1.60
231.4

Arm 2
(mV)
576.9
885.3

1197.1

1492.3

1788.6

2074.2

2359.2

2071.7

1778.5

1487.5

1189.0
881.9
574.9

587.0
295.4
2618.4
6.88

Linearity
(%)

96.3
99.2
101.1
100.5
99.0
99.7
98.9
99.6
100.8
100.3
99.0
96.2

mV
mV/psi
mV/MPa

Linearity
(%)
104.4
105.6
99.9
100.3
96.7
96.5
-97.3
-99.3
-98.5
-101.1
-104.0
-103.9

mV
mV/mm
mV
mm

Hysteresis
(%)

-0.16
-0.15
-0.12

0.02

-0.03
-0.14

Hysteresis
(%)
0.11
0.19
0.45
0.27
0.57
0.14
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PPCB
(mv)
-1180.8
-1024.0
-861.9
-696.4
-531.6
-368.7
-206.4
-368.0
-530.9
-696.7
-861.3
-1023.1
-1179.3

-1184.1
1.64
237.6

Arm 3
(mV)
-208.9

93.7
396.5
692.7
990.6

1285.2
1574.0
1282.3

986.0
686.5
387.5
89.6
-210.3

-206.2
297.2
1836.6
6.87

March 2011
Linearity Hysteresis
(%) (%)
95.7 -0.15
98.9 -0.09
101.0 -0.06
100.6 0.03
99.4 -0.07
99.1 -0.07
98.6
99.4

101.2

100.5
98.8
95.3

mV

mV/psi

mV/MPa

Linearity Hysteresis
(%) (%)
101.8 0.08
101.9 0.23
99.7 0.50
100.2 0.35
99.1 0.26
97.2 0.16
-98.2

-99.7

-100.8

-100.6

-100.2

-100.9

mvV

mV/mm

mvV

mm
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Cambridge Insitu Ltd

SBP Calibrations

Pressure cells

psi

Zero
Slope

100
200
300
400
500
600
500
400
300
200
100

Sensitivity

Strain arms

mm

Zero
Slope

OFrRrNWAMITTOOA~A,WDNEO

TPC

(mV)
-2371.9
-2049.1
-1713.6
-1369.6
-1033.8
-692.4
-354.1
-688.1
-1027.3
-1368.3
-1708.0
-2046.4
-2369.0

-2387.6
3.39
492.0

Arm 1

(mV)
376.6
642.6
910.2
1176.1
1437.7
1693.7
1948.4
1692.6
1434.1
1171.8
905.5
639.1
374.0

383.2
262.1
2277.0
7.22

AppB.doc

7th June 2006

Linearity
(%)
95.2
98.9
101.4
99.0
100.6
99.7
98.5
100.0
100.5
100.1
99.8
95.1

mV
mV/psi
mV/MPa

Linearity
(%)
1015
102.1
1014
99.8
97.7
97.2
-97.6
-98.6
-100.1
-101.6
-101.6
-101.1

mV
mV/mm
mV
mm

Hysteresis
(%)
-0.14
-0.13
-0.28
-0.06
-0.32
-0.21

Hysteresis
(%)
0.17
0.22
0.30
0.27
0.23
0.07

S/n 920123

Dougal

STG: 10759918 (0-600psi)

PPC A
(mV)
-691.7
-539.0
-380.2
-218.0

-60.4

99.3
257.0
100.1
-59.3

-219.7
-379.3
-539.4
-690.6

-698.3
1.60
231.3

Arm 2
(mV)
659.8
972.0

1275.4

1567.8

1859.5

2148.4

2437.2

2144.2

1853.5

1561.1

1269.2
967.3
659.1

681.9
293.2
2626.0
6.63

Linearity
(%)

95.7
99.6
101.7
98.8
100.1
98.9
98.4
99.9
100.6
100.1
100.4
94.8

mV
mV/bar
mV/MPa

Linearity
(%)
106.5
103.5
99.7
99.5
98.5
98.5
-99.9
-99.2
-99.7
-99.6
-103.0
-105.1

mV
mV/mm
mV
mm

Hysteresis
(%)

-0.12

0.04

-0.09

0.18

-0.12
-0.08

Hysteresis
(%)
0.04
0.26
0.35
0.38
0.34
0.24
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PPCB
(mv)
-1193.1
-1036.1
-873.1
-706.8
-545.4
-381.4
-220.1
-380.5
-544.2
-708.8
-872.3
-1036.4
-1191.7

-1199.3
1.64
237.2

Arm 3
(mV)
-364.4

-65.4
234.9
529.8
824.5

1120.0
1413.9
1116.5

820.6
526.5
231.4
-68.2
-366.3

-360.6
295.9
1589.0
6.59

March 2011
Linearity Hysteresis
(%) (%)
96.0 -0.14
99.7 0.03
101.7 -0.08
98.7 0.21
100.3 -0.12
98.6 -0.09

98.1
100.1
100.6
100.0
100.3
95.0
mV
mV/bar
mV/MPa
Linearity Hysteresis
(%) (%)
101.1 0.11
1015 0.16
99.7 0.20
99.6 0.19
99.9 0.22
99.3 0.20
-100.5
-100.0
-99.4
-99.7
-101.3
-100.8
mV
mV/mm
mV
mm

Volume 3 Section 2
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95mm HPD
Arm calibration

mm

Zero
Slope
Maximum

Zero
Slope
Maximum

AppB.doc

Arm 1
(mV)
-2259.7
-2009.7
-1760.2
-1514.0
-1268.4
-1025.8

-785.9
-548.4
-310.3
-72.2
164.2
-70.6
-308.5
-546.2
-785.1
-1026.6
-1269.8
-1516.2
-1763.2
-2012.3
-2258.8

-2242.5
120.9
897.9

26.0

Arm 4

(mv)
-1862.6
-1616.2
-1371.4
-1125.4
-883.6
-643.7
-404.1
-164.7
74.4
310.8
548.0
314.8
78.1
-159.6
-397.8
-637.2
-877.8
-1121.4
-1369.2
-1615.8
-1863.0

-1848.3
120.3
1293.5
26.1

Scotty

6th February 2006

Linearity
(%)
103.4
103.2
101.8
101.6
100.3

99.2
98.2
98.5
98.5
97.8
-97.1
-98.4
-98.3
-98.8
-99.9
-100.6
-101.9
-102.2
-103.0
-102.0

mVv
mV/mm
mv
mm

Linearity
(%)
102.4
101.8
102.3
100.5

99.7
99.6
99.5
99.4
98.3
98.6
-96.9
-98.4
-98.8
-99.0
-99.5
-100.0
-101.3
-103.0
-102.5
-102.8

mV
mV/mm
mV
mm

Hysteresis
(%)
-0.04
0.11
0.12
0.09
0.06
0.03
-0.03
-0.09
-0.07
-0.07

Hysteresis
(%)

0.02
-0.02
-0.09
-0.17
-0.24
-0.27
-0.26
-0.21
-0.15
-0.17

Horizontal inclinometer can

Arm 2
(mV)
-1925.7
-1683.8
-1439.0
-1193.4

-951.0
-711.4
-473.0
-233.6
3.8
237.4
468.8
241.0
8.5
-227.3
-465.6
-705.9
-947.1
-1193.9
-1438.0
-1683.8
-1926.4

-1914.5
119.9
1194.3
25.9

Arm 5
(mV)
-1955.7
-1715.5
-1473.0
-1229.7

-988.6
-750.0
-514.2
-277.3
-43.0
186.3
416.4
191.0
-34.5
-267.1
-503.3
-740.6
-980.0
-1223.2
-1468.4
-1713.2
-1955.8

-1940.8
118.7
1122.5
25.8

Linearity
(%)
100.8
102.0
102.4
101.0
99.9
99.4
99.8
99.0
97.4
96.5
-95.0
-96.9
-98.3
-99.3
-100.2
-100.5
-102.9
-101.8
-102.5
-101.1

mV
mV/mm
mV
mm

Linearity
(%)
101.2
102.1
102.5
101.5
100.5
99.3
99.8
98.7
96.6
96.9
-94.9
-95.0
-97.9
-99.5
-99.9
-100.8
-102.4
-103.3
-103.1
-102.2

mV
mV/mm
mV
mm
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Hysteresis
(%)

0.03

0.00
-0.04

0.02
-0.16
-0.23
-0.31
-0.26
-0.20
-0.15

Hysteresis
(%)

0.00
-0.10
-0.19
-0.27
-0.36
-0.40
-0.46
-0.43
-0.36
-0.20

March 2011
Arm 3 Linearity
(mv) (%)
-1748.1 101.6
-1503.5 103.4
-1254.7 101.7
-1009.8 100.5
-768.0 99.9
-527.6 99.4
-288.3 98.1
-52.1 99.5
187.4 99.5
427.0 99.8
667.3 -98.4
430.5 -98.8
192.6 -98.7
-45.0 -98.6
-282.4 -99.3
-521.5 -100.3
-762.8 -101.1
-1006.2 -102.5
-1252.8 -103.6
-1502.2 -104.4
-1753.6
-1733.8 mVv
120.3 mV/mm
1426.3 mV
26.3 mm
Arm 6 Linearity
(mv) (%)
-1999.7 103.2
-1751.4 102.1
-1505.8 101.9
-1260.6 101.3
-1016.8 99.9
-776.4 990.1
-538.0 99.1
-299.6 97.8
-64.2 98.8
173.6 98.9
411.5 -98.1
175.4 -98.7
-62.0 -98.3
-298.5 -99.1
-537.0 -98.8
-774.8 -100.0
-1015.4 -103.3
-1264.0 -102.7
-1511.0 -102.3
-1757.0 -101.0
-2000.0
-1985.8 mVv
120.3 mV/mm
1153.6 mVv
26.1 mm

Hysteresis
(%)

0.23
-0.05
-0.08
-0.15
-0.22
-0.25
-0.25
-0.29
-0.22
-0.15

Hysteresis
(%)
0.01
0.23
0.22
0.14
-0.06
-0.07
-0.04
-0.05
-0.09
-0.07
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Cambridge Insitu Ltd March 2011
Pressure cell calibration 7th February 2006 Star gauge s/n 38425 0 - 4000 psi
psi TPCA Linearity Hysteresis TPCB Linearity Hysteresis
(mV) (%) (%) (mv) (%) (%)
0 720.8 98.3 -0.27 395.7 98.5 -0.28
200 828.0 102.7 -0.18 505.2 102.9 -0.25
400 940.0 98.1 0.05 619.6 98.4 -0.04
600 1047.0 101.7 -0.05 729.0 102.5 -0.09
800 1158.0 100.8 0.14 843.0 100.3 0.18
1000 1268.0 96.7 0.18 954.5 97.6 0.31
1200 1373.5 101.7 -0.82 1063.0 100.7 -0.45
1400 1484.5 98.5 -1.19 1175.0 100.7 -0.49
1600 1592.0 96.2 -1.19 1287.0 97.1 -1.08
1800 1697.0 99.0 -0.37 1395.0 96.3 0.27
2000 1805.0 -95.3 1502.0 -98.9
1800 1701.0 -88.0 1392.0 -83.7
1600 1605.0 -98.5 1299.0 -106.6
1400 1497.5 -105.4 1180.5 -101.2
1200 1382.5 -106.8 1068.0 -105.2
1000 1266.0 -100.4 951.0 -98.9
800 1156.5 -99.9 841.0 -99.8
600 1047.5 -99.0 730.0 -98.9
400 939.5 -100.4 620.0 -100.7
200 830.0 -97.3 508.0 -98.2
0 723.8 398.8
Zero 7215 mVv 397.2 mvV
Slope 0.55 mV/psi 0.56 mV/psi
Sensitivity 79.1 mV/Mpa 80.6 mV/Mpa
AppB.doc Print date: 12-05-11 Volume 3 Section 2
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95mm HPD
Arm calibration

mm

o o N O

10
12
14
16
18
20
18
16
14
12
10

o N D O

Zero
Slope

mm

o o N O

10
12
14
16
18
20
18
16
14
12
10

o N D O

Zero
Slope

AppB.doc

Arm 1
(mV)
-2225.9
-1965.0
-1711.3
-1459.9
-1211.1

-961.8
-718.0
-476.1
-243.5
-11.2
222.2
-10.3
-242.5
-474.8
-716.9
-961.9
-1210.6
-1460.7
-1712.9
-1966.4
-2227.2

-2193.7
121.9

Arm 4

(mV)
-1796.4
-1505.8
-1258.7
-1012.5
-771.0
-531.6
-292.2
-52.4
188.5
427.5
657.5
429.6
192.7
-45.8
-285.0
-526.1
-766.7
-1010.6
-1257.9
-1505.9
-1788.9

-1737.8
120.5

Scotty

11th April 2006

Linearity
(%)
107.0
104.0
103.1
102.0
102.2
100.0
99.2
95.4
95.3
95.7
-95.3
-95.2
-95.3
-99.3
-100.5
-102.0
-102.5
-103.4
-103.9
-106.9

mv
mV/mm

Linearity
(%)
120.6
102.6
102.2
100.2
99.4
99.4
99.5
100.0
99.2
95.5
-94.6
-98.3
-99.0
-99.3
-100.1
-99.9
-101.2
-102.7
-102.9
-117.5

mvV
mV/mm

Hysteresis
(%)
0.05
0.06
0.07
0.03
-0.02
0.00
-0.05
-0.05
-0.04
-0.04

Hysteresis
(%)

-0.31

0.00
-0.03
-0.08
-0.18
-0.23
-0.30
-0.27
-0.17
-0.09

Arm 2
(mV)
-1871.5
-1616.2
-1366.8
-1117.3
-871.5
-624.3
-382.0
-137.2

105.0
344.7
575.4
348.1
109.4
-131.7
-375.9
-620.7
-868.7
-1115.2
-1366.6
-1616.7
-1870.8

-1852.4
122.3

Arm 5
(mV)
-1890.6
-1640.6
-1392.6
-1146.7

-898.8
-656.2
-414.6
-174.7
62.0
291.7
514.4
296.1
68.6
-165.8
-405.1
-647.0
-890.8
-1140.5
-1388.7
-1639.4
-1886.0

-1867.0
120.5

Linearity
(%)
104.3
101.9
102.0
100.5
101.0
99.0
100.1
99.0
98.0
94.3
-92.9
-97.6
-98.5
-99.8
-100.1
-101.4
-100.7
-102.7
-102.2
-103.9

mV
mV/mm

Linearity
(%)
103.7
102.9
102.0
102.8
100.6
100.2
99.5
98.2
95.3
92.4
-90.6
-94.4
-97.2
-99.3
-100.4
-101.1
-103.6
-103.0
-104.0
-102.3

mV
mV/mm
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Hysteresis
(%)

-0.03

0.02
-0.01
-0.09
-0.11
-0.15
-0.25
-0.22
-0.18
-0.14

Hysteresis
(%)
-0.19
-0.05
-0.16
-0.26
-0.33
-0.38
-0.39
-0.37
-0.27
-0.18

March 2011
Arm 3 Linearity
(mv) (%)
-1679.3 104.2
-1423.4 102.9
-1170.7 101.9
-920.4 100.0
-674.7 99.5
-430.2 99.4
-186.0 99.7
58.9 98.7
301.3 99.7
546.2 99.4
790.4 -98.0
549.7 -98.9
306.8 -98.6
64.6 -98.9
-178.2 -99.3
-422.0 -100.1
-667.9 -101.0
-915.9 -102.8
-1168.4 -103.3
-1422.2 -104.1
-1677.9
-1659.1 mV
122.8 mV/mm
Arm 6 Linearity
(mV) (%)
-1921.3 103.4
-1667.9 102.2
-1417.5 102.0
-1167.6 101.7
-918.4 99.8
-673.8 98.6
-432.2 99.7
-188.0 99.0
54.7 98.7
296.6 98.9
538.9 -98.9
296.5 -98.5
55.2 -98.8
-186.8 -99.1
-429.7 -99.1
-672.5 -99.9
-917.2 -101.6
-1166.2 -102.3
-1417.0 -102.5
-1668.3 -103.1
-1920.9
-1904.6 mV
1225 mV/mm

Hysteresis
(%)
-0.06
-0.05
-0.09
-0.18
-0.28
-0.33
-0.32
-0.23
-0.22
-0.14

Hysteresis
(%)

-0.02

0.02
-0.02
-0.06
-0.05
-0.05
-0.10
-0.05
-0.02

0.00
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Pressure cell calibration

psi

100
200
300
400
500
600
500
400
300
200
100

Zero
Slope
Sensitivity

TPC

(mv)
-343.7
-284.9
-229.6
-175.2
-120.0
-64.0
-8.0
-65.4
-120.4
-174.0
-231.5
-284.9
-338.0

-340.7
0.55
80.1

Linearity
(%)
106.4
100.1
98.5
99.9
101.4
101.4
-103.9
-99.6
-97.0
-104.1
-96.7
-96.1

mv
mV/psi
mV/MPa

Budenberg gauge s/n 10759918

Hysteresis TPC B

(%) (mv)
-1.70 -134.3
0.00 -73.6
0.57 -16.2
-0.36 40.3
0.12 96.7
0.42 154.4
2115
153.3
97.7
42.3
-17.1
-71.7
-126.1
Zero -129.9
Slope 0.57
Sensitivity 82.3

Linearity
(%)
106.9
101.1
99.5
99.4
101.6
100.6
-102.5
-97.9
-97.6
-104.6
-96.2
-95.8

mV
mV/psi
mV/MPa

Hysteresis

(%)

-2.37
-0.55

0.26

-0.58
-0.29

0.32

March 2011

0 - 600psi

Note this low pressure calibration was done as ecklfor the tests in glacial till.

AppB.doc

Print date: 12-05-11

Page 16 of 20 in this section

Volume 3 Section 2



1BE252 €22 1000 v 2L 3HI £2020 ebpugwed ‘uspSISAT SIFT NUSH ID0HEONY2

() awssmdesg Epey
SELL ELR SELE ZRL SELCL LLL SO UL SE0'L BOL S20°) 201 SL0°F £0°F S60°L 501 S50°1 SOL SPDM RO'L SEO'L EO'L SZ0 L 201 SLOW MO'L S00°L
i i 1 i i i L i i i 1 i Il .ﬂ

"

..m.......... |. L poz

i i _ ] , W L]
HEEE.G_.". e
[ r_inam_“_u_

||..||...|”|....l...ll....m..|. - ...llu.lﬂuw

March 2011

i1
o00's

A
. O SN O R TN e
. . ! oog'l
0oz
DOEE
..... S T ‘. pog'z
_ . _ _ . . -Yoos'z
s o R RS i ....... ...... .......... Bo0's
. . . . . | ! BOZTE
; DO¥'E

MOeE

BIR'E

o ........._. .ﬂDD..W

{egounu 7 = adajs tapigi])  egouu ' 34073
SSINSILS FELSAS HOJ HOLLYHETYD - unssaig jea) =a sbeiaay uuy

Weak Rock Self-boring Pressuremeter and High ReeBslatometer Tests

Cambridge Insitu Ltd

Volume 3 Section 2

Print date: 12-05-11
Page 17 of 20 in this section

AppB.doc



—
—
m LSEZEE EZZ L1000 v+ 2L JHL £280 BBpugwed ‘uapsEsad AT NUSH 300-ENYD
= () Jusaoeds] BIpey
o v £ z | o
a .................................................................... - - - _..u
= m B
| SvEQmI | 1.
| senaw g X M
TLO0EDD| . -
[
L
L

W 99 -3d005 B DL 03
SSINSHLS INVHANIM HOJ NOILYHEI YD - 2nEsad (Bj0L &4 2disay Wiy

Weak Rock Self-boring Pressuremeter and High ReeBslatometer Tests

Cambridge Insitu Ltd

Volume 3 Section 2

{Bef ) Ssal

Print date: 12-05-11
Page 18 of 20 in this section

AppB.doc



Weak Rock Self-boring Pressuremeter and High ReeBslatometer Tests
Cambridge Insitu Ltd March 2011

Efe ||
- !é i
L=
2 a
l.l'll:.;"—_"":'
- &
3 i.,d_- i
11 &
L] —
=
= H
E -'_.n‘ g
i -
3 T
] #
E 3 . .
“55 “"E w
[ = ok
-3 % o
Lo b
g iy
= 0 il
&9 28
&a E E
- | E
g g <
2o R Gl
L 1:]
g @
Ug o
3% i
S ik
g w1
4 >
3 &
o =
i ot A
E g
=
o - =
1
S o
: il
]
! . ! f
] i u . x :
. ! AR !
1 i . A
, AR bk an [ A B
s o WO U Ell W o uw o U o ﬂl- ul'l [-= TR ™ ¢ R = [N T TR = N T I = N ¥ = TN = T o B = R & O =
:_'1 ﬁ ﬁ I_":l ol o _'E_ E o o 3 O P P g WUy w w7 M B e e
{Edﬂ_:lm!-a.rd
AppB.doc Print date: 12-05-11 Volume 3 Section 2

Page 19 of 20 in this section



1BEZE2 2221000 we- 3L

M1 £2E0 ehpugwes 'UapSISAZ SIFT NLUSH ID0HEANYD

() uswssseyde] jeipey
H__ L'Z a0z =i w0z 414 z i+ 86l el | 6l == == |
o : ; e W [ e eme s 1
(V] I . _ L pE®
= | SOFOEE| - : . st
e | sanaw g 000'Z
a _ mﬂ..P.‘Em“m._ ..................................................
= | M
) m. G TS | A o R N T ol i 8 SO0 o eyl e S| ol b S0 s e ol WS b e Ty o Ko | PPSNcl| el 0w oo g B0 | el | e N [ 0o0'c
..& '
() T AR ey e o ey e e e e A 2 ey L S s e -B00'F
= !
..m_llb ........ .. ........ I, SRR (R SRR TEN | i .  E N (I LN I T . ........ con's
(O] 1 i\
m e R e g e s R G e e e S e i- 0oe's
M ; 000’2
% o008
— " ........................................................... _H_n_n_.m
= :
H .1 .................... ﬂﬂn_.ﬁ_u.
° H
= L -0 L 1
© .
N.Iv ..... I T L S L o < I LT T L T b n.n_D.Hn
4+ i i
Q : ] ;
m .1 cemafasajsccaprsdansascenadaaipeccyiilc il C i e e SR A s s e A Ay RS . - ﬂ_wn_ Mu
m.lv i 1
S GO0'¥i
7}
a 000'SH
S
Dl .................... _u.ﬂn_..m.—
=
.m T e e R e R e R e -000'LL
-
b L i
o w iR
7 T R W ;- . S T 1| W - R (R N | N '
%) c Bo0'5E
S o {edoun 57 = adajs sapugi])  egow § 'y 3d07S
o ...:.Guv SSINSILS FELSAS HOJ HOLLYHETYD - unssaig jea) =a sbeiaay uuy
ox .=
|mna o
S §
=0

Volume 3 Section 2

Print date: 12-05-11
Page 20 of 20 in this section

AppB.doc



Weak Rock Self-boring Pressuremeter and High ReeBslatometer Tests
Cambridge Insitu Ltd March 2011

APPENDIX C THE TEST PROCEDURES

C.1 Installingtheprobe

The SBPM in both its Soft Ground and Weak Rock igumnétions is drilled to the test depth
from the bottom of a borehole. The drilling maydmne with a proprietary self-contained set
of equipment or using the same drill rig used tdpice the borehole. The latter method was
used for this contract.

The bottom of the borehole was chosen to leave maltgilm of self-boring. Note the
following crucial measurements:

(a) From the foot of the instrument to the cenfrthe measuring section is 0. 5 metres.
(b) The expanding part of the instrument is abobit@etres in length.

From these dimensions it is apparent that theunsnt must be at least 0.8 metres into the
pocket, and for safety we would suggest 1.0 métteshe pocket as a minimum. The probe
in Weak Rock configuration is more tolerant thaa skandard SBPM in this respect as the
ends of the membrane are reinforced and resisteoygansion better.

What should be guarded against is having a s@ter lin the test section, either above or
below the centre of the membrane where the stemia®s are. This will result in the
membrane bursting, or pulling out of the clamp ringfore the pocket has been properly
loaded.

Details about the drilling are noted on the TestdRe Sheet as they can be useful in
interpreting the test results.

The HPD test is carried out in a 101mm pocket tiagtbeen formed by coring or more rarely
by rock rollering. Coring is the conventional medimecause the recovered core can give
some information about the pocket before the imsémnt is placed. Samples of the core are
normally of sufficient quality to permit standaabbratory testing, which can then be
compared with the pressuremeter results.

The pocket itself should be at least 2 metres lohgs allows the user some choice about the
exact point in the pocket in which to place the HRDte the following crucial
measurements:

(a) From the foot of the instrument to the cenfrthe measuring section is 0.9 metres.

(b) The expanding part of the instrument is abo@tetres.

(c) The instrument is 2 metres long - if the BWessdion rod is added to this then the
effective length from the foot of the pressuremé&tethe start of the rotary drill string is 3
metres. If the pocket is longer than 3 metres therdiameter of the drill rod used to place
the pressuremeter must not exceed 75mm; this teigeith two thicknesses of hose, is the
maximum that will fit into a 101mm pocket.

AppC.doc Print date: 12-05-11 Volume 3 Section 3
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From these dimensions it is apparent that theunsnt must be at least 1.3 metres into the
pocket, and for safety we would suggest 1.5 métteshe pocket as a minimum. There is
evidence that the very lowest part of the pocketighbe avoided as this is often the area
most spoiled by the coring, but as the test caatseme distance from the foot of the
instrument this is not normally a problem.

Soft patches in the core suggest a point that ciogbé in the test section. However soft
patches at the ends of the expanding section nsait iea the membrane bursting before the
pocket has been properly loaded.

Heavily fractured material around the test cerdldough not likely to burst the membrane,
will present problems of a different kind. The asals that currently exist for the
pressuremeter test assume that the material © mifethis is not the case, then although the
data may be good, deciding what they mean may pronglex.

It is a truism that the quality of the test is deghent on the quality of the initial coring.
However many good tests have been made in pocketsewmo core at all was recovered.
Standard coring practice is designed to preseeedhe without regard for the borehole wall.
This is the opposite of what the priorities neetdedor the pressuremeter test.

Details about the core are noted on the Test Regloe@t as they can be useful in interpreting
the test results.

C.2 Theexpansion test

Both probes conduct expansion tests on the grabednain difference being that the HPD
has to expand a little way before reaching the imeewall, whereas the SBPM typically
does not. Theoretically the SBPM, in its Weak Roekfiguration, cuts a hole that is
nominall about 0.5mm oversize, but in all but th#est materials this is lost as the material
moves back in.

At the start of the test, gas is applied to thérimsent at a constant steady rate. Once the test
cavity starts to expand the flow rate may be adplisd keep the rate of strain increase
constant - 1% per minute is generally acceptedsamsaible rate which is sufficiently fast to
ensure undrained expansion and not too fast foaiaetl expansion. The strain control unit
(SCU) will do this automatically for the SBPM, ddPD tests must be done manually.

Shortly after the cavity begins to expand an unfi@holad loop is taken. The starting strain of
the loop depends on the expansion being underay @bints around the membrane, and
the pressure drop used depends on the currentisgmbfihear stress. This is not known
exactly at this stage in a test, but it is possible®orm a rough estimate. In general a pressure
drop of about twice the estimate of the shear gtremelying on the fact that the material will
respond elastically for more than this amount, gile the maximum possible loop. If the
unloading continues too far, the material will etp fail inwards.
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Before initiating the unloading for a loop, the gs8@are in the membrane is held constant to
allow time dependent deformations to slow to areptable level. Too long a pause will
merely encourage drainage, so the pause is inteandadimise rate effects caused by the
rapid rate at which the loading is conducted, anasually no more than one minute. If the
intention is to measure the creep, then the preshould be held constant for at least three
minutes.

A second loop is taken between 2%-3% cavity stiadditional loops may be taken if
thought to be necessary, as they are in sand.

The test ends when 10% expansion of the test chagybeen achieved at one or more
measuring points. With the probe in Weak Rock agpmition the expansion can be safely
taken a little further. The HPD can take the exmana lot further.

This is one advantage of the HPD — tests in samdusalially be taken past the peak friction
angle.

The complete unloading curve is then monitoredrd&peload loops may be taken on the
unloading, particularly if there has been a lotiaep.

C.3 Logging Rate

A line of data representing the output of all tdunsers was logged every 5 seconds for the
SBPM (every 6 seconds for the 6 arm version) amayelO seconds for the HPD.

C.4 A Typical Test Curve

From zero pressure to about 350kPa: this is tHg part of the test where good definition of
the loading curve is important for assessing tlesgure at which the membrane first shows
significant movement.

From 350kPa to about 600kPa: this is the elasticgsdhe initial loading curve, the slope of
which gives a value for Gthe initial shear modulus. The yield stress desitite onset of

plasticity and hence irrecoverable deformation® &$timate of the insitu lateral stress has
been marked, which in this example does not coeeiith the first movement of the
membrane.

Following yield, at about 1% strain an unload/relée@op is taken.. The slope of the line
which bisects the cycle provides an estimate okttear modulus.

After the first unload reload loop, the strain e between data points becomes regular,
denoting that the expansion is now being contradliea constant rate of strain.
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FigureC.1 A typical SBPM test

A second unload/reload loop is taken at about Z86%4n. Note that the pause before
unloading commences is not a true pressure hadsakity continues to expand a little and
hence the pressure in the membrane falls slightly.

In this example a third unload/reload loop is taketween 5% and 6% strain. Note that the
expansion of the cavity which takes place durirggghuse increases as the plastic zone
around the probe enlarges. This is one reason edpslshould be taken early in the loading.

In this example the end of loading occurs at alds0kPa and 8% expansion. The example
is showing the average of all arms, and one or rabtlee arms was beyond 10% expansion.

The initial part of the unloading is elastic, ahd aapproximate extent of the elastic phase is
indicated. Thereafter the curve indicates revelastip failure.

The test terminates once the pressure in the memlsaear zero.

Note that this is quite a low pressure SBPM temt -HPD test may look very different.
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FigureC.2 A typical HPD test

The loading curve of the HPD test tends to takéShshaped form. At the start of the test the
membrane is lying on the body of the HPD. Theretlaea several distinct parts to the test:

Pressure is applied, the membrane lifts off theylmddhe HPD and expands out to touch the
sides of the borehole. Hence there are large displants for very little pressure.

Further increments of pressure define the firstewf the 'S' shape; this curve is the
instrument taking up the contour of the pocket #redcuttings left behind by the coring being
squeezed out.

Following this is a linear part of the loading cervhe pressure being applied is remoulding
the material adjacent to the HPD that has beeeddiy the coring process, but is not yet
sufficient to extend the zone of failure into freshterial. In this part of the test the pressure
is increasing but is having little effect on theast.

Once the pressure is sufficient to extend the odifi@led material the upper curve of the 'S’
starts to be defined, eventually reaching an alivosér condition once more where strain is
increasing rapidly for very little increase in Bese.

At this stage the cavity can be unloaded and theflbading curve be drawn. The first part
of this will be nearly linear, curving away as fressure and hence the strain reduce to zero.

There are several ways of using the data contamgue pressure/strain curve but the most
common is to use it to derive fundamental parametbout the strength of the material being
tested. Therefore the precise manner in whichesieis carried out should be chosen to make
it easier to assess these parameters.
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The slope of the initial linear part can give awefor the initial shear modulus Gut
because this part of the curve is sensitive taisieirbance produced by the coring the
derived value is of little significance in itself.

A better estimate of G can be made by taking uritebmhd loops at intervals along the
loading path. To do this a little of the pressinat thas been applied is released and then
reapplied in a controlled manner, taking readingf® changing strain. This produces a
characteristic loop. The slope of the best fitigtvbline through the long axis of the loop can
be used to derive G

The value of G produced in this way is relativelgansitive to the initial drilling disturbance.
The shear modulus is probably the single most upafameter that the HPD test can
produce, and it is used extensively in design d¢alimns. Because of this significance it is
usual to take at least two loops at suitable pantthe test curve (even if the engineer
supervising the test specifies only one). Suitgblats would be on the linear part of the
curve and as soon as there are indications oféailloops can also be taken on the unloading
curve.

The ratio of Gto G allows some assessment to be made about the extiet disturbance
created by the coring of the pocket.

Deductions about the undrained shear strengthax@unade from the part of the curve
following yield until the end of loading.

From the linear part of the curve, can be dedulkedrisitu lateral stresp,. There are several
methods. We use a modified version of the Mars&mhndolph argument (see references,
Appendix D).
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APPENDIX D. THE ANALYSISPROCEDURE

Deriving parameters from pressuremeter testsin soil.

1. Introduction

There are two approaches to the interpretatiomegquremeter test data. The first, that
developed by Menard, uses empirical correlatioraltav measured co-ordinates of pressure
and displacement to be inserted directly into desguations. This approach depends on a
standardised test procedure and a large data lhgmkssuremeter tests correlated with
observations of the response of finished structures

The second approach, which will be described lyriedire and is the usual way of interpreting
the pressuremeter test in the UK, relies on sgltle boundary problem posed by the
pressuremeter test.

The aim of the pressuremeter test is to expanda@dyglindrical cavity within an undisturbed
mass of soil. Fundamental strength propertiesehithaterial can be deduced from
measurements made of cavity pressure and displateme

In practice no instrument can be placed into tloengd without affecting in some way the
surrounding soil. In the case of a self-bored presweeter test the disturbance is usually elastic
and can be allowed for in the analysis procedure.

1.1 Thepressuremeter test in soil - initially elastic response followed by failurein shear.
Consider that the soil is homogeneous, and shanglsielastic behaviour before failing in
shear. The stress path followed by an elementib&dmcent to the cavity is given in figure 1
and the corresponding pressure /strain curve wistadongside.

The radial stress, ideally at the insitu horizostass for a perfectly self bored installation,
increases at the same rate as the circumferetrggsdecreases, regardless of whether the
material is deforming under plane strain or planess conditions. The line O - O represents
stress equality, so that in the ideal case consideere the pointois the insitu lateral stress

Once the radial stress increases above the ins#tssshen the shear stress in the soll at the
cavity wall will increase. If the insitu lateraksss is low, then it is possible that the
circumferential stress would go into tension. Hoerewn this example the insitu stress is high
enough to ensure that the shear stress limit chezhbefore tensile stresses can be generated.

The pressure necessary to initiate shear failuden®ted Pin figure 1. After this pressure the
strain rate shows a substantial increase, andthedf this part of the pressure/strain curve
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A
g STRESS PATH P PRESSURE vs CAVITY STRAIN

2G=AP/Ae

P=f(C,.0,0.0,)

-~ - Limit of elastic unloading:

FIGURE 1 - Elastic Response followed by failurein shear

will be a function of the shear strength of the enal. Radial stress and circumferential stress
now increase together. If the shear stress lintbrsstant, and is not influenced by pressure, and
if the material deforms at constant volume, thenfttilure shear strength can be determined by
the analytical solution developed by Gibson & Arsder.

Before the shear stress limit is reached the presseter response is elastic, both in loading and
unloading. Assuming that the soil deformed at astanmt modulus and the installation was
perfect then the slope of the initial loading pathuld give the shear modulus of the material,
using the classic procedure of Bishop, Hill & Mdtthat is not shown on the diagram is that
small cycles of unloading and reloading taken argnehn a test after reaching the shear stress
limit can be used to give plausible and repeatablenates of the shear modulus (Hughes
1982).

As figure 1 implies, the complete unloading of gnessuremeter can also be analysed to give
strength and stiffness parameters which are corblgavath those obtained from the loading
path.

1.2  Defining strain

For a pressuremeter which measures the radiug @qgbanding cavity the conversion from
displacement to strain is [RgJRRo, where R is the current radius of the cavity apdsRhe

original radius of the cavity the insitu state. This is simple strain and when displacements are
measured at the borehole wall is termed cavityrstea

Ro can be approximated by the at rest radius of thieument. The preferred approach is to

identify when the applied pressure has reacheththiel lateral stress, and interpolate from this
the corresponding radius which then becomgs R

Note that although the pressuremeter measureadhesrof the cavity walk. is actually
circumferential strain. It is usually expresse@gercentage.

Figure 2 shows how pressures and strains in thenehpg borehole are defined.
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Expanded P A~

N y = small radial displacement
N r =any radius
\ f. =radius of cavity
\ r, =initial radius of cavity
\ P. = pressure applied to cavity wall
€. | P, = cavity reference pressure
| ¢, = circumferential strain at cavity wall
/ = [rc_ro]/ro

/ Constant area ratio AA/A

/ = change of area/current area
Initial -~ N _ N N = (1) - Al (14
Cavity S~ Y = 1-1/(1+s.)

FIGURE 2. Pressures and strains around the expanding cavity

The other strain which is commonly used is the tamtsarea ratio, which is shear strain. As
figure 2 indicates it can be expressed in termsrple strain.

1.3 Average displacements ver susthe output of the separ ate axes
Although there are a number of displacement sensdhe probe recommended practice is to
quote parameters from the average displacemeng ctlihis is for two reasons:

1. The reference for the measured displacements isdithg of the instrument itself - trying to
separate the individual axes means assuming tadatty of the instrument remains fixed at
all times, which is not realistic.

2. All available analyses assume isotropic propertigbe surrounding soil, and only the
average pressure/strain curve represents thistcamdi

These remarks assume that the instrument is inviudking order throughout the test - failure of
a displacement follower means that alternativaesgias must be adopted.

The significance of the first point above has béemonstrated by an examination of cycles of
unloading taken from separate arms (Whittle 1998 lay work with the six arm version of the
SBP( Whittle et al 1995). The response of the s#parms yields clues to the initial stress state
in the surrounding soil mass, allowing an assessofehe degree of insertion disturbance.

14 The analysis program
We use (and supply to others) software for anafyaipressuremeter test. The program is called
INSITU, it has been in use for a number of years and ispraVen.
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To use the program the user must first read ixtefite of test data in engineering units. The
program needs to know the type of instrument basegl, and the user may choose to enter
additional background information about the test.

The next task is to identify for the program théuna of the individual data points. Broadly,
speaking the options are these:

e apoint can be part of the expansion curve

e or part of a reload loop

e or part of the contraction curve

» or none of the above. This might mean a ‘rogueagatint, but it is more likely to be true of
parts of the loading where the expansion was slqwied to taking an unload/reload cycle.
Data points recorded at this time are neither giatte expansion nor part of a cycle, and
should be identified as such.

There is a quick on-screen routine for markinggbmts. Once marked, they appear in different
colours and have different shapes (so that thendigin can be made clear on a black and white
printout). Most of the analyses use a limited $¢he available data - for example the Gibson &
Anderson analysis for undrained shear strength arslggooints on the expansion curve.

The program implements all the standard analyseslyria a graphical form. As figure 1

implies, there are significant changes of gradierie pressure/strain curve which denote
critical soil parameters. The user of the programrovided with on-screen tools to mark these
breakpoints or to obtain the slope of the loadimgye. The tools can be visualised as rulers, and
the chosen position of any ruler is stored by tlegam in the file of test data. The evidence for
any derived parameter is a screen dump of the pppte analysis which shows the position of
any rulers set by the user and quotes the parawoigtined.

Even when the user declines to make a choicegihasl practice to provide the screen dump as
evidence of why a choice is difficult.

The results for a test appear as a summary sheéetiobd parameters followed by a number of
plots showing the application of the various praced.

Sometimes analyses are required which are notdadlin the INSITU program. In such
instances commonly available spreadsheet softwaredd to implement the new analysis.
Inevitably in such circumstances there is someafdkuman error affecting the conversion of
data in engineering units to the form requireddoalysis. INSITU has comprehensive export
facilities and wherever possible is used as tha slatirce for the spreadsheet.

2. Analysesfor expansion

21  Overview

The pressuremeter test is a sequence of measwa@dioates of pressure and displacement of
the cavity wall (once suitable corrections havenb®ade to compensate for the response of the
elastic membrane).

In order to solve the boundary problem, an originthe expansion has to be determined. For
insertion methods which imply stresdief, the origin is taken to be the point where insitu
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conditions are restored to the cavity. This mehasdn estimate of the insitu lateral stress has
to be made, and the measured radius of the cauityggoint where the insitu lateral stress is
restored is used to convert subsequent displacsrteestrain.

For a self-bored pressuremeter test it is possibtecognise the insitu lateral stress by
inspection, the so-called lift-off method. In adlalit it is possible to recognise by inspection the
shear stress limit (the point markedrPfigure 1) as this is signified by the onsetaharkedly
non-linear response. An iterative procedure fisgigested by Marsland & Randolph (1977)
allows the insitu lateral stress to be inferred.

Once the origin is known, the expansion phaseefteht can be used to determine the material
shear strength. For an undrained expansion thsiclpgocedure is that developed by Gibson &
Anderson (1961) where the slope of the pressur@rsturve plotted on semilog axes gives the
shear strength directly and an estimate of thenali limit pressure. In most circumstances the
assumption of failure at a constant shear streisgéasonable, but the complete shear
stress:shear strain response of a material defgromder undrained conditions can be described
by employing the analysis due to Palmer (1972).

For materials where the expansion is drained, aotliere are volumetric as well as shear
strains to take into account, the analysis dueughds et al (1977) is used to derive the peak
angle of internal friction and dilation. Manassét889) is a more complex analysis that offers a
complete description of the shear strain versusnaetric strain response of a material
deforming under drained conditions.

Estimates of shear modulus are obtained either fh@nslope of the pressure/strain curve at
places where elastic response can be assumedetargbly) from the slope of the chord which
bisects small rebound cycles. The values for simeglulus obtained in this second manner are
repeatable and seem to be largely independentyadiaturbance caused to the material by the
placing of the pressuremeter. It is important, haveto correlate the measured stiffness with
the strain range covered by the rebound cycle.

2.2 Estimating the insitu horizontal stress
There are a number of strategies available fovohgrian origin. Two are considered here:-

e LIFT OFF (Soft ground self boring pressuremeter only)
« MARSLAND & RANDOLPH 1977 (Modified Hawkins et al 1990)

Both methods are outlined by Mair & Wood (1987) t&that these methods amount to
obtaining a value for the cavity reference presdeydt is impossible to measure the insitu
lateral stressp, because the act of placing instrumentation msstirén some disturbance, no
matter how small. The methods above are indirebtators for determiningy,. It is open to
question whether the reference stress is equiveddhe insitu lateral stress, and it is usual to
bring a range of evidence to bear in order to deiid particular value forHs also a plausible
value foray, . External evidence might take the form of usimg derived reference stress
within a Kg calculation, or checking that the derived verfivatizontal anisotropy can be
supported by the material shear strength i.e.

Oho- Ovwo< 2G, . L1
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The software is so arranged that the analyst makeran explicit choice af,,, the result being
the 'best estimate’ which is quoted on the resulismary sheet. Having decided on the best
estimate the displacement offset interpolated ftloisistress is treated as the origin for the
expansion.

2.2.1 Lift-off:

This method is applicable only to the Cambridgd Beted Pressuremeter. In principle it is a
straightforward analysis; the instrument is assutodik bored into the ground with
insignificant disturbance to the surrounding maieds a consequence of this assumption the
insitu conditions around the instrument remain @amgjed by the insertion process; hence the
pressure at which the membrane is first observedaee and the cavity to expand isdnd the
corresponding cavity diameter will be the samehasat rest diameter of the instrument.

Because the initial part of a SBP test is very #tié choice is made from an enlarged view of
the first 0.2mm (0.5% strain) of the expansionfiDifities arise because the instrument has a
finite stiffness and hence there is sometimesunstnt compliance to be separated from the
expansion of the cavity. In addition the instrumisriteing externally pressurised by the lateral
stress when the test is started. This externaltierads to deflect the arms of the instrument and
reveals any imperfections in the seating of thesarffhe imperfections, in effect small apparent
movements, are revealed when the pressure diffak@ctoss the membrane is equalised, i.e.
exactly at the point where the likely cavity refeze pressure is reached.

—r o1 1.1t 1| 11T 1t 1 1 1t 1 1 [ 1 1T T 1 T T T T T [ T T T 1T
oo - Lift-Off: Total PressuresStrain Arn Ave

Liftoff 366 kPa

FPressure (kPa)

i Test BIT2
— o Date 29 Oct 96 —
5 Depth 6.5 n

S I T ST WU + NN SN NN SO TN SN S TAN SO SN NN SO MO Y S ST T ST W - IY-- S WA B
H Radial Displacenent {(mnm)

FIGURE 3. AN EXAMPLE OF LIFT-OFF

In a simplistic approach these arm 'signaturedddoe considered as positive indications of the
reference pressure. However it is not possibleatehmovement without some accompanying
change in stress, which will add to or subtraaiftbe reference pressure.
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As a result of finite instrument stiffness and dmabvements from the displacement sensors
applying the lift-off analysis means that thersaesnetimes uncertainty attached to identifying a
plausible reference pressure.

Current practice for coping with this uncertairgyto relax the definition of 'lift-off' to mean
something more like 'significant movement'. Mail®ood (1987) show an illustration of 'lift-
off' (page 38, fig.28) where the observed radiaistchange from zero to lift-off point (at
265kPa) is 0.5%!. In their example the start ohgigant movement is indicated by an abrupt
change of slope.

If the strict definition of 'lift-off' could be apied then no assumptions concerning soil response
are required. Accepting that some movement takasegdrior to ‘lift-off’ implies that
assumptions be made about the mode of deformatiahe less rigorous application of 'lift-off'

it is important that the analyst identifies the etnsf plastic behaviour as a guide to deciding that
some conspicuous change of form in the loadingecat\a lesser stress is likely to ke ®ur

plots would still refer to such a break pointldisoff' but clearly it is something else, By
inspection perhaps.

The correct use of the Strain Control Unit cansisaithis process. Initially the unit is set to
input pressure into the probe at a rate that iddaao allow expansion at a constant rate of
strain. Hence this part of the expansion is bywe&ress controlled and the initial elastic
response from the soil is indicated by equally sgatata points along the displacement and
pressure axes. As the soil response becomesclastSCU is gradually able to initiate
constant strain rate expansion. There is a transiteriod where the pressure rate remains
regular but each increment of pressure has anasicrg effect on the displacement until
eventually the displacement rate becomes consihateafter the rate of pressure advance
steadily reduces as the plastic zone around tlesyremeter increases. This changeover phase
shows up clearly in a plot of total pressure vetsue, and can be helpful for identifying yield.

The six arm SBP allows a fuller appreciation of ithigal stress state around the instrument.
The early part of the test, when the circumferéstiss still exceeds the radial stress, is the
only part of the test where the behaviour of thEasate arms is more informative than the
averaged output. The six arms allow average, pasindividual arms to be inspected, and it is
clear that in over-consolidated material the obsgmariations in behaviour of the separate
arms invalidate the assumption of minimal distudgarit is invariably the case that when one
arm shows a very high lift-off stress, its oppogiéetner shows a very low level. This indicates
insertion disturbance, due either to the drillimggess itself or to imperfect vertical alignment
of the probe. Axes which read similar on both sigesaccorded greater significance in the
analysis than axes which read very different. fEdher information see Whittle et al (1995).

2.2.2 Mardand & Randolph (1977) Analysis
Marsland & Randolph analysis relies on being ableléntify the onset of plastic behaviour, the
yield stress P The argument is as follows:

» that in the vicinity of the insitu lateral streb®tsoil behaves elastically and therefore the
pressure/strain plot will be linear

« that this elastic behaviour will cease when theraiméd shear strength of the soil is reached
in the wall of the cavity, and hence the pressstraih plot will begin to curve
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(see Figure 1).
This can be expressed as: ¢ =FP, + C, . 12]

From this it follows that Pcan be deduced by a process of iteration. Ihiteajuess is made of
a value for B, using this guess to define a temporary straigiom total pressure:log volumetric
strain plot is then generated in order to derivalae for G. The sum of these two parameters
is compared with the selected value pfThe choice of Pis then suitably adjusted and the
process repeated until a match is found. It isagttforward matter to carry out this procedure
on the computer.

The modified method in current use is a responsieaadaifficulty that the Gibson & Anderson
model is too simple for use in most materials alettdymay occur at a shear stress that is
different from the large strain shear strength. Kaw/ et al (1990) suggested that the most
appropriate choice was that value of shear stretaiping at the apparent onset of plasticity, so
that equation [2] above now becomes:

R=PF+Y; 3]
Y:can be obtained from a total pressure:log volumstrain plot by selecting the slope at the
pressure and strain corresponding to the choi€g @h practice, using the Palmer (1972)

argument to identify the mobilised shear stredaiktre).

The analysis is implemented graphically, using aiper of rulers to identify significant points
on the curve. See Fig. 4 for an example.

[
B—Dh Marsland and Randolph PressuresStrain Arn Ave —

Gi 105 MPa
Pf 470 kPa
r . Fo 384 kPa . o T

- : Tf 85 kPa -

Pf FPo+Tf

FPressure (kPa)

L i F/Log{e) E
%

Iy Test B1T2
| by Date 29 Oct 26 L
i Depth 6.5 n -+

o, ! D, ! 1 ! | 1 1 ! I 0.2, I ]
] Radial displacenent {(mnm)

FIGURE 4. AN EXAMPLE OF THE MARSLAND & RANDOLPH
ANALYSIS
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There are a number of problems.

» There can a choice of slopes far,@iving two possibilities for £ In practice the first slope
encountered is usually too stiff to make a credibleice for Gand is probably an indication
of insertion disturbance.

» The assumption of simple elastic response - intig@most soils exhibit marked non-linear
elastic characteristics, so that the pressure ethwthe material appears to go fully plastic is
more than one increment of shear strength abgvehs point is developed later.

« The original analysis was developed as an aidgonterpretation of pre-bored pressuremeter
tests where the process of forming the pocket t®guthe complete unloading of the cavity
prior to the test commencing. It is certain therefihat the soil has seen stress relief. It is
arguable whether in these circumstances that #ie goint remains unchanged, as more
than elastic unloading has taken place. Howevefaitme of such tests does tend to give an
unambiguous choice for the onset of plasticity.

* In a self bored pressuremeter test the situationtso clear cut. The very factors that make
the test desirable also results in more realigtftalviour being seen in the form of the early
part of the test, with non-linear elasticity bemfeature. Hence a choice gfi®by no means
easy. In general the better the test the hardér awboice becomes. However it is probable
that in a good test the lift off pressure wouldabaredible choice so that in the wider context
it is not a serious problem.

A disturbed SBP test does not necessarily impgsstrelief. Typically disturbance arises out of
damage to the shoe cutting edge; if the shoe agad then stress relief will result. However if
the shoe is damaged in such a way that it cutsraizéethen stress increase will take place and
plasticity will be masked by a rise in the poreavgiressures around the instrument. In this
event the analysis can contribute nothing.

2.3  Undrained shear strength (C)

There are two analyses for deriving estimates dfained shear strength :

* Gibson & Anderson (1961)

e Palmer (1972)

Usually only parameters derived from the Gibson @dArson analysis are quoted, although
plots of the Palmer analysis may be supplied.

2.3.1 Gibson & Anderson (1961) - Prior to yield, the assumption of linear elasthaviour
means that pressures and strains measured atréfelswall are related by

P -0nho= (AY)G 4]
where P is the total pressure applied to the cawatly. For pressuremeters which measure
changes in volume such as the Ménard probe forhwthie Gibson & Anderson solution was
developed, shear strajns the change in volume divided by therent volume, usually
expressedV/V. For pressuremeters which measure the raditiseoavity wally is the
change in area divided by therrent area AA/A. Because plane strain expansion is assumed
both expressions are identical.
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SIMPLE ELASTIC/PERFECTLY PLASTIC MODEL

Shear Stress

/ Stress to failure = Cu

Shear Strain

FIGURE 5.

For pressures which exceed the yield stress asdhethe simple elastic/perfectly plastic
solution is usually expressed in terms similati® following:
P -Oho= Cu{1+Ln[(G/Cy)(AV/V)]} ....[5]

Strictly, equation [5] is a simplified version d¢fe Gibson & Anderson solution developed by
Windle & Wroth (1977). The ratio G[(Js the inverse of the elastic shear strain reqtioe
reach the fully plastic condition, and is oftenlaeged with the termgrlmeaning index of
rigidity.

Equation [5] can also be written:
P -0ho= Cy[1-Ln(1/Ir)+Ln(AV/V)] ....[6]

From this it is clear that the change from simpéesigc to perfectly plastic response occurs at a
shear strain 1#lat which point the log terms in equation [6] cdraoed P -on0 equals the
undrained shear strengtly.C

The limiting pressure Ry at which indefinite expansion of the borehole @sads given by
Plimit - Oho= Cy[1+LN(G/Cy)] 7]

Equations [5] and [7] can be combined to give #suiit
P=PRimit + CuLn[AV/V] [8]

This is a particularly convenient form of the sauatwith the undrained shear strength and limit
pressure being the gradient and intercept resdginf a plot of total pressure against the
natural log of the shear strain at the cavity wall.

The analysis assumes a constant shear strengtie stope chosen should be that which best
fits this assumption. There is no theoretical ficsttion for selecting a slope at a specific strai
and claiming this to be CIf the plot indicates that the gradient of th&sgic phase is not more
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FIGURE 6 The Gibson & Anderson Analysis

or less constant then the assumptions underpirthengnalysis have been violated, and other
strategies must be adopted.

Equation [7] shows that if\R Py, and ¢ are known then the rigidity index &nd the shear
modulus at yield strain g can be determined without going outside the arsafgs additional
data. This has been done for the example plott€tgure 6. The rigidity index and the modulus
value derived in this fashion are plausible, sutiggshat the origin for strain is not far from the
truth. However caution should be applied beforagishese parameters as they stand. The slope
of the semi-log plot is relatively insensitive teetchoice of initial conditions so the value for
shear strength is always better conditioned thharqgiarameters. The analysis is also sensitive
to the assumptions concerning the mode of defoomafi non-linear elastic response will
increase the elastic contribution of the matemal will affect the value forgland Gieiq

accordingly.

2.3.2 Palmer

The Palmer analysis (1972) is an example of mdognmation being obtained from the
pressuremeter test if fewer assumptions are mdaeaialysis shows that the pressure:strain
graph is the integrated shear stress:shear strare.cTaking the slope of the pressure:strain
graph at any point gives the mobilised shear stigsstly, and allows the complete shear
stress:strain curve to be plotted. In terms oftgastrain the shear stre¥ss:

Y = VE(1+ec)(2+€c)dP/ck. 9]
More conveniently, perhaps, equation [9] can aksavhtten in terms of volumetric strain as:

Y = dP/d[INQA/A)] ..[10]
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This implies that the gradient at any strain ofsbeilog plot used for the Gibson & Anderson
analysis gives the mobilised shear stress direEtig.example in Fig. 7 is the same test as
Fig.6:

:_ I : I I Shealr 5t nlassfﬂalu ity ISt ra inI Arm rlu'lue I I I _:
A E
5 T, CesasEEEE T T T R T R N
0 k- Z f' T i
§ [ 3 :
= - F -
E :_ § Cu 283 kPa _:

_D 1 -E' I I I I I 1 1 1 1 10 1 |:

Cavity Strain )
FIGURE 7. AN EXAMPLE OF THE PALMER (1972) ANALYSIS

The analysis is awkward to implement on the compteause the differentiation process
highlights any irregularities in the data. Thiegpecially irritating because the stress strain
response must be a smooth curve. Possible stratieg@ve curve fitting the measured data
prior to applying the solution, but this may be igtake. Minor changes of gradient on the
loading path are usually not random, but a resptmseme event such as the taking of an
unload/reload cycle.

If the material does indeed deform in the mannguired by Gibson & Anderson then the two
analyses give identical answers. Included on tbeipla horizontal ruler marking the value of
shear strength obtained from applying the prev@ilison & Anderson analysis. If there are
clear indications of peak and residual shear sthetingn additional horizontal rulers are
available to mark these values. However the trligevaf the plot is that it is a ‘map’ of the shear
stress, and it is the form of the complete curveclvis of interest.

The analysis is very sensitive to insertion distmde - in particular insufficient allowance for
stress relief will give an apparent peak in thessifstrain response.

24  Shear stressof sands

There are two significant analyses available f@cdbing the shear stress/shear strain
behaviour of sand:

* Hugheset al (1977)

e Manassero (1989)

241 Hugheset al (1977)

In addition to the usual conditions governing tkpansion of a cylindrical cavity in plane strain
this analysis assumes the following:

* A simple elastic/perfectly plastic model

« The expansion is fully drained, i.e. no pore watesssures are allowed to develop

« Following yield the sand deforms at a constantewnginternal friction

« Volumetric and shear strains are connected by Rodittancy law (1962)
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Rowe’s dilatancy law can be expressed as:
[1+sin@/1-sin@] =[1 + sin@¢/1 - sin@¢][ 1 + sinW/1 - sinW] wen[11]

where ¢ is the peak angle of internal friction
@.v is the critical state angle of friction
W is the angle of dilation.

At failure the effective pressureig :

P =0ho(l + sing) . [12]
following failure:

In [p] = An[(ec/(1+ec) + ¢/2)] + A ...[13]
where Ais a constant

Sis [(1 + sinW) sing@]/(1 + sing)
c is a small elastic strain that has been shdluaglies et al, appendix) to be
negligible.

Equation [13] indicates thatis approximately the gradient of effective presspiotted against
cavity strain on log scales. Once obtained, boatlgsand sin can be derived:

sing =9[1 + (S-1) sin@.] ....[14]
sinW =S+ (S-1) sin@,y ...[15]

The factor c¢/2 is usually ignored - it has beennshto introduce an error of about 0.03% in the
strain scale for a typical dense sand, a negligibleunt.

Withers et al (1989) shows that the same arguneawlsito a complete expression for the
loading path, as follows:

P = [20'h0 /(1+N)][(G/0 ho) (1+N)[(1+N)/(1-N)] e + (1-n)/2f ™+ ...[16]

where nis (1- siv)/(1 + sinW¥)
N is (1- sin@)/(1 + sin@) and is the ratio of the minor to major principéflective
stresses at failure.

Note that the power term [1-N]/[1+n] is the gradiehthe log-log plot.

An example of the Hughes analysis is shown in &idNote that both the ambient pore water
pressure gland@., are required to implement the analysis. Becausexpansion is drained
the membrane normally collapses at the head ofrwatssure, and an estimate gtan often
be made from this behaviow'¢, must either be given or estimated.
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Deciding on the strain origin for a test in sand fgroblem. It is rarely the case that membrane
lift-off gives a plausible value fas,, SO a value has to be inferred. Despite the thieatet
inappropriateness , the modified Marsland & Randaipethod is often used to give an

T T T T T T T T T T T
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Gradient 0.54
sy 35 ° /

%’ a7 ©

Dilation 16 *® /
.}/
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L
TR T T R N N R T T S T N AT R T RO ST N R E BRI

Ci—13 1 1 | 1 1 1 1 1 =2

1 1
Log (e} Cavity Strain

FIGURE 8. EXAMPLE of HUGHES et al (1977) SANDSANALYSIS

estimate. Because the material is only just plagtibe point where the failure shear stress is
derived, the error is likely to be small.

Hughes et al assume a single value for the pedk ahghternal friction throughout a typical

SBP test, but this is often not the case. We hawed that in dense sands the pressuremeter test
often expands sufficiently to indicate a plateathim shear stress, suggesting that the sand is
approaching critical state.

2.4.2 Manassero (1989)

This analysis is a numerical procedure that esalgnthakes the same assumptions as that of
Hughes et al (1977). The difference is that Rowldaancy relationship is employed as a flow
rule, so that the requirement for deformation single value of friction angle is not necessary.

The great advantage of this analysis is that itpraduce a comprehensive stress/strain curve
analogous to that of the Palmer (1972) analysisfioundrained expansion. The disadvantage is
that the numerical method is very sensitive to mfhatuations in the measured data.
Manassero suggests that the measured data bewitted polynomial function prior to
implementing the numerical calculations. Howeveol/nomial curve is wrong in concept and
better results can be obtained by employing a lpggierfunction.

The pressuremeter test provides data for the rpdeagksure and circumferential strain at the wall
of the cavity. The radial strasg at a point (i) corresponding to a measured datat [di

circumferential straigc and effective pressufeis as follows:
AppD.doc Print date: 12-05-11 Volume 3 Section 4
Page 14 of 31 in this section



Weak Rock Self-boring Pressuremeter and High ReeBslatometer Tests
Cambridge Insitu Ltd March 2011

PO =D + K £:.( -2 - Ki -2 &)
2 p(i)(1+ k) = (i — ]
N PIE. () - g (i -+ pi-Wgli— W 1KD) - 0] . [17]
2k? pi - 1)

&)=

1+sin
where k7 it/ and) |sl—gCV the constant volume stress ratio coefficient
-sin
C

Vv

Equation [16] is solved for each data point in tkmowing that the expansion starts from zero
strain.

Once the radial strain is known, volumetric strgjand shear straigy, can be obtained as
follows:

&= Er- £C ...[18]
& =Er+ Ec ...[19]

Further more the principal stresses are connegted b

sy UE [20]
' d
Oc Er
-3.0
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FIGURE 10. Shear Strain versusVolumetric Strain using the Manasser o analysis
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The following figures show shear strain plottediagiashear stress, stress ratio and angles of
friction and dilation:

300
[SHEAR STRESS versus SHEAR STRAIN|
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© ° . . *
o L4 °
x ®ge00%e0
(2] L] L]
[%] (]
2 150
] o ® °
8 ceeee®®®’ .
] ® 04
e ]
? 100 *
o’
..O
gt
-
50{ & B91T3
s 15.0 metres
5 July 1996
0
0 3 6 9 12 15

Shear Strain (%)

FIGURE 11. Shear stressversusshear strain using the Manassero analysis
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FIGURE 12. Shear strain versusstressratio using the Manassero analysis
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FIGURE 13 Shear strain versusanglesof friction & dilation, Manassero analysis

For both the Hughes and the Manassero, valuesifmat state friction angle and ambient pore
water pressure must be given before either anatgside implemented. If the expansion is
taken far enough, it appears to approachn a statenstant volume expansion. Using a
technique suggested by De Sousa Coutinho (1990¥imilar way to Manassero, it is possible

to adjust the value df ., until consistent parameters are achieved.

3. Shear Modulus
There are four parts of the pressuremeter curvaltamf providing information concerning
shear modulus:

« From the slope of the initial elastic loading phase

* From the slope of the chord bisecting small rebaryutes
» From the analysis for shear strength

* From the slope of the first part of the contractomve

Whatever method is used to determine shear modhleisjalue obtained is strain dependent.

3.1  Thelnitial Shear Modulus

Shear modulus derived from the slope of the ingat of the loading curve is quoted as part of
the Marsland & Randolph analysis (see figure 4a self-bored pressuremeter test this can give
a reasonable result for shear modulus, but oniedifto identify in terms of the appropriate
shear strain.

As figure 1 shows, the calculation for shear mos@uis:
G=dPf2 .. [21]
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Strictly, because the cavity stragnis simple strain it is only the initial modulus for whichish
calculation is true. Once the expansion is undemvaglified calculations should be used which
take account of the change in the reference camditi

3.2 Cyclesof dastic unloading and reloading

Graphical plots of the reload loops are the pretémethod of obtaining a value for shear
modulus. The plots provided show the position ofiessor which has been placed by eye to
bisect the loop. The slope of the cursor is theligra of the reload loop and the program uses
this slope to derive a value for shear modulusis Value is quoted in the top left hand corner

of the plot together with an indication of the stfe¢he loop expressed as the change of pressure
and strain, and the co-ordinate of the centre®tdbp. The equation used is:

G =[1%][dP/2ck .
In addition, the program carries out a regressralysis of the data points which are part of the
reload loop. If the loop is good, that is symmaetiriend without indications of scatter, then the
two values of modulus obtained will be the sameweler the regression analysis is sensitive
to erroneous data points, which the visual techecpan ignore. The value obtained by
regression is quoted in the bottom right hand aoohéhe plot.
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FIGURE 14. EXPANDED VIEW OF AN UNLOAD/RELOAD CYCLE

It is important that the effects of creep (for whedr cause) be minimised before starting the
cycle, and in Fig. 14 ‘deleted’ points before therrtsof the unloading show where the pressure
in the probe was held for a period of time.
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3.3  Non-linear stiffness/strain response

In recent times it has become widely acknowledgeadtl the stiffness/strain relationship is not
linear. The unload/reload cycle can be made to gigemprehensive description of this non-
linear relationship by looking at smaller stepgp#ssure/strain other than the points at the
extreme ends of the cycle.

For reasons which are explained in Whittle et 8b¢)) it is preferable to examine one half of
the rebound cycle only, that which follows the msat of stress in a loop. The lowest recorded
value of stress and strain then becomes the dogisubsequent data points until the original
loading path is rejoined.

_FIGURE 15
_____________ Q> A O
00 Fo it \
\_ . VAR Measure
Loading Fo d
Curve / b
O
PRESSURE
Conventional choice of
slope for defining modulus
A/
New origin
.......... f.or...nressu.r.....E O~ New origin TYPICAL
for strair UNL OAD/REL OAD
» STRAIN LOOP

In Fig. 15, once a new origin is defined then ewd&ta point on the reloading part of the loop
(A, B, C etc.) can be used to give a value for sheadulus. This value can then be plotted
against the associated strain increment as meaoredhe new strain origin.

In Fig. 16 the reloading data from three unloadasdlcycles are plotted using the technique
described above.

The procedure for deciding the origin is not ideaven better results for very small strains
could be obtained if the origin were decided byewion. The procedure suggested here is
readily implemented on a spreadsheet, howeverpaahs that any person handling the data
will obtain identical results.

It follows that it is not necessary to take loopsmall strain amplitude in order to obtain small
strain stiffness parameters. Indeed it is bettenase the cycles as large as possible in order to
obtain parameters for as wide a strain range asitpges
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It is often stated as a caution that unload/reloags should have a pressure amplitude no
greater than twice the mobilised shear stress (Fsipows why). Strictly speaking this is true, if
one wants to use the whole loop to derive a simgldulus parameter as in Fig. 14.

However the response is still elastic immediateliofving the turnover point in the loop, so

T | T [ T I T T T T
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Ehear HModulus (MPal»

-
— v i —

-

Test B21T1
— Date 4 Jul 96 —
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) 1 | 1 | 1 | 1 | 1 0.5 1
Etrain X (LnIR/Rol x 1007

FIGURE 16. RELOADING PATHSFROM A SINGLE TEST

the data is by no means useless if an incremeppabach is used. The real penalty for a loop
that exceeds the elastic range of the materiaperaanent and irrecoverable shift in the strain
origin; the loading curve following such a loomiat a continuation of the loading path prior to
the loop.

Provided the loops were taken at the same effestress then the data from all will plot the
same trend. Conversely, if the loops plot one allbgether then this indicates different
effective stress conditions which in a clay tesuldgrove that the expansion was not
undrained.

The reloading data can also be plotted on axesgdiP versus lod\V/V. Fig. 17 is an
example, using the same data as that in Fig. 16 gfddient of the best fit straight line to the
data points is used elsewhere as the non-linestietxponent. As is evident from the
correlation coefficients quoted in Fig. 17 the espondence to a straight line is excellent.
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FIGURE 17. Thenon linear elastic response

The linear relationship between pressure and stesan on log scales expands to a power law

with the general form = 0(yB wheret is the change in shear stregss the corresponding shear
strain andx andp are the intercept and gradient of the log logti@tehip.

One advantage of expressing modulus in this maerikat it gives a means of quoting secant
and tangential shear modulus directly from anytiglahear strain. Given that at the borehole
wall

P =1/ and pressuremeter modulus S Pk (equation 21) then the variation of reload modulus
with strain is given by

G=apy? ...[23]
The secant shear modulus,i$given by

G=ay’? ... [24]
Tangential shear modulus; Gan also be quoted directly from the power law:

G=apy"? ...[25]
Note:
When comparing triaxial results with pressuremeter results, invariant shear strain yrisgiven
by: Yr =Yc V3 ....[26]

For the purpose of finding the single value of sé¢shear stiffness governing the pressuremeter
response seen in the measured loading cunygj<3equired. This is the secant modulus at the
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maximum elastic shear strain, sometimes termgd @ Gieio. It is probably too conservative a
value for design purposes.

There is an alternative way of deriving &d G from pressuremeter unload/reload cycles, what
might be described as the transformed strain apprdéthe data points of an unload/reload
cycle are used to derivepaessuremeter modulus G (in effectAp/Ayc) curve then Jardine
(1991) gives two empirically derived expressions@and G. The expressions are

VolYs = 1.2 + 0.8 logy(y/10°) for converting Gto Gs ....[27]
and

VolVs = 4.5 + 2.65 logy(ys/10°) for converting Gto G ....[28]

The effect of applying equations [27] and [28]ag¢-calculate the strain at which a given value
of pressuremeter modulus applies.

1000
Shear modulus versus shear strain
A worked example from a real unload/reload cycle
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Figure 18 Alternative ways of plotting stiffness strain curves

Fig. 18 shows all these possible ways of quotinguhes applied to a single unload/reload
cycle from a pressuremeter test in clay. Ther@@®ggreement between the empirically
derived Jardine transformations and the rigorouvakéves from the power law expression.

34  Stressleve

For modulus parameters derived from undrained esipariests the mean effective stress
remains unchanged throughout the expansion arstiffiless:strain data will plot the same
trend. Conversely, failure to plot the same trengdlies changes in the mean effective stress.
This is true of tests affected by consolidatiort, ibualso true of a heavily disturbed loading
where the effects of the pressuremeter installatiethod have yet to be overcome. For such
data it is reasonable to take modulus parametens &s late in the loading as possible. Division
of the modulus values by a normalising stress sgdie effective insitu lateral stress or yield
stress gives a dimensionless parameter for modeilimposes.
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3.5 Crossholeanisotropy

The pressuremeter test gives values fgs,@e shearing stiffness in the horizontal plart@sT
is directly applicable to the analysis of radiahsolidation or cylindrical cavity expansion due
to pile insertion. Gy is applicable all shearing which has an elemeieddrmation in the
vertical plane, such as under a footing or rouneaally loaded pile.

To convert from @y to Gy some relationship between the two must be assueath et al
(1979) suggest that anisotropy arises from two&sius

Structural anisotropy due to the deposition of eailwell defined planes

Stress induced anisotropy, due to the difference®mimal stress acting in different directions.

The second cause implies the stiffness in any treevill be a function of the effective insitu
stress in that direction, ie a function of.K

It can be shown G = B/[2(1+vpR)] .[29]
For undrained expansion Vun = 1-n/2 ....[30]
and n=kE =Ko [31]
From this it follows B =(4-n)Gy ....[32]
and E = (4-n)Gy/n ....[33]

This is as far as argument from first principles ga, because of the additional contribution of
the manner in which the material is deposited. iKlikely to lie between 0.5 and 2, so from
equation [32] R/Guy lies between 2 and 3.5. From equation [33|dg4 lies between 1 and
1.75.

It is likely that G,y will be linked to & by Poisson’s ratio in a relationship of the form o
equation [29]. Plausible values of/Byy would seem to be 2.4 to 3. Hence in a materidl wit
Ko of 2, Gy could be as low asgg/3. Simpson et al (1996) come to the same conclubiat
find in practice heavily over-consolidated Londdayagives relationships of the order of3]
0.65Gyy. The influence of the strain range is not sepbratnsidered in these studies, and it is
quite possible that the g values would be similar in all planes.

Lee & Rowe (1989) give details of the anisotropgreleteristics of many clays varying from
lightly overconsolidated to heavily overconsolidht&he general conclusion is/Eyy lies
between 4 and 5, rather more than the isotropatiogiship of 3. However their paper was
concerned with the impact of anisotropic stiffnpegperties on surface settlement. Deriving
Gvn from Ey is therefore unsatisfactory, because althoughi§&insensitive to the direction of
loading, E is not.

In material with a I§ of 1 it is likely that Gy will be the same as\{g. For values of K smaller
than 1 then the vertical shear modulug; Gay even be greater than the horizontal value.

3.6 Recommendations for manipulating pressuremeter unload/reload data

e Convert all the unload/reload cycle data to a pdeserexpression.

« Derive the parameters for the secant and tangentdllus expressions.

* Decide the shear strain of interest, and derivepropriate secant and tangential stiffness.
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 Determine k.
* Given Ko, derive g, By and Gy.

3.7  Shear modulusfrom other partsof the pressuremeter curve.

The initial part of the loading will give a valuerfsecant shear modulus, usually referred to as
Gi. Provided the insertion disturbance is low thil e a plausible value but affected by the
same considerations of stress level and strairerasgther parts of the curve.

The first part of the unloading can in principlegia similar parameter but by the time the
pressuremeter unloads the creep strains due tolaatson and rate effects will be large, so
there will be a tendency for the initial unloadiogoe too stiff. However provided some
allowance is made for this then reasonable estsvatthe shear modulus will be obtained.

Analyses such as Bolton & Whittle also imply a \eafar the secant shear modulus at yield — it
will be c/yye, called Ge in fig.6. Although this is not likely to be thedievay of deriving shear
modulus data it is important justification for ugithe analysis that it can predict this
independently measurable stiffness.

4. Creep
If, during the loading, the pressure is held camstde probe continues to expand. This
phenomenon is called creep.

The rate of creep decreases with time, and a pkbieccreep against the log of the time since
the start of the creep becomes a straight line afieut one minute. Thus the pressure need only
be held constant for 2 — 3 minutes to accuratetigrdene the creep rate.

The two plots that follow, show one such hold amelresulting plot of creep rate.
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Figure 20
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5. Analysesfor contraction

51 Overview

The contraction method assumes only that the piregexpansion has been taken far enough to
overcome the effects of installation disturbandee €nd of loading pressure and displacement
can then be treated as an origin for the subseqoattaction.

The simple elastic/perfectly plastic response wieaeldls to the Gibson & Anderson solution for
undrained expansion has been solved for the caiutndoy Jefferies (1988) and for the special
case where the end of the loading is at limit presby Houlsby and Withers (1988).

The procedure described here uses a combinatithre @ibson & Anderson solution, the
Jefferies solution and a new non-linear elastidysrganot yet published to provide parameters
for the pressuremeter contraction. The steps aseth

» Use the Jefferies solution to derive an estimatbé@indrained shear strength.

* Given this value, take the end of loading presaadisplacement and derive the limit
pressure for the material using a relationship sstggl by Gibson & Anderson.

* Plot the unload/reload loops from the expansion @iathe test on new axes of log changing
pressure vs log changing shear strain, and deniwexponent for the non-linear elastic
response.
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* Introduce this exponent and other results intolatiem for non-linear elastic/perfectly
plastic undrained expansion and contraction.

* Hence draw the pressure/strain curve for the cambepansion and contraction - this
requires an estimate of the insitu lateral strebsch at first is guessed and then refined until
the calculated contraction curve matches the medsantraction curve.

« Finally derive a value for the minimum shear modulthich can be compared directly for
gualitative purposes with the values obtained foyaies of elastic unloading and reloading.

The procedure seems complex but in reality isghtitéorward and will be described in detail

because so much is novel. The essence of the pneciesdthe dependence on the coupled nature

of soil strength and stiffness parameters obtair@d undisturbed parts of the test to
reconstruct those parts of the test curve whetertiance is a factor. For a very badly disturbed
pressuremeter test in soil, as will be shown, ¢ais mean ignoring all but the last point of the
expansion data.

52  Jefferies (1988) analysis

This analysis extends the Gibson & Anderson equoatio account for pressures and strains
recorded during pressuremeter contraction. Thegserpf the analysis was to obtain the set of
parameters that gave a calculated pressure:strare that matched the measured curve.
Aspects of this approach to the pressuremeteptebtem are contentious, but the equations
used are useful in their own right.

From figure 1 it is apparent that the first partloé contraction starts from the maximum
pressure and displacement recorded during theatedtis elastic until reverse plastic failure is
initiated after a shear stress change qf.Zkbe equation for this is similar to equation 3:

Prax- P=YG ....[34]
and ceases at a limiting elastic shear strain of
2G)/IG ....[35]
Shear straily is obtained from cavity strag by:
[(1+ecma)/(1+€c)] - [(1+€c)/ (1+ecmay)] ...[36]

The measured pressures and displacements oncea@lastic failure is initiated are related by:
P = Rnax - 2Gu[1+Ln(y)-Ln(2/1R)] ....[37]

In a similar manner as the Gibson & Anderson amglydotting pressure P against the log of

the current shear strain gives a curve whose uiémgeadient is -2¢

An example is given in Fig. 21.
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1000
900 |+ Unloading analysis for shear strength
° 0o, . using Jefferies (1988)
[e]
800 + %00,
o °°°o°
1 Cop,

- 10 o y = -251.66x - 321.94
[ 2%, 2 _
< 00 f Ty R?=0.9974
I
? 500 4 Undrained shear strength is half
[%)]
o the slope of the contraction curve
o —
= 400 + Cu = 126kPa
o
|_

300 +

200 + B91T1

11.1 metres
100 +
04/07/96
0 1 1 1 1 | 1
8 7 6 5 -4 3 2 1
Ln[dV/V]

FIGURE 21. Using the contraction curveto derive Cy

It is not usually possible to use the last few ghatimts of the contraction as this part of the test
is dominated by other considerations than the mgraf pressure inside the membrane of the
probe.

5.3  Non-linear eastic analysis (Bolton & Whittle 1996)
It has already been demonstrated that the nonrlglaatic response of soils can be fitted with a
power law of the form

1=y ....[38]

Around the pressuremeter, assume that the sagf@med under conditions of axial symmetry
and the expansion is undrained. The following retesthips apply (see figure 2 for an
explanation of the symbols used):

Axial straing;=0

Circumferential strairgg= -p/r .

The expansion is undrained so radial steaim-gg = p/r

Shear straily = €g+ & = 2p/r = dA/A

The equation of radial equilibrium applies throughthe expansion:

r

ddor'w(gr—ag):o ..[39]

where0y is radial stress andg is circumferential stress.

UsingT to represent shear stress at 45°, equation [2g)rbes:
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(99 L or - ....[40]
dr

Now using the constitutive relationship= ay® derived from inspection of unload/reload data
and writing the current area in terms of radius:

dUr +§( 5A)ﬁ :O

...[41
ddr \? [41]
Noting that (1/r)(1/)P = ri@*D:
B
dar+2a(%j r~(28+) = ....[42]
dr T

and integrating between the reference state, angrééssure and radius at the cavity wall:

JP O = ‘23(5—7/3 ' rjcr'(w elr ...[43]
Po 00
SO
P ~Po =2a(i;\jﬁ(r—12jﬁ(%j :%(5—:)/3 ...[44]

The right hand side of this result is the sheasstreobilised at the cavity wall and can be
written astc/p. Note that if3 = 1, the condition for linear elastic response,right hand side of
equation [44] reverts to the form of equation Bjda is the shear modulus G.

The end of the elastic phase is reached WlhienC, for theexpansion, hence
P-R=Cup ....[45]

Thereatfter, there is a plastic zone confined byithiing elastic radial stress of IB. The
factorf3 is the only new feature of this analysis, so eqQud6] becomes:
P - = Cy[(1/B)-Ln(1/Ir)+Ln(dA/A)] ....[46]

For the contraction, the end of the elastic phaseached whety = -2G,, hence

The effect of this is to change equation [37] to
Pmax- P = 2Q[(1/B) +Ln(y)-Ln(2/BIR)] ....[48]

If B =1, the condition for simple elastic responseiatigns [44] and [48] revert to the earlier
solutions of equations [6] and [37]. Fig. 22 shdles shear stress:shear strain curve for the non-
linear elastic/perfectly plastic material.
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Shear Stress t

Yy

v

Shear Strain y

Figure 22 Shear stress:shear strain curvefor
non-linear elastic/perfectly plastic material

54  Reconstructing the pressuremeter curve:

Equations [44], [46] and [48] are sufficient to dridwve theoretical pressure:strain curve, using
the following input parameters:

* Pmax, the maximum pressure reached during the test

*  &max, themaximum cavity strain reached during the test.

* a, the shear stress coefficient derived from theldggplot of reloading data.

* B, the non-linear elastic exponent derived fromltigelog plot of reloading data.

Step 1: Estimate the creep, and hence the amouwmliich the true maximum strain exceeds the
measured maximum strain.

Step 2: Determine the shear strength from the dmgaby the method of Jefferies, from the
plot of pressure versus the log of the contracsiogar strain.

Step 3: Adjust the zero offset to give the sameauskiength for the loading, by the method of
Gibson & Anderson, from the plot of pressure vetbgslog of the shear strain.

Step 4 Draw the pressure:strain curve:

For every displacement recorded during the tesutate the theoretical pressure that ought to
have been recorded from the deduced parametdtpations [44], [46] and [48] are used.
This can be done on a spreadsheet using condistataiments to decide in which of the four
possible states a data point lies - the choiceslastic loading, plastic loading, elastic
contraction, plastic contraction. Both the measunedi calculated curves should be drawn on
the same scales.

Step 5: Adjust the insitu stress to get the bestimaf both the loading and unloading curves.

Step 6: Repeat from step 1 again until the begt &thieved.
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An example of the final state for one test is gibetow:

800
SBP Test, measured and calculated curves oooooooeoog@ooooooooooeooooogl
000900000000000 g:'
700 T 40000°9°%% §
o
4
600 T §?
E Parameters g?
S 500 T Po = 150kPa £
g Cu = 135kPa bbé)
2 .
g 400 + Pl = 1005kPa .o'°°
a ' Ir=118 ©
< . ir = 660
5 300 T . G_ir = 16.0MPa o
= . Non lin. = 0.65 o
, o Measured data o
200 & . Offset =-0.50mm o°
Calculated data ©
. o° B5T2
ke
)
100 + 666 5.3 metres
6000"&0 08/02/96
0 | | | | | 0'06\6 | | | |
0 1 2 3 4 5 6 7 8 9 10 11 12
Cavity Strain (%)
FIGURE 23. Reconstructing an SBPM curve

It happened that the instrument was left in theigdofor some time after carrying out test
B5T2, and before removal the material was reloatlbd.result of this experiment is shown in
Fig. 24, with the same analysis technique is agpigce more.

[eTaVat
[ejv v
SBP Test, measured and calculated curves

700 + 1 000080080%°

0P
2002090
o0
I
oS

Parameters
. Po = 200kPa
Cu = 110kPa
Pl = 930kPa

g Ir =162

G_ir = 17.9MPa

f . Non lin. =0.65

o Measured data

- - - Calculated data| 200 1

Total Pressure kPa)

Offset = 2.26mm

E5T2

100 + 5.3 metres

0™ 27/02/96

-6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 7 8 9
Cavity Strain (%)

FIGURE 24. An SBPM test in remoulded material analysed for best fit

There are differences between the two results leugxient to which the original set of
parameters has been recovered is encouraging.
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It has now become possible to extend the conceqiree matching to sands, at least for all
except the final plastic unloading. The loading eunges the equations derived by Carter et al,
and the unloading modulus is found from the relloags, using the Janbu correlation between
modulus and mean effective stress.

An example follows :-

Carter et al 1986 - Total pressure vs Cavity strain

6000

Uo (kPa) : 230 o ® 04
Po (kPa) : 905 o ® (4
e ® o
C(kPa) :0 ® ) ®
5000 1 | Phicv (9:32 e @® ®
Phi pk (9 : 43 ... ®
Gyield (MPa) : 296 ® ] @ ®
Non-linearity : 0.73 ® @ ®
| | Janbu exponent : 0.12 ® @ @
4000 : - e® (J
—_ Poissons Ratio : 0.20 @
< ] @
< ® @
< ® [
2 «®* 0
2 @ @ Measured
2 3000 - @
o n * B Calculated
5 .’1
E o
(o]
P .‘
2000 on
%"
) [ ]
e® "
e® "
1000 °® @
® (] P124T13
e ® (] 42.50mBGL
e © May 05, 2010
0 T T T T
0.0 0.5 1.0 1.5 2.0 25

Cavity strain (%)

FIGURE 25 An SBPM test in Thanet Sand

Note that, although the match to the start of thleading is good, the model over-predicts the
depth of the elastic unloading.

A problemwith this procedure is that there are usually too many variables, and it is possible to
get similar matches with different sets of values. Data from other sources may be used to reduce
the number of unknowns.
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APPENDIX E THE HOLDING TEST & ITS ANALYSIS

1. The generation of excess pore pressures
The theory describing the generation of excess paagsures around an expanding pressuremeter
is based on the analysis procedure introduced bgdai & Anderson (see Appendix D).
The pore pressures at any distance from the pexsster can be defined in terms of G,a0d
the volumetric expansion as follows :-
U = G{Ln(G/Cy) + Ln@AVIV) - 2Ln(r/ry)}

where § = expanded radius of the pressuremeter
and r = the radius of measurement

At the pressuremeter, r ¥
so Y= G {Ln(G/C,) + Ln@AV/V)}
or YC, = Ln{(G/Cy).(AV/V)} : : : : : : 1
Expressing Win terms of Y :-
U= U, - 2G . Ln (/1) . . . ) : . 2

At the boundary of the failed zone, where r =the, excess pore water pressure is zero :-

0 = GLn{(G/Cy).(AVIV)} - 2Ln(R/K)]

hence R = v {(G/Cy).(AVIV)} . . : . . . 3

Equations 1 and 3 define the magnitude and exfeheexcess pore water pressures in terms of
the expression {(G/g.(AV/V)}

2 The decay of excess pore pressures

Once the expansion has stopped, the excess paepvassures begin to decay. (In practice this
may occur during the expansion, if the materiaguficiently permeable.)

The exact manner in which they decay depends omitired radial distribution, which depends

on the size of the failed zone. (see eqgn. 3)

For the case of a driven pil&Y/V = 1 and therefore
Ju = Ln(G/G)
and RIr = v(G/I4)
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The decay may be characterised in terms of yG&hd typical plots are shown in Fig. 1. The
time is expressed in units of ‘Gfft where C is the Coefficient of Consolidation. $leixpression
is referred to as the ‘Time factor’ and is dendtgd'. Its function will become apparent later.

o
ct/r2=0.02 0-2 2 20 200 2000

Ve } | } #

6

pE—

values of G/cy,

In{ct/r?)
Figure 1  Variation of excess pore pressure aé¢ pile face with time.

Fig. 2 gives a pictorial representation of theayefor one value of G/CMore use will be made
of this plot later.

al- UICu ey
I — ct/rid =0

3 2 — ct/rfZ = ©-368
3 — ct/r@ = 2.72
4 — ct/rZ = 20

Full consolidation occurs for ct/r7 ~ 150

r/ro

Figure 2 Variation of radial distribution of excess pore pressure with time after
driving, for soil with G/Cu = 50.

These two plots are copied from a paper by Rand&l¥roth (1979) - “An Analytical Solution
for the Consolidation round a Driven Pile”.
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3 Consolidation and Permeability

The theory of vertical consolidation is describgdlerzaghi and introduces the Coefficient of
Consolidation - C, defined by the equation :-

C=khhy.vyw . . . . : . . 4

where k = permeability

(strictly “coefficient of permeability” or “hychulic conductivity”)
m = volume compressibility

Yw = unit weight of water

Now volume compressibility is normally the inverdebulk modulus, but here the compression is

one-dimensional and it would appear that the trodutus E is that appropriate to this mode of
deformation :-

wm= 1k . . . . . . , .5
now E= E(1v){(1+v)(1-2)}. . . . . 6
and G = R(1+v)}. : : : : : : 7
where v = Poisson’s ratio.

Combining equations 6 & 7 gives :-
E= 2G(1v)/(1-2) . . . ) . . 8

whichgives C = 2Gk(M)/yw(1-2) . . : : . 9

so defining C interms of k and G.

4. Practical considerations

When the permeability is high, it is not possildelecide accurately when the dissipation starts,
or what the peak pore pressures are. This makeasg¢hsurement of the time for the pressures to
reach half the peak value doubly difficult. Thepsaf the log plot can be used to determine the

half-life of the decay but this is a subjective gess, and different operators can get different
results.
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It is possible to get a better idea of the peale poessures from a plot of pressure against ‘root
time’. The initial part of this plot should be aasght line, so it can be projected back to giwe th
pressure at the start.

The uncertainty over the ambient pore pressumess of a problem than originally expected. The
effect of the change in U/Cu is almost exactly d¢etacted by the change ¥ fThis might be
expected from Fig. 2 — during the first half of dhecay the pressure stays constant at
intermediate radii, so differences at larger radwe little effect. The same argument applies to
pore pressures generated during the elastic phase.

The theory is based on the decay of excess poer passures, but the total pressure response
follows that of the pore pressure. Thus it is galssio obtain a figure for the half life of the dgc

of the total pressure - as long as a suitable igezbosen. The best guess for this would appear to
be the ‘Failure Pressure’ predicted by the pararaeterived from the curve matching procedure.

5. Analysis procedure
The five parameters needed are :-

U the maximum excess pore pressure
G the Shear modulus.

C, the Shear strength.

tso the half life of the decay.

d the probe diameter at hold.

Derivation of T50

: -
3 -

U/Cu

Ln T50

Figure 3. The relationship between Ln T50 and Wu.

Reference to the curve in Fig. 6 (taken from thegpdy Randolph & Wroth) leads to a value for
Ln Tso, and hence s itself.
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Substituting in the equation :-

C = g(Th)
where now T = fpand t = &g, yields a value for G
Equation 9 can be re-arranged :-

k = Cyw(1-2)2G(1-v)

if C isin mlyr
G isin MPa
Yo IS 9.81 kPa/m or 0.00981 MPa/m
v is assumed to be 0.2 for drained material

then k = C/IG x 1.166 x®on/s

6. The ‘New method’

The concept of ‘half-life’ used earlier appliesaio exponential decay, where it is a constant. The
decay of excess pore water pressure around a ggihgrobe is not exponential, although it can
be made to appear so (after an initial steepergm)rby suitable selection of the ‘aiming
pressure’. This was utilised in the original anslysethod used by Cambridge Insitu.

In an attempt to understand the problem bettereasisheet program was developed to simulate
the pressures and flows around an expanded presstiete This produces curves like those in
Figs. 2 & 3, but with the possibility of varyinggat parameters at will.

Some interesting relationships are evident :-

1. The rate of decay is inversely proportiondkim,’ (and hence ¢— see equation 4.)

2. Itis uniquely related to ‘U/Cu’, being almgsbportional to (U/CLf)

3. On a plot of ‘Pressure’ against ‘Log timee timaximum slope depends only on U.

4. This maximum slope occurs at a value cloghgdhalf maximum pressure’, which
is exploited in the analysis of both the piezo-caral DMT dissipation tests.

5. On a plot of ‘Pressure’ against ‘Square ddtme’ the initial slope is proportional
to Cu and the square root of ‘k/m it appears to be independent of U.

6. For the first half of the decay, the way phnessures and flows interact in the zone
around the probe is not affected by the pressuéiser away. Thus pore pressures produced by
drilling or non-linear elastic effects do not irfeze, within reason.

7. The derivation of permeability depends omawledge of the drained bulk modulus,
and hence the true volume compressibility.

It is possible to measure the maximum slope, ithibie is of long enough duration, and hence
derive the consolidation. An alternative approactoiuse the spreadsheet to match the field
curve by setting a few basic parameters, one ofhvisi the permeability.
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An added advantage is that both the decay of paesspre and total pressure can be matched at
the same time. They are related pythe non-linearity, but the same permeability agpto
both.

Note that the shear strength used is that fronutih@ading. The modulus used i, the
modulus at yield.
A pair of typical plots is shown :-

Holding test simulation - matching the start of the decay
BITS
1450 143
b~y & Taotal Pressure
b Plomé: s
"*i'-‘__“- « Calolated decay
1400 Expansion 142
]
L
|
. r
1350 141
L
1300 b 14
3 bi
Fon. - |
r s L
& 1250 e 1as E
x — =
z T 5
; s &
e W TuiB i
1150 / \ 137
1100 / 136
1050 135
Consolidation = 18.5 metres squared per year
Pemmeability = 1.1 x 10 to the =10 m/s
. 1] H L
Figure 4. The ‘square root of time’ plot
Holding test simulation - matching the whole decay
ATS
14540 143
=— Total Prossuns
Pane pressurne
\ = Calculated decay
1400 i it L] L 1az
1350 X 141
1300 14
4
N\ -
g 1250 [ 139 -E-
= E
2 £
11540 /\/ 137
1100 / \ 138
1050 / \ 1435
Consolidation = 25.3 metres squared per year \
Permeability = 1.7 x 10 to the -10 m/s
1000 1354
0 5 10 15 20
Time {minutes)

Figure 5 Matching the whole curve
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APPENDIX F THE SELF BORING PERMEAMETER

1. Background

The tests for establishing the insitu horizontahpeability were carried out with a self boring
pressuremeter used in permeameter mode. This vgrkae MK2 permeameter testing .

Fig. F1 Well point-filter in
uniform soil

- wW.T
e ry
« D N L
] \4
Tkv K,
4—

The '‘permeameter’ consists of a self boring potketSBP itself
just being the water delivery pipe. The heighthaf permeameter
cavity is set by lifting the pressuremeter up adkelting. If no pull
back is used then the permeameter cavity can rexeeheight.
This is convenient because the geometry of thedstal cavity is
different from that of the flat surface and allotlue user to
discover the relationship between the vertical lamgzontal
permeability.

Once in position in the ground, water is pumped rltive
instrument casing out of the bottom cutting shoe iato the
pocket cut by the pressuremeter. The water is eled/at a
constant rate of flow, and an equilibrium drivingggsure is
discovered for maintaining a constant flow througfithe soil. The
pressure for a given flow is a function of the peatility and the
geometry of the arrangement of parts.

The conventional solution for a permeameter tess am equation
of the following form derived from Darcy’s flow rei

k= Q./FH ..[Equ.1]
where k is permeability
Q. is flow under steady state conditions
H is the applied head of water
F is a shape factor depending on the geometryeopénmeameter
setup and variations in the horizontal to vertfaimeability.

A practical version of Equation [1] is given by Hetev (quoted in
Lambe & Whitman 1969) who offers a solution for tiagizontal
permeability from a well point-filter in a uniforsoil, the model
for the self boring permeameter test with height:

kn = [Q/2MLH].LN[(mL/D)+V(1+(mL/d)2)] .. [Equ.2]

where ky is permeability in the horizontal direction in a¢ond
Q is flow in mLitres/second
L is length of sample in cm.
D is the diameter of the source
H. is constant piezo head (cm)
mis a transformation ratio dependent on the rdtib® horizontal to vertical permeability

=V[ky/ k]
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Figure F1 shows the physical arrangement on winishsblution is based. The shape factor F in
equation [2] combines L, D amd In practice these three parameters are onlyrtargfgoint for
deriving F and a finite element study reported lagram et al (2000) gives the following
expression for the dimensionless shape factor F/d:

F/d = 1.1872 (Livd) + 2.4135 (Ltr/d)*> + 3.1146 ... [Equ.3]
TableF1 Geometries tested and associated shape factoisdfmpic conductivity):
L/d F/d F/d
(Hvorsle |(Ratnam)
v)

0.178 6.32 4.34
0.289 6.37 4.75
0.400 6.44 5.12
1.178 7.39 7.13
2.178 9.00 9.26

Table F1 shows the effect of applying equationsaf#] [3] to some typical geometries
encountered during testing. For L/d ratios > 1dfiferences are small but below 1 the differences
are substantial.

Bf,Self Boring Permeameter Logging Program - Test PATE ;Iilil
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Fig. F2 An example of a self bored permeameter test, pressurevstime

By setting different constant flow rates a rangereissures is discovered. Plotting flow rate
against head gives a graph whose gradient candaetogive the permeability directly. Figure F2
is an example of raw test data, where pressuretted against time and a number of equilibrium
pressures are recorded. Figure F3 shows the rediatedaken from this plot, where the
equilibrium pressures are plotted against flow.rate
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If the slope of the plot in fig.F3 iSthen the permeability is given by:
Km=9.81/(F*3.6 * 16* 9 ...[Equ.4]

where F is the relevant shape factor multipliedH®ydiameter of the probe, 0.09 metit€g.is in
units of metres/second.

2. Comments

The solution assumes, among other things, diregtisotropy, s, is constant. No disturbance,
swelling, segregation or consolidation of the niates allowed. In practice the application of
water pressure greater than the insitu ambient leagan unknown but assumed to be small affect
on the ground and other users of permeametersrbpeeed some consolidation taking place.

The plots of pressure against time do not alwagk &s plausible as figure F3. The best results
seem to be achieved when the driving pressure esaagidly to bring the test close to the steady
state condition in the shortest possible time -eante pressure has been established, the value for
others can be predicted so it is possible to acatel¢he test.

Acceleration is achieved by setting the desired flate, then pressing the turbo key of the Flow
Control Unit for a few seconds. On release of thg the pressure will continue to climb if not yet
at the equilibrium pressure, or will fall if theesidy state pressure level has been overshot. If the
assumptions governing the use of equ.[3] are cotihea this accelerated procedure should make
no difference to the time taken to reach steady $tat the results indicate it does. There is no
explanation yet for this effect.

The other big problem is temperature and the etiedirect sunlight on the supply hose from the
pump to the permeameter casing. This is reduciisiSupply hose can be kept short, but that was
not possible in this case. This temperature effauses less disturbance at high pressures and flow
rates.
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APPENDIX G SAMPLE CALCULATION OF A LINE OF DATA

What are described in some detail in this appeadixhe steps necessary to convert the raw
data output from the pressuremeter into engineemis. The data line used is from a test
called P9T1 and is line no. 224.

In order to convert self boring pressuremeter dgyimaio calibrated data the following steps
are taken:

. The raw data is in units of volts, and needsat@drrected for zero offsets and scaled using
the sensitivities quoted in the calibration data.

The calibrations for this particular test are présd as follows:-

INSTRUMENT CALIBRATIONS: P9T1 DEPTH: 18.50m DAT 14 Mar 96

ZERO SLOPE CORRECTION & COMPRESSION
ARM 1 -122.4mV & 321.1mV/mm 21.2kPa& 8.2 kPa/mm 2.0mm/GPa
ARM 2 277.6 mV & 334.7mV/mm 21.2kPa& 8.2 kPa/mm 2.0mm/GPa
ARM 3 -96.6 mV & 310.2mV/mm 21.2kPa& 8.2 kPa/mm 2.0mm/GPa
TPC -1155.5mV & 396.3mV/MPa
PPC A -1079.8 mV & 227.0mV/MPa
PPC B -428.9 mV & 232.0mV/MPa

The line of raw data reads from left to right adofws. Note that the units are volts:-

LINE ARM1 ARM2 ARM3 TPC PPCA PPCB
224 0.2448  1.7477 1.1993 -0.6390 -0.8283 -0.1944

The first operation is to deduct the zero offsétese are the figures found in the first
column of the calibration information. They are tgebhere in volts:-

ARM1 ARM2 ARMS3 TPC PPCA PPCB

Outputs 0.2448 1.7477 1.1993 -0.6390 -0.8283 -0.1944
Zero -0.1224 0.2776 -0.0966 -1.1555 -1.0798 -0.4289
Result 0.3672 1.4701 1.2959 0.5165 0.2515 0.2345 ......... [1]

This result can now be scaled. The informationths is found in the second column of
calibration data, and is expressed as millivoltsrpdlimetre to calculate displacement, and
as millivolts per megaPascal to calculate pressure.
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They are written below as volts:-

ARM1 ARM2 ARM3 TPC PPCA PPCB
From [1] 0.3672 1.4701 1.2959 0.5165 0.2515 0.2345
Slope 0.3211 0.3347 0.3102 0.3963 0.2270 0.2320
Result 1.1436 4.3923 4.1776 1.3033 1.1079 1.0108 ......... [2]

(mm) (mm) (mm) (MPa) (MPa) (MPa)

. The data is now in engineering units which refigcat is taking place inside the membrane.
The remaining corrections are introduced to gibetter representation of what is taking
place at the point where the membrane bears onattehole wall.

The pressure information is in units of MPa and inesadjusted for membrane stiffness.
This is calculated separately for each strain &#umhnote that the average strain is used to
apply the slope correction:-

The displacement data is adjusted for the instnirdisplacements due to the pressure being
applied to it. This is expressed as a linear movenmemillimetres per gigaPascal of
pressure being applied, and is found in the Shhineo of the calibration details:

ARM1 ARM2 ARM3

Correction Factor (mm/GPa) 2.0 2.0 20 [8]
Internal Pressure (MPa) 1.30331.3033 1.3033 ....(from result [2])
Adjustment ([8]*[2])/1000 0.0026 0.0026 0.0026 . [9]
Internal Displacement (mm) 1.1436 4.3923 4.1776 ....(from result [2])
Corrected Displacement (mm) 1.14104.3897 4.1750 ... [10]

. The next step is to calculate the total membcameection that needs to be made for each arm
position. This is the sum of the zero figure plus increased stiffness with strain. This
second component uses the fourth column of caldratata and is quoted as kPa per
millimetre movement:-

ARM1 ARM2 ARMS3

From Result [10] 1.1410 4.3897 4.1750
Ave. Displacement el 3.2352 R [3]
Slope per mm (kPa) 8.2 8.2 8.2 [4]
Result [3]*[4] (kPa) 26.5 26.5 26.5 [5]
Correction zero (kPa) 21.2 21.2 21.2
Add zeroes to result [5] 47.7 47.7 A7.7 s [6]

This is the total membrane correction at each arsitipn and is now deducted from the total
pressure cell readings to give three files of aie@ pressure:
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TPC1 TPC2 TPC3

Uncorrected pressure in kPa 1303.31303.3  1303.3 (from result [2])
Membrane correction in kPa a47.7 47.7 47.7 (from result [6])
RESULT 1255.6 1255.6 1255.6 @ ....ccceeeeen. [7]

The pressure data is now in its final form. Theadedm the two pore pressure cells need only
to be quoted in kPa rather than MPa and that te@@mplete.

. The strain data calculated so far is the movemmasured by the strain arms to the inside of
the membrane. The figures quoted in the calibrdégd listings are the movement of the
outside of the protective sheath. This is derivedhfthe internal strain movement by
assuming that the cross-section area of the memelsa constant. A full explanation of this
and the derivation of the equation used is disclssthe appendix on calibration technique.

The equation is E = \/[( R-1)2+D(2r + D)] -(R-1) [11]

where E is the actual expansion of the pressumme
2R is the O.D of the pressuremeter at rest
2r is the I.D of the membrane at rest
D is the movement measured by the strain arm
t is the thickness of the chinese lantern steel

For the pressuremeter used to produce this example:

2R =83.1 mm
2r =79.1 mm
t =0.18 mm

Alternatively, in weak rock configuration:-

2R =88.0 mm
2r =79.1 mm
t = 0.5 mm

Because the membrane can be assumed to have tedlsekmess at all points on the cross-
section the technique employed is to calculateaedactor from the average strain.

ARM1 ARM2 ARMS3

Corrected Displacements 1.14104.3897 4.1750 ...(from result [10])

Average Displacement ek 3.2352 R [12]

Result of equation [11] using  **** 3.1030 ikl [13]

D=12

Scale Factor [13]/[12] ek 0.9591 R e [14]

Apply [14] to [10] 1.0944 4.2103 4.0044 ... [15]
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. The result, using displacements from [15], T&tdssure from [6] and Pore Pressures from

[2];
NO ARM1 ARM2 ARM3 TPC(l) TPC() TPC(3) PPCA PPCB
224  1.0943 4.2103 4.0044 1255.6 1255.6 1255.6 1107.9 1010.8

In practice the errors introduced by rounding-@ificalations may result in small differences
in the final figure.

Other Pressuremeters:

The format of the PRN file for other pressureméggpes vary with the number of transducers
but in general the calculation procedure for offressuremeters is similar to the above:

» Deduct the zero readings from all transducers

» Scale the transducer readings

» Deduct the effect of membrane compression fromréhdings of displacement

» Deduct the effect of membrane thinning from thelnegs of displacement

Six arm pressuremeters (which includes the HPD)atomplement the membrane correction
at the time the PRN file is formed, but later ag p&the analysis procedure. Uncorrected
total pressure is input to the analysis progranciviihen deducts the membrane effect using
the data in the calibrations header.
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