
Geotechnical Instrumentation News

John Dunnicliff

Introduction
This is the forty-seventh episode of
GIN. The episode includes discussions
of an article on embankment dam in-
strumentation, which was in the previ-
ous episode of GIN, together with the
author’s reply. These are followed by
three articles by regular contributors to
GIN: design of pile foundations, by
Bengt Fellenius; cost of geotechnical
instrumentation, by Gord McKenna;
and guidelines on selecting electrical
cables, by Barrie Sellers. Thank you to
all three for your willingness to help
keep GIN alive.

Some Disappointing Total
Stress and Pore Water Pressure
Data
The previous episode of GIN included
an article by Ali Mirghasemi, describ-
ing measurements of total stress and
pore water pressure at Karkheh Dam in
Iran. He told us about his experiences
with a large number of earth pressure
cells installed in the core of the embank-
ment dam, and concluded that “no con-
sistent data were achieved”. He also de-
scr ibed pore water pressure
measurements with both open
standpipe and vibrat ing wire
piezometers which were inconsistent,
and said, “The author will welcome
any comments and discussion that
may help to explain the differences”.

I was both puzzled and fascinated by
the contradictions, so sent Ali’s article
to several colleagues prior to its publi-
cation, asking them whether they could
shed any light on the issues. I’ve re-
ceived discussions from Elmo
DiBiagio, Erik Mikkelsen, Arthur Pen-
man and Barrie Sellers, and one from

Louis Marci l of Roctest , the
manufacturer of the instruments that
were installed at Karkheh Dam. I’ve
also received an unsolicited discussion
from Donald Babbitt. All six discus-
sions are published here, together with
the author’s reply. This has been, for
me, an interesting and rewarding expe-
rience, as all the discussions are rele-
vant and helpful. Thank you to all the
discussers for making the effort to help.

I’m left with two ‘umbrella’ ques-
tions:
1. What is the best way for manufac-

turers to help users select the most
appropriate instruments for their
application? Manufacturers of
geotechnical instruments are a re-
source that should not be over-
looked when selecting appropriate
instruments for any particular pro-
ject. However, users can’t expect
that manufacturers will put them-
selves in the same position as
geotechnical project designers. It
seems to me that if users have any
uncertainties about which instru-
ments are appropriate, there needs
to be interaction with manufacturers
so that the decision can be made mu-
tually. Is this practicable?

2. How can manufacturers help us-
ers to learn about the most appro-
priate installation methods? For
example, in the case of Karkheh
Dam, earth pressure cells and
piezometers. I’ve always contended
that manufacturers can provide ex-
plicit details about such installations
as strain gages on steel, because
there are no geotechnical variables.
However, manufacturers cannot

provide explicit details on how to in-
stal l their instruments in
geotechnical surroundings, because
they can’t possibly know all the de-
tails that are required to do so—this
is the job of the user. But of course
manufacturers can provide general
guidelines. In the experience of
manufacturers and users, is there a
need to improve interaction to en-
sure the most appropriate installa-
tion methods? If yes, how?
I’m not intending to close the op-

portunity for discussions of Ali
Mirghasemi’s article with this epi-
sode of GIN. If readers have more in-
put that might help to explain the
contradictions, or if any feel like putt-
ing forward some answers to the
above two ‘umbrella’ questions, I
very much hope that you’ll do so.
Watch this space!

Design of Pile Foundations
Bengt Fellenius, a regular contributor to
GIN, has sent me an article that resolves
lack of understanding relating to the de-
sign of piles subjected to drag loads.

Cost of Geotechnical
Instrumentation
Another regular contributor, Gord
McKenna, gives us some pragmatic
rules of thumb that are applicable to the
cost of geotechnical instrumentation.

Help with Selecting Electrical
Cables
The article by Barrie Sellers, yet an-
other regular contributor to GIN, gives
nuts-and-bolts guidelines to help us se-
lect which electrical cable might be
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most suitable for each particular appli-
cation.

Two Reminders for Your Date
Book
The next instrumentation course in
Florida will be on March 18-20, 2007 at
St . Petersburg Hil ton (www.
stpetehilton.com). Details of the course
will be on www.doce-conferences.
ufl.edu/geotech as soon as they are
available.

The next international symposium,
Field Measurements in Geomechanics
(FMGM), will be held in Boston, Mas-
sachusetts on September 24-28, 2007,
at the Park Plaza Hotel. W. Allen Marr
of Geocomp Corporat ion
(wam@geocomp.com) and Prof.
Charles Dowding of Northwestern Uni-
versity (c-dowding@nwu.edu) are serv-
ing as co-chairs of the organizing
committee. More information will soon
be available on www.geoinstitute.org,
under the “Upcoming Events” tab. Any-
one interested in helping to organize
and carry out this event is encouraged to
contact Allen or Chuck directly.

For more information about FMGM
symposia, please visit www.fmgm.no.

‘Meaningful’ Books
This has nothing at all to do with
geotechnical instrumentation (but nei-
ther has cricket!). I’ll give my excuse
for including it later.

The most recent topic for discussion

at a local ‘discussion group’ was, “The
three most meaningful books that we’ve
read” - the word “meaningful” to be in-
terpreted in whatever way a person
wished. My books were:
• A Fortune-Teller Told Me, by

Tiziano Terzani. Non-fiction.
Terzani, a middle-aged Italian, was
the Middle East correspondent for a
German publication, and had been
so for many years. His life was
plane-taxi-hotel-taxi-plane. On a
whim, he went to a Chinese for-
tune-teller in Hong Kong who, hav-
ing established credibility by
recounting a strange and unique ex-
perience that Terzani had had previ-
ously, told him that under no
circumstance should he fly during a
whole year 16 years hence – “not
even once”. Despite the huge impact
on his normal life, Terzani eventu-
ally accepted the prediction of
doom, and spent that year traveling
and reporting throughout the Middle
East, without flying. His tales about
people and places are extraordinary.
And he visited fortune-tellers when-
ever he could! I won’t spoil it for you
by telling about any air accidents
during that later year! Now to my ex-
cuse – it was Giorgio Pezzetti, who
took the lead role in organizing
FMGM-1995 in Bergamo, Italy,
who recommended the book to me,
so there is an ‘instrumentation con-

nection’!
• A Prayer for Owen Meany, by John

Irving, who is probably best known
for “The World According to Garp”
and “The Cider House Rules”, both
of which were made into films. Fic-
tion. Impossible in a few words to
say why I think this is so very mean-
ingful. One reviewer wrote, “What
better entertainment is there than a
serious book which makes you
laugh?” Religion, precognition, and
an unforgettable and endearing lead
character. John Irving at his best.

• Ishmael, by Daniel Quinn. Fiction.
A gorilla is released by his owner,
and sets himself up in rented space as
a ‘teacher’ – in essence a psycholo-
gist. Perhaps it can be belittled as a
bit of pop-psychology, but a mean-
ingful reversal of human/animal re-
lationships nevertheless.

Closure
Please send contributions to this col-
umn, or an article for GIN, to me as an
e-mail attachment in MSWord, to
john@dunnicliff.eclipse.co.uk, or by
fax or mail: Little Leat, Whisselwell,
Bovey Tracey, Devon TQ13 9LA, Eng-
land. Tel. and fax +44-1626-832919.

Here’s mud in your eye! (USA). Thanks
to Charles Daugherty for this. But it
sounds a bit Irish to me!

Discussions of
“Karkheh Dam Instrumentation System –
Some Experiences”

Ali Asghar Mirghasemi

Geotechnical News, Vol. 24 No. 1,
March 2006, pp 32-36

Donald H. Babbitt

In the mid 1960s, 27 - 18-inch diameter
Carlson type electrical soil-stress me-
ters were installed in core and transition
zones of 770-foot high Oroville Dam

and 15 - 30-inch diameter custom built
static/dynamic electrical stress meters
were installed in the downstream shell
zone (O’Rourke 1974, Cal DWR 1974).

The installation procedures were simi-
lar to those used in Karkheh Dam and
the stress readings obtained were also
questionable.
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Kulhawy and Duncan (1972) per-
formed a finite element analysis of the
embankment and compared the results
with the instrument readings. They
found good correlations with the mea-
sured movements, but not the stresses.
The extremes in their Table 2 are a ma-
jor principle stress in the downstream
match within 10 percent and a factor of
7.5 variance in minor principal stress in
the upstream transition zone. They pro-
vide compelling arguments of why the
stress measurements could not be
correct.

Two of Mirghasemi’s three issues for
not being able measure stresses in
Karkheh Dam, the inclusion effect and
different compaction, likely apply to
Oroville Dam. His third issue, possible
rotation of the stress meters, is unlikely,
because Oroville is a coarse, stiff em-
bankment. The core contains cobbles

up to 3 inches in diameter and cobbles
in the transition and shell zones are
greater than 6 inches in diameter. This
coarseness led to a third possible source
of error; the stress meters were sur-
rounded by 2 inches of selected fine ma-
terial to protect them and to preclude
coarse particles producing unrepresen-
tative stress concentrations at the faces
of the meters.

The questionable stress readings that
ultimately developed were a concern
during the very thorough design pro-
cess, that included discussions with Dr.
Carlson; and meticulous care was used
in installing all the instruments in the
dam.

References
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Elmo DiBiagio

The article by Ali Mirghasemi is a vivid
reminder that implementation of
geotechnical instrumentation projects
is not always an easy task. This is espe-
cially true for what I consider to be one
of the most difficult of all measure-
ments, i.e., the measurement of total
stress in an embankment dam. My com-
ments are, therefore, restricted primar-
ily to the earth pressure measurements
reported by the author.

The article does not contain suffi-
cient measurement data to evaluate the
correctness of the stress measurements
or to pin-point the reasons for the re-
ported inconsistent data. It particular, it
would be helpful to study the perfor-
mance of the pressure cells in the lower
part of the dam during placement of,
say,10 to 20 meters of fill over the in-
struments. In the lower portion of an
embankment dam, the stress field dur-
ing construction is essentially 2-dimen-
sional if the valley is wide and not
predominately V-shaped. In this case, it
is possible to calculate from the density
and thickness of the fill what the mea-
sured stresses should be. This proce-
dure is commonly used to check the

performance of pressure cells installed
in high embankments.

The author lists three reasons for the
inconsistent earth pressure data, distur-
bance of the stress field caused by the
instrument itself, problems associated
with compaction of the surrounding fill
and rotation of the instruments during
subsequent compaction of layers over
the instruments. I agree with these con-
clusions. However, in my opinion the
principal reason is the manner in which
the instruments were placed in the em-
bankment. My conclusion is based
solely on the photograph, Figure 4,
which shows the pressure cells being in-
stalled in small rectangular holes or
slots with near vertical sides excavated
in the embankment. Differences in
compaction (and compressibility) of
backfill placed over the instruments rel-
ative to the surrounding soil will lead to
arching in the overlying fill resulting in
either measured pressures that are too
high or too low. A better installation
procedure would be to form a wide bot-
tomed excavation with flat sloping sides
in all directions and then install the in-
struments in the bottom of the excava-
tion, not in small holes as shown in

Figure 4. The size of the excavation de-
pends on the number of instruments to
be installed and a significant amount of
earthwork may be required. For exam-
ple, for installation of five pressure
cells, an excavation of the order of 10 m
x 10 m and 1 m deep would, in my
opinion, be adequate.

The potential for rotation of the pres-
sure cells in the core of Karkheh Dam is
very likely because the core material (a
mixture of 60% high plastic clay and
40% gravel) is indeed plastic and would
be subject to large shear deformations
during compaction or as a result of the
kneading action in the fill caused by
heavy construction traffic. On one NGI
project we fitted miniature inclinom-
eters to earth pressure cells installed in
the core of a dam with a moraine core.
In one zone where the moraine had a
high water content because of a rain
shower during installation of the instru-
ments one of the pressure cells rotated
20o.

In summary, measurement of total
stress in an embankment is extremely
difficult and should not be done unless
absolutely necessary and, if necessary,
particular care must be given to installa-
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tion details. For a large project like
Karkheh Dam (510 earth pressure cells
installed) the cost of a full scale trial em-
bankment to study installation details
would be justified.

I wonder if the author misunderstood
the drawing in Figure 3 when installing
the instruments. It appears that he may
have had a large excavation with slop-
ing sides but dug holes in the bottom for
installation of the instruments. The
drawing can be interpreted in two ways,
i.e., instruments placed on the floor of
the excavation or set in cubical sockets
beneath the floor.

I would like to make one brief com-
ment on the reported discrepancy be-
tween pore pressures measured by open
standpipe piezometers and vibrating
wire piezometers. Again, I don’t feel
competent to comment in depth on this

without seeing all the measurement
data, in particular the initial measure-
ments prior to filling of the reservoir.
However, I would like to make one im-
portant observation. The vibrating wire
piezometer used at Karkheh Dam,
Model PWS, has a pressure sensor with
a circular membrane mounted inside a
cylindrical housing. The housing is rel-
atively thin-walled and in the manufac-
turer’s catalog the housing is described
as a “slim housing” model. In a high
embankment the earth pressure acting
on embedded instruments can be very
large, so large in fact that deformation
of the housing of an instrument like the
Model PWS piezometer may actually
deform the pressure sensing element in-
side the instrument as well. The end re-
sult could be a shift in zero-point and/or
a change in the calibration characteris-

tics for the sensor. I illustrated this point
once at an instrumentation course. I
placed a thin-walled vibrating wire
piezometer on the floor and put my foot
on it. The zero point changed by a very
significant amount. The lesson to learn
from this is simply: Install robust instru-
ments in high embankments.

I wish to express my thanks to Ali
Mirghasemi for reminding us that
geotechnical instrumentation is not al-
ways straightforward.

Elmo DiBiagio, Norwegian
Geotechnical Institute (NGI), P.O. Box
3930 Ullevaal Station, N-0806 Oslo,
Norway. Tel.: (+47) 22 02 30 00,
Fax: (+47) 22 23 04 48,
email: Elmo.DiBiagio@ngi.no

Louis Marcil

In his article, Mr. Mirghasemi reports
discrepancies in results between two
pairs of neighbouring piezometers in-
stalled at the Karkheh dam. At the re-
quest of Mr. Dunnicliff, we submit
hereafter a few comments derived from
our instrumentation experience. It is
hoped that they will help evaluate possi-
ble reasons for these discrepancies.

In Figures 5 and 6 of his article, Mr.
Mirghasemi presents readings obtained
from two pairs of neighbouring
piezometers, each comprising an open
standpipe and a vibrat ing wire
piezometer. In both cases, readings
from the vibrating wire piezometers are
of lesser value by approximately five
metres than the ones from the standpipe
piezometers. This difference is constant
over a period of four years. Assuming
that the standpipe piezometers provide
accurate readings, one would be
tempted to conclude that the divergence
is due to a problem of defective func-
tioning of the vibrating wire instru-
ments. Our experience shows that this is
most improbable. From a point of view
of design, vibrating wire sensors cannot
produce such a response with a constant
negative offset over such a long period
of time. This mode of instrumentation

provides either very good results, read-
ings that are unstable, or no readings at
all. In fact, the reliability and long-term
durability of the vibrating wire princi-
ple are the reasons for the widespread
use of this mode of instrumentation.

The accuracy of the piezometers at
Karkheh dam is ± 0.5 % for a full scale
of 1700 kPa, which means that this fac-
tor could contribute to no more than ±
0.85 metre of the actual difference of 5
metres.

Amongst causes of error in readings
occasionally mentioned to us, such as
voltage surge due to lightning, water in-
filtration, accidental overpressure after
installation of the piezometer, and zero
referencing, only the last of these can
have a significant effect on the actual
difference in readings. It must be re-
membered here that vibrating wire
piezometers are instruments that pro-
vide relative measurements - not abso-
lute - so that each reading must be
referenced to an initial reading consid-
ered as the zero reading. This zero read-
ing must be taken after complete
dissipation of the overpressure momen-
tarily induced by the installation of the
high air entry filter on the piezometer.
This may take over 24 hours. In the

present case, we recommend referring
to the initial readings - the readings
taken before and after installation of the
filter - and to quantify accurately the un-
dissipated overpressure in order to de-
termine the importance of this cause of
error.

Other causes of error should also be
considered. For instance, measure-
ments done in standpipe piezometers,
though generally considered reliable,
must be verified. This should include
measuring the tape of the water level in-
dicator as well as the stickup of the
standpipe, and making sure that the
sealing around the standpipe is efficient
in order to make sure that the standpipe
piezometers measure the pore pressure
in a given point, as the vibrating wire
piezometers do, and not the level of the
free water surface. The peculiar fact that
the difference in readings between both
pairs of piezometers are equivalent
raises the point that further investiga-
tion is required as to what these pairs
have specifically in common, e.g.
where and how they were installed, and
how they are read.

From our experience, it is most im-
probable that the discrepancies be es-
sentially explained by the vibrating
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wire piezometers themselves. All ma-
nipulations related to both types of
piezometers should be considered. Ide-
ally, potential effects of each cause

mentioned in this discussion should be
verified and quantified.

Louis Marcil, Product Line Manager
and Technical Services, Roctest Ltd,

665 Pine Street, Saint-Lambert, QC,
Canada, J4P 2P4. Tel: (+1450)
465-1113, Fax: (+1450) 465-1938,
email: lmarcil@roctest.com

P. Erik Mikkelsen

I thank the author for sharing his experi-
ences, especially the disappointing and
puzzling observations. My experiences
with free field total pressure cells have
also been disappointing and the cost of
their installation in the clay core of a
dam is not justified, in my opinion. The
results are rarely reliable.

The reliability of piezometer data
however is another matter. Piezometer
data are generally reliable and I would
like to comment on why, however puz-
zling, open standpipe piezometers
(OSP) and vibrating wire piezometers
(VWP) or electrical pressure sensors
are not measuring the exact same pore
pressure. Your article indicates the
following:
• Figures 5 and 6 show quite consis-

tently, regardless of the difference in
measured pressures by OSP and
VWP, that the upstream pore pres-
sures are lower than the downstream
pore pressures.

• The measured pressures are also
generally higher than the reservoir
level.

• The difference between OSP and
VWP readings are greater at lower
reservoir levels.
From this I conclude that there are

considerable amounts of air in the
pores and that an anticipated seepage
gradient (saturated) through the core
has not been established at elevation
165 m. The pore pressure is being influ-
enced by three factors:
• Vertical embankment stress and re-

sulting consolidation
• Variable stress from reservoir pool

causing consolidation
• Migration of pore water and air due

to above stresses and hydraulic gra-
dient
There are several types of moisture

or water in the compacted clay in addi-
tion to the air, the most significant here

being the adhered water and the free
(capillary) water containing air as
shown schematically in Figure 7. The
adhered water is a film covering the soil
particles, and forms strong menisci
forces in the corners where particles
meet and contain no air. Most literature
on the subject seems to explain this in
terms of natural conditions in the capil-
lary zone of low permeability soils

where suction is present. I have not seen
discussions on this subject for higher
pore pressures (45 m), but it seems that
in view of the results for Karkheh Dam
there still is a significant difference at
higher pressure, and that is what is
being measured.

Saturated permeability is signifi-
cantly lowered by the presence of air in
the clay. The air has decreased the per-
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meability and slowed the consolidation
process. In this case the standpipe is not
effective as a vent for the pore air as one
might have assumed. In the past, I have
thought of the standpipe as being a natu-
ral vent for the pore air, but never
thought very much about how the pore
air would get there. Based on these mea-
surements the pore air is not readily es-
caping, at least not yet. The situation
will change when saturation eventually
occurs, increasing permeability and
boosting consolidation rates.

Therefore the difference of 3 to 5
meters of head (30 to 50 kPa) at eleva-
tion 165 m may be caused by the differ-

ence in the way the two instrument
installations include or exclude the pore
air pressure as shown in Figure 7. The
water in the standpipe is connected to
the free water in the clay. The pressure
in the free water is controlled by the
pore air pressure as long as air
remains.

The VWP on the other hand was in-
stalled with a high air entry filter, care-
fully under fully saturated conditions.
This would set up the potential for being
able to measure just adhered water pres-
sure. The adhered water pressure and
the tension in the corner menisci be-

tween particles support the free pore
air/water pressure. This condition con-
tinues through the high air entry filter,
excludes a portion of the pore air/water
pressure and allows only the adhered
water pressure to be measured by the
VWP.

P. Erik Mikkelsen, Consultant in
Geoengineering & Instrumentation,
Geometron Inc. PS, 16483 SE 57th

Place, Bellevue, WA 98006 USA.
Tel: (425) 746-9577,
email: mikkelsen.pe@comcast.net

Arthur D. M. Penman

This large dam in Iran has been well in-
strumented. It is valuable to hear about
such detailed instrumentation in a large
dam. Progress in dam design is greatly
helped by results from such instrumen-
tation and we are grateful to Ali Asghar
Mirghasemi for his article describing
the construction and instrumentation of
the dam. He has a problem, he says, be-
cause a valuable comparison he made
between a standpipe piezometer and a
vibrating wire instrument has shown the
standpipe piezometer reading almost
5m head of water greater than that
shown by the vibrat ing wire
piezometers and he seeks an explana-
tion for this unexpected difference.

In comparing piezometers one needs
to compare like with like. Compacted
fill is a non-saturated material which
initially must have negative pore pres-
sures to give it the strength to support
the heavy placing and compacting ma-
chinery. Pore pressures only become
positive when the weight of overburden
becomes great enough. The fill usually
comes from a borrow pit and lumps of
the original material become incorpo-
rated in the fill. At Karkheh the core ma-
terial is a mixture of 60% clay and 40%
gravel. The gravel was a crushed con-
glomerate rock and was added to the
clay. This is an important point. The ad-
dition of stone to a clay for dam fill is
very difficult to accomplish. It might
have been passed through a brick
maker’s type of pug mill, but I think the

volumes would be too great for that.
The other way would be to spread the
stone over the fill during construction
and mix it in with agricultural equip-
ment but this would lead to layers of
more stony fill amongst the clayey part.
That aspect combined with the chance
of lumps of original material being in-
corporated in the fill means that pore
pressures at individual points may not
be equal everywhere. Vibrating wire
piezometers measure the pore pressure
that exists around them locally.
Standpipe piezometers, on the other
hand, measure an average pore pressure
over a considerable volume of fill. At
Karkheh the piezometers had pockets of
unsaturated sand of 15 cm diameter by
150 cm long connected to continuous
lengths of 15 cm diameter rigid pipe.
They were ‘sealed’ by bentonite pellets
dropped around them followed by the
addition of bentonite grout. It is difficult
to see how the 15 cm rigid pipe contain-
ing a 2 cm pipe rising from the intake
filter could be sealed to prevent pore
water from getting along the length of
the pipes.

Figure 2 indicates that the string of
pipes went down to a bottom intake fil-
ter, past the mid height position where
the comparisons were being made.
Were the outer 15 cm rigid pipes com-
mon to both piezometer? Exactly how
were they installed? Figure 2 suggests
that they might have been installed in a
borehole made after the fill had reached

full height. In that case the measured
pore pressures could have originated
from any height along the length of the
pipes. If the added stone was in layers,
then higher pore pressures could be col-
lected by these drainage layers.

It is most interesting that this valu-
able comparison has been made and we
must encourage others to repeat this sort
of experiment in a new high dam. The
errors indicated above can produce
strange results but comparisons be-
tween different types of piezometers,
with intake filters of high or low air en-
try, pressed directly into the fill will be
very welcomed by the profession.
Standpipes of 2.06 cm can be connected
directly to the intake filters and sealed
by placing in the fill during construc-
tion. Careful hand work is needed to
place and compact the clayey fill
around the pipes and there is always a
danger that the hand compaction cannot
equal that produced by the heavy ma-
chines. But other interesting compari-
sons can be made between different
types of remote reading piezometers,
placed close together. My comparison
made with high and low air entry intake
filters that I made at Chelmarsh dam
many years ago has never been re-
peated. [See Penman, A.D.M., Mea-
surement of Pore Water Pressures in
Embankment Dams, Geotechnical
News, Vol. 20 No. 4, December 2002,
pp 43-49]. I should have placed the
piezometers much lower in the dam,
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when I would expect the two measured
pressures to become the same when the
weight of overburden compressed most
of the air out of the fill making an almost
saturated material.

May I add support for the detailed in-
strumentation made at Karkheh, the re-
sults from which add greatly to our
understanding of dam behaviour both
during construction and subsequently?

Arthur D. M. Penman, Chartered Engi-
neer, Sladeleye, Chamberlaines,
Harpenden, Herts AL5 3PW. England.
Tel and fax: +44-1582-715479, email:
admp@sladeleye.freeserve.co.uk

J. Barrie Sellers

It is not unusual for earth pressure cells
to give results which do not meet expec-
tations.

According to Oosthuizen et al
(2003), Høeg (2000) remarked at the
ICOLD meeting in Beijing that:

“...you should have awfully good
reasons for putting in earth and rock
pressure cells in any dam of any
kind. We spend so much time and
money on putting in the cells and we
spend much time on not believing
the data we get, because, if we do get
data, we do not understand them...
Forget about pressure cells in gen-
eral and there is a very good reason
for doing so.”
Quite commonly the measured earth

pressures are less than expected and in
most cases the discrepancy can be
traced to poor compaction around cells.
It seems likely that this was the case
here, although, it is not clear from Ta-
bles 1 and 2 whether the cells un-
der-registered or over-registered when
compared with the expected values.

Oosthuizen et al (2003) devised a
method to minimize this problem in
earth dams: Installation of the cells be-
gins when the fill has reached a height
of 800mm above the instrument level.
The instrument location and the cable
trenches are excavated 500mm deep. A
pocket, with 45° sloping sides, of only a
further 300mm depth is required to be
excavated at each instrument location.
The cells, complete with pinch tubes
(see later), are positioned on a thin layer
of non-shrink sand-cement grout and
nailed in position using the lugs on the
cells provided for this purpose. The ex-
cavated pocket is then backfilled with a
weak concrete (19mm aggregate), in
100mm layers, vibrated with a poker vi-

brator. The concrete is in all probability
stiffer than the surrounding soil so that
it acts as a rigid inclusion and attracts
additional load from the softer sur-
rounding. This would tend to make the
earth pressure cell over-register,
possibly by 5%, maybe up to 15%
maximum.

The purpose of the pinch tubes is so
that the cells can be pressurized to en-
sure that they are in intimate contact
with the concrete. This is standard pro-
cedure when installing cells in concrete,
because as the concrete cures heat is
generated, the cell expands, and then re-
turns to its initial shape after the con-
crete cools, with the potential of
becoming disconnected from the con-
crete. For this application the pinch
tubes may be a bit of overkill, but it is
cheap insurance and a good thing to in-
clude. After 24 hours the cells are pres-
surized, by pinching the pinch tubes
until the pressure in the cell, displayed
on a connected readout box, starts to
change. The instrument location, con-
taining the grouted cells and the cable
trench, is then backfilled in 100mm lay-
ers. Each layer is compacted by a vibra-
tory trench roller. After this, standard
construction filling and compaction
practices can continue.

Other possible reasons for the unex-
pected performance could be (a) failure
to extract all the air from the cells while
filling them with de-aired liquid, and
(b) a mismatch between the modulus of
the cell and the modulus of the sur-
rounding material.

Regarding Tables 1 and 2, there is no
indication, either here or in the text,
whether the measured stresses were
more or less than the theoretical. It
would have been better, I think, if the

measured values had been presented as
a percentage of the theoretical.

The discrepancy between the vibrat-
ing wire (vw) piezometer readings and
the open standpipe readings looks like a
constant offset—the data curves are
pretty much parallel. Maybe due to a
faulty base-line zero readings.

Maybe there is a naturally occurring
pressure gradient that would cause the
piezometers to read consistently lower
than the standpipes. (I assume that the
standpipes are being read with a dip
meter)

In one case there is a two month time
lag between reservoir level and vw
piezometer and open standpipe read-
ings; in the other case there is no
discernable time lag. But the time lag
between the vw piezometer and the
open standpipe cannot be seen on this
time scale. There may have been a time
lag amounting to a day or two.
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John Dunnicliff

In contrast to the other discussers, I was
able to read all these discussions before
writing mine!

Because neither Barrie Sellers nor I
had a complete copy of Høeg (2000), I
asked Kaare Høeg (Norwegian
Geotechnical Institute) whether the
quotation in Oosthuizen et al (2003)
was correct and complete. With his ap-
proval to publish his reply, here it is:

“The quote is valid. I did not write
down the oral discussion and did not
get a chance to review what was re-
corded by the secretary at the discus-
sion session. I am not sure I used
exactly those words, but I gave that
opinion after yet another paper pre-
sentation, describing the use of some
hundred earth pressure cells, and the
author could not figure out what the
readings told him. The essence of
what I said was:

My experience is, and that of
many authors at ICOLD Congresses
and other Conferences seems to be,
that it is very difficult to interpret and
rely on the readings from earth pres-
sure cells installed in embankment
dams, especially rockfill dams.
Many investigators have spent time
and money installing such cells, but
have, in general, found the measure-
ments of little value (refer to
Hvorslev’s classical work). There
are examples of pressure cells giving
valuable readings when the cells are
installed on a structural interface, but
not inside the dam body. I would dis-
courage the use of pressure cells in
embankment dams, but encourage
measurements of seepage/leakage,
pore pressures, movements and ac-
celerations in seismic regions. You
should provide very good reasons

and convincing arguments before
going to the installation of earth
pressure cells in the dam body.”
Again—having had the luxury or

reading the other discussions before
writing this—I can respond to Elmo
DiBiagio’s comments about Figure 3 in
Mirghasemi’s article, which is titled
“Layout of embankment earth pressure
cells (Dunnicliff, 1993)”. In the 1993
reference this same figure was titled
“Typical layout of embedment earth
pressure cells (courtesy of Soil Instru-
ments Ltd., Uckfield, England)”. As
Elmo correctly says, “The drawing can
be interpreted in two ways, i.e., instru-
ments placed on the floor of the excava-
tion or set in cubical sockets beneath the
floor”. The second interpretation would
certainly lead to large errors. I
apologize for perpetuating confusion.

Author’s Reply

I thank all discussers Donald H. Bab-
bitt, Elmo DiBiagio, Louis Marcil, P.
Erik Mikkelsen, Arthur D. M. Penman,
J. Barrie Sellers, and John Dunnicliff
for their useful comments to clarify the
problems. And a special thank you to
John Dunnicliff, who encouraged me to
prepare this article, which was first pre-
sented at the 2005 instrumentation
course in the Netherlands, and was
where we met. Also I would like ac-
knowledge him for all of his sugges-
tions and editing made throughout
preparation of my article and this reply.

The number and variety of discus-
sions express the interest in my article,
and I am very pleased with their contri-
butions. This might persuade others to
report not only the consistent data but
also the observed uncertainties. Or as
John Dunnicliff says, “it’s refreshing
when someone is willing to publish
something that didn’t work out well”.

Before continuing with my reply, I
want to emphasize that in this article
the concentration was on instruments
where no consis tent data were
achieved. As I said in the article, valu-

able and consistent information was
also gained from the other instruments,
indicating satisfactory performance of
the dam. Because of length limitations,
this information was not reported in the
article.

Uncertainties in Earth Pressure
Measurements
Most discussers agree that earth pres-
sure measurement in an embankment
dam is not an easy or straightforward
task. Therefore, being faced with a set
of inconsistent data seems to be normal.
However to reply to the discussers, the
following explanations are given.

Installation of the pressure cells was
carried out according to the manufac-
turer’s instructions:

“To prevent damage to the cells, the
lens and cells are installed in an excava-
tion made to accommodate them. The
cells are installed in a lens forming a
mound on the base of the excavation or
within a lens in a pocket excavated in
the base of the excavation. The cell
pockets should be excavated with ex-
treme care to avoid disturbance to the

soil. The pockets should be located 1
meter away from adjacent pockets or
the excavation walls. The width of the
pocket should be equal to a minimum
of 3 pad diameters to avoid load bridg-
ing. The length of the pocket (axis of
the pressure transducer) should be 6
pad diameters to accommodate the
length of the pressure cell and to pro-
vide 1 pad diameter clearance at either
extremity of the pressure cell.”
As may be noticed, the manufacturer

suggests either way of installation (refer to
John Dunnicliff and Elmo DiBiagio
comments). However, the compaction of
surrounding soil when the instrument
are placed on the floor, without digging
the pockets, is much more difficult (es-
pecially for vertical and 45-degree
cells). Also, when the cell is not placed
in a pocket, the possibility of cell rota-
tion increases during the compaction. If
the cells are placed on the excavation
floor vertically or 45 degrees inclined,
the compaction around them should be
performed with great care. In this situa-
tion the compacted fill around the cells
will not have the same quality as the
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main embankment, and arching around
the cell will occur. The procedure ex-
plained by Barrie Sellers (Oosthuizen et
al, 2003) is a good idea to reduce the
problem of stress arching and rotation
of the installed cells. However the selec-
tion of concrete specification is a
critical issue in this method.

In Tables 1 and 2 in the article, I tried
to compare the calculated and measured
stresses. As mentioned, the calculated
stresses acting on a cell are based on the
measured stresses on the other cells. In
other words, using Mohr circles, the
stresses measured by the other cells are
used to calculate the stresses in a certain
cell and then the results are compared
with the stress measured by that cell.
Thus, no comparison is made between
measured and theoretical stresses as
pointed out by Barrie Sellers. There is
no certain trend for the differences in

positive and negative values as reported
in revised Tables 1 and 2

The measured and calculated (based
on embankment height) stresses as sug-
gested by Elmo DiBiagio, are compared
in Figures 8 and 9 for cells PC5-5 and
PC6-5 respectively. Again some uncer-
tainties can be found from the figures:
• In Figure 9 the measured pressure by

a 45 degree cell is higher than that
measured by horizontal cell (vertical
pressure).

• Since at the dam the valley is wide
and cell PC6-5 is located at the cen-
ter of the core, the stress field is es-
sentially two-dimensional, as
described by Elmo DiBiagio. Also,
at the centre of the clay core the max-
imum principal stress direction is
near vertical. Therefore measured
stresses by 45 degree downstream
and 45 degree upstream cells should

be equal. Figure 9 shows a signifi-
cant difference between two sets of
measured stresses.
Based on the experiences described

in the article and by the discussers, it
could be recommended that if there are
“very good reasons and convincing ar-
guments” (as mentioned by Kaare
Høeg), at the most only horizontal earth
pressure cells may be considered for in-
stallation in embankment dams. In this
case the installation of the cell at the
floor of excavation will not be difficult,
and the possibility of rotation of cells
during compaction is minimized. The
installation of vertical and inclined cells
in the embankment may not be justified.

Comparison of Vibrating Wire
and Open Standpipe
Piezometers
A wide variety of ideas about the differ-
ences observed between vibrating wire
and open standpipe piezometer data are
presented by the discussers. The variety
of the excellent comments on this issue
is very helpful to explore the real rea-
sons for these differences. That is one
side of the story. From the other point of
view, this makes it very difficult to come
to a certain conclusion.

To respond to the comments by
discussers, I would like to start with the
initial reading procedure for the vibrat-
ing wire piezometers, which was a main
subject among the comments. In the fol-
lowing, the steps carried out for initial
reading of Karkheh VW piezometers
are presented.
1. At least 48 hours before piezometer

installation, the filter was installed
on the piezometer and the reading
was carried out and then the instru-
ment was immersed in water. The
readings were not recorded because
the objective of making readings was
to make sure that the device was re-
sponding.

2. 24 hours after filter installation (at
least 24 hours before piezometer in-
stallation), readings was made and
recorded as L0 & T0. After this read-
ing the piezometer was used to
measure a known water level in an
observation well. In the calculation
of water level L0 & T0 were used. If
the difference between the real
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Table 2, Revised. Comparison between computed and measured
horizontal stresses

Pressure cell number Differences between measured and
computed stresses for the vertical cells

(in percent)

PC5-4 +266

PC5-5 -33

PC6-4 +120

PC6-5 +41

PC7-3 -70

PC7-4 -64

Table 1, Revised. Comparison between computed and measured
stresses at 45 degree planes.

Pressure cell number Differences between mea-
sured and computed

stresses for the cell ori-
ented 45 degrees down-

stream (in percent)

Differences between mea-
sured and computed

stresses for the cell ori-
ented 45 degrees up-
stream (in percent)

PC5-4 -17 no measurement

PC5-5 +23 no measurement

PC6-4 -21 +11

PC6-5 +17 +115

PC7-3 +48 +70

PC7-4 +23 +22



water level and the calculated level
was acceptable, the next steps of in-
s tal la t ion procedure were
completed. This step ensured the ac-
curacy of L0 and T0.

3. After at least 24 hours of initial read-
ing and piezometer check-up, the
piezometer was installed.

4. One and 24 hours after installation,
readings were made and recorded as
L1 & T1 and L24 & T24, respectively.
Table 4 presents the recorded values

for EP5-15 and EP5-17 VW

piezometers. The installation procedure
included the four points identified
above, together with the following, to
ensure correct initial readings:
• The time between filter installation

and the initial reading was 24 hours

to allow “complete dissipation of the
overpressure momentarily induced
by the installation of the high air en-
try filter on the piezometer” as ex-
plained by Louis Marcil.

• The L0 and L24 are close to each
other; therefore there is no sign of
continuation of pore pressure dissi-
pation between a time 24 hours after
filter installation (L0) and at least 48
hours after filter installation (L24).
This means that during this time in-
terval the piezometer had came to a
steady state condition.
The next subject that I have to ex-

plain is the procedure employed for
preparation of the mixed clay, pointed
out by Arthur D. M. Penman. The
Karkheh conglomerate unit at the bor-
row area is weak to moderately ce-
mented, and it breaks down during
excavation to the sand and gravel grada-
tion without any special effort. For the
field preparation of the mixed clay, al-
ternate layers of clay and gravel were
deposited at their optimum moisture
content. These sandwiched layers of
clay and gravel were then cut and mixed
by appropriate excavating machines.
The mixed clay materials were then
loaded and carried to the core zone of
the dam by special trucks, where they
were compacted in layers of limited
thickness to achieve the required den-
sity. An appropriate test program was
implemented to ensure the homogene-
ity of the fill.

As recommended by Arthur D. M.
Penman, the open standpipe
piezometers were “connected directly
to the intake filters and sealed by plac-
ing in the fill during construction”.
They were not placed in boreholes after
completion of the embankment. This
method facilitates a better and easier
sealing procedure. A single 15-cm
(6-in.) PVC pipe was used for the pro-
tection of two piezometer riser pipes
(each with internal diameter of 20.6 mm
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Table 4. Recorded values for EP5-15 and EP5-17 VW piezometers

Piezometer
Name

L0 T0 L1 T1 L24 T24

EP5-15 3409.16 20.3 3405.61 13.3 3408.25 13.3

EP5-17 3097.99 19.9 3093.96 15.2 3095.39 13.7

Figure 8. Comparison of calculated vertical pressure based on fill height and mea-
sured stresses for PC5-5.

Figure 9. Comparison of calculated vertical pressure based on fill height and mea-
sured stresses for PC6-5.



(0.8 in.)), located at the same stations
and distances but different elevations.

Based on above explanations it is not
easy to be convinced that the main rea-
son for the difference between SP and
VW is either the existence of the more
pervious layer in the fill or the breakage
of the SP sealing.

In summary, it is not a straightfor-
ward and easy job to make a convincing
conclusion about this issue. All the
noteworthy opinions raised by the
discussers such as deformation of the

VW housing under high pressure of em-
bankment (Elmo DiBiagio), inaccuracy
in zero reading (Louis Marcil & Barrie
Sellers), breakage of the SP sealing
(Louis Marcil & Arthur D. M. Penman),
existence of pervious layer in the fill
connected to SP filter (Arthur D. M.
Penman) and effect of pore air pressure
on measured water pressure (Erik
Mikkelsen) may contribute to describe
the problem with different levels of in-
fluences. But for me it is still very hard
to say which one contributes more, and

is the key role player.

Ali Asghar Mirghasemi, Associate Pro-
fessor, School of Civil Engineering,
College of Engineering, University of
Tehran, Enghelab Ave. P.O. Box
11365-4563, Tehran, Iran. Also senior
geotechnical engineer for Karkheh
Dam project, Mahab Ghodss Consult-
ing Engineer, Tel: (+9821) 61112273,
Fax: (+9821) 66461024,
email: aghasemi@ut.ac.ir

Piled Foundation Design –
Clarification of a Confusion

Bengt H. Fellenius

Abstract
A frequent confusion and lack of under-
standing exists with regard to the design
of piles subjected to drag loads. Some
will lump the drag load in with the dead
and live loads when assessing pile bear-
ing capacity. Also common is to disre-
gard the root of the problem: settlement
of the piled foundation. It must be real-
ized that: dead and live loads applies
to bearing capacity, dead load and
drag load applies to structural
strength, and downdrag is settle-
ment.

A few weeks ago, I was once again
asked if the allowable load for a pile
should be reduced when considering
drag load. Shortly thereafter, when I
took a look at the discussions at
www.Geoforum.com, I noticed a very
similar question. Perhaps I should not
be that taken aback by the lack of
knowledge displayed by the questions.
The persons asking may not have been
taught better. The following is a quote
from a textbook published in 2001 and
assigned to 4th Year Civil Engineering
students at several North American
Universities:

Piles located in settling soil layers
are subjected to negative skin fric-
tion called downdrag. The settle-
ment of the soil layer causes the fric-

tion forces to act in the same
direction as the loading on the pile.
Rather than providing resistance,
the negative skin friction imposes
additional loads on the pile. The net
effect is that the pile load capacity is
reduced and pile settlement in-
creases. The allowable load capac-
ity is given as:

Q
Q

F
Qallow

ult

s

neg= −

where Qallow = Allowable load capacity

Qult = Load capacity

Fs = Factor of safety

Qneg = Downdrag

First, “negative skin friction” is not
“downdrag” but defines a downward di-
rected shear force along the pile, while
downdrag is the term for settlement of a
pile (caused by the settling soil ‘drag-
ging a pile along’). Second, the term
“load capacity” means different things
to different people and “allowable load
capacity” is an abominable concoction
of words. Third, and very important, the
phrasing in the quoted paragraph con-
fuses cause and effect. Drag load is not
downdrag, and it does not cause settle-
ment, but is caused by settlement of the
surrounding soil and is mobilized when

the pile resists this settlement. The
worst boo-boo, however, lies in the
quoted formula, which does not recog-
nize that the factor of safety and the drag
load are interconnected, i.e., changing
the factor of safety changes the drag
load. As this may not be immediately
clear to all, the following example will
try to clarify the interaction between the
pile, the factor of safety, and the drag
load.

Example
Consider the case of a 300 mm diameter
pile installed to a depth 25 m through a
surficial 2 m thick fill placed on a 20 m
thick layer of soft clay deposited on a
thick sand layer. The case is from a re-
cent project in the real world. Let’s as-
sume that a static loading test has been
performed and the evaluation of the test
data has established that the pile capac-
ity is 1,400 KN. As is visually presented
in Fig. 1, applying a factor of safety
of 2.0 results in an allowable load
of 700 KN (dead load 600 KN and live
load 100 KN). Moreover, due to the fill
and a lowering of the groundwater ta-
ble, an almost 200 mm settlement of the
ground surface will develop after the
construction. How should the designer
assess this case? Incidentally, as several
full-scale case histories have shown,
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whether or not the soil at the site settles
200 mm or 2 mm, or for that matter
2,000 mm, the magnitude of the drag
load will stay the same.

Comments and Questions
Some practitioners believe that all is
well because the foundations include
piles with a capacity of twice the de-
sired allowable load. Then, there are
those who understand that, for the num-
bers indicated above, the pile will be af-
fected by a drag load of about 300 KN,
acting at a neutral plane located at 17 m
depth (Fig. 1). A few of these practitio-
ners will subtract the drag load from the
pile capacity before applying the factor
of safety and arrive at an amended al-
lowable load of 550 KN (which is a vio-
lation of principles as this approach in
effect has reduced the drag load by a
factor of 2.0). Others will apply the
quoted formula, and arrive at an allow-
able load of 400 KN. Yet others will re-
alize that the last approach means that
the drag load is applied without a factor
of safety, preferring to apply the for-
mula with the drag load increased by a

factor of safety, say 2.0. This results in
an allowable load of (1,400/2 - 2x300) =
100 KN — don’t laugh, I have seen it
done several times and it was proposed
for this project! So, which allowable
load is right? Is it 100 KN, 400 KN,
550 KN, or 700 KN? (Similar diverging
approaches abound in the load-and-re-
sistance-factor-design, LRFD).

Suppose the structure supported on
the piled foundation was built before
the drag load conditions were recog-
nized (no signs of distress are notice-
able). Then, what factor of safety would
a back-analysis show the piles to have?
Would it be 1,400/700 = 2.0, or
(1 ,400 - 300)/700 = 1.6, or
1,400/(700+300) = 1.4? And, I wonder
how the fellows advocating the laugh-
able approach would react when realiz-
ing that the piles are supporting seven
times more load than the maximum load
their approach would allow as safe.

Before answering, consider that the
magnitude of the drag load depends on
the magnitude of the dead load on the
piles. Reduce the dead load and the drag
load increases, and vice versa. For ex-

ample, after reducing the allowable load
by 150 KN to arrive at a 550 KN value
(made up of a dead load of, say, 475 KN
and a live load of 75 KN), the drag load
is no longer 300 KN, it is 400 KN! If the
allowable load is reduced by an addi-
tional 150 KN, say to 400 KN (made up
of a dead load of, say, 325 KN and a live
load of 75 KN), the drag load increases
500 KN!

Note, for the three values of dead
load — 600 KN, 475 KN, and 325 KN
— the neutral plane location changes
from depths of 17.0 m to 18.0 m
to 19.5 m, respectively. To simplify the
example, no change of the toe resistance
is included. In reality, however, the
deeper down the neutral plane lies, the
smaller the enforced penetration of the
pile toe into the sand and the smaller the
mobilized toe resistance, and when the
toe resistance is reduced, the location of
the neutral plane moves upward and the
drag load changes. Altogether, the load
at the neutral plane, that is, the maxi-
mum load in the pile, is essentially un-
changed for the three alternative values
of allowable load. In stark and impor-
tant contrast, for each reduction of al-
lowable load, the project foundation
costs increase.

Clarification
Bewildering, ain’t it? Many select one
of the four approaches as the one to be
correct, ignoring the others, thus avoid-
ing having to make the small leap of un-
derstanding of what a proper design
needs to include, as follows:

First, the drag load does not affect
the pile bearing capacity — the ultimate
resistance. That is, the pile capacity is
the same whatever the magnitude of the
load from the structure. The factor of
safety is applied to ensure that, should
the load on the pile be inadvertently
larger than intended and should the pile
capacity be inadvertently smaller than
thought, the pile might be close to fail-
ure, but it would not fail. No negative
skin friction—no drag load—is present
close to failure. Therefore, only the first
approach, that with the 700 KN
allowable load, is correct.

Second, the drag load has to be con-
sidered, of course, but not in the context
of bearing capacity. The concern for the
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Figure 1. Distribution of load in the pile. “A” is the long-term
load-distribution and “B” is the resistance distribution measured
at ultimate resistance (capacity) in a static loading test



drag load only affects the pile structural
strength at the location of the maximum
load, i.e., at the neutral plane. For the
example case, if the structural integrity
of the pile is safe considering the sum of
dead load and drag load, that is, 900 KN
for the example case, the design for drag
load is complete.

Third, with (A) the dead load plus
live load safe considering the pile ca-
pacity, and (B) the dead load plus drag

load safe considering pile structural
strength, it remains to show that (C) the
pile will not settle more than acceptable,
that is, that downdrag is kept in check.

In checking the pile for downdrag, it
must be realized that there are two differ-
ent definitions of the neutral plane. Both
give the same result, or location, rather.
One defines the neutral plane as located
at the force equilibrium in the pile, which
is where the shaft resistance changes
from negative to positive direction and
where the sum of the dead load plus drag
load is in equilibrium with the positive
forces in the pile. The second defines the
location to be where the pile and the soil
move equally. (Note, the toe resistance is

only as large as is needed to establish the
equilibrium between forces and move-
ments. Moreover, whatever the factor of
safety chosen in the design, if the soil is
settling at the neutral plane, the pile will
settle too and as much as the soil settles at
that location). The influence of varying
dead load and toe resistance is illustrated
in Fig. 2. The diagram to the left shows
the load distributions and locations of the
neutral plane for the dead loads associ-

ated with the mentioned different allow-
able loads on the pile (the 100 KN case is
excluded). The diagram to the right
shows the distribution of soil settlement
and location of neutral planes for the three
approaches. (More explanation and dis-
cussion is available in Fellenius, 2004).

The Biggest Problem
The foregoing appears to be news to
many. It shouldn’t. The long-term re-
sponse of piles in settling soil was made
known in several very accessible publi-
cations as early as some 40 years ago.
How does one get the textbook writers
and the teachers of foundation design to
become aware of the knowledge and
convey it in the teaching of future prac-

titioners? How does one get practitio-
ners to fill the voids in their professional
education and to keep abreast with ad-
vances in the profession? The latter, un-
fortunately, may be the biggest problem
of all, but discussing it lies outside this
contribution.

Reference
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Figure 2. Distribution of load in the pile and interaction with soil settlement. The dashed curves represent the gradual
change in a transition zone from negative direction of shaft shear to positive direction.



Rules of Thumb for Geotechnical
Instrumentation Costs

Gord McKenna

Introduction
How much does a piezometer cost? Most
of us would guess it equated to the cost of
the transducer and a certain amount of
signal wire – often about $1000. But the
life-cycle cost of many geotechnical in-
struments is closer to $15,000 when drill-
ing, technician time, future readings, data
management, and geotechnical analysis
and reporting are factored in. This article
provides a few rules of thumb and some
suggestions on managing this cost.

In writing this article, I had in mind a
hypothetical example of instrumenting
a small embankment dam (about a half
day away from a major centre) with a
few inclinometers and a dozen
piezometers to confirm design assump-
tions by monitoring construction per-
formance. Readers are encouraged to
look at their typical projects and adapt
these rules of thumb to their own pro-
jects. Readers are also directed to a few
good references at the end of this article
that provide additional information
with similar themes.

Instrument Life-cycle
Purchasing and installing an instrument is
just the start. It can be useful to think of in-
strumentation costs in terms of the
life-cycle of the instrument – from its ini-
tial geotechnical design and procurement,
through drilling and installation, includ-
ing reading and maintenance, and data
management and geotechnical analysis
back in the office. In addition, we must re-
member decommissioning.

Rules of Thumb for Geotechnical
Instrumentation Costs
Figure 1 shows the costs of a typical
geotechnical instrument, in this case an
instrument installed in a borehole, read
quarterly, with annual data analyses over
a ten-year period. Below are some rules of
thumb.
• Rule of thumb #1: Most geotechnical

instruments cost about $1000 to pur-

chase (some more, some less)
• Rule of thumb #2: The cost of drill-

ing for an instrument is often about
$1000 and the cost of the installation
and the first couple of readings is an-
other $1000.

• Rule of thumb #3: It costs about
$1000 to datalog an instrument
(datalogger + cables + installation)

• Rule of thumb #4: It costs about
$5000 to read each instrument for its
life and another $5000 doing
geotechnical analysis and reporting on
the results.

• Rule of thumb #5: A typical
geotechnical instrument costs about
$15,000 for its life-cycle cost, about
15x the initial instrument hardware
cost.

• Rule of thumb #6: Expect to replace
about 20% of the instruments every 10
years

• Rule of thumb #7: Geotechnical in-
strumentation costs are often 2 to 10%
of the total earthwork costs for the
structure being monitored (less for
large structures)
Some lessons learned from the above

rules:
• Lesson #1: The best way to save

money is to install only the instru-
ments that are really needed.
Dunnicliff and Powderham (2001)
point out “The purpose of
geotechnical instrumentation is to as-
sist with answering specific questions
about soil/structure interaction. If
there are no questions, there should be
no instrumentation.” Challenge your-
self to have the minimum amount of
instrumentation that will provide an-
swers to clearly defined questions.

• Lesson #2: The actual cost of the in-
strument is small compared with the
costs of reading and analyzing the
data. Purchase the instrument that has
the lowest life-cycle cost while keep-
ing in mind reliability – having to re-
place a faulty instrument, or spending
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hours trying to salvage “bad” data are
two ways to increase the life-cycle
costs greatly. American Society of
Civil Engineers (1999) states: “When
considering costs, the lowest initial
cost of an instrument should never dic-
tate the selection of an instrument. In-
stead, a comparison of the overall cost
of procurement, calibration, installa-
tion, life-cycle maintenance, reading,
and data process of the available in-
struments (plus a consideration of the
replacement cost if there is some risk
the instrument should go bad) should
be made... the cost of instruments
themselves is usually a minor part of
the total cost.” For example, vibrating
wire piezometers have a higher initial
hardware cost, but generally are
cheaper and more reliable to read than
pneumatic piezometers.

• Lesson #3: Be fanatical about ensur-
ing that every instrument is properly
installed and maintained and that all
are read properly with good QA/QC.
Ensure the technician or engineer who
installs the instrument is top notch,
well trained, and diligent. Have a for-
mal QA/QC program that involves
checking the data in the field when it is
read, that it fits historic data when it is
uploaded into the database, and that it
fits seasonal trends or other patterns on
an annual basis. One bad reading can
cost as much as 10 good readings.

More Good Practices
• The biggest cost of instrumentation is

getting the readings over the years and
managing the data. One of the greatest
risks is the expense (and sometimes
embarrassment) caused by poor data.

• Your instrumentation suppliers are
partners in your project – you will be
relying of their advice and service.
Most geotechnical people have de-
veloped long-term relations with
preferred suppliers.

• Ensure there are proper procedures
in place, good training, and that the
equipment (including readout
boxes) are kept in good working or-
der and calibrated regularly. Always
store the raw data – not just the cal-
culated data.

• Try to use the same person and same
equipment for each reading set. The

data are often more operator-de-
pendent than you might think.

• Protect your instruments – mark
them well in the field, ensure they are
well labelled and marked with a con-
tact phone number. Keep wires
tucked away where they won’t be
shot or chewed.

• Where it would be difficult or impos-
sible to replace instruments, con-
sider duplicate installations.

• Consider low-impact access – you
don’t need a gravel road into every
instrument – consider using an ATV
or hiking in where practicable (this
makes it cheaper when it comes to
decommissioning too).

• Look for opportunities for continu-
ous improvement of your instrumen-
tation practices and programs with
an eye to reliability and life-cycle
costs. Seek out opportunities to gain
and share experience with col-
leagues at conferences and
tradeshows, continuing education
courses, and chatting with your in-
strumentation suppliers and drillers.

In Closing
The cost of geotechnical instrumenta-
tion is high, so it deserves care in attend-
ing to all aspects of design, procure-
ment , ins tal la t ion, reading,
maintenance, data management,
QA/QC, and analysis. Some fanaticism

balanced with practicality helps. Don’t
skimp on the instrument costs only to
pay the piper down the road. Critical is-
sues include the design of the program,
the installation of the instruments, en-
suring that the data are processed, and
properly and efficiently managing the
data.
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Electrical Cables for Geotechnical
Instrumentation Applications

J. Barrie Sellers

INTRODUCTION
The choice of cable for geotechnical in-
strumentation applications must take
into consideration many factors, some
of them not obvious, others often con-
flicting. The dictates of environmental
factors may need to be reconciled with
questions of physical constraints and
cost. The purpose of this article is to
suggest which cable might be most suit-
able for each particular application.

CABLE DESIGN
Cables are most often made from indi-
vidual copper conductors, which may
be solid or stranded, and encased in an
insulation material. Individual conduc-
tors are twisted into pairs or bundled in-
side a conductive shielding material,
and then covered by an outer jacket
made from the most suitable material.
Cables may, in addition, be wa-
ter-blocked, armored, or may contain
steel or Kevlar® strands for additional
strength, or plastic tubes for circulating
fluids, or for venting to atmosphere.

The Number, Type and Size of
Conductors
The number of conductors in a cable is
determined by the number of sensors to
be connected to the cable, and the num-
ber of conductors required by each sen-
sor. Sometimes economies can be made
by ‘commoning’ one of the leads from
each sensor. But to do so runs the risk of
losing all the sensors should the com-
mon lead fail. (Note: if the leads must be
commoned it is better to common the
ground leads connected to the negative
terminal of the power source rather than
the positive power lead). Also, the con-
nection of numerous sensors to one
common conductor increases the possi-
bility of electrical noise on that conduc-
tor giving rise to unstable readings on
all the sensors (this is discussed more
fully in a later section under the head-
ing, “Electrical Noise”). Thus, as a gen-

eral principle it is advisable to avoid us-
ing common lead wires, particularly
where a datalogger is being used.

Also in this context, there may be a
temptation to use the shield as the return
or ground conductor. While technically
feasible, this is open to the same objec-
tions as before, in that it would allow
any electrical noise to contaminate the
output signal.

The type of conductor normally used
is the stranded tinned copper type.
Stranded conductors are more flexible
then solid conductors, and this makes
the cables easier to handle during instal-
lation.

The size of the conductors should be
chosen to be as small and inexpensive as
possible, consistent with the need to
avoid line losses and voltage drops.
Physical strength is another consider-
ation. For electrical resistance type sen-
sors, 16 or 18 AWG wire is preferred,
while for vibrating wire types 22 AWG
is sufficient (the larger the AWG num-
ber, the smaller is the diameter of the
conductor).

Shielding
Shielded cables should always be used
where dataloggers are in use. Shielding
provides protection from electrostatic
radiation coming from nearby electrical
equipment, from lightning strikes, and
from electromagnetic fields surround-
ing power lines, transformers, etc. Indi-
vidually shielded, twisted pairs are the
best construction for multi-conductor
cables. Drain wires connected electri-
cally to Mylar-type shields provide a
simple means of connecting all the
shields to a common ground. Individu-
ally-shielded, twisted -pairs are prefera-
ble for the rejection of common-mode
interference. In a Wheatstone bridge,
one shielded pair should be the power
leads, another shielded pair the output
leads, and a third shielded pair the re-
mote sensor leads. For vibrating wire

sensors, one shielded pair goes to the vi-
brating wire sensor, the other goes to the
thermistor.

Mylar tape type shielding is usually
sufficient, but in severe electrical noise
cases cables with braided copper shield-
ing offer slightly better protection.
Shielding may also be provided by putt-
ing the cable inside a magnetic metallic
conduit. Cables should be located as far
as possible from the potential source of
noise. They should never be placed
alongside power cables.

Shields should be grounded only at
the readout location. They should never
be connected directly to the external
sensor housings, Connection at both
ends allows the formation of ground
loops and defeats the purpose of the
shield.

Where additional shielding of the
sensor itself is required, it can some-
times be achieved by placing the sensor
inside a mild steel (magnetic) enclo-
sure. This is often required where
piezometers are located in the same
borehole as an electrical pump.

Insulation of Conductors
Individual copper conductors are nor-
mally insulated by a layer of rubber or
plastic insulation. In general, polyethyl-
ene or polypropylene insulation is used
at normal temperatures, since PVC has
too high a dielectric absorption. For
high temperature Teflon is most often
used.

Outer Jackets
An outer jacket which is round and firm
is easier to grip and seal at the point
where it enters the body of the sensor.
For this reason it is preferable to use ex-
truded outer jackets.

Several material formulations are
available:
1) Neoprene – A synthetic rubber

compound commonly used for out-
door applications. It has good resis-
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tance to gasoline, oils etc. Ordinary
rubber should never be used.

2) PVC – A common choice for its
good electrical properties and for
being waterproof. It should not be
used at low temperatures, when it
becomes brittle.

3) Polyurethane – This material is
very resistant to cuts and abrasions,
making it useful for cables that are
subject to repeated rough handling.
It is not as water-resistant as PVC,
but has better low temperature capa-
bilities.

4) High Density Polyethylene – This
has many desirable properties. It is
the most resistant to environmental
attack, and has excellent low tem-
perature characteristics. Unfortu-
nately, like Teflon, the material is so
slippery that splicing and potting
compounds will not stick to it. This
makes it difficult, without the aid of
“O” rings, to build waterproof con-
nections to sensors, cable splices
and cable connections.

5) Teflon – This material is essential
wherever sensors and cables are
subject to high temperature. It has
outstanding resistance to environ-
mental attack and also has excellent
low temperature properties. It is ex-
pensive, and potting compounds
will not adhere to it. Therefore seal-
ing around connections and splices
is difficult.

6) Other compounds such as Kevlar®

or Silicon Rubber etc. may be re-
quired where there is a need for low
smoke emissions, flame retardant,
or resistance to nuclear radiation.

Armor
Armor may take the form of a helically
laid layer of steel wires for heavy-duty
protection, or a corrugated aluminum or
steel layer for light duty protection, e.g.
for protect ion against rodents .
Unarmored cables may also be confined
inside flexible conduit or rigid conduit.
Armored cables are very stiff and diffi-
cult to work with. Cable splicing be-
comes a problem and can be expensive
if continuity of mechanical strength is
required.

Armored cables are most often
needed for sensors installed in earth em-
bankments, where large forces are ex-
erted on the cable by compacting
equipment and earth moving vehicles,
and by settlement, differential settle-
ment, “weaving”, and sideways spread-
ing of the embankment as it is built.
They should not be connected directly
to strain gages, crackmeters, etc., be-
cause the stiffness of the cable would al-
low it to pull on the gage and alter the
readings. They are not necessary in
concrete.

Fillings
Cables should be of compact construc-
tion, using fillers and extruded outer
jackets to fill the spaces between the
conductors, and to keep the cables
round and firm. Water-blocked types
for underwater use are available with a
gel, powder or grease to prevent the pas-
sage of water along the cable.

Cables filled with gel, powder or
grease are difficult and messy to deal
with and should be considered applica-
ble only to underwater situations, e.g. in
earth dams, and in marine offshore en-
vironments. They are more necessary
when used with sensors outputting low
voltages, such as electrical resistance
strain gages, where waterlogged cables
could affect the sensor output. With vi-
brating wire sensors, these cable effects
are much less pronounced, and filled
cables are not required.

I.D. Tags
It is sometimes useful to tag long cables
at intervals along their length, so they
can be more easily identified at any lo-
cation.

Strain Relief
Where a cable is required to have extra
tensile strength, it should include either
a Kevlar® or a braided stainless-steel
aircraft cable running down its axis.
This construction is typical for incli-
nometer probe cables, where stretching
of the cable is undesirable, and where
the cable may have to be used to pull a
jammed probe out of a deformed cas-
ing.

Another typical application of strain
relief is where a sensor hangs vertically

inside a deep borehole, and the weight
of the suspended cable and sensor ex-
ceeds the tensile strength of the cable. In
this situation there is an alternative - to
tape the cable alongside the aircraft ca-
ble, which is then used to take the
weight.

Vented Cables
Special cables are available which con-
tain plastic tubes inside them, as well as
the usual conductors. These tubes can
be used to transport air or other fluids.
This kind of cable is required for vented
piezometers, where a single vent tube
allows the inside of the pressure sensor
to be connected to the ambient atmo-
sphere, so as to provide automatic baro-
metric pressure compensation.

Cable Splices
Cable splicing is best done using com-
mercially available splicing kits con-
taining mechanical butt-splice connec-
tors and epoxy potting compounds.
These provide a good waterproof and
mechanically strong splice. Typical kits
are the Scotchcast 3M, Models 82A1
and 72N1. It is advisable also to solder
the mechanical butt splices since proper
crimping of the butt splices can be diffi-
cult to achieve without the proper
crimping tools. Armored cables are dif-
ficult to splice if the mechanical
strength is to be maintained - special
mechanical connections need to be fab-
ricated which will grip the armor firmly.

ENVIRONMENTAL FACTORS

Water
Cables should be waterproof, especially
where the sensors have a low voltage
output. (e.g. electrical resistance types).
Vibrating wire types are less susceptible
to water effects. Most plastic and neo-
prene formulations are waterproof.
Polyurethane jackets are less water-
proof, making them less suitable for
prolonged use under water.

Pressure-extruded jackets that fit
snugly around the inner conductors and
fill the intervening spaces are less likely
to act as conduits for water if the cable is
cut and water enters. Water-blocked ca-
bles, filled with gel, grease or powder
are most effective.
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Cable splices ought not to be located
under water. Whenever possible they
should be kept above ground in a dry ac-
cessible location. Where underwater
splices are unavoidable they should be
made using commercially available
splice kits, designed specifically for un-
der-water applications, and supple-
mented where necessary by additional
waterproofing.

Water & Sun Resistance
Most plastic jackets and neoprene cable
jackets have excellent resistance to
weathering. Teflon cables have out-
standing resistance.

Chemical Resistance
The resistance of different cable materi-
als to different types of chemicals can
be found in the literature of cable manu-
facturers (e.g. www.belden.com). Tef-
lon cables have outstanding resistance
to almost all chemicals.

In very aggressive environments
such as landfills (garbage heaps), that
contain many aggressive chemicals and
leachates, it may be necessary to encase
the cable inside stainless steel tubing.
This is expensive but effective, and also
provides good mechanical protection.

Abrasion, Physical Damage
Polyurethane cables have outstanding
resistance to abrasion and cutting. This
is important in high-traffic areas, or

where cables are being dragged along
the ground, or being used repeatedly
with portable sensors.

Cables that are buried in the ground
should be protected from sharp objects
by use of conduits, armor, or by sur-
rounding them with fine-grained mate-
rial. Particular attention should be paid
to zones which will be prone to high
shearing forces during the life of the ca-
ble. Here it may be advisable to leave
enough slack in the cable to accommo-
date these movements without
breakage.

Temperature
The normal operating temperature
range of various types of cable is as fol-
lows (all temperatures in degrees centi-
grade):
• Neoprene -20 to +60
• PVC -20 to +80
• Polyethylene -60 to +80
• TFE Teflon -70 to +260
• FEP Teflon -70 to +260
• Polyurethane -40 to +80

For low temperatures, high-density
polyethylene or polyurethane is prefer-
able.

For high temperatures, Teflon is
preferable.

Electrical Noise
Electrical noise in the ambient environ-
ment, at any location along the electri-

cal cable, can affect the output signal.
Electrical noise has many sources, for
example adjacent power lines and trans-
formers can give rise to powerful mag-
netic fields, which can induce unwanted
alternating current and voltage on
nearby sensor cables. Electrostatic radi-
ation from circuit breakers, motor gen-
erators, nearby lightning strikes, radio
beacons, vehicle ignition systems etc,
all can create individual voltage spikes
in the sensor cable, and unsteady read-
ings where voltage (electrical resistance
gages) or frequency (vibrating wire
gages) are being read. Most of these un-
wanted effects can be filtered out using
proper shielding techniques and appro-
priate electronic circuitry.

Shielded cables are essential where
dataloggers are in use and where cables
are long.

SUMMARY
It is hoped that the above remarks will
be helpful in choosing the right cable
for any application. If in doubt always
consult the cable manufacturer or the
instrument suppliers.

J. Barrie Sellers, President, Geokon
Inc., 48 Spencer Street, Lebanon, NH
03766. Tel. (603) 448-1562, Fax. (603)
448-3216, email: barrie@geokon.com
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