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Introduction
This is the forty-ninth episode of GIN.
A discussion and two articles this time,
all from my side of ‘the big pond’. So no
more snide comments from my North
American friends contending that it ‘all
happens here’ – please!

The next issue of Geotechnical News
will be the 25th anniversary issue, and
coincidentally will include the fiftieth
episode of GIN. Any suggestions as to
how we can have a party, without any
travel ing between Devon and
Vancouver?

More on Measurements of Total
Stress
The article by Ali Mirghasemi in March
2006 GIN, about measurements of pore
pressure and total stress in an embank-
ment dam in Iran, has generated signifi-
cant interest. There were seven discus-
sions in June 2006 GIN, and I‘ve now
received another one, from Helmut Bock
in Germany. His discussion is immedi-
ately after this ‘column’. Helmut is un-
willing to accept the previously pub-
lished recommendation: “forget about
earth pressure cells in general” and gives
us reasons for re-opening our minds. His
discussion is followed by an “Author’s
Reply” by Ali Mirghesemi.

Robotic Total Stations
There have been two previous articles in
GIN on this subject but, because they
were several years ago, I thought it was
time to have an update. I asked David
Cook of Mott MacDonald in England
whether he’d be willing to update us. In
his article he identifies advantages and
disadvantages of monitoring deforma-
tion with robotic total stations, and
makes some practical suggestions as to
how any difficulties can be overcome.

Because this is a recent addition to
our technology, and I know that there is
a reservoir of experience ‘out there’,
I’ve asked several other colleagues
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whether they’d be willing to make a
contribution for the next episode of
GIN. So—if you want to take part in the
anniversary episode, please get your
fingers moving over the keyboard, and
share your experience with the rest of
us. Guidelines for articles (which also
apply to discussions) are on
www.bitech.ca. Double click on the
“Geotechnical News” link, and then on
“How to Submit Articles to John
Dunnicliff for GIN”.

A New System for Monitoring
Deformation with Optical
Fibers
As I’ve said before, one of my hopes for
GIN is to publish information about
new technologies. The article by Nicole
Metje and her colleagues at the Univer-
sity of Birmingham here in England, to-
gether with representatives of Smart
Fibres Ltd. and SolData, describes a
trial of a new optical fiber system for
monitoring deformation of tunnel lin-
ings. The authors indicate that the sys-
tem also has potential applications for
monitoring deformation of buildings,
bridges, piles, retaining walls and slabs.
Although the system is not yet suffi-
ciently proven for use by the monitoring
community, I hope that some of you will
be interested in this innovation. After
more trials are made, I hope to be able to
tell more.

Next Instrumentation Course in
Florida, March 2007
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
are on www.doce-
conferences.ufl.edu/geotech.Also see
page 32. Come and join us!

International Symposium on
Field Measurements in
Geomechanics (FMGM),
September 2007
The Geo-Institute of ASCE will present
the 7th International Symposium on
Field Measurements in Geomechanics
(FMGM). The symposium will be held
in Boston, MA during September

24-27, 2007. ASCE has sent the follow-
ing to me:

“FMGM-2007 will showcase pro-
fessionals, equipment, methods,
and organizations associated with
making field performance mea-
surements to help manage risks in
the design, construction and opera-
tion of engineered facilities. The
7th FMGM is expected to draw ex-
perts and practitioners from every
continent and more than 40 coun-
tries who work in infrastructure,
construction, mining, petroleum,
and the geoenvironmental fields.
The program will include special
lectures, technical presentations,
poster sessions, exhibitions, work-
shops and technical tours, as well
as a parallel non-technical pro-
gram. Please visit www.fmgm.org
to obtain more information and to
register your interest in participat-
ing”.

John Bachner’s Article on
Page 61
John’s excellent article about simplicity
of language caused me to search for an
article that I wrote for this magazine
way back in 1989 titled, “Geotechnical
Communication – Let’s Make it
Better”. To supplement John’s words,
here’s an extract about written commu-
nication, which I referred to as “some of
the things that make me squirm”:
• Enclosed please find .... Does this

mean I must search before I find?
What’s wrong with the simple En-
closed is ..., or Here’s ..., or I‘ve en-
closed ...?

• Regarding this matter or regarding
the above captioned matter. Drivel!

• Return it at your earliest conve-
nience. Yuck!

• Please do not hesitate to call. What’s
wrong with give me a call?

• Please feel free to contact me. Yuck,
again! What’s wrong with Please
contact me?
I summarized with: “Would you use

these words if you were speaking? Of
course not. This leads to the first of my
four suggestions about written commu-
nication: if you wouldn’t say it, don’t
write it. It’s a very simple rule to follow,

and it’s easy to check whether you’ve
followed it, by reading aloud what
you’ve written. You’ll soon spot the
drivel”.

More on Written
Communication
When working on the book that’s adver-
tised on page 49, we found numerous
formatting differences between USA
and English practice (I’m not talking
about spelling). Here are two:
• In USA most people write 1960’s,

whereas we in the Mother Country
write 1960s, without the apostrophe.
The latter is self-evidently the cor-
rect way, because it isn’t a posses-
sive, and we agreed to go that way.

• The sequence of punctuation and
quote marks is different. For exam-
ple, the book has the following head-
ing for a project experience: Wilson
Tunnel, Hawaii, “The Puka Through
the Pali," 1954-1961. I wanted to re-
verse the comma and quote mark af-
ter Pali, which again seemed to be
logical, as the comma is not part of
the nickname. But we agreed to
Americanize!

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.

In the previous episode of GIN, my
toast was Na zdrowie! And I wrote,
“The website says ‘Polish drinking
toast’ – will someone please tell me
what it means? Maybe it’s something
that I shouldn’t print!” I’ve had re-
sponses from Wojtek Janecki and Dick
Berry – thank you both. Quite innocent
– “To your health”!

This time:
Sveikas! (Lithuania). Thanks to

Lap-Yan Chan for this. For those of you
who are keeping track (i.e. none of you)
– yes, I know that we had Sveiks before,
but that’s Latvia.
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Discussion of “Karkheh Dam
Instrumentation System — Some
Experiences”

Ali Asghar Mirghasemi

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

Helmut Bock

Introduction
Clearly, the message of Ali Asghar
Mirghasemi’s most interesting article
on the Karkheh Dam instrumentation
system (GIN, March 2006) and the sub-
sequent discussions by eminent geo-in-
strumentation experts (GIN, June 2006)
is to “forget about pressure cells in gen-
eral and there is a very good reason for
doing so”. For my part I tried to forget,
however, with no success in doing so.
This is mainly for the following three
reasons:
1. The evaluation procedure employed

by Dr. Mirghasemi.
2. The example of some excellent

earth pressure readings at the 177 m
high Masjed-e-Soleyman Dam
which is located just 100 km east of
the Karkheh Dam.

3. The design of earth pressure cells,
which may have some impact on the
measurements.
These three reasons are discussed in

turn below.

Stress Evaluation Procedure
In his stress evaluation Dr. Mirghasemi
introduced a number of assumptions
(no horizontal forces acting on the em-
bankment; symmetry of the dam struc-
ture) so that the stresses measured by
the vertical and horizontal cells could
be readily considered as principal
stresses. For the stresses of the 45° in-
clined cells he made comparisons be-
tween measured and (by means of Mohr
circle considerations) “computed”
stresses leading to the result that “there
is no consistency between calculated

and measured stresses”. He concluded
that, based on his analysis, the measure-
ments at Karkheh could not be used to
determine real earth pressures.

Whilst most likely correct in his over-
all conclusion, I have some problems
with his evaluation procedure which, to
me, seems to be somehow unsystematic
and short of theoretical rigour. In Dr.
Mirghasemi’s article it is stated that,
within each of his 102 pressure cell clus-
ters, four of the five measured stresses
are acting in planes oriented normal to
the dam axis (i.e. in a cross section such
as the one shown in his Figure 2). It is
furthermore stated that the pressure cells
of any cluster are located so closely to
each other that they can be considered as
belonging to a single point in the em-
bankment (justifiably so, otherwise the
set-up of pressure cells in clusters would
not have made any sense). The stress

state of a point (i.e. at a single cluster)
acting in the plane normal to the dam
axis is measured by four pressure cells,
one more than theoretically required for
a 2-D stress state. That configuration al-
lows an objective measure of the internal
consistency of the measured data solely

from the pressure cell readings them-
selves. There is no immediate need to
make any assumptions whatsoever.

In my opinion a more appropriate
evaluation procedure of the earth pres-
sure measurements at the Karkheh Dam
would therefore be as follows:
Step 1: From the above four pressure

cell readings, calculation of the
following parameters:
• magnitude of the principal

stresses σ1 and σ 2

• orientation of σ1

• standard deviation R²
The term R² is a measure of the inter-

nal consistency of the measured data.
From experience with pressure cells and
other stress measuring devices (e.g.
borehole slotter and overcoring meth-
ods) a meaningful classification scheme
is as shown in Table 1.

Step 2: Assessment (in order of prior-
ity):
a) R²

Question to be asked: What is
the degree of internal consis-
tency of the measured stress
data?
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Table 1. Classification of the internal consistency of
redundant stress measuring data

Range Degree of Internal Consistency

100% ≥ R2 ≥ 90% high

90% > R2 ≥ 60% medium

60% > R2 low



b) Orientation (in my measur-
ing experience, the orienta-
tion of the principal stresses
tends to be more reliable than
the magnitudes):
Question to be asked: Is the
orientation of σ1 (respec-
tively σ 2 ) as expected?
(For instance, is orientation
of σ1 vertical in the centre of
the dam?)

c) Magnitudes:
Question to be asked: Are the
magnitudes of σ1 and σ 2 as
expected?
(For instance, does the nor-
mal stress in vertical direc-
tion σv coincide with the
overburden pressure of the
fill?)

d) Documents on the installa-
tion of the pressure cells.

e) Any other observations of
relevance with the measure-
ments.

Step 3: Judgement on the correctness of
the measured pressure cell data.

Now turning back specifically to Dr.
Mirghasemi’s article, I agree with Elmo
Di Biagio (2006) that it does not contain
sufficient measurement data to evaluate
the correctness of his stress measure-
ments. Without doubt, many of the ar-
guments put forward by him as well as
by the discussers seem to be quite valid,
particularly with regard to the installa-
tion problem. However, I am quite hesi-
tant to throw pressure cel l
measurements generally into the “not to
be used” generic bin. In support of the
latter viewpoint reference is now made
to some recent experience with earth
pressure measurements at the
Masjed-e-Soleyman dam site, which is
located just some 100 km east of the
Karkheh dam.

Earth Pressure Measurements
at the 177 m High
Masjed-e-Soleyman Dam
Like the Karkheh Dam, the embank-
ment of the 2,000 MW
Masjed-E-Soleyman Hydro-Electric
Power Plant (MES HEPP) is a zoned
rockfill dam with a central symmetric
core of clayey material (CL + GC). The
maximum height of the MES dam

amounts to 177 m. The crest measures
15 m in width and 480 m in length. The
embankment volume is 14 million m³.
The construction of the embankment
commenced in December 1994 and was
completed in November 2000. Reser-
voir impounding started in December
2000, reaching full supply level (FSL)
in July 2002. Since then, the reservoir
water level has been maintained at
around the FSL.

The general instrumentation scheme
of the MES HEPP embankment is very
similar to that of the Karkheh dam,
however, with some subtle differences.
With regard to the earth pressure mea-
surements a total of 48 pressure cell
clusters was installed in four sections.
Each cluster was made up of three
Telemac pressure cells (Type HCV)
with a pad diameter of 270 mm,
equipped with VW pressure transduc-
ers (Type CLX) and an electric cable
(Type 2PK13). Within a cluster, the
standard orientation of the pads was 45°
upstream, 0° and 45° downstream, thus
capturing the 2-D stress state acting in
cross sectional planes. The main section
(CH 260) comprised 19 clusters (10 in
the core, 4 in the filter and 5 in the rock
fill). In the core each cluster was supple-
mented by a VW piezometer (Type
Telemac CL1; high air entry, measuring
range 0 – 2000 kPa) to allow for the
determination of the effective stresses.

With regard to the performance of
the earth pressure measuring system,
the feature which was noticed by both
owner and contractor as being the most
obvious (and appalling) one was the rel-
atively high failure rate of the instru-
mentation. A large number of sensors
have become out of order a few months
after installation. Some 3 years after

completion of the embankment about
half of the instrumentation have failed
(Table 2). Investigations with a cable
fault indicator suggested that most of
the damage was due to cable cuts in or
near the filter transition zone.

On the other hand, a feature which,
in the first instance, was not so obvious
to (and appreciated by) the project
partners was the information provided by
the instrumentation which was still in
working order. Even on its reduced oper-
ational base that instrumentation yielded
data which proved to be very valuable to
the project. The assessment of the instru-
mentation data was carried out in the sys-
tematic stepwise procedure as suggested
above for the Karkheh Dam. Because
there was no redundancy in the set-up of
the earth pressure cell cluster (3 cells only
in one plane), the R² term was not defined
and thus no rigorous check on the internal
consistency of the measuring data set was
possible. Instead, extensive plausibility
checks were carried out particularly with
regard to the earth pressure and
piezometer readings in response of the
embankment construction and changes of
the reservoir level (Figures 1 and 2). Fo-
cussing on the instruments installed in the
core, inspection of the time plots of the
figures reveals, amongst others:
• a build-up of the measured earth

pressures which, initially, is fully in
line with the increase of the embank-
ment overburden pressure (ref. also
to Elmo DiBiagio, 2006);

• a response of immediately adjacent
clusters which, in practical terms, is
identical (ref. to the nearly parallel
curves of the “core center” and “core
downstream” locations in Figure 1).
For the piezometers, the response of
adjacent equivalent locations agrees
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Table 2. Total and effective earth pressure instrumentation
installed at MES HEPP and damage rate in October 2003

Type of
Instrument

Number of instruments Damage rate
as per October

2003
installed damaged in working

order

Earth pressure
cells (clusters)

48 25 23 52%

VW
piezometer

44 22 22 50%



to such a degree that, in Figure 2, the
respective curves can hardly be dis-
criminated.
These findings are a strong indicator

that the installation of the earth pressure
and piezometer instrumentation at MES
was carried out with the necessary care
and that the readings are generally
credible.

The evidence of correct earth pres-
sure and piezometer readings is sup-
ported by further observations and
dedicated studies which cannot be elab-
orated here in detail. One of those stud-
ies is with regard to the processing of
the measured data in p-q-plots

(invariants of total stresses), respec-
tively p’-q-plots (invariants of effective
stresses), and their comparison with the
failure envelope of the core material.
Another strong indication on the cor-
rectness of the measured data came

from considering the orientation of the
principal stress directions. As men-
tioned before (Step 2 in the suggested
evaluation procedure), stress measure-
ments tend to yield more reliable infor-
mation on the orientation of the
principal stresses than on their magni-
tudes. At MES it could be shown (Bock
et al., 2003) that, in the course of the
embankment construction, a substantial
re-orientation of the principal stress di-
rections was monitored by the earth
pressure cells both within the core and
at the core-filter boundary. It was possi-
ble to deduce, from the earth pressure
measurement data, a systematic pattern
of the principal stress orientation. The
actual pattern turned out to be indicative
of a shear zone developing within the
clay core as well as of a shear zone al-
ready existing at the core-filter
interface. The above observations were
decisive for some further actions which
are currently undertaken at MES.

Comments on the Design of
Earth Pressure Cells
Without any doubt, the installation pro-
cedure of earth pressure cells is critical
for the measurement. Ideally, the nor-
mal stiffness of the pressure cell plus
that of the surrounding installation ma-
terial (e.g. sand cushion; more or less
well compacted fill material) should be
equal to the stiffness of the host medium
(i.e. the embankment fill). In practice,
however, that ideal is impossible to be
achieved. It also should be kept in mind
that even a perfect adjustment of the
normal stiffness is not always meaning-
ful as the host medium itself can be sub-
ject to gradual stiffness changes (e.g.
consolidation; curing of concrete). For
all these reasons it may be of some inter-
est to modify the design of pressure
cells in the sense that they are becoming
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Figure 2. Example of measured porewater pressures in comparison with the theoreti-
cal overburden pressure in the embankment for the period 1997 to 2003 [CH 260; El-
evations: 230 m (two piezometers), 270 m (two piezometers) and 310 (one
piezometer) ; measuring locations: either center or down-stream (D/S) of the core].

Figure 1. Example of measured vertical earth pressures in comparison with the theo-
retical overburden pressure in the period 1997 to 2003 [CH 260; Elevation 230 m;
measuring locations: center and down-stream side (D/S) of the core].

Figure 3. Schematic sketch of a pressure cell with a comparatively high D/H – ratio
(ref. to text) (not to scale)



less sensitive towards stiffness con-
trasts. Key features in this regard are the
diameter-to-height ratio (D/H) of the
cell, which should be as high as possi-
ble, and technical measures to minimise
edge effects of the cell.

This author considered the above
problem some years ago (Bock, 1995)
and came up with a design solution
which he believes is still principally
valid. In section, the pressure cell is
characterised by a non-symmetric pro-
file as shown in Figure 3. That feature
allows a substantial reduction of the cell
height, typically from about 7 mm of
the common commercially available
cells to some 3.5 mm. As a direct conse-
quence, the D/H-ratio is increased ac-
cordingly, typically from about 35 to 40
of the cells employed at Karkheh and
MES to values of about 80.

The proposed cell is characterised by
the following principal features:
• a relatively thick base plate (1 in Fig.

3; say 1.5 mm) to give the pressure

pad the necessary stability and ro-
bustness. It accommodates the cell
fluid inlet (2 in Fig. 3) and possibly
also the pinch tube inlet (not shown
in Fig. 3);

• a relatively thin cover plate (3 in Fig.
3; say 0.5 mm);

• bending of the flexible cover plate
(3) over the edge of the base plate (1)
and connection of cover and base
plates by a laser-welded seam (4 in
Fig. 3).
Laser technology has advanced to

the point where such thin laser-welded
seam can be manufactured with the
necessary degree of accuracy and reli-
ability.

The permission to publish the MES
earth pressure data was given by Mr. H.
Ahmadzadeh of the Ministry of Energy,
Iran Water & Power Resources Devel-
opment Co. This permission is grate-
fully acknowledged.
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Author’s Reply

Introduction
This new discussion by Dr. Helmut
Bock brings the number discussions of
my article to eight, indicating how the
reporting of observed uncertainties may
be interesting to others. Thank you to all
the discussers for your contributions.

The comments made by Helmut
Bock are concentrated on the earth pres-
sure measurement part of the article,
where the most consistent comments
were previously received from the
discussers. Even thought Dr. Bock
agrees with the overall conclusion made
for Karkheh Dam earth pressure cells
uncertainties, he has some problems
with the evaluation procedure. This is
one of the reasons that he has been un-
able to “forget about pressure cells in
general...” Thus my reply starts with a
section describing more about the pro-
cedure adopted for evaluating Karkheh
Dam earth pressure data. Following that
some brief comments about earth pres-
sure measurements at Masjed-

e-Soleyman Dam will be provided. At
the end a section containing the “key
sentences” by the contributors about the
use of earth pressure cells in embank-
ments dam will be presented.

Stress Evaluation Procedure
Dr. Bock commented, “Whilst most
likely correct in his overall conclusion, I

have some problems with his evaluation
procedure”. Therefore, he has sug-
gested a more precise and detailed pro-
cedure for the evaluation of earth pres-
sure data at Karkheh Dam.

I am currently working on a research
project to evaluate the performance of
earth pressure cells in five Iranian em-
bankment dams, including Karkheh
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Table 5. Comparison between computed (based on other
three measured stresses) and measured stresses at

45 degree planes for Karkheh Dam.

Pressure cell
number

Differences between measured and computed stresses
(based on other three measured stresses) for the cell

oriented 45 degrees upstream (in percent)

Mean (absolute value - in
percent)

Maximum (absolute value
- in percent)

PC6-4 -7 +52

PC6-5 -50 -81

PC7-3 -30 -70

PC7-4 -25 -41



Dam. In this research project three dif-
ferent methods are used for evaluation
of measured data, depending on the
type of the available data (number of
pressure cells in one plane), stage of the
dam for which the data are measured,
and finally the location of the cells. One
of the methods we are using is very sim-
ilar to the method suggested by Dr

Bock. As he has mentioned, this method
is applicable where four measured
stresses are in one plane. In Karkheh
Dam five earth pressure cells are in-
stalled in each cluster. But we do not
have four measured stresses in one
plane at all dam cross sections. In some
dam chainages, such as Section 5, we
have three measured stresses in one

plane, since one of the pressure cells is
orientated towards the left abutment,
and its measured stress is not in the
same plane as the other three. That is
why we do not have any measurement
for the cell oriented 45 degrees
upstream for Section 5 (Table 1, Re-
vised in my first reply).

I apologize for this misleading read-
ers - I forgot to explain it in the article.
This means that if we wanted to use the
Dr. Bock’s suggested method we could
not include the data for the highest sec-
tion of the dam (Section 5) in the proce-
dure.

Instead, another method was se-
lected, which is applicable at all cross
sections. The drawback of this method
is that it can be used only for the cells lo-
cated at the centre of the core and at the
end of construction, when impounding
has not started, because:
• At the end of construction, there is

no horizontal force acting on the em-
bankment due to water in the reser-
voir. (Water pressure acting on
upstream face of the clay core may
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Table 6. Principal stress magnitudes and orientations calculated
based on three measured stresses using Mohr circle.

Pressure cell
number

Maximum
Principal stress

(kPa)

Minimum
Principal stress

(kPa)

Deviation of
Maximum

Principal stress
from vertical
direction (de-

grees)

Ratio of
meassured ver-
tical stress to
overburden

pressure

PC5-4 1716 1212 +31 0.62

PC5-5 1144 730 -2 0.45

PC6-4 1706 1065 -10 0.72

PC6-5 1358 493 -34 0.46

PC7-3 1308 920 -14 0.58

PC7-4 1303 617 -19 0.56

Figure 10. Vertical earth pressures at different zones of Masjed-e-Soleyman Dam measured at highest dam cross section
(CH 260).



rotate the direction of principal
stresses at the centre of the core).

• The dam cross section is almost
symmetrical.

• Thus, at the centre of the clay core
the maximum principal stress direc-
tion is near-vertical.

• The vertical and horizontal stresses
at the center of clay core can be con-
sidered as principal stresses.
These assumptions are valid for

evaluation of measured data from the
cells located at the centre of the core at
the end of construction. A similar
method is suggested by Dr. Bock—he
mentions in Step 2b, “For instance, is
orientation ofσ1 vertical in the centre of
the dam?”

In the article this type of calculation
was made only for selected cells located
at the centre of the core (Tables 1 and 2
Revised of the first reply). However,
having had valid assumptions in the pre-
viously adopted evaluation procedure,
results of new calculations are provided
in Tables 5 and 6—it is hoped that this
will provide more clarification.

In Table 5 for cross sections 6 and 7,
where four measurements are in one
plane, the computed stresses (based on
other three measured stresses) for the
cell oriented 45 degrees upstream are
compared with measured stresses.
Since the calculations are done for a
long period of the time, and at each time
we have “different differences”, the
maximum and mean absolute values for
the differences are presented in the ta-
ble, in percent. The maximum and mean
differences vary between 41 to 81 and 7
to 50 percent, respectively.

In Table 6 the following are pre-
sented for the cells located in the centre
of the core: magnitude of the minimum
principal stress, magnitude of the maxi-
mum principal stress, orientation of the
maximum principal stress, and the ratio
of measured vertical stress to the over-
burden pressure assessed at the end of
construction. The measured values for
the horizontal, vertical and 45 degrees
downstream cells were used to calculate
the maximum and minimum principal
stresses using Mohr circles.

As indicated above, the orientation
of the maximum principal stress in the
core of the dam at the end of construc-
tion should be nearly vertical. Table 6
shows the deviation from the vertical di-
rection of between 2 and 34 degrees.
Also, the ratio of the measured vertical
stress to the overburden pressure was
found to be as low as 0.45. This could
not be a result only of stress arching in
the core of the dam.

I agree that the method suggested by
Dr. Bock is more systematic, and leads
to more reliable results. But the results
of the evaluation method presented in
the article itself, together with the new
results presented in this reply, are suffi-
cient to indicate the “internal inconsis-
tency of the measured stress data” for
Karkheh Dam.

Earth Pressure Measurements
at the 177 m High
Masjed-e-Soleyman Dam
I wonder if Dr. Bock has been provided
with complete stress measurement data
at Masjed-e-Soleyman Dam. When I
saw a report of the behavior of the dam
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Figure 11. Variation of vertical stress ratio with time computed for different zones of Masjed-e-Soleyman Dam zones at
highest dam cross section (CH 260).



(Nippon Koei et al, 2004), I was not
convinced that “excellent earth pressure
readings” have been obtained at this
dam. Figure 10 is a more complete ver-
sion of Dr. Bock’s Figure 1. It includes
data for longer period of time, and also
some extra earth pressure readings for
the filter and downstream shell. From
the figure two questions can be raised:
1. The measured stress in the filter be-

comes up to about 55% more than
the measured vertical stresses in the
clay core. Then it reduces to its ulti-
mate value of about 10-15% more
than the measured vertical stresses
in the clay core. What is the reason
behind this behavior?

2. The height of fill above the pressure
cells installed at Section CH260 in
the shell and at nearby Section
CH320 is exactly the same. Why do
the measured pressures differ by
about 50%?
Figure 11 presents the variation of

stress ratio with time for different cells lo-
cated in the filter, core and downstream
shell. The stress ratio is defined as the ra-
tio of the measured vertical pressure (Pv)

to the pressure calculated from the em-
bankment height (gH). This figure shows
that the stress ratio for the filter varies be-
tween 1.0 and 1.8, for the core between
0.7 and 1.0 and for the shell between 0.45
and 0.7. If these differences are induced
as a result of stress arching between dif-
ferent zones of the embankment, we
should have the maximum for shell and
minimum for the core and intermediate
value for the filter. The observed mea-
surements do not agree with the typical
condition of the stress arching in a zoned
embankment dam. Then, what is the rea-
son for this behavior?

Figure 12 presents the value of the
orientation of the principal stress at the
centre of the core versus time, for Sec-
tion CH260. The three measured stress
values for a single cluster were used to
calculate the principal stress orienta-
tion. Again, the variations of orientation
between -45 and +45 degrees indicates
the uncertainties in the earth pressure
cell measurements.

According to Dr. Bock’s investiga-
tions, we may conclude that in
Masjed-e-Soleyman Dam more consis-

tent data are measured in comparison
with Karkheh Dam. But, as described
above, there are still some significant
uncertainties.

Discussers’ Key Sentences
about Earth Pressure
Measurement in Embankment
Dams
We may not be able to conclude how
difficult is the task to make earth pres-
sure measurements in embankment
dams, based solely on data measured at
two dams such as Karkheh and
Masjed-e-Soleyman. But surely we can
take great note of the reported views of
experienced engineers in this regard.

This section includes some “key sen-
tences” about use of earth pressure cells
in embankment dams, as expressed by
the discussers in the June 2006 episode
of GIN, pp 34-40.

Donald H. Babbitt
Kulhawy andDuncan(1972) performed a
finite element analysis of the embank-
ment and compared the results with the
instrument readings. They found good
correlat ions with the measured
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Figure 12. Computed orientation of principal stress as a function of time for core center of Masjed-e-Soleyman Dam.



movements, but not the stresses.

Elmo DiBiagi
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 in-
stallation details.

P. Erik Mikkelsen
My experiences with free field total
pressure cells have also been disap-
pointing and the cost of their installa-
tion in the clay core of a dam is not
justified, in my opinion. The results are
rarely reliable.

J. Barrie Sellers
It is not unusual for earth pressure cells
to give results which do not meet
expectations.

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, be-
cause, if we do get data, we do not
understand them... Forget about
pressure cells in general and there
is a very good reason for doing
so.”

John Dunnicliff
Kaare Høeg of the Norwegian
Geotechnical Institute wrote to me:

“My experience is, and that of
many authors at ICOLD Con-
gresses and other Conferences
seems to be, that it is very difficult
to interpret and rely on the read-
ings from earth pressure cells in-
stalled in embankment dams,
especially rockfill dams. Many
investigators have spent time and
money installing such cells, but
have, in general, found the mea-

surements of little value (refer
to Hvorslev’s classical work).”
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Robotic Total Stations and
Remote Data Capture:
Challenges in Construction

David Cook

Robotic Total Stations (RTS) are a com-
paratively recent addition to the moni-
toring instrumentation armoury. This
article aims to identify these strengths
and weaknesses, indicating how prob-
lems have been successfully overcome
and assist in the design, specification
and operation of future systems.

After an introduction, advantages
and disadvantages of RTS are identi-
fied. These are followed by some practi-
cal issues with suggestions as to how
any difficulties can be overcome. Fi-
nally, a few comments on accuracy are
included.

Introduction
Robotic Total Stations are survey in-
struments combining a theodolite (with

Automatic Target Recognition) and
electronic distance measurement,
which can be operated remotely. These
instruments can monitor points in 3-D
space by sighting prisms and following
them as movements occur. Once taught
the location of a prism the RTS returns
to re-determine the location of that
prism during each monitoring cycle.
The instrument aims at the prism loca-
tion and the infra-red beam sent by the
telescope is reflected back. This signal
is analysed and centre of intensity as-
certained. The motors then move the
telescope to fine lock onto this. Angular
and distance measurements are then
made which allow the new prism posi-
tions to be calculated. Figure 1 indicates

a typical operating instrument.
Manufacturers’ RTS specifications

are guidelines and not often achieved in
the construction world. For example ho-
lographic prisms are considerably less
expensive than glass prisms and while
some manufacturers claim they can
used satisfactorily, this should be con-
firmed for the accuracies being sought,
using proposed equipment combina-
tions prior to implementation. In prac-
tice limitations on the angle of
incidence can give a poorer definition of
signal intensity leading to lower
accuracies when compared to glass
prisms.
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Advantages of RTS Compared
with Other Remote Data
Capture Instrumentation Types

Simplicity
3-D positions in space are measured by
remote, non-contact means. Monitored
points do not need to be individually
wired and physical elements are easily
replaced if breakdowns occur. This sim-
plicity of installation lends itself to lo-
cations with limited installation win-
dows. On completion the instruments
themselves are removed, but prisms and
brackets can be left in position for fu-
ture, long-term, monitoring.

Cost of Extending System
Beyond the initial cost of an RTS sys-
tem, the cost for additional prisms is rel-
atively low and many hundreds of tar-
gets can be incorporated within a
system.

Location
Instruments can be located within the
zone of construction influence and with
careful design still provide useful mea-
surements.

Co-ordinates
Whilst measurement is performed in lo-
cal system (that is local instrument)
co-ordinates, post-collection process-
ing of the data can allow absolute pro-
ject co-ordinates to be determined. This
post processing calculation can be com-
bined with automatic re-section of the

RTS co-ordinates for loca-
tions where the instrument
position cannot be consid-
ered as fixed.

Control
The control software can be
reprogrammed to instruct in-
struments to operate at differ-
ent intervals or cycles and al-
low new prisms to be added to
the system.

Disadvantages of RTS
Compared with Other
Remote Data Capture
Instrumentation Types

Initial Cost
The cost for a small installa-
tion is high as the principal
value item is the instrument

itself, but hiring rather than purchase
may be a cost-effective alternative.

Lines of Sight
Lines of sight are required between the
instrument and prism, so the RTS re-
quires a suitable vantage point.

Environmental Factors
Environmental factors such as
rain/snow/fog and water on prism faces
will downgrade system performance.
Regular incidences may preclude RTS
use completely. Instruments may not re-
sist inclement conditions over long con-
tract periods as well as the specifica-
tions may suggest.

Mechanical Operation
As RTS are mechanical instruments
real-time monitoring is not strictly pos-
sible, but a strict real-time project defi-
nition may not be required.

When calculating the number of
prisms to be read within a cycle, allow-
ance must be made for taking readings
using both faces, to maximise accuracy.
This slows down the RTS, allowing less
prism locations to be calculated per cy-
cle, so there are a maximum number of
readings to different prisms which can
be taken within a fixed period.

Physical Size
The physical size of the instrument, its
support bracket and protection may pre-
clude the use at particular locations. For

example, a relatively small diameter
metro tunnel may have insufficient
clearance outside the kinematic enve-
lope in order to allow RTS and/or prism
installation, but existing recesses could
be considered.

Visibility
By their nature RTS instruments are
highly visible and this can lead to public
perception that they are actually CCTV
systems leading to privacy issues and
vandalism.

Vandalism
Each RTS costs thousands of pounds.
Whilst care must be taken in protecting
the instruments with protective cages
they can still be stolen or vandalised,
even in secure locations. Prisms, while
of lesser value, are vulnerable to local
attack whether deliberate positional
tampering or removal. Protective enclo-
sures can also protect RTS from deni-
grating environmental effects but pro-
tection cannot be total given the line of
sight requirement.

Installation Issues

Fixed Instrument Positions
These need to be established. Whilst
reference prisms can be positioned out-
side the zone of influence, it is essential
to be able to triangulate instrument po-
sitions using very stable reference tar-
gets. These reference positions should
be in sufficient number and configured
in a strong geometrical arrangement to
ensure maximum potential system ac-
curacy is achieved.

Specification
Specifications of total systems need to
state the system accuracy required and
also the maximum movement of a prism
which the system can self-seek, at the
distances proposed, without affecting
the monitoring regime and data return
times adversely. If a prism moves and
the instrument cannot pick it up at its
known position the instrument is usu-
ally programmed to spiral out in a
search pattern until the prism is found.
The prism found may differ from that
sought and this angle of discrimination
for sighting the correct prism should be
considered at the design stage.
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Figure 1. Typical robotic total station



Suitable Background
It is important to avoid any kind of dis-
turbance or reflection close to the field
of view as a white or bright surface can
reflect the beam leading to problems
with fine prism lock. System accuracy
can be also diminished by strong sun-
light and refraction effects such as
air/heat shimmer.

Manual Survey Checks
Checks on reference prism co-ordinates
need to be undertaken and provision
made for updating the system at inter-
vals.

Monitored Elements
Endeavour to monitor a single element
such as a tunnel lining from one RTS
rather than split between two in a chain.

Operational Issues

Noise
In commercial environments it may be
possible to ignore the noise of an RTS in
operation, but with a residential inter-
face this is less likely. Instrument noise
during operation varies between manu-
facturers, and this may affect selection.
Mitigating measures can include
non-operation during night hours or
providing additional measures such as
double glazing to affected premises.

Water
It is not possible to take readings while
water runs down a prism face, but water
shields can be affixed above affected
prisms to move the water path away.
Despite stopping water running down
the face of the prisms some may still not

be read, due to condensation. This can
often be overcome by treating the prism
glass with products marketed for auto-
mobile windscreens which draw the
water together into large drops. These
then run off allowing readings to be
taken.

Dirt
Instruments and the targets get dirty
with time and this affects the system
performance. A regular cleaning re-
gime may prove necessary to ensure
that prism centres are correctly identi-
fied. For example the environment in a
railway tunnel may be damp and con-
tain brake dust, detritus etc. On one pro-
ject the prisms concerned were set back
slightly from a tunnel portal where a
signal gantry was located. Most traction
on the railway was electrically powered
but some diesel hauled freight stopped
at these signals and exhausted directly
onto the prisms when pulling away, thus
identifying why additional cleaning
was being required.

It is claimed not to be the cross-sec-
tional-area that dictates but whether
conditions allow the infra red signal to
reach the target and return a signal of
sufficient strength to be analysed, be-
fore a measurement can take place.

Natural Environmental Problems
Due to mist/fog/condensation/heavy
rain for long periods readings may be
unavoidably missed. It may be neces-
sary to lay down a minimum number of
readings to be obtained in a 24 hour pe-
riod for construction work to continue
or instigate a fallback to manual read-

ings or other methods. Refraction ef-
fects caused by heat shimmer can
significantly affect the data.

Power
It is prudent to include an Un-interrupt-
ible Power Supply (UPS) to mitigate
against power cuts at the RTS or con-
trolling Personal Computer (PC) during
reading cycles. Use of a UPS with
scripting facilities so that Short Mes-
sage Service (SMS) text messages (or
similar) can be sent as it is in “parachute
down” mode after mains power has
been lost can be helpful. The power
drain by an operating RTS may make it
impracticable to provide a UPS to main-
tain reading taking ability, but any sys-
tem should be capable of automatic re-
boot when power returns . For
instruments located without ready ac-
cess additional, remote re-booting ca-
pabilities may be required.

Intermittent Line of Sight Issues
These may cause intermittent blips of
readings above trigger levels. For a sys-
tem taking readings on an hourly basis it
may be possible to consider that two se-
quential readings (in time) for a prism,
which breach a limit, would constitute a
breach, rather than a single reading.

An RTS may have difficulty in com-
pleting a cycle in time if the first prism
takes time to find so it can be advanta-
geous to place the first prism such that
the line of sight is unlikely to be
blocked.

Air Rights
Keeping lines of sight clear requires
co-ordination in 3 dimensions, not just
at ground level, considering all ele-
ments of construction which will take
place. For example ventilation bagging
in tunnels may deform when forced
ventilation ceases (blocking previously
clear lines of sight) and the placement
of monitoring elements needs to take
into account activities, such as fit-out,
so that movements of prisms or instru-
ments to maintain readings are mini-
mised.

Grazing Rays
Where a prism can be observed the po-
sition recorded may not necessarily be
the centre of the prism. When an RTS

GEOTECHNICAL INSTRUMENTATION NEWS

44 Geotechnical News,     December  2006

Figure 2. Instrument chain with four robotic total stations – indicative layout



sights a prism, any obstacles covering
or reflecting the beam will affect the
centre of intensity of the reflected signal
such that the prism centre may be de-
tected incorrectly and the value for the
angle measurement recorded incorrect.
This is less of an issue for the distance
measurement, as there would generally
be either no value or correct value.

Access
Location of instrument may preclude
easy 24/7 access therefore easy remote
re-set may be necessary.

Prisms
For interpretation purposes it is useful if
any particular monitored elements,
such as segments making up one tunnel
lining ring are monitored by the same
instrument.

RTS Located Within Construction
Zones of Influence
Sometimes RTS must be located within
predicted zones of influence and the in-
strument positions cannot be fixed ab-
solutely in space. If the instruments
cannot view prisms outside the zone of
influence then a chain of instruments
can be utilised with inner instruments
reliant on common prisms (that is
paired or 360 degree) with its adjacent
partners. In order to provide the abso-
lute values required for monitoring pur-
poses (rather than the relative values be-
ing taken by each instrument) it is
necessary to tie the instrument groups
back to fixed points outside the zone of
influence and thereby the absolute posi-
tions of instruments in space can be de-
termined. In this scenario a number of
prisms will be shared with the next in-
strument in the chain, which itself can
observe a number of prisms considered
as being fixed. The use of resection
means that an instrument can be in the
zone of influence or even on the same
structure as the targets providing the
movement within one cycle is insuffi-
cient to affect the accuracy of results.
See Figure 2.

For this approach to be successful,
any physical movement of the RTS lo-
cation concerned, within the reading
cycle, must be insufficient to affect the
re-sectioning calculation.

Inclination
There are limits on inclination change
within which RTS can self compensate,
but providing excessive changes do not
occur regularly these may be overcome
by manually resetting the instrument or
by provision of self-levelling surveying
tables. The potential temperature ef-
fects on the structure or bracket to
which an RTS affixed should also be
considered.

RTS Use within Tunnels
The use of RTS within tunnels has par-
ticular challenges, one of which relates
to reference prisms. Orientation limita-
tions make it vital that reference prisms
are stable (and accurately
co-ordinated), as the geometric ar-
rangement is unlikely to be strong. The
effects of small errors can be multiplied
by the least square adjustment.

Accuracy
The accuracy of monitored point read-
ings is a function of the various RTS
system components. Major items to be
considered when determining likely
system accuracies are:
• Instrument performance (for both

angular and distance measurements)
• Stability/locational accuracy of ref-

erence prisms
• Use of single or double face RTS

readings
• Number and geometric orientation

of reference and common prisms
• Number of RTS within a group, nec-

essary for the group to operate
• Sighting distances RTS to prisms

A very simple RTS system—with
one instrument, good stability, good
geometric orientation, a minimum of
five reference prisms, sighting dis-
tances less than 60m, and taking double
face readings to all prisms—each cycle
should be capable of reliable readings to
+/- 0.6 mm. Degradation to +/- 1.5mm
or greater could, however, be quickly
reached if operational parameters are
not optimised.

Conclusions
Robotic Total Stations have established
a successful track record on major con-
struction projects around the world with

choice and functionality increasing
with time. The accuracies which can be
achieved depend on system design and
not just on instrument specification.

Care needs to be taken when re-
searching specifications as accuracies
given are likely to be the very best ex-
pected and achievable only in ideal con-
di t ions . Even if readings are
consistently achieved, the instrument
may lack the sensitivity to pick up de-
velopment of trends at an early stage,
but providing the limitations of an RTS
system are understood they can be used
successfully for many monitoring
purposes.

Bibliography
“Monitoring and Assessment of Struc-

tures” Chapter 8 - Surveying Moni-
toring and its place within a
comprehensive structural monitor-
ing system, published E & F Spon,
July 2001. Cook, D K.

”Innovative Tunnel Monitoring”, Engi-
neering Surveying Showcase 2000,
Issue 2 Kelly, C.

“ATR on the MRT”, Engineering Sur-
veying Showcase 2000, Issue 2,
Voss, A.

“Robotic Monitoring at Barking Sta-
tion”, Engineering Surveying Show-
case 2005, Issue 1, Preece, L.

“The Monitoring Process - CTRL 440 -
A Case Study”, CIRIA Conference
“Response of buildings to excava-
tion induced ground movements”
July 2001, Cook, D K and Adams, T.

“The Movement Monitoring of a Rail-
way Line - CTRL 440 - a Case
Study”, Railway Engineering 2002.
Cook, D K, Parry, L and Pitigala, P.

“Amsterdam Noord/Zuidlijn: One of
the largest settlement monitoring
projects in Europe”, FMGM 2003,
Oslo, Cook, D K, Kaalberg F J and
Braakman S.

David Cook, Associate Director, Mott
MacDonald, St Anne House, 20-26
Wellesley Road, Croydon, CR9 2UL,
United Kingdom, Tel: + 44 (0) 20 8774
2554, Fax: + 44 (0) 20 8681 5706,
email david.cook@mottmac.com

Geotechnical News,      December  2006 45

GEOTECHNICAL INSTRUMENTATION NEWS



Smart Rod Tunnel Monitoring System

Nicole Metje
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Abstract
This article describes a new optical fibre
monitoring system to measure struc-
tural displacements and deformations.
The underlying concept is based on a
fibreglass rod containing optical fibres,
with Fibre Bragg Gratings (FBGs) writ-
ten into them. The rod is fixed at
discrete points to a structure of interest.

The Smart Rod works by measuring
strain changes along the fibreglass, so
that curvature variations can be de-
duced.

This article discusses an installation
of the monitoring system in a road tun-
nel to monitor displacements of the tun-
nel lining. In this case the monitoring
system is installed circumferentially
around the tunnel omitting the horizon-
tal road section to avoid restricting traf-
fic movements. Recommendations are
then made for a practical instrumenta-
tion system, based upon the Smart Rod,

and particularly with respect to applica-
tions of the system to geotechnical
engineering.

Introduction
The premise for the work described in
this article was the need for tunnel own-
ers to remotely monitor existing tunnels
when new tunnel construction or other

construction activities occur in close
proximity. However, the potential ap-
plication of this system is much wider
than just tunnels: it has potential use for
any type of structural deformation mon-
itoring, whether fixed on the structure
(building, bridge, etc.) or cast inside the
structure (pile, retaining wall, slab,
bridge, etc.). The system is designed
such that it can be installed longitudi-
nally along for example a bridge span or
alongside a railway track or circumfer-
entially around a tunnel cross section.
In addition to being used in a road tun-

nel, the Smart Rod has been trialled in a
series of diaphragm walls. The Smart
Rod was developed in cooperation be-
tween the University of Birmingham
and Smart Fibres Limited, with the as-
sistance of Sol Data. This article de-
scribes the road tunnel installation and
highlights the lessons learnt.

The Monitoring System
The square cross-section of the Smart
Rod is shown in Figure 1. The Smart
Rod is manufactured from pultruded
fibreglass and incorporates optical
fibres. These optical fibres can either be
incorporated in a groove on each of the
four faces of the rod, bonded to the sur-
face, or embedded within the pultrusion
during manufacture. Tests in the labora-
tory were conducted with the optical
fibres incorporated into 0.8 mm grooves
on all four faces. In contrast, for the tun-
nel trial the fibres were bonded to two
opposite sides of square cross-sectional
(15 mm by 15 mm) rods of length 1.7 m.
It was determined that strain measure-
ments on only two faces were sufficient
to trial the system in this case as the dis-
placements were expected to be within
the cross-sectional plane of the tunnel.
These fibres contain localised periodic
index perturbations known as Fibre
Bragg Gratings (FBGs). Such FBGs act
as narrowband reflectors whose peak
wavelength may be used as a measure of
environmental strain or temperature. A
schematic of the FBGs inside the opti-
cal fibre, together with the relevant
dimensions, is shown in Figure 2. It
shows the core of the optical fibre to-
gether with the change in the refractive
index and the re-coating or cladding de-
signed to protect the optical fibre. This
is then bonded to the sides of the square
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Figure 1. Cross-section of the Smart Rod.

Figure 2. Schematic of Fibre Bragg Grating.



fibreglass rod.
Measurement of longitudinal defor-

mation with optic fibres has now be-
come a well known technique. The
concept of the Smart Rod is to analyse
the differential strain variations along
the rod and between the faces (intrados
versus extrados) in order to determine
curvature variations along the rod in ad-
dition to longitudinal deformation. The
implication for geotechnical and struc-
tural monitoring is to be able to do the
job of electrolevel strings, of Basset
Convergence Systems (Bassett et al.,
1999), and of in-place inclinometer
strings.

The Tunnel Installation
The Smart Rod system was installed in
the service tunnel for a road tunnel dur-
ing June 2005. This system was used to
monitor the tunnel during grouting ac-
tivities for stabilising the ground adja-
cent to the tunnel. Because this was a
trial of a new monitoring system, it was
not installed alone, but in parallel with a
robotic total station CYCLOPS system
(Beth et al., 2003). Due to confidential-
ity, the data on the total station will not
be discussed in this article, but the focus
will be on the challenges encountered
installing the Smart Rod and obtaining
displacement data. The Smart Rod sys-
tem was designed as a series of short rod
sections, joined at fixing positions
around the inner circumference of the
tunnel.

Figure 3 shows the optical fibre sys-
tem being installed. The installation in-
volved 14 rod sections, each 1.7m
nominal distance between fixings, be-
ing fixed directly to the tunnel lining
(vertical and curved sections only, not
the floor of the tunnel as this would re-
s t r ic t t raffic movements) . Two
cross-sectional profiles were moni-
tored, either side of one of the construc-
tion joints between the 12 m long tunnel
segments.

Calculation Methods and
Results
The rod sections can be installed in ei-
ther a straight (horizontal or at an angle)
or a curved section. From a structural
analysis point of view the simplest ar-
rangement is a straight and horizontal
installation, for monitoring displace-
ments along a beam for example (Fig-
ure 4a). In this case the rod can be
treated as a simple continuous beam
with discrete rigid fixings. The strain
readings along the rod can therefore be
converted into displacements of the fix-
ings, using simple structural analysis
techniques and assuming that the dis-
placements at one end of the rod are
known or zero. This approach has been
shown to produce good results when
compared with laboratory data.

However, for curved sections (e.g. to
monitor deformation in the tunnel
cross-section), a different analysis ap-
proach is required. There are two ways
of fixing the monitoring system to the
tunnel. The first involves construction
of the rod in straight sections, with fix-
ings that allow changes in angle on ei-
ther side of the fixing. This means that
straight rod sections can be installed be-
tween each fixing (Figure 4b). Alterna-
tively the rod can be fixed such that it is
curved between fixings, i.e. follows
more closely the profile of the tunnel
(Figure 4c). In addition, if the radius of
the tunnel is ‘large’ it might be possible
to assume that the curved sections be-
tween fixings in Figure 4c are straight.
Assuming that there is no unusual dis-
placement between two fixings, the new
profiles can be determined using struc-
tural analysis.

Initial calculations have shown that
it is possible to determine displace-

ments from the strain measurements us-
ing either approach described above.
Figure 5 shows example results of
movements of the tunnel after a period
of four weeks of grouting on the right
side of the tunnel. The grey crosses indi-
cate the displacements of the fixings.
The displacements were determined as-
suming the rods can be represented by
straight rods as shown in Figure 4b.
Note that the displacements are scaled
by a factor of 100 relative to the dimen-
sions of the tunnel in Figure 5, and that
the grouting took place above and to the
right of the tunnel (i.e. beside and above
the right shoulder). For example the
maximum vertical and horizontal dis-
placements at the bottom right are ap-
proximately 7 mm and 6 mm
respectively. It should be noted that the
displacements presented in Figure 5 are
relative displacements and not absolute
values. As two rod sections on the left
side of the tunnel were damaged during
installation, data was lost and hence the
analysis was limited to qualitative val-
ues. On a time scale plot, the move-
ments were recorded during the
grouting days, as expected.

Outlook
The field trial was very useful because a
full working system was implemented
for the first time in a real tunnel. Al-
though laboratory tests had always indi-
cated that the system was capable of
measuring translations (vertical and
horizontal displacements) and rotations
of the order of 0.1 mm and 0.5 deg of the
fixings, respectively, it was extremely
important to trial the system on a real
active work site, from which the project
team was able to learn all the small de-
tails that make the difference between a
prototype and an industrial system. For
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Figure 4. Structural simplifications.

Figure 3. Installation of the Smart
Rod.



example, we verified that it is necessary
to analyse the geometry beforehand,
and predict the order of magnitude of

the displacements in order to avoid
problems with the optical sensors. This
is important for designing the monitor-

ing system, as each grating corresponds
to a certain wavelength. This wave-
length changes due to the straining of
the rod. Therefore the optical strain
gauges (FBGs) need to be designed
carefully. The field trial indicated that
displacements can be successfully ob-
tained from the strain measurements. In
addition, the field trial showed that the
rods have to be handled with care and
effort will be made in future to develop a
more robust system.

When analysing the data, the need
was confirmed for including sufficient
strain-isolated sensors for temperature
compensation of the measured data.
Laboratory tests had already indicated
the importance of including an appro-
priate numbers of strain-isolated grat-
ings if there was a significant
temperature gradient, since optical fibre
sensors can be used in other applica-
tions for very sensitive temperature
monitoring.

The following are considerations
when considering use of the Smart Rod
system to measure displacements of a
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Figure 5. Tunnel displacements. Note that the displacements were measured over
a period of four weeks and are scaled by a factor of 100.



structure:
• Either a continuous rod or individual

rod sections can be used.
• The fixings have to be designed such

that the rod is rigidly attached to the
structure.

• Instrumentation of only two oppo-
site faces of the rod is sufficient if the
displacements to be monitored are in
one plane. Otherwise all four faces
should be instrumented.

• Strain-isolated sensors should be lo-
cated at frequent intervals in order to
allow for temperature compensa-
tion.

Conclusion
The field test was an excellent opportu-
nity to trial the monitoring system, and
displacement results were successfully
obtained from the measured strains.
The trial also highlighted the need for
careful planning and suggested some
improvements on the detailed installa-
tion arrangements. Further trials will be
necessary to prove the system conclu-
sively and make it available to the moni-
toring community.

As mentioned earlier, versions of the
Smart Rod system have also been in-
stalled in diaphragm walls at two trial
sites, where the rod is embedded in the
concrete. In these cases the results from
the Smart Rod are compared with an in-
clinometer system: Smart Rods are in-
stalled in the same diaphragm wall
panel as a manual inclinometer tube,
and readings are taken simultaneously
on both systems. In the same way that
the CYCLOPS was used in the tunnel
application, the manual inclinometer
readings act as the “true” reading to
which the Smart Rod values are com-
pared. Again, small details meant that
only qualitative results could be ob-
tained for this test, but lessons were
learnt and “proper” installations are
now possible.

References
Bassett, R.H., Kimmance, J.P., Ras-

mussen, C. (1999). “An Automated
Electrolevel Deformation Monitor-
ing System for Tunnels”. Proc. of the
Institution of Civil Engineers,
Geotechnical Engineering, 137(3),

117-125.
Beth, M., Macklin, S., Nichols, Z.

(2003). “King’s Cross Station Rede-
velopment, London: Design of the
Monitoring System”. FMGM 2003.
6th International Symposium on
Field Measurements in
GeoMechanics, September 15-18,
Oslo, Norway.

Nicole Metje, David N. Chapman,
Chris D. F. Rogers, School of Engineer-
ing, Civil Engineering, University of
Birmingham, Edgbaston, Birmingham,
B15 2TT, U.K., Tel. +44 121-4144182,
email n.metje@bham.ac.uk.

Philip Henderson, Smart Fibres Ltd.,
Centennial Court, Easthampstead
Road, Bracknell, RG12 1YQ, U.K.,
Tel. +44 (0)1344 484111, email
philip.henderson@smartfibres.com.

Martin Beth, Sol Data, 294 Av George
Clemenceau, 92000 Nanterre, France,
Tel. +33 (0) 1 41 44 85 10,
martin.beth@soldata.fr

Geotechnical News,      December  2006 49

GEOTECHNICAL INSTRUMENTATION NEWS

b & w

drop in Ralph B. Peck book ad - disc included.

Remove keylines



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


