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SPECIALTY SESSIONS

SEANCES SPECIALES

PORE PRESSURE MEASUREMENTS IN THE FIELD AND IN THE LABORATORY
MESURE DE LA PRESSION INTERSTITIELLE IN SITU ET EN LABORATOIRE

INTRODUCTION

In presenting our report on this Spe-
cialty Session we have thought it best to
include the introductory notes, which were
in effect an abbreviated State-of-the-Art
Report, together with the summaries of the
verbal contributions to the discussion,
using as far as possible the speakers' own
presentations where these have been sub-
mitted to us in writing.

All the references are listed alpha-
betically at the end of the report.

It was requested that a fuller version
of the contributions should be prepared and
made available. Notification of how to
obtain copies will be given in Geotechnique
and in the News Letter of the Soil Mechanics
and Foundation Division of the ASCE.

PORE PRESSURE MEASUREMENTS IN THE FIELD

Reported by P. R. Vaughan
(Imperial College, London)

Prior to the session an introductory
note was circulated to those interested.
This note and the introductory remarks are
summarised, with references to the discus-
sions at the session. The various contri-
butions to the discussion are . then
summarised.

GENERAL PRINCIPLZT O *7-..LD PORE PRESSURE
WLASURLEENT

For most pore pressure measurements,
a piezometer is installed which consists
of a small cavity separated from the soil
by a porous filter. The filter must be
strong enough to keep this cavity open.
The fluid in this cavity connects with the
soil pore fluid through this filter. The
pressure of the fluid in the cavity is
measured. The problem can be considered in
two parts. Firstly, the pressure in the
fluid in the piezometer cavity is presumed
to be equal to the pressure in the soil
pore fluid. In partly saturated soils
containing two pore fluids at different
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pressures, equalisation with either pore
pressure may be presumed. Secondly, the
pressure in the piezometer cavity must be
measured and generally transmitted to some
point remote from the point of measurement.
These two problems will be considered
separately.

If pore fluid tensions exist greater
than one atmosphere then indirect methods
of measurement must be used.

ESUALISATION OF SOIL PORE PRESSURES WITH
R IEZOMETER CAVITY

In saturated soil, with water in the
soil pores gnd in the piezometer cavity, it
is generally assumed that the two pressures
become equal after a time lag determined by
hydraulic considerations (Gibson:1963). A
similar assumption is made in the labor-
atory, and thus field and laboratory data
are interpreted on the same basis. As
indicated in the discussion by Richards,
this assumption may not be valid always.

Unsaturated Soil

Two conditions may exist. Firstly,
the air may exist in continuous passages
through the soil, in which case it is
generally at atmospheric pressure. Such
conditions exist in soil profiles above the
water table when problems of heave and
collapse may be considered. The relevant
measurement is then the suction due to
capillarity in the pore water. Direct
measurement of this suction is limited by
cavitation. Indirect methods of measure-
ment, generally on samples removed from the
ground, are commonly used. Methods of
making such measurements in-situ were
described by Richards and Lscario.

Secondly the pore air may exist in
isolated pockets in the fill, and both tan
pore air and pore water pressures may ue
positive., This situation typically exists
in fills of low permeability placei wet of
optimum, where pore pressures are of
engineering significance in controiling
stability. Due to the slow rate of 1it-
fusion of air through water, eaulliovriua
between the air and water phase in non-
nomogeneous soil may be reachel slowly.
(Barden & Sides: 1467) The two phases will
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be at different pressures, the air pressure
being the higher. For a complete defin-
ition of the problem, the effective streas
principle for such a two-phase system must
be understood and both pore air and pore
water pressures must be measured. For
engineering purposes it may be enough to
establish the likely errors arising from an
uncertainty as to which of the two is being
measured in the piezometer cavity (Torblaa:

1966).

It has been postulated that the pres-
sure in the piezometer cavity, initially
equal to the pore water pressure, will tend
to equalise with the pore air pressure,
either raridly by direct communication if
the piezometer filter has coarse pores and
an air entry value less than the differ-
ence between the air and water pressure, or
glowly by diffusion 1if it has fine pores
and a high air entry value' (Hilf:1965,
Bishop et al: 1964, Scott & Kilgour:1967).
This diffusion rate is relatively rapid if
the pore water pressure is negative, and
much slower if it is positive. If diffused
air can be flushed from the piezometer
cavity, continuity with the pore water can
be re-established. This is relatively
gimple with piezometers with high air
entry filters. A temporary re-establish-
ment may occur with low air entry filters,
if the pore water pressures are positive
(Bishop et al:1564). Piezometers with
high air entry value filters and a flushing
gystem are the only ones where continuity
with the pore water can be reliably re-
established. However, initial diffusion of
air through a high air entry value filter
may be retarded by using a thick filter,
thus allowing a piezometer without a
flushing system to measure pore water
pressures for a longer period.

Where pore pressures are positive, it
1s the pore water pressure which primarily
controls effective stress, and where rates
of drainage and consolidation are being
obgserved, it is the pore water pressure
wrich responds systematically to the
external drainage conditions. Thus, if the
pore water and air pressures are signific-
antly different, the minimum requirement is
that pore water pressures should be measu-
red. It is generally assumed that in
permeable soils, or when pore pressures are
high, the errors involved in inadvertently
measuring pore air pressure rather than
pore water pressure are not significant.
This was confirmed by discussion at this
gegsion,.

In clay soils with K<10~7 cm./sec.
approx. it has been shown that at low pore
pressures the inadvertent measurement of
pore air pressure can give anomalous
results. (Bishop et al:1964, Little:1964)

Some data showing comparisons between
different types of piezometers which may be
expected to measure pore air or pore water
pressure has been published ( Torblaa:1966 ,
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Bishop et al:1964, Little:1964, Barge et al
1964, Finkerton & McConnell:1964).
Additicnal information was given in
discussion by Post and Ficaut, Buck and
Nonveiller. The contribution of Buck
indicates that these anomalies may arise
with organic foundation materials (pres-
umably due to the presence of gas) as well
as in compacted fill.

The other discussions confirm the
general situation for measurments in
partly saturated soils, which may be sum-
marised as follows. The filter must have
an air-entry value greater thar the air-
water pressure difference in the soil if
pore water presczures are to be measured.
If, with such filters, the pore water
pressure is negative, air diffuses into the
piezometer cavity quite rapidly and the pie-
zometer starts to record pore air pressure.
Continuous measurements of suctions can
only be made if there is provision for 'de-
airing' the piezometer cavity. At high pae
pressures the air-water pressure difference
is small and of no engineering significance
At intermediate pore pressures where both
air and water pressures are positive but
gignificantly different, as may occur in a
dam when construction pore pressures dis-
sipate to steady seepage values, then with
high air entry value filters there is some
evidence that with both hydraulic piezo-
meters (Bishop et al:1964) and sealed
electrical piezometers (Torblaa:1966 and
discussion by Post and Picault) pore water
pregsures are recorded for a considerable
period of time without the need for 'de-
airing' to re-establish continuity with the
pore water. PFurther information is clearly
required to establish the conditions in
which 'de-airing' is required and hydraulic
piezometers must be used and those in which
'de-airing' is not required and sealed
cavity piezometers with pressure transduces
may be used if desired.

A further uncertainty in the measure-
ment of pore pressure in wet comracted fills
arises from the tendency of all types of
piezometers to record pore pressure in
excess of overburden pressure when this
pressure is small. Pressures just greater
than overburden pressure have teen observed
with hydraulic piezometers with flushing
facilities and high air entry value filters
(McLaren:1960). Pressures up to twice the
overburden pressure have been observed with
electric piezometers without flushing tubes,
but with high air entry valuye filters. Ths
thie effect cannot be attributed entirely
to the inadvertent measurement of pore air
pressures. Such obgservations can have
engineering significance in low fills.
Possible explanations are given in discus-
sions by Richards and Juarez-Badillo.

MEASUREMERT OF THE PRESSURE WITHIN THE
SZOMETER CA

With piezometers installed in bore-
holes which are subseauently accessible, a
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simple ‘'Casagrande' standpipe can be used
and a direct reading of pressure obtained.
Since bubbles of air rise in the standpipe
such piezometers are 'de-aired' auto-
matically. Otherwise, as with piezometers
built into or under fills, a remote
reading system must be used. Either the
piezometer cavity is connected by tutes to
an external measuring point, or the pres-
sure is measured at the piezometer cavity.
In the first type, two tubes are used, so
that air can be flushed from the cnvity.
The tubes are generally of plastic and the
perrieability and chemical stability of the
plastic must be considered (Daehn 1962.
Bishop et al1:1964 and discussion by Little).
Piezometers of this type were first used
by the USBR, and they have been modified
with high air entry value filters for use
in unsaturated fills (Hilf:1956, Bishoo et
al:1964).

Advantages of these piezometers are
(1) Continuity with the pore water can be
re-established in partly saturated soil.
(2) Pressure measurement is external,
calibrations can be checked and there are
no moving parts to give trouble in long
term operation. (3) Tre operation of the
piezometer can be checked in-situ. (4)
The piezometer can often be used for
measurement of in-situ permeability. This
may be of considerable value where measure-
ment of rates of drainage is involved
(Gibson:1963, Bishop et al:1%64, Rowe:1968,
Proc. Conf. on in-situ investizations in
soils and rocks, Secticn V, British
Geotechnical Society:19€9) Develooments in
the theory for interpreting such tests are
discussed by Gibson.

Disadvantages are (1) Cavitation with-
in the connecting tubes restricts the
relative elevations of the piezometer tip
and the measuring point. “hen the tubes
are connected to the top of a standpive, air
bubbling systems may be used to meet this
difficulty (Ccoling:1962, Conté & Chanez:
1964, Vaughan:1965). (?) De-airing and
vregssure measuring devices may require
large instruzent houses. (3) De-airing
may be required, every few weeks if suctions
are being measured and at intervals of
several years at positive pressures. (4)
Hydraulic systems are subject to frecezing
in cold climates. (5) Blockages may occur
if clean water is not used.

. In the second type of instrument, the
piezometer cavity is sealed by a diaphragnm.
Tyo systems of measurement are used.
Firstly, the pressure on the diaphragm is
recorded by an electrical transducer and
transmitted to the measuring point. Either
the snace behind the diaphragm can be
vented (Cos1ing:1962, Arhippainen:1964), in
which case the datum pressure is controlled
and the response of the instrument to
changes in the datur pressure can be obser-
ved in-situ, or it is sealed in the instru-
ment and neither datum nor calibration can
be checked after installation. In

.
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discussion Collins described a new type of
electric piezometer which can be calibrated
in-situ. Vibrating wire (Torblaa:1966,
Bishop et al:1964, Coolinr:196?) and
differential transformer (Arhinvainen :1964)
pressure gauges have been used. Secondly,
the diaphragm may operate a valve in a
circulatins system, which oivens when a
pressure is aprlied which balances the
pressure on the diaphrasm. An air circu-
latine system (Warlam & Thomas:196%, Civ.
Eng.:1967) or a hydraulic system (Lauffer
Schober:1964) can be used. Yith such
systess, pressure measurement is external
and accessible although the diaphragm and
valve must be calibrated before installa-
tion.

Advantages of gealed cavity piezr-
meters are that the external measuring
systems can be made compact and portable,
and that no large gauge houses are needed.
They are not senerally subject to freezing
and the level of the reasuring point and
the comwnections to the piezometer can be
above the tip and the piezometric pressure
level without problens of cavitation arising.

Disadvantages of such systeis are that
they cannot be 'de-aired' to re-establish
continuity with the pore water and they
involve, to a greater or lesser extent,
calibrati: ns which cannot be Checked after
installaticn and inaccessible electrical or
riechanical moving parts which may give
trouble in long-term operation.

In principle, it might be anticipated
trat the long term reliablility of piezo-
meters would be rreater the simpler the
inaccessible part of the equipment is. On
this basis hydraulic piezometers should be
the most reliable and the reliability of the
sealed cavity type of piezometer would
decrease with increasing complexity of the
equipment. Tittle data on long term relia-
bility of equipment and comparative measure-
mento has been published., A number of
contributors to the discussion gave such
information (Gibbs and Daelm, Little, Post
and Picaut, Sherman, Nonveiller, Gnadsby,
Wolfskill and Jarelli). Some broad con-
clusions may be drawn from this information
concerning the relative reliability of
hydraulic and electric equipment. Hydraulic
equipment has been in operation successfully
for 30 years. Electric equipment has
operated apparently giving correct readings
for about 15 years. Major failures of both
types of equipiient have occurred, although
with hydraulic equipment the type of
failure is mcre readily identified.
Excluding the major failures, both types
of equinment have performed well, and on
this limited data the hydraulic equipment
is more reliable by only a small margin.
Developments in electric eonuipment may have
reduced this margin. Success with both
types depends on quality of manufacture and
installation. Probably the former i: more
important with electric equipment and the
latter with hydraulic equipment.
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RESPONSE OF PIEZOFETERS TO PORE PRESSURE
HANGES

Theoretical expressions for the
hydraulic response of piezometers (Gibson:
1963) and experimental data ( Penman:1960) are
available. Most systems have a response
rate adequate for engineering puruvoses.
exception is the use of open standpipe
piezometers in soils of low permeability.
Methods of overcoming this problem by
temporarily locating a rapidly responding
electric pressure transducer in the stand-
pipe below the water level with a packer
have been devised (Lundgren:1966, Brooker
et al:1968). The simplicity and reliability
of the standpipe is retained and the trans-
ducer can be checked and calibrated at any
time.

An

Pore pressure changes under dynamic
loading were not considered at the session.
The increase in response tire due to silt-
ing up of the piezometer was described by
Sherman.

INSTALLATION OF PIEZGMETERS

liezometers are generally sealed into
boreholes or built into fill as it is
constructed. The errors which may occur
in a borehole piezometer reading if the
borehole is inadequately sealed have been
analysed (Vaughan:1969). The seal permeab-
ility caen be higher than that of the
soil without significant error. In some
circumstances this filter can be omitted
and the piezometer unit placed directly
in the grout filled borehole (Vaughan:1969).
With this system a large number of pie-
zometers can be nlaced in one borehole.

SUMMARY OF DISCUSSION AT THE SPRCIALITY
SESSTON

The summaries by Gibbs g Daehn, Little,
Post & Picaut, Nonveiller, Sherman,
Escario, Juarez-Badillo and Gadsby have
been provided by the contributors. The
remaining summaries have been prepared by
the reporter.

He J. Gibbs & W. Y. Daehn

(U.S.B.R., Denver, Colorado) discussed
Bureau of Reclamation experience with field
measurements of vpore pressure.

The Bureau of Reclamation has had more
than 30 years experience with field pore
pressure measurements. The first instal-
lation of the hydraulically-operated twin-
tube piezometers dates back to 1939 at
Fresno Dam in the State of Montana and ,
although the installation has been reduced
from three sections to one secticn when the
terminal facility was rehabilitated within
the past year, none of the piezometers were
lost due to malfunction. The piezometer
system as presented in the latest publica-
tion of the Earth lManual involvec the same
basic principles as originally conceived,
but materials and installation procedures
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have been continually improved over the
years. One such improvement has been in
the use of ceramic filter discs, proposed
by J. W. Hilf (1956). tried on an experi-
mental basis, and now considered standard.
These ceramic discs provide much quicker
resnonse in pressure readings and give an

indication of negative pore pressures.

Considerable reliance has been placed
on the performance of these hydraulic
piezometers, both during construction of
major earth embankments and during their
operation. Pactors considered in their use
include relative economy and availability
of materials, ease of installation, and
duration of readings. The simplicity of
reading procedures lends itself to the
quality of manrover avajlable for obtaining
continuing periodic readings in later years

Although there is much interest in
newer propos=ls for obtaining pressure
measurements by more sophisticated instru-
mentation, the use of hydraulic piezometers
has been continued becnuse of the reliance
placed on the readings and the service-
ability of the present installations. From
a total of 920 piezometers installed on 18
different dams csince 1942 vhere PVNC plastic
(Saran) tubing was used, B73 piezometers
or 95 percent are still operational.

A. L. Little, (Binnie & Partners, London)
discussed the reliatility of piezometer
installations in dams.

A total of over 1000 piezometers had
been installed in 22 doms with which Mr.
Little had been asccciated, exclusive of
simrle stand nipe Co2eagrande) instru-
ments. A total of 10% of the hydraulic
instruments had gone out of operation for
various reasons.

The earlicst installation was at the
Usk dam (Penman; 1956, Sheppard % Little:
1955) where 18 twin tube hydraulic pieZo-
meters vwere installed between 1951 & 1954,
together with 9 steel standpipes which were
subsequently capped and connected to twin
tubes. Tn 1966 when the installation was
shut dowvm, 4 twin ture and 4 standpipe pie-
zometers were 1inouerative.

Hydraulic piezcmeters at two dams had
shown high failure rates. At Treweryn dam
Nylon 6 was used for the tubes, and they
became blocked by soluble material contzained
in the nylon and red wosited in the tubes.
At the Shek Pik dam in Hong Kong, where
polythene tubes were used, 26 out of 74
hydraulic piezometers were now inoperative.
The core of this dam had cracked and this
was attributed to large differential
movemnients,

At the remaining 20 dams on1¥ 38
failures had occured, a rate ¢f 434%. There
was no evidence that the age of thec instal-
laticon had any influence on the failure
rate, most failures occurring shortly after
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installation, often due tc damage by nlant.

A total of 172 vibratine wire clectr-
ical piezometers had been installed, of
which 7% were no loneer workin-. However,
the accuracy of most of these instrumcnts
could not genera‘ly be checked. At one
site (T.ittle:1964) pairs cf electric and
hydraulic pievometers were installed in a
clay fill in whick suctions existed. The
electric instruments, with low air entry
value filters, gave anomnlous results.

R. Post & J. Ficaut (Coyne et Rellier,
Parig) discussed the comparative rerfor-
mance of electric & nydravlic niezometers.

Three earth-rock d=ms (Serre-Poncon,
tiont-Cenis and Saint-Cascien) built by
Electricite de France, have been celec+*cd
where pore water pressures are being
neasured both by electric and hydraulic
cells, for the purpeses of comnarison of
the two systems.

) This has led to the fnllowing conclu-
sions:

(1) Pressures as mez2sured by eleectric cells
usually differ by one to two metres of water
exceptionally up to 5 metres. This discre-
rancy remains 2pproximately censtant with
time, with a tendaacy to decrease, the
electric reading being generallyr but net’
always higher. PFor both tynes of instrument
ecattering around the rean curve is in the
range of cne to two metres of water.

(?2) The proncrtion of instrum<ntes ocut cf
order at the present time (after 12 years
of ucasurement at one dam) is very small
for both types, being 5% on averaze, for a
total of 121 electric cells ani 80 hydr-
aulic cells. Damage alwayrc occurred on
installation or shortly afterwards.

(3) The use of stones with hish air entry
values for both types of cell ac comnared
to the use of cozrse stones did not affect
*he mezsured rore nressures in the cors
during constructicn. But all these core
materials were of low or medium nlasticity
and corpacted with 2 moisture content above
the standard optimum.

Tre use of high air entry stones red-
uces scattering of the readings of the
hydraulic cells and permitc the reasure:cnt
cf negative pore pressure. Vith the elec-
tric cell the nerative nrore pressure can be
measured only durirg limited time after
rlacernert, beczuse of 2ir diffusion throush
the stones.

(4) Both installation and m2asurerent
apnear to e easier and more ranid with
electri2 cells., 3“nreover, these cnn be
rlaced at any level in relation to the
read‘n;: staticn.

(5) Cost, including installation, is in
the same range f{or both types of inctrument.

a
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W. C. Sherman (WES,Vicksberg) discussed
the long term perfornance of piezometers.

The US Army Encineering Woterways

Experiment Station (WEZS) has been concerned
with the relative merits of piezometers

fer mry yeors. In 1949 an ex<rerimental
riezrmeter system wac installed to evaluate
various tyres of devices for ~easuring
positive pnnre water pressure in a backcwamp
derosit of fat clay adjacent to the IMissis=-
siopi River. Tre installation consisted of
seven different oner-system type niezoreters
in duplieccte and a sinpgle eleectrical tyve
piezometer. The piezometers were observed
for a period of about two vears =2nd tken left
unattended until 19€7 when nbservations and
time 1n7 Jdeterminations were made and a
number of the piezometers retricved. Some
of the conclusions of this study were:
(1) drive peoint piezemeters are vulnerable
to damage and cloggine during installation,
(2) an increase in basic time lag can be
cznected over an extended period of time dwe
to cloggine of the sand filteres and norous
pickurc, (%) extensive corrosion of metal
partc cccurred in arezs of acidic soil, and
(4) several niezcmeterc including the Casa-
#srande and wellpoint piezometers had a
rejatively longz useful life despite the
increacc in basic time lag.

Similar syste.n of more recent types
¢ coumercianlly available piezometers were
installed by 'ES in 1967. The devices
included *the hydraulic, pneumatic and
electrical transducer tymes of niezometers.
The piegometers were installed to measure
vositive vore water pressurc at t hree
different sites. The rroundwater conditions
at the nites wvere as follows: (1) piezo-
metric level varying with time as ~ resuvlt
of risine and falline river ctames, (2)
piezemetric level nbove ground surface slowly
dissivating with time, and (3) a relatively
stable piezometric level below ground sur-
face serving as a controlled condition.
Cbservatirnc are teing made 2t freauent
intervals te determine the aceurscy and
reliability of the varions devices over
extended reriods of timne,

. Yonveiller (Institut Geotechninue,
anreb Jueros laVLq) discussed *+re long

term behdvaour of vibrating wire niezometer.

In the Lokvarkz Dam (Yuroslavia), on
which T have reported on the 1lVth TCSWFT in
Londnn, the clay core war inatrumented in
twc cross sections for the mensurement of
pore prescure. Piezometer tips were
installed in six heorizens on a total of 15
neasuri ng points, each provided with two
riezometer tins One cross section was
instrumented wit“ hydraulic tvoe cells the
other one with vibrating wiTe ‘instrurents
(Officine Galileo,iiilan The vibrating
wire instrwients were operating frorthe
time of installation, while considerable
Aifticnltics had to be overcome in order to
maxe the hydraulic tips orerative., They
never vorked satisfactorily due to some
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technical details which always caused
trouble.,

Prom the 30 vibrating wire cells
inetalled during construction 27 were
operating at end of construction, 21 three
years later and 20 are working today, 14
years after installation.

In order to check the reliability of
the readings the ratio of pore pressure v.
hydraulic head on the elevation of the tips
is compared for the upstream row of tips,
3,0 m from the boundary of the core on

three of the lower horizons. They are:
Horizon ratio u/p
1958 1969
11 1,0 1,07
III -_ -
Iv 1,00 0,95
v 0,825 0,86
Average 0,96 0,96

In the cells near the upstream face
of the core where the fill is most probably
completely saturated a ratio u/p = 1,0 is
normal. The actual ratio was near this
value in 1958 as well as in 1969. This
evidence confirms that the pore pressure
readings obtained by the vibrating wire
piezometers are reliable during long peri-
ods of time.

The type of cells used in the Lokvarka
dam had no means to prevent air entering
the tips, since at that time the advantages
of ceramic tins were not known. On some
tips installed in the central and down-
stream part of the core,pore pressures in
excess of the theoretically expected values
are read, which is probably the pore air
pressure in the nonsaturated part of the
core. With cerarmic filters this inconven-
ience would be eliminated.

The simplicity of instellation and the
ease of taking readings is a considerable
advantage of this type of instrument
compared t« the hydraulic piezometers. The
evidence in the Lokvarka dam shows that the
vibrating wire piezometers can give satig-
factory trouble-free oneration over periods
of time sufficient to evaluate the behavior
of earth dams ard to make all meazurements
necegsary to verify the design assumptions
as well as to collcct scientific data.

J. W. Gadsby (C.B.A. Engineering Ltd.,
ancouver iscussed the behaviour of
diaphragm piezometers in the Hugh Keenley-
side Dam (formerly the Arrow Dam)

The Arrow Dam was constructed by
placing portions of the dam under water,
The lower t1ll core was placed under water
(Golder & Bazett:1967, Casacrande, Golder
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and Bazett:1969, Bazett:1970). The upper
till core was a conventional rolled fill.

The seometry of the dam and method of
construction required that the gauging
point for the piczometer cells in the till
core would be considerably higher than the
piezometric surface and tiis dictated the
types of instrurent which conld be chosen.
It was decided to _rToup the instruments
on planes transverse to the axis of the dam
one with pneumatic type (%'arlam) cells and
the other with electrical vibrating wire
type (Maihak) cells. At so.e locations in
both nlanes, the two types were twinned to
provide a check on the readings.

It was known from large scale field
tests that the till core would be pnart-
ially saturated and that negative water
pressures and, rossibly, hirh positive air
prescures weuld exist. The lower till core
was initially at about 50% saturation and
the uprer rolled till core about 90%.
Coarse porous filters, with a low air entry
were deliberately chosen in order that the
cavity in the piezometer would be easily
re-vetted.

Twinned instruments 130 (Maihak) and
131 (varlam) approximately 10 ft. apart in
the lower core showed systematic response
tu changes in headpond level with a slight
time lag. Initially agreement was within
1 ft. of water. As the headpond level
increased the diffcrence increased to 8 ft.
the Yarlam riezometer being the higher and
rising temporarily above headpond level.
At the end of impounding the difference
decreased to 3 ft. in an average recorded
nressure of 85 ft.

Twinned instrument: 139 (Maihak) and
112 (warlam) aporoximately 10 ft. apart in
the uier conpacted core initially showed
siiall nositive pressures with the Maihak
reading higher by about 7 ft. of water.
This difference tended to decrease when the
headpond level rose and at the end of
impounding the difference was 5 ft. on
average, in a pregsure of 50 ft. System-
atic response to headvond level was obserwal,

Fiezometric readings have not yet
been ob*ained through an annual cycle of
filling and drawdown.

It is believed that the piezometers
are responding accurately, although the
piezometers installed in the lower core are
likely to have been dewatered due to the
negative pore water pressures existing in
the soil at the time of installation. The
readings show censistent behaviour for both
tyves of diaphrasm piezoreters.

The porc pressure responses reported do
not necessarily describe the behaviour of
the entire till core.
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V. Escario (Laboratorio del Transporte y

ec&nica del Suelo. Madrid) described a
method of insitu-measurement of pore water
tensions.

A method is described which can be
used for practically any value of the
negative pressure.

Referring to Pig. 1 the cell consists
of a porous element (gypsum plaster in the
tests performed) which will be called the
"sensitive element". The pore water in
this element becomes in equilibrium with
the soil. The contact with the ground is
made through the cylindrical surface of a
fine grained porous stone. An intermediate
ring is placed with another porous stone;
it is separated from the sensitive element
and from the lower stone by means of semi-
permeable membranes.

The sensitive element has two
electrodes with which the conductance is
measured as a first step. This value is
only used as a zero or reference point.

Water at atmospheric pressure is
supplied to the intermediate ring. Air
pressure is applied above the sensitive
element; if its value is equal to the
suction, no migration of water will be
originated in the sensitive element. By
successive approximations, moving around
the zero conductance determination, the
right value of the air pressure is
obtained.

The measurement takes from half to
one hour. The errors checked were below
+ 10% and most often below + 5%.

E. Juarez-Badillo (National University,
Mexico) discussed a possible explanation
for the observation of construction pore
pressures greater than overburden pressure.

A probable qualitative explanation of
temporary pore pressures - sufficiently
high to cause pure effective tension in
the soil structure is offered in terms of
the concepts of "fundamental stress O fund”
and "stored pressure(,", defined elsewhere
(Juarez-Badillo: 1969), as follows:—

In a wet compacted fill the clay
particles have a highly oriented structure.
As time elapses, the thixotropic properties
of the clay tend to decrease the degree
of orientation of the particles under
constant volume conditions tending towards
an at random structure. During this
process the pore pressure increases and
the "stored pressureC " is built up. In
a preconsolidated saturated sample under
isotropic stressesd, = 0, — 0. where O,
and O, are the "equivalent consolidation
pressure” and the "consolidation pressure"”
respectively; in this condition:

0 fund = ¢'+ 0 = 0 — U +(0,—-0,)
where 0' is the effective isotropic stress.

Returning to the compacted fill, the
building up of 0; and u may possible turn
0' negative with the only condition that
0 fund be always positive. The funda-
mental stresses 0 fund are assumed to repr
esent the "real stresses conditions" among
the clay particles. Thus, nevertheless
the effective stress is negative that does
not mean that "pure tension" is present in
the clay structure.

B. G. Richards (C.S.I.R.0. Australia)
described briefly the psychrometric
technique for measuring soil water tension,
which has been developed during the 11 years
since C.5.I.R.0. started making such meas-
urements. (Richards: 1969) The technique
measures total soil water potential and has
been developed both for the laboratory and
for insitu field measurements. The tech-
nique depends on the thermodynamic relat-
ionship between the free energy of the soil
moisture and the relative humidity in the
adjacent air. The humidity in the space in
the piezometer probe is determined by a
thermocouple, one junction of which can be
made to act as a wet bulb by initially
depressing its temperature below the dew
point by passing a current through it, The
probe is calibrated against standard sodium
chloride solutions. Constant temperature
conditions at the probe are required. The
probes can be miniturised such that four
can be installed in a 3 in. long x 1% in.
dia. triaxial sample. An accuracy of + 2
1b/in.2 or + 3% (whichever is the greater)
can be achieved in the laboratory., With
the standard fisld equipment the figures
are + 15 1b/in.< or + 10%4. Measurements can
be made at approx. 15 min. intervals. The
equipment is compact and cheap.

Mr. Richards also commented on the
possibility of the water pressure in the
cavity within the filter element of a con-
ventional piezometer being different from
the pressure in pores of the soil. In
Australian conditions with very fine grained
soils differences of between % and 2 times
were possible if the size of the soil pores
and the salt content of the pore water were
such that osmotic effects could develop.
(Bolt & Lagerwerff:1965)

J. P. Collins (James P. Collins & Associates

ambridge, Massachusetts) described a new
electric piezometer that can be re-calibr-
ated in-situ. Mr. Collins prepared a paper
which was available to participants,

The principle of this piezometer
is shown in fig. 2. The pore
pressure in the piezometer cavity (Pa)
is transmitted through holes in the back-
up block to a divider diaphragm. For
normal pressure measurement the divider
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diaphragm 1ifts (by less than 0,001 in.)
to rest asainst the pressure sensing
diaphragm of the transducer, which meas-
ures the fluid pressure in the piezometer
cavity. To calibrate the piezometer a

gas pressure (Pc) is applied to the space
between the divider diaphragm =2nd the
transducer diaphragm. Vhen this pressure
exceeds Pa the divider diaphrarm seats on
the back-up block and the transducer
records the calibrating gas pressure. To
calibrate the piezometer at preesures less
than Pa a back pressure (Pb) is applied to
the other face of the diaphragm. If

Pb = Pc D>Pa the zero pressure reading for
the piezometer is determined. Thus the
incremental pressure calibration and the
zero shift of the transducer can be deter-
mined at any time.

Mr. Colline went on to describe the
adaption of this principle to a borehole
plezometer installed at the base of a
standpipe. A pressure sensing device
which could be calibrated in-situ using
the technicue described above was lowercd
to seat with an '0' ring gravity seal on
the driven filter tip. If access to the
top of the standpipe was possible, the
pressure device could be removed and the
tip de-aired with a vacuum device low-
ered in place of the pressure device. The
transducer used in this particular device
utilised a diffused solid-state strain
gauge circuit, in which semi-condnctor
elements are diffused directly into the
transducer diaphragm. The transducer also
incorporates an analogue-digital converter
producing a digital signal proportional to
the applied pressure. This digital signal
is unaffected by the resistance in the
connecting cable, simplifying transmission
of the signal over long distances. It
also enables the pressure to be displayed
or automatically recorded by simple and
inexpensive equipment. A very rarid
response is posgsible.

R. E. Gibson (Kings College, London)
refere o0 the use of constant pressure
geepage tests (either inflow or nutflow)
on hydraulic piezometers to determine the
coefficients of permeability and consolid-
ation or svielling of the soil adjacent to
the piezometer. This technique was being
used quite widely in Britain for obtaining
additional useful data from hydraulic
piezcmeter installations. Interoretation
of thesc tests was usually based on Prof.
Gibson's theory (Gibson:1963) for a srheri-
cal niezometer which assuwed that pore
pressures set up in the soil were due to
gseepage only. This gave the following
equation:
xl.n.4.a.
[
where T= cv.t

;L

1
=A . 1 —
q u ( t/’f'l")

cv = Coefficient of consolidation
(or swelling)
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R = radius of piezometer
Au = out of balance pressure
k = Coefficient of permeability
q = flow into or out of niezometer
t = time elapsed from beginning of test

The permeability and coefficient of consol-
jidation was obtained by plotting flow
against 14/%, which gave a linear plot.

Experience had gshown that permeabili ties
derived from the applicaticn of this equat-
ion were generally satisfactory but valuesd
the coefficient of consclidation or swelling
were often in poor agreement with observed
field behaviour (See, for instance, the
proceeding of the British Geotecknical
Cenference on in-situ testing of soilcg,
1969, Session E)

Professor Gibson had recently extended the
theory to include the effects of the pore
rressures set up in the soil by the immed-
iate application of the water presgsure at
the boundary of the piezometer. This gave
an equation of the form:

X 1
q =AU 4R /30 + % (1 - A)L
7 V&) % “TJ

where A was the Skempton pore pressure
coefficient.

Thus the flow wus deprendent on A as
well as cy and cy could not be derived
directly unless A Yith other values
of A 2 ficticious value of cy would be
ottained if the old theory were used.
However, the nlot of q against 14T remaired
linear and thus the value of k cculd be
determined by this wrethod with confidence.
This was in agreement with field experience.

G. F. Buck (R. C. Thurber & As=zociates,
Victoria, Canada) described comparative
mensurements made in the muskeg foundation
of a road fill. Initially pneuratic
dianrragm piezometers were installed and
subsequently two standpipe piezcmeters were
installed to check high pressures recorded
by the pneumatic instruments. The pressures
recorded in the standpines were lower than
those recorded by the pneumatic piezometers
by up to 10 ft. of water, and, during the
second stage of filling (which wasdne in
three stages) the increases in pnore
pressure recorded by the pneurntic piezo-
meters were in some cases greater than the
increase in vertical lcad, whereas with the
standpipe piezometerc the increase in pore
pressure was only 65% of the increase in
load. The pore pressures recorded by the
sta"dnipes were consistent with effective
stress calculations and field performance.

A. L. A. Yolfskill (1.I.T., Cambridge,
Massachusetis) described a piezometer
installation in a deep foundation strata
of Boston Blue Clay, where bothk electric
trrmsducer piezometers nnd hydraulic
piezometers were used. Por six moxrhs the




PORE PRESSURE
agreement between the two types was good p
but fourteen months later four out of c ™
six of the electric piezometers had failed,
and comparison of the results of the
remaining two with the hydraulic piezo-
meters, which all remained operational,
indicated that they were reading higher
by 8 ft. of water (19%). This represented
the worst experience of M.I.T. with
electric piezometers to date. In their

best performing installation a failure - PEZOMETER A

rate of 10% had occurred. Dr. Wolfskill NOUsS
said that M.I.T. experienced a failure
rate with hydraulic piezometers of TRANSOUCER

between 10% and 20%.

R. Jappelli (Italy) commented briefly

on ltalian experience in using Galileo PRESSURE SENSING
type electric piezometers in some 20 dams. DAPHRAGM

He commented that the experience of DIVIDER DIAPHR
stability and durability of these instr- SEE NOTE @m
uments was satisfactory, but some

anomalous results had been experienced -
where they had been used in plastic core BACKUP BLOCK
fills.

Figure 2

ELECTRICAL PIEZOMETER THAT CAN BE
RE-CALIBRATED IN SITU. (J. P. COLLINS)

AlR PRESSURE

63

EMIPERMEABLE MEMBRANES

Figure 1
IN SITU PORE WATER PRESSURE CELL (V. ESCARIO)
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PORE PRESSURE MEASUREMENT IN THE LABORATORY
Reported by Alen 7. Bishop.

Professor Bishop presented briefly the
Introductory Notes which had been prepared
by Dr. G. E. Grcen and himself. Three
sneakers contributed to the verbal dis-

cugsion. The summary of Professor
Helenelwd's discussion has been prepared
by the reporter.
INTRODUCTORY NOTES BY PROFESSOR A.W.
SHOP AN . G, B, E MPPRIAL
0 ON )
INTRCDUCTION

The principles invclved in the
laboratory nmeasurement of pore pressure
are basically the came as in the field
measurement of pore presgsure, but their
relative importance may be very different
due to major differences in time scale,
pore pressure gradient, and the physical
dimensione of the 'sample!

A striking example of thic difference
occurs in a paper by Whritman, Healy and
Richardson (1961) which shows the imvort-
ance of reducing time lag in observing the
transient vore pressure cccurriag in a
standard consolidation test. In contrast,
the permnissible time las in the field is
usually very much greater.

& detailed analycis of all the factors
considered to influence the correct deter-
mination of pore pressure in the triaxiel
test has been given by Bishop and Henkel
(1962), Appendix 6, to which reference
should be made for a quantitative asses-
sment of the relative importance of these
factors.

Three distinct classes of laboratory
problem may be distinguished:

l. Undrained tests, where idcally the
pore pressure is unifors throughout
the sarnle, but varies with time
primarily as a result of controlled
changes in total stress or strain
apnlied to the samnle.

Consolidoation tests and pore pressure
dissipation teets, in which control-
led boundary drainage results in nore
pressure gradients within the cample.
In these tests the rate of chanse of
pore pressure with time is a function
of the coefficient of consolication

or swelling, and the drainace path.

Model tests (for cxample, model
footings), in whick the undrained

pore nressure wou.d, even ideally, he
non-uniforu. Here both redistributim
of pore pressure and boundary drainage

in the two cases.
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occur, and the rate of change of
pore pnressure is a function both of
rate of loading =2nd of the coeffic-
ient of consolidation and drainage
path.

For each of thece classes of problem it is
necessary to establish that the volume
factor of the null indicator or transducer
and the intake area of the filter connected
to it match the coefficient of consolid-
ation, compressibility and the size of
gample or model proposed, and the rate of
testing.

UNDRAT {ED
a)

TESTS ON SATURATED SAMPLES

Under
round

the application of an equal all-
atress the time for the equaliz-
ation of the pressure in the null-indi-
cator or transducer with the pore
pressure in the sample is controlled

by the basic time lag of the system.
Table 17b of Bishop and Henkel (1962)
shows that this time lag is not
determined by the volume factor or
compliance of the null-indicator alone,
but is influenced radically by the
compressibility and coefficient of
consolidation of the sample.

For a soil of low conipressibility and
low coefficient of consolidation, the
volume factor of the transducer and
area of the filter becore of critical
importance. A small quantity of
trapped air cor a small leak can vitiate
the results under these circunmstances.
The detection of thece errors in closed
systems, using only electrical trans-
ducers, would be a useful tonic for
discussien. For example, layouts used
by Wash and Dixon (1960) and Barden and
i cDermott (1965) use the mercury null
indicator (Bishop and Eldin, 1950) to
deteruine the volume factor of the
transducer and to detect whether air
is trapped in it. These probleuns are
also discussed by Morgan and Moore
(1968)

¥ith a sample of low compressibility
and a transducer with a lerge volume
factor and with trapped air, the
equilibrium pore pressure after equal-
ization can be significantly less than
the +rue 'undrained' value. An exrnrec-
gion is given by Bishop and Henkel
(1962), p. 196, from which the magnitue
ol this error can be determined.

Ctservations of nrore nrersure under
undrained conditinns are corplicated by
the influence nf temperature chances,
which may be irreversible (lenkel and
Sowa, 196%).

b) Turing the application of the deviator
stress, the pore nressure observed at
any point in the sarple is additicnally
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time dependent, due to the progrecsive
equalization of non-uniformity in nore
pressure within the sample, resulting
from end restraint or from = natural
tendency to zone failure (Bishor et
al:1960 a,b; Glson:1960).

Tris non-uniformity may be reduccd
by using lubricated end plattens,
though this complicates the weasure-
ment of pore rressure (and also the
consolidation stasge of consolidated
undrained tests). Exaxples of the
uge of lubricnted plattens are given
by Blight (1961, 1965), Rowe and Barden
(1964 a), Barden =nd McDermott (1965)
and Schofield and Wroth (1968).
Alternatively, and mcre simoly, the
pore pressure may be mecasured at the
ends of the sample or over the whole
surface area, and time allowed for the
pore pressure to becore substantially
equal tkroughout the specimen. The
theoretical time factors (due to R. E.
Giktson,1963) and the experimental
evidence supporting them are given by
Bishop and Henkel (1962), p. 200. It
is apparent from worked exariles (iven
in Table 18 of the above reference trat
except for small samples with a rel-
atively high coefficient of consolid-
ation, the time for 95% enqualization
is much greater than the test Auration
usually allowed for, and is indeed very
large compared with the bacic resmnonse
time of a 'hard' transducer or null-
indicator. This provides a strong
argument for testing soils tshrwing a
peak to the stresg-strnin curve under
a controlled rate of strain., Fore
pressure observations durings the post-
peak runaway of a controlled stress
test are likely to be in error, however
‘hard' the transducer. Concentration
on basic response time nay mislead the
investigator into overlooking the vore
pressure gradients within the samrle,
which can lead to very significant
errors in the observi:d shear parameters.

Tor larger samples (it may be noted
that samples up to 1 ft. dia. x 2 ft.
high apoear to be necessary to define
the strength parameters of stiff-
fissured clays) the time necessary
for equalization is gqguite impractic-
able. The best procedure is then the
uge of prohtes to measure the local
unequalized pore nressure. This

rocedure was introduced by Taylor
51944), using a single probe inclined
in the probable shear zone of a small
sample, Difficulties in technique
and problems of sample disturbance
and stress concentrations are greatly
reduced in large samples where the
probe is relatively much smaller in
size.

Probes have been used in 4 in. din.
samples by Blight (1961 and 1963 a,b)
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c)

and Barden and McDermott (1965), in
Ain, dia. sariples by Tschebotarioff et
al (1956) and in 12 in. dia. samples
by Hall and Gordon (1963). 1In all
¢ngses the samples were compacted or
remoulded. A discussion on the use of
probes in large undisturkted samnles
subject tc zone failure would be of
considerable interest.

The measurement of the transient
nore pressures set up in tests involving
impulse or repetitive loadins presents
the above problems in their most acute
form (Johnson and Yoder, 106%; Peters
1963). The meaning of such measurements
deserves special consideration.

The relationship between observed pore
vressure and apnlied stress may be
influenced by the rate of testing, not
only due to {i) time l2g in the pore
pressure device and (117 progressive
enualization of non-uniiormity in pore
oressure resulting from end rectraint
or Yrem 2 notural tendency to zone
failure, but also due to a genuine mod-
ification in the behaviour of the soil
structure as the rate of shear is red-
uced. This was noted by Bierrum, Simons
and Torblaa (1958), who considered that
the nhenomenon might te analocous to
secendary conselidaticn, though the
possibility of osmosis between the pore
vwater and the water in the cell had to
be conrnnidered.

The gsigsnificance to bte attached to
stress paths (and pore nressure para-
meters) based on different rates of
testing and conditions of end restraint,
narticularly in undiaturbed sarples
prone to zone failure, deserves further
discnssion.

UNDRATNED TESTS ON PARTLY SATURATED SAMPLES

The importance of diecriminating bet-

ween and measuring separately the pore water
and pore air pressures in partly saturated
50ils has been the subject of a nunber of
parers (Bishen (1960), Gibbs et al (1960),
Barden and Sides (1967), Barden, Madedor aand

Sides (1969)).

The difficulties are Tost

acute where:

a)

b)

d)

the air voids are discontinuous and the
equalization of air prersure is very
slow. Thia only occurs at relatively
high degrees of saturotion.

the degrce of saturation is very low and
the eaualization of pore water pressure
is very =low.

the difference between the nore atr and
pore water prescure n4ceede the air
entry vnrlue of the finest -rain sivze
ceramic nvailable.

the initial vore water pressure is
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below zero absolute, which leads to
cavitation in conventional hydraulic
measuring systems.

In case a) the presence of zir is
significant mainly in its effect on the
compressibility of the pore fluid. TIts
pressure plays little part in the effect-
ive stress equation. The fact that the
air pressure measurement presents diffic-
ulties is thus of 1little yracticsl impor-
tance.

In case b) the Aifficulty can be met
to some extent by the use of small samples
and low testing rates. Case c) will
generally occur only if the sample falls
into category d) as well. In both cases
a comblete picture can only be cbtained by
inferences from indirect test~ or tests
involving either an increace in pore air
pressure or in total stress. Examples of
such procedures are given by Biskop et al
(1960 a,b), Croney ard Coleman (1G60).

CONSOLIDATION TESTS AND PORE PRESSURE
DISSIPATICR _TESTS

The determination of the rate of
dissipation of rore nressure in the con-
solidzation test is both of great thcoretical
interest (for exarple, Tayler (194?), Lecn-
ards and Girault (1961) Bishop and Al-
Dhahir (1969)) and also of ccneiderable
practical importance, in particular in
partly saturated soils. The determination
may be made in the standard consolidation
test (for example, Whitman, Healy =2nd
Richardson, 1661), in the triaxial appara-
tus (for example Bishop and Henkel, 1G62)
or the hydraulic oedometer (for example,
Lowe, Zaccheo and Feldman, 1964: Rcwe and
Barden, 1964 a; Raymond, 1966). The
latter two types of test have certain
advantages over the conventional oedometer
in that:-

a) the undrained nore precsure may be
determined with a sealed system before
drainage is allowed to commence,

b) a back pressure may be used to ensure
full swturation where this is approp-
riate,

c¢) a ceries of consolidation stages may

be carried out by the successive
reduction of the back pressure in the
drainage system without any change in
the total stress applied to the sampnle.

The work of Whitran et al (1961) clear-

ly shows the importance of matching the
transducer and filter characteristics to
the coefficient of consolid=2tion 'and
drainare path of the sample. In this con-
nection, it is relevant to note that the
permeability and dimension of the drainage
surface may also have a marked effect on
the apparent coefficient of consolidation
if incorrectly chosen relative tc those of
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the sample, Newland and Allely (1960),
Bishop and Gibson (1963),

T.aboratory measurments of pore

prescure on models fall into two main
categories:

a) Mea-zure.ents of pore pressure set up
during stcady seenage in relatively
pervious cohesionless soils.

b;} Ieasurements of transient pore pressure

set ur by stress changes in soils where
permeability is low relative to the
rate of loading. [ ndel footing and
model wall tests fall into this cate-
gory.

The arparatus for steady seepage tests
is simnle (for example, Reinius, 194§&),
but a= the :ressures 2re very low, care has
to be taken over capillarity, trapved air
bubbles, etc.

Few transient pore rressure results
have been reported. Burland and Roscoe
(1969) desrribe an apraratus designed for
this ourpose, but give rTesults for one
dimensicnal consclidation only. Problems
of installation, s alineg and the avoidance
of trapped air are considerable. A minimum
time lag is particularly desirable due to
the high rore nressure gradients in small
models, and a high sensitivity is necessary
since the pore rressure changes are small.

CCNCTISICNS

Techniques are available which permit
the measurerent of pore pressure in undrai-
ned triaxial tests, in consolifation tests
and in model tests with increasing accuracy
and convenience. Howvever, ccntinual vigil-
ance is necessary to ensure that the
meagsured pore pressure is not influenced by
the testing technique or the physical
characteristics of the measuring ecuirment.

Discussion by Professor Anwar E. Z. Yissa

(Massachusetts Institute of Tecl.nology, UGA)

In his opening statenent on the 1lab-
oratory measurement of pore preusures,
Professor Bishop stated that progressive
equalizZation of non-uniformity in vore
pressure within a laboratory test snecimen,
resulting from end restraint or from a
natural tendency to zone failure, is a much
more serious cause of erronecus pore press-
ure measurerients than the volume facter
(compressibility) of the pore pressure
measuring system. I agree with Professor
Bishop's statement far the specific case
that occurs in undrained triaxial tests
when the pore nressure is measured at the
base of the test gpecimen during shear.
should like tec mentinon that the compres-
sibility of the rore pressure measuring

I
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gystem can also introduce very large errors
that are time independent. These errors
can be especially large when tcsting stiff
soils such as shales, heavily overconsolid-
ated cl~ys, ceuented soils and derse sands
at high consclidation pressures which have
a cozpres-ibility 1u the order of

1074 cmz/kg.

Further, when pore-water pressures
are measured in one-diriensional consolid-
ation tests (for example, in the constant
rate of strain consolidation test, I
descrited in Specialty Session 16) and
during isotropic consolidation and nore
pressure dissipation tests, non-uniformity
of excess pore-water pressure does not
occur and then the primary inherent source
of error is due to the compressibility of
the porec pressure measuring systen.

The nore precsure response, B, of a
laboratory test set-up is given by the
following equation:

1
B=Au=
—_— 1 1
Ac — tT (v.Cc,6 + C, +C,)
theo. Vo sk Lv L M
where
B is the undrained vnore pressure resn-

onse and is equal to the mensured
increment of pore-water nressure, Au,
caused by an applied incre:ent nf
total stresa, Acg.

is the theoretical pore pressure res-
ponse of the test srecimen excluding
the influence of thke nore pressure
system and is by Skemrton's eguaticn.
Bineo = 1/(1 + n Cw/csk) where n is

the porosity, Cw the comnreacibility
of the nore fluid and Csk

ressibility of the nineral skeleton.
\') ig the volume of the test specimen.

Biheo

the comp-~

\'f is the volume of fluid in the vore
nressure messuring system.
L is the comnrecsibility of the nore
water lines.
CM igs the compressibility of the pore
pressure sensing element.

From the above equation it is seen
that the error in measuring the pore rressure
can be reduced by either increasing the
volume cof the test specimen or by reducing
the conpressibility of the pore nressure
measuring cystem. The nossibility of
increasing the volume of the test smecimen
is usually 1limited by the dimensicns of the
availakle undisturbed bore-hole sample
which rarely exceeds four inches in diameter.
In addition, with the excertion of the
pressure reasuring system the cost of lab-
oratory testing equinment increases rapidly
with increasing size of the test specimen.
Finally, increasinz the size of the tect
specinen decreases the rate of censolidation
and pore psehsure dissiration or enuiliz=atim

For thesc reuarsons it is usunlly imoractical
to imnrove the pore pressure responsc by
increasing the volume of the test specinen.

For a properly deci med nrore-water
pressure evcuring system wlhich is como-
letely denired CL » 0 and C,=5.5 x

- 2
10 5cm'/kg, i.e. the corpressibility of
deaired water. 'hile VIl of most systems

currently in use is at least 12 cc,
existinzy testin: eaniovment can canily be
wodified to reducc the volume of water in
the pore pre<sure reasurinrs systeu. to abeout
1l cc. Further, by usin: = stiff electr-
ical pressure transducer rather tran a
null indicator 2s the prcciure senser it

is prnsnible to reduce CM from about

- - 2
1.4 x 10" to 1.6x10 5cc/k'r/cm'. Ry .akine

these two modificaticone to the pore nress-
ure neasurinc syste *he error in re=ding
equilicrium pcre rressure of ~aturated
grils con be reduced fro. about 17% to less
than 1% for 2 stiff test svecimen havine a

couvressirility of 10—4cm2/sco. a norosity
of 0.5 and a veclume of B0 cc. It should
tc mentioned that for more cornrecsibhle

2
3en /sec
these rmodifications are not necded since

the error in measuriang the nnre prescure
is then less than 2-1/2%

soile with Cy oreater than 107

These rroblems are also discussed by
Wissa (1969).

Discunsion by KMr. . J. Gibbs (U.3. Bureau
of .terlunation)

In the introductory notes of Bisnhop
and Green the variatility of pore presgsure
in the test specimen wss emphasized. The
Bureau of Heclawation studies suggest that
the ecnalization of nore rressure throuzh-
out the specinen is relatively rapid wvhen
the specimen ig corpresced under sealed
(undrained) ronditions, rince a major tran-
sfer of the pore fluid dnco not occur.
Greatest ermphasia in these ctudiez was
given to the imnroverent of accuracy in the
test measurc ent, such n2s vreventing fluid
transfer Letween the pore nrressure ccntact
and the soil, making the syvate:r truly
gealed =0 that rapid resnonse c=n te
realized. Techniques in me=~urement that
were described are:

(1) Pore-nir pressure contacts in whict the
water films of the coaree ceramic is
separated frow that of the soil and
there is maintained a oprecige centrol
of the water level in the cera:ic
contact.,

(?) Precise measure:ents of initial capil-
lary precscure and itc change as
comprersion occura permit theorctical
curvea of pore precsure to be estab-
lished. These are uscd tc guide the
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rate of testing so that reasonable
equalization of pore pressure is real-
ized when measured value: fall along
them.

Further details of these techniaques
are given by Gibbs and Coffey (1G6G).

Discussion by Frofessor K. V. lielenelund
TInstitute of Technology, Otanilemi, Finland)

Professor llelenelund disgussed the
laboratory measurement nf pore pressure in
fibrous soils and in particular the lab-
oratory consolidation of peat. A system
wag described using two oedometers and four
pore nrcsgure probes in each ocedomreter.

The regults indicated imwortant dif-
ferences between the horizontal and vertical
permeability of peat.

In unccnfined compression tests on
samples of peat cut with their axis vertical
the increase in pore pressure during load-
ing was high. However, in samples cut with
their axis horizontal the increase in pore
pressure was small or zero.

The results also raised the important
question of the relevance cf the pore
pressure within the fibre relative to that
within the pore snace.

written discussion by Professor Anwar E. Z.
Wissa (lassachusetis Institute of Tecrnol-
ogy, U.S.A.).

At the specialty session Professor
Bishop discussed the influence of pregres-
sive equalization of non-uniformity in vpore
pressure in laboratory measurements of
pore-water pressure and the writer discus-
sed the effects of compressibility (volume
factor) of the pore pressure measurine
system. Other sources of error in the
laboratory measurement of pore-water nres-
sures were mentioned in the introduvctory
notes, but were not discussed at the session
and therefore it may be useful to triefly
describe the experimental orocedures used
at M.I.T. to detect thece errors. The most
common additional causes for erroneous pore-
water nressure measurements are:-incomnlete
saturation, external and internal leakage.

Firure 3 shows a tyrical triaxial test
getup in which the pore-water pressure is
measured with a mercury null indicntor.
Starting with all valves shown in the figure
closed, the sample is first consolidated
under the desired back pressure by applying
the cell opressure at the z2me time as the
back pressure through Valvec A and B. When
consolidation and saturation are complete,
as determined by the volume change burette,
valves A and B are closed and the system
is checked prior to undrained shcar as
follqws:

1. Leakage checks

The conanlidation back nres-ure is
anpvlied to the pore rremcsure measuring
svstem (left hand zide nf Fig. 3) by
opening Valves D, E, F, G and H. Once the
back pressure bac built up in the system
it is applied to the test specimen by
opening Volve £, The mercury level in the
null indic~tor is zeroed with screw J and
the null indicator by-pass Valve D is
closed. The rercury level in the left
column of the null indicator is tnen
monitored ss a function of time. If con-
solidation and saturation of the tect
specimen are complete and there are no
leaks the mercury level remains stationary.
A rise in the mercury level as a function
of time can be due to several reasons:

(a) Air still going into solution Jdue to
incomplete saturation of the <ample
or pore water lines.

(r) Incorplete swelling of the sample if
it is being rebounded.

(¢} External leakagze at Valves B or C or
in the lines connecting the cell base
to the null indicator.

If the cause is rezson (a) or (t) above
thien the rate of rise of the mercury level
in the null indicator will be decreasing
with time and the samnle shcould be allowed
to further equilibrate before shearing. A
congtant rate of rise of the mercury level
indicates an external leak which must be
eliminated befrre starting undrained shear
and is usually too small to visually
detect.

A dror in the mercury level as a
function of time is caused by either
internal leakage or incoun:.plete consolidatiou
Incouplete consolidation will be reflected
by = decrease in the rate of drop of the
mercury level z2a a function of time and the
gsamrle must be allowed to further equilib-
rate before testing. Internal leakage due
to flow of cell water into the test spnecimen
resultz frem poor sealing or a tear in the
membrane and s*ows un as a constant rate of
drop of the mercury level with time. Tf
this is the case the samnle must be ta:en
down.

lhen an electricsl rressure transducer
is used instead of a null indicator to
measure pore-water pressurc, the system
on the right hand side of Valve C in Fic. 3
is eliminated and the transducer in its
mounting block is connected directly to the
cell rore-water rort i the nlace of V~lve
T. Pollowing consolidation and saturation,
Valve B is slowly closed and the pore-water
pressure is then monitored as a functien of
time with the transducer. In this case
Valve B must not cause a volume change
during opening and closing since this wculd
induce a pore-water prescure change in the
sample. An external leak shows ubp as an
approximately constant rate of pore pressure
dron with tire whereas an internal leak
causee an approximately constint rete of
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increase in pore pressure with time.
Incomplete saturation or rebcund causes

a drop in pore pressure; the rate of
which decreases with time wrereas incom-
nlete consolidation causes the rore pres-
sure to increase at a decreasing rnte.

Saturation Check

Followine the leakage checks the pore
pressure response of the system is checked
to make sure the sarple ard pore prescure
measuring system are completely =saturnted.
With Valve B closed the cell pressure is
gradually increased by a known amcunt and
the corresponding induced pore-water
pressure is measured with the null indica-
tor, test gaure and screw ovump or by the
pressure transducer. If the ueasured
increase in pore pressure,Au, is equal to
the applied increase in cell pressure, A&

B Bk

Qe
the gystem and test specimen are co~pletely
saturated. An increase in pore water
pressure less than the applied increase in
cell pressure (B<1.0) is either due to
air still remaining in the sarple and/or
pore water lines or due to the stiffness
of the test specimen. If this is the case
the cell pressure and back pressure are
simultaneously increased by an equal amount
following which another pore nressure
response is taken. If the new value of B
is larger than the first value obtained
at the lower back pressure but =still less
than unity then the system is not yet
completely saturated and the pore-water
lines shruld be flushed and the samvnle
allowed to eguilibrate at this higher back
pressure before rechecking for leaiaze and
saturation. If the new value of B is still
less than unity but equal to the value
obtained at the lower back pressure the
cysten is couplctely saturated and testing
can proceed.

is unity and

In suxmary, based on the experiences
the writer has had with pore pressure
measurements in. the latoratory, it is his
oninion that reliable measurements can
only be obteined if a systematic checking
procedure such as that presented above is
undertalen prior to each test. Further,
clectrical rressure transducers, when
rroperly calibrated and checled are simpler
aund more accurate than null indicators fer
nore-water nrecsure mea-urerents in the
laboratory.
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Figure 3

TRIAXTAL TEST SETUP FOR PORE 'ATSR PRESSURE
MPASUREMFN TS
(a. 2. WISSA)
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