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SUMMARY

The following major tasks have been assigned by TEC for the preparation of this report:

(1) Describe existing standards and procedures empioyed throughout the world for precise
deformation surveying and monitoring work;

(2) Describe existing software and automated products that exist for precise deformation
surveying and monitoring work that are commerciaily available or under prototype development;
(3) Describe instrumentation and observation methods that are used and employed in this work
area.

To fulfill the requiremsnts of the assigned tasks, the study (focussed on deformation of large
dams), has been performed based mainly on available recent literature concerning the monitoring
and analysis of deformations; reports by the International Commission on Large Dams (ICOLD)
and the International Federation of Surveyors; ind personal experience of the authors. In
addition, a questionnaire was sent to over 70 national Committees on Large Dams (members of -
ICOLD) requesting information on the existing standards and specifications for dam monitoring,
status of dam monitoring in their countries, and methods used.

The major conclusions of the study are:

(1) There is no one country which can serve as an example for others concerning all three main

aspects of dam deformation monitoring, i.c. monitoring techniques, design of monitoring

schemes, and analysis and management of the collected observations.

(2) There are no available standards and specifications in any of the reviewed countries which
could be recommended for direct adaptation to dam deformation monitoring in the United States.

(3) With the recent technological developments in both geodetic and geotechnical
instrumentation, at a cost on¢ may achieve almost any, practically needed, instrumenta! resolution
and precision, full automation, and virtually real-time data processing.

(4) Over the past 10 years there has been a significant progress in the development of new
methods for the geometrical and physical analyses of deformation surveys. However, due to
thelack of an interdisciplinary cooperation and insufficient exchange of information, the
developments have not yet been widely adopted in practice. .

(5) Generally, the overall qualificaticns and educational background of the personnel placed in
charge of monitoring surveys in the US seem to be inadequate, particularly in the areas of data

processing and analyses.

Severzl recommendations are given to improve the situation.
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1. INTRODUCTION

1.1 BACKGROUND INFORMATION

Deformation monitoring, analysis, and prediction are of a major and ever growing concemn in
practically all fields of engineering and geoscience. Safety, economical design of man-made
structures, efficient functioning and fitting of structural elements, environmental protcctidn, and
development of mitigative measures in the case of natural disasters (land slides, earthquakes,
liquefaction of earth dams, etc.) require a good understanding of causes (loads) and the
mechanism of deformation which can be achieved only through the proper monitoring and

analysis of deformable bodies.

The development of new methods and techniques for the monitoring and analysis of deformations
and the development of methods for the optimal modelling and prediction of deformations have
been the subject of intensive studies by many professional groups at national and international
levels. Within the most active international organizations which are involved in deformation
studies one should list:
International Federation of Surveyors (FIG) with its Study Group 6C which has
significantly contributed to the recent development of new methods for the design and
geometrical analysis of integrated deformaton surveys and new concepts for global
integrated analyses and modelling of deformations;
International Commission on Large Dams (ICOLD) with its Committee on Monitoring of
Dams and their Foundatons;
Internadonal Associaton of Geodesy (IAG) with the very active Commission on Recent
Crustal Movements which frequently organizes internadonal and regional symposia
conceming geodynamics, {_ctonic plate movements, and modelling of regional earth crust

deformation.
International Society for Mine Surveying (ISM) with their very active Commission 4 on

Ground Subsidence and Surface Protection in mining areas;

UNB Repont on Deformation Monitoring, 1992 1



International Society for Rock Mecha rics (ISRM) with their overall interest in rock stability
and ground control; and

International Association of Hydrological Sciences (IAHS) which organizes international
symposia (e.g., Venice 1984, Houston 1991) on ground subsidence due to the withdrawal

of underground liquids (water, oil, etc.).

The FIG Study Group 6C has been one of the most, if not the most, active intemational groups

dealing with practically all aspects of deformation monitoring and analysis. Since 1975, the FIG

Study Group 6C has organized six international symposia with the last symposium held in

Hannover in 1992 and the 7th symposium already being planned for Banff, Canada, in May 1993.

Although the activity of FIG in the development of new monitoring techniques is biased, of

course, towards geodetic surveying techniques, its activity in the design and analysis of

deformation surveys is more objective than that of any other professional group. In 1978, an ad

hoc Committee on Deformation Analysis was formed to deal with and clarify various approaches

and schools of thinking regardirg the geometrical analysis of deformation surveys including the

identification of unstable reference points. The work of the Commintee has resulted in the

development of new concepts for integrated monitoring systems (integration of geodetic and

geotechnical measurements) and for generalized global analyses of integrated deformation

surveys. The work of the ad hoc committee has been summarized in four progress reports

(Chrzanowski et al., 1981; Heck et al., 1982; Chrzanowski and Secord, 1983; Chrzanowski and
Chen, 1986) and the final repont (Chrzanowski and Chen, 1990), presented at the XIXth FIG
Congress in Helsinki in 1990 (Appendix 1).

Most of the activities and studies of other associations and organizations focus, of course, on
direct applications to their particular deformation problems. Although the accuracy and sensitivity
criteria for the determination of deformaton may considerably differ between various
applications, the basic principles of the design of monitoring schemes and their geometrical
analysis remain the same. For example, a smdy on the stability of rn.agr;cts in a nuclear
accelerator may require determination of relative displacements with an accuracy of 0.05 mm

while a setderient study of a rock-fill dam may require only 10 mm. In both cases, althaugh the

UNB Repon on Deformation Monitoring, 1992 2



monitoring techniques and insgumentation may differ, one may show that the same basic
methodology in the designing and analysis of the deformation measurements may be utilized.
This fact has not yet been fully uhdcrstood by most of the above listed intemational research
groups. There is a general lack of communication and work coordination. The studies of various
professional groups, not only at the international but also at the national level of individual
countries, overlap resulting in the dupiication of efforts in 'discovering’ methods and techniques
which have already been well known to other study groups. For example, in the United States
there is very little communication between the U.S. Bureau of Reclamation, U.S. Army Corps
of Engineers, U.S. Commission on Large Dams, and the American Congress on Surveying and
Mapping. All four organizations are involved separately in studies on deformations of engineering
structures and in the development of guidelines for deformation monitoring. Even within the same
organization or institution, onc may find examples of two differ=nt professional groups, for
instance geotechnical and survey engineers, who may work on the same deformable object but

do not exchange information on their methods and the results of their analyses.

The above problems have been recognized by the Topographic Engineering Center (TEC) of the
U.S. Army Corps of Engineers, who came to the conclusion that a multi-disciplinary effort is
needed in elaborating unified guidelines for the monitoring and analysis of structural
deformations. As an inital step, a research group led by Dr. A. Chrzanowski at the University
of New Brunswick (UNB) in Canada was approached by TEC, represented by Sally L. Frodge,
in April, 1992, to prepare a preliminary report on the existing resources, standards, and
procedures for structural deformation cor.eys. Over the last 20 years, the UNB Group has
actively participated in the studies of various international orgar.izations (FIG, IAG, ISM, and
ISRM) involved in deformation surveys. Since 1978, Dr. A. Chrzanowski has been chairman of
the aforementioned FIG ad hoc Committee on Deformation Analysis and, since 1988, is
chairman of the FIG Study Group 6C on Deformation Measurements. The FIG Study Group, not
being specialized in any particular engineering or geoscicnce application of the results of the
deformation studies, deals objectively with all general aspects of optimal mo;liton'ng and analysis

which are applicable to any deformation problem.

UNB Report on Deformation Monitoring, 1992 3



1.2 SCOPE OF WORK

The following specific tasks have been assigned by TEC for the preparation of this report:

(1) Describe existing standards and procedures employed throughout the world for precise
deformation surveying and monitoring work;

(2) Describe existing software and automated products that exist for precise deformation
surveying and monitoring work that are commercially available or under prototype
development;

(3) Describe instrumentation and observaton methods that are used and employed in this

work area.

Structural deformation problems cover a very wide spectrum of engineering, from deformations -
of underground excavations and tunnels, through deformations of dams, dykes, and other sensitive
man-made swuctures, to land slides and ground subsidence problems. In order to review
thoroughly the status of monitoring techniques and observation methods used in all those
applications one would have to employ a very labour intensive and prolonged study including
information from all the above listed associations and member counties. However, due to
financial and tming restrictions imposed by the Topographic Engineering Centre for the
preparation of this report, the study had to be completed over a period of four months utlizing
only 40 person-days. Therefore, the study for this report had to be either very- general and
superficial or narrowed to only one type of application. A compromised solution has been
adopted by keeping the description of the methods of the deformation analysis and some
comments relating to monitoring techniques as general as possible but narrowing the examples
of practical applications as well as the descripdon of the worldwide status of stuctural
deformation to large dams only. Large dams (higher than 15 metres, as classified by 1COLD)
belong to.the most sensitve engineering structures. Thus the methods and techniques used.in dam
monitoring and analysis represent very weli the methods and techniques used on any large

engineering structure.

According to the recent information (dated September 3, 1992) obtained from the U.S. Commitiee

UNB Report on Deformation Monitoring, 1992 4



on Large Dams, the U.S. Army Corps of Engineers is in charge of 475 large dams out of a total
-of 5469 large dams maintained currently in the United States. An additional 49 large dams are

currently under construction.

13 APPROACH TO THE STUDY AND ORGANIZATION OF THE REPORT

The study has been based mainly on the available recent literature on the monitoring and analysis
of deformations (mainly ICOLD Bulletins and reports of the FIG Study Group on Deformation
Measurements), and personal experience of the authors. In addition, a questionnaire was sent to
over 70 national Committees on Large Dams (members of ICOLD) requesting the following
information: ‘
(a) Updated number of existing and being constructed large dams. How many of them are
being monitored using geodetic and/or geotechnical/structural instrumentation?
(b) Existing national and/or local standards and specifications for dam monitoring.
(c) Publications either in technical journals or in any conference proceedings which describe

monitoring of dams in the given country.

About 30 countries, including all the major owners of dams, have responded to the questionnaire.
The collected material has been summarized in this report in two main parts (chapters):
-Chapter 2: -Methods -and techniques currently availabie or under development for the
monitoring and analysis of deformations, and
Chapter 3: World wide status of monitoring and analysis of dam deformations
The two chapters are followed by concluding remarks and recommendations for the development
of interdisciplinary guidelines for the monitoring and analysis of deformations. Some selected

publications and reports have been appended to this report as a separate volume.

UNB Rcport on Deformation Monitonng, 1992 5



2. METHODS AND TECHNIQUES CURRENTLY
"AVAILABLE OR UNDER DEVELOPMENT FOR
MONITORING AND ANALYSIS OF DEFORMATIONS

2.1 REVIEW OF MONITORING TECHNIQUES AND INSTRUMENTATION

2.1.1 Classification and General Review
The monitoring schemes include:
monitoring of deformations, i.c., determination of the geomewical change in shape and
dimensions and rigid body translations and rotations (absolute and/or relative) of the
monitored object; and
monitoring of acting forces (loads) and intemal soesses which can cither be measured
directly or derived from measurerents of temperature, pore water pressure, water level,
seepage, etc.)
In addition, laboratory and/or in-situ determination of physical properies of the deformable
material (e.g., moduli of elasticity, tensile srength, creep parameters, porosity, €1€.) are necessary
for a proper design and evaluation of the behaviour of the monitored soucture. In seismically
active arcas, the monitoring schemes must include special instrumentation for measuring
vibrations. Chapter 3 gives examples from various countries on the use of various types of

insouments in dam monitoring.

This chapter reviews only the techniques used in monitoring the deformations although all the
other above mentioned components of the menitoning schemes play an equally important role in
the analysis and interpretation of deformations as discussed in 2.3 below.

The measuring techniques and instrumentation for geometrical monitoring of deformatons have

wraditionally been categorized into two groups according 1o the two main groups of professionals

UNB Repont on Deformation Monitoring, 1992 6



who use the rechniques:

(1) geodetic surveys which include conventional terrestrial, photogrammetric, satcllite
positoning, and some special techniques (interferometry, hydrostatic levelling, alignment,
and other), and

(2) geotechnical/structural measurements of local deformations using tiltmeters, strainmeters,

extensometers, joint-meters, plumb-lines, etc.

Each type of measurement has its own advantages and drawbacks as discussed in Chrzanowski
(1986). Geodetic surveys, through a network of points interconnected by angle and/or distance
measurements, usually supply a sufficient redundancy of observations for the statistical evaluation
of their quali~ and for a detection of errors. They give global information cn the behaviour of
the deformable object while the geotechnical measurements give very localized and, very
frequently, locally disturbed information without any check unless compared with some other
independent measurements. On the other hand, geotechnical instruments are easier to adapt for
automatic and continuous monitoring than conventional geodetic instruments. Conventional
terrestrial surveys are labour intensive and require skilful observers, while geotechnical
instruments, once installed, require only infrequent checks on their performance. Geodetic surveys
have traditionally been used mainly for determining the absolute displacements of selected points
on the surface of the object with respect to some reference points that are assumed to be stable.
Geotechnical measurements have traditionally been used mainly for relative deformation
measurements within the deformable object and its surroundings. However, with the technological
progress of the last few years, the differences between the two techniques and their main
applications are not as obvious as twenty years ago. For example, inverted plumb-lines and
borehole extensometers, if anchored deeply enough in bedrock below the deformation zone, may
serve the same way as, or even better than, geodetic surveys for determining the absolute
displacements of the object points. Geodetic surveys with optical and elecro-magnetic
insuments (including satellite techniques) are always contaminated by ammospheric (ropospheric
and ionospheric) refraction which limits their positioning accuracy to about’tl ppm 0 +2 ppm
(at the ﬁmnda:d deviadon level) of the distance. So, for instance, with the average distance

betwezn the object and reference points of 500 m, the absolute displacements of the object points

UNB Report on Deformation Monitonng, 1992 7



cannot be determined with an accuracy better than about 2 mm at the 95% probability level.
In many cases this accuracy is not adequate. On the other hand, precision electro-optical geodetic
instruments for electronic distance measurements (EDM) with their accuracies of 0.3 mm over
short distances, may serve as extensometers in relative deformation surveys. Similarly, geodetic
levelling, with an achievable accuracy of better than 0.1 mm over distances of 20 m may
provide better accuracy for the tilt determination (equivalent to 1 second of arc) than any local
measurements with electronic tiltmeters. New developments in three-dimensional coordirating
systems with electronic theodolites may provide relative positioning in almost real time to an
accuracy of £0.05 mm over distances of several metres. The same applies to new developments
in photogrammetric measurements with the solid state cameras ("CD sensors). The satellite
Global Positioning System (GPS), which, if properly handled, offers a few millimetres accuracy
in differential positioning over several kilomewes, is replacing conventional terrestrial surveys
in many deformation studies (Chrzanowski et al., 1990¢c) and, particularly, in establishing the

reference networks.

There are several, reasonably up-to-date, books on insrumentadon. Among the best which is
dealing with all types of geotechnical measurements (deformaton and acting forces) is the book
by Dunnicliff (1983) in which excellent remarks and practical guidelines on the opdmal
installation and use of various instruments are given. Another, though not so well organized, is
a book by Hannah (1985) wkich gives over 800 references on geotechnical measurements. As
far as main references on geodetic instrumentation are concerned, one should list the book by
Kahmen and Faig (1988), and books on elecmonic distance measurements (Rueger, 1990;
Burnside, 1991). ICOLD Bulledns N°. 41 (ICOLD 1982), no. 60 (ICOLD, 1988) and no. 68
(ICOLD, 1989) give good guidelines on the techniques and instrumentation for menitoring large
dams. The U.S. Burcau of Reclamation (USBR) has produced instrumentation manuals for
monitoring concrete dams (Bartholomew et al., 1987) and for embankment dams (Barthomolew
and Haverland, 1987). Both publicadons give ample inssumentaton informadon as used by
USBR; howevzr, some expert geotechnical engineers have reservations using ‘these manuals as
general guidelines for monitoring. Also, the USBR publications do not provide much guidance

for the use of geodetic tcchniqucé.
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A full review of all the instruments and techniques available for deformation monitoring would
far exceed the scope of this report. In view of the available references listed above, the
discussion below is limited only to some comments on the achievable accuracy of the basic types
of instruments which include electronic instrumentation for distance and angle measurements,
surveying robots, measurcments of tilt and inclinadon, changes in distances and strain,
photogrammetric methods, and the satellite Global Positioning System. In additicn, more details
on terrestrial geodetic and geotechnical basic measuring techniques are given in Appendices 2
and 3 respectively. It has been assumed that the readers of this repont posséss the basic
understanding of geodetic and geotechnical measuring techniques and do not require explanations
of what is a theodolite, or a hydrostatic level, or a tiltmeter. Some explanations are given in

Appendices 1 and 2. Additional information can be found in the above references.
2.1.2 Electronic Distance and Angle Measurements

2.12.1 Electronic Theodolites

“Over the last two decades, the technological progress in angle measurements has been mainly in
the automation of the readout systems of the horizontal and vertical circles of the theodolites.
The optical readout systems have been replaced by various, mainly photo-electronic, scanning
systems of coded circles with an automatic digital display and transfer of the readout to electronic
data collectors or compuiers (Kahmen and Faig, 1988; Cooper, 1982). Either decimal units
(gons) or traditional sexagesimal units of degrees, minutes, and seconds of arc may be selected
for the readout. The sexagesimal system of angular units, which is still commonly accepted in
North America (particularly in the U.S.A.), is used throughout this chapter. The relationship
between the two systems is that 350° = 400 gons.

As far as accuracy is concerned, electronic theodolites have not brought any drastic improvements
in comparison with precision optical theodolites. Some of the precision electronic theodolites,
such as the Kem E2 (discontinued production), Leica (Wild) T2002 and T30(00, and a few others,
are equipped with microprocessor controlled biaxial sensors (electronic tiltmeters) which can

sense the inclination (mislevelling) of the theodolite 10 an accuracy bemer than 0.5 and
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automatically correct not only vertical but also horizontal direction readouts.  In optical
theodolites in which the inclination is controlled only by a spirit level, errors of several seconds
of arc in horizontal directions could be produced when observing along steeply inclined lines of
sight Therefore, when selecting an electronic theodolite for precision surveys, one should always
choose one with the biaxial levelling compensator.

Human errors of pointng the tzlescope 10 the target, centering erors, and environmental
influences are the main faciors liminng the achievable accuracy. The environmental influence
of atmospheric iefraction is a particular danger 10 any optical measurements. The gradient of air
temperature, dT/dx, in the direction perpendicular to the line of sight is the main parameter of
refraction. Assuming that a uniform temperature gradient persists over the whole length S of the
line of sight, the refraction error e of the observed direction may be approximately expressed
(Blachut et al., 1979) in seconds of arc by:

e = 8°(SP/T"dT/dx N

where P is the barometric pressure in millibars, and T is the temperature in Kelvin (T = 273.15
+1°C). If a gradient of only 0.1°C/m persists over a distance of 500 m at P = 1000 mband t =
27°C. it will cause a directonal error of 4.4%, which is equivalent 10 a 12 mm positional error
of the target. One should always avoid measurements close 10 any-surface that may have a
different temperature than the surrounding air (walls of souctures or soil exposed to the sun's
radiation, walls of deep tunnels, etc.). If any suspicion of a refracton influence arses, the

surveys should be repeated in different environinental conditions in order to randomize its effect.

Generally, with well designed targets and proper methodology, an accuracy (standard deviation)
better than 17 in angle measurements can be achieved with precision electronic theodolites if
three to five sets of observations are taken in two positons (direct and reverse) of the telescope.
The requirement of two positions must always be obeved in order 1o eliminate errors caused by
mechanical misalignment of the theodolite's axial sysiem. This applies to both the old and inost

of the up-to-date theodolites even if the manufacturer claims that the errors are taken care of
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automatically.

2.12.2 Three-dimensional coordinating systems

Two or more electronic theodolites linked to a microcomputer create a three-dimensional (3-D)
coordinating (positioning) system with on-line calculations of the coordinates. The sysiems are
used for the highest precision positioning and deformation monitoring surveys over small areas.
Leica (Wild) TMS and UPM400 (Geotronics, Sweden) are examples of such systems.  If
standard deviations of simultancously measured horizontal and vertcal angles do not exceed |
then positions (x, y, z) of targets at distances up to ten metres away may be determined with the
standard deviations smaller than 0.05 millimetres. Usually short invar rods of known I=ngth are
included in the measuring scheme to provide scale for the calculaton of coordinates. Some

applications are given, among others, in Wilkins et al. (1988).

2.123 Electronic Distance Measuremerus (EDM)

Typically, short range (a few kilometres), electro-optical EDM instruments with visible or near
infrared continuous radiation are used in engineering surveys, though some long range (up to 60
km) electro-optical or microwave instruments are also available. An excellent review of various
types of EDM instuments, their calibration and data reduction are given in Rueger (1990) with
a list of the basic characteristics of over 200 different models.

The accuracy (standard deviation) of EDM instruments may be cxpressed in a general form as:
c= (az + biS3)es (2)

where "a” contains errors of the phase measurement and calibration errors of the so-catled zero
correction (additive constant of the insmument and of the reflector). while the value of "b”
represents a scale error due to the aforementioned unceraindes in the determination: of the
refractive index and errors in the calibration of the modulation frequency. Typically, the value
of "a” ranges from 3 mm to 5 mm. In the highest precision EDM insauments, such as the Kern

MES5000, Geomensor CR234 (Com-Rad, U.K.), and Tellurometer MA200 (Tellumat, U.K), a =
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0.2 mm 10 0.5 mm thanks w0 3 high modulation frequency and high resolution of the phase
measurements in those insouments. One of the recently developed and very recommended for
engineering surveys instruments is Leica (Wild) DI2002 which offers a standard deviation of 1
mm over shont distances. Over distances longer than a few hundred metres, however, the
prevailing error in all EDM instuments is due to the difficulty in determining the refractive
index. Therefore, all EDM measurements must be corrected for the actual refractive index of air
along the measured distance. An error of 1°C or an error of 3 mb in barometric pressure causes
a 1 ppm (part per million or ]| mmm") error of the measured distance. An extremely careful
measurement of the atmospheric conditions at several points along the optical path must be
performed with well calibrated thermometers and barometers in order to achieve the 1 ppm
accuracy. If the metcorological conditons are measured only at the insgument station (usual
practice), then errors of a few parts per million may occur, particularly in diversified topographic
conditions. In order to achieve the accuracy betner than 1 ppm, one has to either measure the
meteorological conditions every few hundred metres (200m - 300m) along the optical path or to
use EDM instruments with a dual frequency radiation source. Only a few units of a dual
frequency instument (Terrameter LDM2 by Terra Technology) are available around the world.
They are bulky and capricious in use but one may achieve with them a standard deviaton of
0.1 mm + 0.1 ppm. Due 0 a very expensive price (about $300,000) and small demand, its
preduction has been discontinued.  Research in the development of new dual frequency
instruments is in progress. In deformation measurements one may reduce somewhat the influence -
of refraction by 'calibrating’ the disrance observations to the object targets by comparing the

results with the 'fixed® distances betwe:n stable stations of the reference network.

Influence of relative humidity may be neglected when using common electro-optical EDM
insruments in moderate climatc conditions. The negligence of humidity, however, may cause
errors up ta 2 ppm in exgremely hot and humid conditions. Therefore, in the highest precision
measurements, psychrometers with wet and dry thermometers should be used to determine the
correction due 10 water vaphur content. One should always use rigorous formilla, available, for
example, in Ruezer (1990) to calculate the refractive index comrection rather than diagrams or
simplified calculadon methods supplied by the manufacturers.
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All EDM instruments must be frequently calibrated for the zero correction and for scale (change
in the modulation frequency). The zero correction usually significantly changes with time and
may also be a function of the intensity of the reflected signal. 1n some older EDM instruments,
the zero correction may demonstrate phase dependent cyclic changes. In engineering projects of
high precision, the EDM instruments should be calibrated at least twice a year, or before and
after each imponant project, following special procedures described in (Rueger 1990) ameng
others. The calibration must account for all combinations of EDM-reflector pairings since each
reflector may also have a different additive constant correction. Additional errors, which are not
included in the general error equation (2), may arise when reducing the results ofv the spagally

measured distances to a reference plane depending on the accuracy of the reduction comrections.

Recently, a few models of EDM insquments with 2 short pulse transmission and direct
measurement of the propagation time have become available. These instruments, having a high
energy transmitted signal, may be used without reflectors to measure short distances (up io 200
m) directly to walls or natural flat surfaces with an accuracy of about 10 millimetres. Examples
are the Pulsar 500 (Fennel, Germany) and the Leica (Wild) DIOR 3002.

2.124 Total Stations and Survey Robots

‘Any clectronic theodolite linked to an EDM instument and to a computer creates a total
surveying station which allows for a simultancous measurement of the three basic positioning
parameters, distance, horizontal direction, and vertical angle, from which relative horizontal and
vertical positions of the observed points can be determined direcdy in the field. Several
manufacturers of survey equipment produce integrated total stations in which the EDM and
clectronic angle measurement systems are incorporated into one compact instrument with
common pointing optics. Different models of total stations vary in accuracy, range, sophistcation
of the automatic data collection, and possibilities for on-line data processing. One of the most
recommended total stations for precision engineering surveys is the Leica (Wild) TC2002 which
combines the precision of the aforementioned electronic theodolite, Leica (Wild) T2002, with the

precision EDM instrument, Leica (Wild) DI2002, into one instrument with a coaxial optics for

UNB Rceport on Deformation Monitoring, 1992 13



both the angle and distance measurements.

For continuous or frequent monitoring of deformations, fully automatic moaitoring systems based
on computerized and motorized total stations have recently been developed. The first systemn was
Georobot (Kahimen and Suhre, 1983). The recent advanced systems include for example, the
Geodimeter 140 SMS (Slope Monitoring System) and the Leica (Wild) APS and Georobot 111
systems based on the motorized TM 3000 series of Leica (Wild) electronic theodoliies linked
together with any Leica (Wild) DI series of EDM. These can be programmed for sequential
sclf-pointing to a set of prism targets at predetermined time intervals, can measure distances and
horizontal and vertical angles, and can transmit the data to the office computer via a telemeny
link. Similar systems are being developed by other manufacturers of surveying equipment. The
robotic systerns have found many applications, particularly in monitoring high walls in open pit
mining and in slope stability studies. Generally, the accuracy of direction mea<urements with the

self-pointing computerized theodolites is worse (about 37) than the measurements with manual

pointing.
2.13 Levelling and Trigonometric Height Measurements

The old method of geometical levelling with horizontal lines of sight (using spirit or
compensated levels) is still the most reliable and accurate, though slow, surveying method. With
high magnification levelling instruments, equipped with the parallel glass plate micrometer and
with invar graduated rods, a standard deviation smaller than 0.1 mm per set-up may be achieved
in height difference determination as long as the talanced lines of sight do not exceed 20 metres.
In levelling over long distances (with a2 number of instrument set-ups) with the lines of sight not
exceeding 30 m, a standard deviation of 1 mm per kilometre may e achieved in flat terrain. The
aforementioned influence of aunospheric refraction and earth curvature are minimized by
balancing the lines of sight between the forward and backward levclling rods. A dangerous
accumulation of refraction error, up to 15 mm for each 100 m difference in elevation
(Angus-Leppan, 1980), may take place along moderately inclined long routes due to unequal
heights of the forward and backward horizontal lines above the terrain.
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The recently developed Leica (Wild) NA200O and NA3000 digital automatic levelling systems
with height and distance readout from encoded levelling rods has considerably increased the
speed of levelling (by about 30%) and decreased the number of personnel needed on the survey
crew. However, some users of the digital level NA3000 complain that its compensating system
demonstrates systematic deviations in windy weather and, therefore, cannot be classified as a high

precision level unless some improvements are introduced by the manufacturer.

High precision electronic theodolites and EDM equipment allow for the replacement of geodetic
levelling with more economical trigonometric height measurements (Chrzanowski, 1989;
Chrzanowski et al., 1985). Using precision electronic theodolites for vertical angle measurements
and any shont range EDM instrument, an accuracy better than 1 mm may be achieved in height
difference determination between two targets 200 m apart. To minimize the atmospheric
refraction effects, the measurements must be performed cither reciprocally, with two theodolites
simultaneously, or from an auxiliary station with equal distances to the two targets (similar
methodology as in spirit levelling). The accuracy is practically independent of the height
differences and, therefore, is especially more economical than conventional levelling in nilly
terrain and in all situations where large height differences between survey stadons are involved.
Motorized trigonometric height traversing (reciprocal or with balanced lines of sight) with
precision theodolites and with the lines of sight not exceeding 250 m can give a standard
deviaiion smaller than 2 mm per kilomete (Chrzanowski, 1990; Chrzznowski et al., 1985). With
automatic data collection and on-line processing of the measurements, daily progress of up to 15

km may be achieved independent of the terrain configuration.

The refraction error is stll the major problem in further increasing the accuracy of levelling.

Research in this area continues.

2.1.4 Use of Global Positioning System (GPS) in Deformation Surveys

The satellite GPS offers several advantages over conventional terrestrial methods. Intervisibility

between stations is uanecessary, thus allowing greater flexibility in the selection of station
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locations than in the terrestrial geodetic surveys. Measurements can be taken during night or day,
under varying weather conditions, which makes GPS measurements economical. With the recent
developed rapid static positioning techniques, the time for the measurements at each station is

reduced to a few minutes.

Though already widely used in engineering and geoscience projects, GPS is still a new and not
perfectly known technology from the point of view of its optimal use and understanding of the
sources of errors. The accuracy of GPS is very often exaggerated by some authors who may not
quite understand the difference between the short term precision (repeatability) and actual

accuracy of GPS.

The accuracy of GPS relaiive positioning depends on the distribution (positional geometry) of
the obszrved satellites and cn the quality of the observations. There are several sources of errors
contaminating the GPS measurements. These errors can be categorized into:
(2) signal propagation errors which include effects of ropospheric and ionospheric refraction,
(b) receiver related errors which include muldpath effects, variation in the antenna phase
centre, receiver noise, bias in the coordinates of the station being held fixed in the data
reduction process, etc., and

{c) satellite related errors which include mainly orbital errors.

Different types of errors affect GPS relative positioning in different ways (Beutler et al., 1989;
Chen, 1990; Chen and Chrzanowski, 1990; Chrzanowski et al,, 1991b). Some of the errors may
have a systematic effect on the measured baselines producing significant scale errors and
rotations. Due to the changeable geometrical distribution of the satellites and the resulting
changeable systematic effects of the observation errors, repeated GPS surveys for the purpose of
monitoring deformations can also be significantly influenced (up to a few ppm) by scale and
rotation errors which, if undetected, may contaminate the derived deformation parameters leading
10 a misinterpretation of the behaviour of the deformable body. A particular attention to the
systematic influences should be paid when a GPS network is established along the shore of a

large body of water and measurements are performed in a hot and humid climate.
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The authors’ cxpcriencc_with the use of GPS in various deformation studies (Chrzanowski et al.,
1990c; Chrzanowski and Chen, 1992) indicate that, with the available technology (receivers) and
the distribution of the satellites in 1990-1991, the accuracy of GPS reladve positioning over areas
of up to 50 km in diameter (typical maximum dimensions of engineering projects) can be

expressed in terms of the variance of the horizontal components of the GPS baselines, over a

distance S, as:
o’= (3mm)? + (10°S)*

if the aforementioned systematic biases (rotations and change in scale of the network) are
identified and eliminated through proper modelling at the stage of the deformation interpretation
(Chrzanowski et al., 1990b). The accuracy of vertical components of the baselines are, usually,

1.5 to 2.5 times worse than the horizontal components.

The solution for the systematic parameters may be obtained by either (1) combining the GPS
surveys of some baselines (of a different orientation) with terrestrial surveys of a compatible or
better accuracy or (2) establishing scveral points outside the deformable area (fiducial stations)
which would serve as a "calibration network’ or (3) combining (1) and (2). These aspects must
be considered when designing GPS networks for any engineering project. In the first case, for
all the terrestrial |, observables-and for GPS-observables igone could write observation equations
for epochs t, and tin terms of the deformation model Be (displacement functon, see section 2.3)
in the form (Chrzanowski et al., 1990b):

I () + vo(t) = () + A{Bc, feralli,and
o (1) + ve(t) = I(t,) + AgB,c + Ddn  for all i, 3)
where dn is the vector of changes in scale and rotation parameters between the epochs t, and t,

B, is the matrix constructed by superimposing matrices B for all the surveyed points and all the
epochs, and A is the design matrix relating observables to the deformation medel (Chrzanowski
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et al, 1986b). The elements of the vectors ¢ and dn are estimated using the least squares method

and they are statistically tested for their significance.

The influence of systematic error$ in measurements over short distances (up to a few hundred
metres) is usually negligible and the horizontal components of the GPS baselines can be
determined with standard deviauons of 3 mm or even smaller. Recent improvements to the
software for the GPS data processing allow for an almost real time determination of changes in

the positions of GPS stations.

Over the past few years, the U.S. Army Corps of Engineers developed a fully automated system
for high-precision deformation surveys with GPS. It was designed partcularly for dam monitoring
(Frodge, 1992). In the continuous deformation monitoring system (CDMS) GPS antennas are
located over points to be monitored on the structures. At least two other GPS antennas must be
located over reference points that are considered stable. The GPS antennas are connected to
computers using a telemetry link. A prototype system used 10-channel Trimble 4000SL and
Trimvec post processing software. An operator can access the on-site computer network through
a remote hook-up in the office. In 1989 the system was installed at the Dworshak Dam on the
Clearwater River near Orofino, Idaho. The results shown that CDMS can give accuracies of 3
mm both horizontally and vertically over a2 300 m baseline (Frodge, 1992). One has to be aware,
however, that although GPS does not require the intervisibility between the observing stations-
it requires an unobstructed view to the. satellites which limits the use of GPS only to reasonably
open arcas. One should also remember that there might be some yet undiscovered sources of
crrors (e.g., cffects of high voltage power lines) in GPS measurements. GPS cenainly
revolutionizes the geodetic surveys but still more research on its optimal use and on sources of

errors in deformation surveys is needed.

2.1.5 Photogrammetric Techniques

If an object is photographed from two or more survey points of known relative positions (known

coordinates) with a known relative oriémarion of the camera(s), relative positons of any
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identifiable object points can be determined from the geometrical relationship between the
intersecting optical rays which connect the image and object points. If the relative positions and
orientation of the camera are unknown, some control points on the object must be first positioned
using other surveying techniques. Aerial photogrammetry has been extensively used in
determining grovnd movements in, for example, ground subsidence studies in mining areas (Faig,
1984). Brandenberger and Erez (1972), Faig (1978), and Veress and Sun (1978) give examples
of applications of terrestrial photogrammetry in monitoring of enginecring structures . The main
advantages of using photogrammetry are: the reduced time of field work; simultaneous provision
of three dimensional coordinates; and, in principle, an unlimited number of points can be |
monitored. The accuracy of photogrammewic point determination has been much improved in

the past decade, which makes it atrractive for high precision deformation measurements.

Special cameras with minimized optical and film distortions must be used in precision
photogrammetry. Cameras combined with theodolites (phototheodolites), for instance the Wild
P-30 model, or stercocameras (two cameras mounted on a bar of known length) have found many
applications in terrestrial engineering surveys including mapping and volume determinadon of
underground excavations (Chrzanowski et al.,1967) and profiling of tunnels (Chrzanowski and
Masry, 1969). The accuracy of photogrammetric positioning with special cameras depends mainly
on the accuracy of the determination of the image coordinates and the scale of the photographs.
The image coordinates-may, typically, be determined with an accuracy of about 10 pm, though
3 pm is achievable. The photo scale may be approximately expressed as /s, where f is the focal
length of the objective lens and s is the distance of the camera from the object. Using a camera
with, for instance, f = 100 mm at a distance s = 100 m, with the accuracy of the image
coordinates of 10 pm, the coordinates of the object points can be determined with the accuracy
of 10 mm. Special large format cameras with long focal length are used in close range industial
applications of high precision. For instance, the model CRC-1 (Geodetic Services, Inc., U.S.A.)
camera with f = 240 mm, can give sub-millimetre accuracy in ‘mapping’ objects up to a few tens
of metres away. Recently, solid state cameras with CCD (charge couple detice) sensors (Lenz,
1989) have become available for close range photogrammerny in static as well as in dynamic

applications. With the new developments in CCD cameras and digital image processing
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- techniques, continuous monitoring with real time photogrammetry becomes possible. Further

development in this area is in progress.
2.1.6 Alignment Measurements

Alignment surveys cover an extremely wide spectrum of engineering applications from the
tooling industry, through measurements of amplitude of vibrations of engineering structures, to
deformation monitoring of nuclear accelerometers several kilometres long. Each application may

require different specialized equipment.

The methods used in practice may be classified according to the method of establishing the
reference line, that is:
(a) mechanical methods in which stretched wire (steel, nylon, etc.) establishes the reference
line,
(b) direct optical method (called also collimation methed), in which the optical line of sight
or a laser beam ‘marks’ the line, and
(c) diffraction method in which the reference line is created by projecting a pattern of
diffracton slits.

“All the above methods except mechanical are affected by atmospheric refraction, as-expressed.
by equation (1). Therefore, in measurements requiring high accuracy, the alignment must be
repeated several ames in different environmental conditions.

The mechanical methods with teasioned wires as the reference lines have found many - )
applicatons including dam deformation surveys. This is due 1o their simplicity, high accuracy,
and easy adaptation to continuous monitoring of szructural deformadons using inductive sensors
over distances up to a few hundred metres (Pelzer, 1976; Gervaise, 1974). Accuracies of 0.1 mm

are achievable. .

The direct optical method udlizes either an optical telescope and mevable targets with
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micrometric sliding devices or a collimated (projected through the telescope) laser beam and
movable photocentering targets. Besides the aforementioned influence of atmosphcﬁc refraction,
pointing and focusing are the main sources of error when using optical telescopes. The pointing
error with properly designed targets (Blachut et al., 1979) varies from 15"/M at night in calm
atmospheric conditions to 60"/M in daylight with average turbulent conditions, where M is the

magnification of the telescope.

Special aligning telescopes with large magnification (up to 100x) arc available from, among
others, Fennel-Cassell (Germany) and Zeiss-Jena (Germany). Aligning telescopes for the tooling
industry and machinery alignment are available in North America from Cubic Precision. When
the optical line of sight is replaced by a collimated laser beam, then the accuracy of pointing may
be considerably improved if special self-centering laser detectors, with a time integration of the
laser beam energy, are used (Chrzanowski et al., 1976). The use of laser allows for automation
of the alignment procedure and for continuous data acquisiton. When using the laser beam
directly as the reference line, however, attention must be paid to the stability of the laser cavity.
A directional drift of the laser beam as high as 4"/°C may occur due to thermal effects on the
laser cavity. This effect is decreased by a factor of M when projecting the laser through a

telescope (Chrzanowski and Janssen, 1972).

_In diffraction_aligament methods, a pinhole source of monochromatic (laser) light, the center of
a plate with diffraction slits, and the center of an opucal or photoelectric sensor are the three
basic points of the alignment line. If two of the three points are fixed in their position, then the
third may be aligned by ceniering the redcle on the interference pattern created by the diffraction
grating. It should be pointed out that movements of the laser and of its output do not influence
the accuracy of this method of alignment because the laser serves only as a source of
monochromatic light placed behind the pinhole and not as the reference line. Therefore, any kind
of laser may be employed in this method, even the simplest and least expensive ones, as long as
the output power requirements are satisfied. Various pattens of diffraction slits are used in
practice. The highest accuracy and the longest range are obuined with the so-called Fresnel zone

plates (Chrzanowski et al., 1976) which act as focusing lenses. For insmnce, rectangular Fresnsl
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zone plates with an electro-optical centering device were used in alignment and deformation
mcasurements of a 3 km long nuclear accelerator (Herrmansfeldt et al., 1967) giving relative
accuracy (in a vacuum) of 107 of the distance. In the open atmosphere, the thermal turbulence
of air seems to have a smaller effect when using the Fresnel zone plates than in the case of direct
optical alignment. The laser diffraction alignment methods have successfully been applied in
monitoring both straight and curved (arch) dams (Chen, 1980) using sclf-centering targets with

automatic data recording.

2.1.7 Measurement of Extension (Change in Distance) and Strain

2.1.7.1 Types of extensometers

Various types of instruments, mainly mechanical and electromechanical, are used to measure
changes in distance in order to determine compaction or upheaval of soil, convergence of walls
in engineering swuctures and underground excavations, strain in rocks and in man-made
materials, separation between rock layers around driven tunncls, slope stability, and movements
of structures with respect to the foundation rocks. Depending on its partcular applicadon, the

same instrument may be named an extensometer, strainmeter, convergencemeter, or fissuremeter.

The various insguments differ from each other by the method of linking together the points
between which the change in the distance is 1o be-determined-and the kind of sensor employed
to measure the change. The links in most instruments are mechanical, such as wires, rods, or
tubes. The sensors usually are mechanical, such as callipers or dial gauges. In order to adapt
them to automatic and continuous data recording, electric transducers can be employed using, for
instance, lincar potendometers, differential transformers, and self-inductance resonant circuits.
In general, when choosing the kind of mansducer for automatic data acquisition, one should
consult with an electronics specialist on which kind would best suit the purpose of the
measurements in the given environmeatal condidons (Dunnicliff, 1988).

One should point out that the precision EDM instruments, described in Section 2.1.1. with their

accuracy of 0.3 mm over shon distances, may also be used as extensometers parucularly when
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the distances involved are several tens of metres long.

If an extensometer is installed in the material with a homogeneous strain ficld, then the measured
change al of the distance | gives directly the strain component € = al/l in the direction of the
measurements. To determine the total strain tensor in a plane (two normal strains and one

shearing), a minimum of three extensometers must be installed in three different directions.

2.1.72 Wire and Tape Extensometers

Maintaining a constant tension throughout the use of the wire or tape extensometer is very
important. In some portable extensometers, the constant tensioning weight has been replaced by
precision tensioning springs. One should be careful because there are several models of spring
tensioned extensometers on the market which do not provide any means of tension calibration.
As the spring ages, these insguments may indicate false expansion results unless they are

carefully calibrated on a baseline of constant length, before and after each measuring campaign.

Among the most precise wire extensometers are the Kem Distometer (discontinued production)
and the CERN Distnvar (Switzerland). Both instruments use invar wires and special constant
tensioning devices which, if properly calibrated and used, can give accuracies of 0.05 mm or
better in measurements of changes of distances over lengths from about 1 m to about 20 meues.
Invar is a capricious alloy and must be handled very carefully to avoid sudden changes in the
length of the wire. When only small changes in temperature are expected or a smaller precision

(0.1 mm to 1 mm) is required, then steel wires or steel tapes are more comfortable to use.

Special high precision strainmeters of a short length (up to0 a few decimetres) 2re available for
strain measurements in structural material and in homogeneous rocks. An example 1s a vibrating
wire strain gauge available from Rocktest (formerly Irad Gage). The insoument employs a 150
mm steel wire in which the changeable resonant frequency is measured. An accuracy of one
microstrain (10°) is claimed in the strain measurements which corresponds-tc 0.15 pm relative

displacements of points over a distance of 150 mm.
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2.1.7.3 Rod, whe, and torpedo extensometers

Steel, invar, aluminum, or fibreglass rods of various lengths, together with sensors of their
movements, may be used depending on the applicaton. Multiple point measurements in
boreholes or in trenches may be made using either a parallel arrangement of rods anchored at
different distances from the sensing head, or a string (in series) arrangement with intermediate

sensors of the relative movements of the rods.

A typical accuracy of 0.1 mm to 0.5 mm may be achieved up to a total iength of 200 m (usually
in segments of 3 m 10 6 m). The actual accuracy depends on the temperature corrections and
on the quality of the installation of the extensometer. When installing rods in plastic conduit
(usually when installing in boreholes), the friction between the rod and the conduit may
significantly distort the extensometer indications if the length of the extensometer exceeds a few
tens of mewes. The dial indicator readout may be replaced by potentiometric or other transducers
with digital readout systems. Telescopic tubes may replace rods in some simple applications, for
instance, in measurements of convcrgcncc between the roof and floor of openings in underground

mining.

Several models of torpedo borehole extensometers and sliding micrometers are available from
different companies producing geotechnical instrumentation. For example, Extensofor (Telemac,
France) consists of 2 28 mm diameter torpedo 1.55 m-long with-an inductance sensor at each
end. Reference rings on the casing are spaced within the length of the torpedo. The sensors and
reference rings form the inductance oscillatng circuits. The torpedo is lowered in the borehole
and stopped between the successive rings recording changes in distances between the pairs of
rings with a claimed accuracy of 0.1 millimetre. Boreholes up to several hundreds of mewres long

can be scanned.

2.1.7.4 Ilnterferomerric measurements of linear displacements
Various kinds of interferometers using lasers as a source of monochromatic radiadon are
becoming common tools in precision displacement measurements. A linear resolution of 0.01

pm, or even better, is achievable. One has to remember, however, that interferometic distance
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measurements are affected by atmospheric refractivity in the same way as all EDM systems
(Section 2.1.2). Therefore, even if temperature and barometric pressure corrections are applied,
the practical accuracy limit is about 10°S (equivalent to 1 pm per memre). Thermal turbulence
of air limits the range of interferometric measurements in the open atmosphere to about 60 m .
The Hewlett Packard (U.S.A.) Model 5526B laser interferometer has found many industrial and
laboratory applications in the measurement of small displacements and the calibration of

surveying instuments.

2.1.7.5 Use of Optical Fibre Sensors
A new interesting development in the measurements of extensions and changes in crack-width

has been reported by Haug et al. (1991). A fully automatic extensometer has been developed
which utilizes the principle of electro-optical distance measurements within fibre optic conduits.
The change in length of the fibre optic sensors are sensed electro-optically and they are computer

conoolled .
2.1.8 Tilt and Inclination Measurements

2.1.8.]1 Methods of nilt measurements

The measurement of tilt is usually understood as the determination of a deviation from the
_horizontal plane, while inclination is interpreted as a dzviation from the vertical. Thus the same
instrument that measures tlt at a point can be called either a tiltmeter or an inclinometer,

depending on the interpretation of the results.

As discussed in Secuon 2.1.3, geodetic levelling techniques can achieve an accuracy of 0.1 mm
over a distance of 20 m, which would be equivalent to about 1.0" of angular tilt. This accuracy
is more than sufficient in most engineering deformation measurements.  Whenever a higher
accuracy or continuous or very frequent collection of information on the tilt changes is necessary,
however, various in situ instruments are used, such as (a) engineeting tiltmeters and
inclinometers; (b) suspended and inverted plumb lines; (¢) hydrostatic levels. In addition, some

other specialized instruments such as mercury/laser levels (Chrzanowski and Janssen, 1972) have
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been developed but ars not commonly used in practice and, therefore, are not reviewed in this

section.

2.1.8.2 Tiltmeters and Inclinometers

There are many recasonably priced models of various liquid, electrolytic, vibrating wire, and
pendulum type tiltmeters that satisfy most of the needs of engineering surveys. Parnicularly
popular are servo-accelerometer tltmeters with a small horizontal pendulum. They offer
ruggedness, durability, and low temperature operation. The output signal (volts) is proportional
to the sinc of the angle of dlt The typical output voltage range for dltmeters is 25 V, which
corresponds to the maximum range of the it Thus the angular resolution depends on the alt
range of the selected model of tiltmeter and the resolution of the voltmeter (typically 1 mV).
There are many factors affecting the accuracy of tilt sensing. A temperature change produces
dimensional changes of the mechanical componeats, changes in the viscosity of the liquid in the
electrolytic tiltmeters, and of the damping oil in the pendulum dlmmeters. Drifts of tilt indications
and fluctuations of the readout may also occur. Therefore, thorough testing and calibration are

required even when the accuracy requirement is not very high.

Tilmeters have a wide range of applications. A series of tiltmeters if arranged along a terrain
profile may replace geodetic levelling in the determinadon of ground subsidence (Chrzanowski
and Fisekei, 1982). Similarly, deformation profiles of tail structures may - be- determined by
placing a series of tiltmeters at different levels of the structure (Kahmen, 1978).

In geomechanical engineering, the most popular applicaton of tiltmeters is in slope stability
studies and in monitoring embankment dams using the torpedo (scanning) type borchole
inclinometers (usually the servo-accelerometer type tiltmeters). The biaxial inclinometers are used
to scan borehcles drilled to the depth of an expected stable strata in the slope. By lowering the
inclinometer on a cable with marked intervals and taking readings of the inclinometer at those
intervals, a full profile of the borehole and its changes may be determined through repeated
surveys. Usually the servo-accelerometer inclinometers are used with various ranges of inclination

measurements, for instance, 67, £54°, or even £50°. If a 40 m deep borehole is measured every
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50 cm with an inclinometer of only 100" accuracy, then the linear lateral displacement of the
collar of the borehole could be determined with an accuracy of 2 millimetes. A fully automatic
(computerized) borehole scanning inclinometer system with a telemetric data acquisition has been
designed at the University of New Brunswick for monitoring slope stability at the Syncrude
Canada tar sands mining operation (Chrzanowski et al., 1976)

2.1.8.3 Suspended and inverted plumb lines .

Two kinds of mechanical plumbing are used in controlling the stability of vertical structures: (1)
suspended plumb lines, and (2) floating plumb lines also called inverted or reversed plumb lines.
Inverted plumb lines have an advantage over suspended plumb lines in the possibility of
monitoring absolute displacements of structurcs with respect to deeply anchored points in the
foundation rocks which may be considered as stable. In the case of power dams, the depth of
the anchors must be 50 m or even more below the foundation in order to obtain absolute
displacements of the surface points. If invar wire is used for the inverted plumb line, vertical
movements of the investigated structure with respect to the bedrock can also be determined
(Boyer and Hamlin, 1985). Caution must be used in installing plumb lines. If the plumb line is
installed outside the dam, a vertical pipe of a proper inner diameter should be used to protect the
wire from the wind (Chrzanowski et al,, 1967). The main concern with floating plumb lines is
to ensure verticality of the boreholes so that the wire of the plumb line has freedom of motion.
The tank containing the floar is generally filled with water to whic!; some anti-freeze can be
added. The volume of the float should be such as to exert sufficient tension on the wire. It should
also be noted, however, that in a float tank thermal convection displacements may easily develop
in consequence of thermal gradients which may affect measurements to a considerable extent.

Hence in some cases, the whole tank should be thermally insulated.

Several types of recording devices that measure displacements of structural points with respect
to the vertical plumb lines are produced by different companies. The simplest are mechanical
or clectromechanical micrometers. With these, the plumb wire can be positioned with respect
to reference lines of a recording (coordinating) table to an accuracy of $0.1 mm or better,

Travelling microscopes may give the same accuracy. Automatc sensing and recording is
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possible, for instance, with a Telecoordinator (Huggenberger, Switzerland) and with a
Tclc@cndulum (Telemac, France). An interesting Automated Vision System has been developed
by Spectron Engineering. The system uses CCD video cameras to image the plumb line with a
resolution of about 3 um over a range of 75 mm. Several plumb lines at the Glen Canyon dam

and at the Monticello dam in California have used this system.

Two sources of error which may sometimes be underestimated by users are: the influence of air
currents, and the spiral shape of wires; see also Appendix 2. To reduce the influence of the air
pressure, the plumb-line should be protected within a pipe (e.g., a PVC tube) with openings only
at the reading tables.

2.1.8.4 Optical Plummers
Several surveying instruments companies produce high precision optical plummets. Leica (Wild)
ZL (zenith) and NL (nadir) plummets which offer the accuracy of 1/200,000. Both can be

equipped with laser. The atmospheric refraction is the major source of errors.

2.1.8.5 Hydrostatic Levelling
If two connected containers are partially filled with a liquid, *acn the heights h, and h, of the

liquid in the containers are related through the hydrostatic equation
h,+P /(g r)=h+P, /(g 1) = const (4)

where P is the barometric pressure, g is gravity, and r is the density of the liquid which is a

function of temperature.

The above relatuonship has been employed in hydrostadc levelling. The ELWAAG 001
(Bayernwerke, Germany) is a fully automadc insgument with a travelling (by means of an
electric stepping motor) sensor pin which closes the electric circuit upon touching the surface of
the liquid. |
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Hydrostatic levelling is frequently used in the form of a network of permanently installed
instruments filled with a liquid and connected by hose-pipes to monitor change in height
differences of large structures (Robotti and Rossini, 1984). The height differences of the liquid
levels are automatically recorded. The accuracy ranges from 0.1 mm to 0.01 mm over a few tens
of metres depending on the types of insuments. The main factor limiting the survey accuracy
is the temperature effect. To reduce this effect the instrument must either be installed in a place
with small temperature variations, or the temperature along the pipes must be measured and
corrections applied, or a double liquid (e.g., water and mercury) is employed to derive the
correction for this effect. For the highest accuracy, water of a constant temperature is pumped
into the system just before taking the readings. The instruments with direct measurement of the
liquid leve!s are limited in the vertical range by the height of the containers. This problem may
be overcome if liquid pressures are measured instcad of the changes in ¢levation of the water
levels. Pneumatic pressure cells or pressure transducer cells may be used. Numerous examples
of various settiement gauges based on that principle are given in Hannah (1985). Meier (1991)
describes the use of a differential pressure hydrostatic level with telemetric datwa acquisiton in

monitoring the Albigna dam in Switzerland.
2.1.9 Concluding Remarks on Monitoring Techniques

This brief review-of -basic monitoring techniques indicates that, from the point of view of the
achievable instrumental accuracy, the disunction between geodetic and geotechnical techniques
does not apply any more. With the recent technological developments in both geodetic and
geotechnical instrumentaton, at a cost onc may achieve almost any, practically needed,
instrumental resolution and precision, full automation, and virally real-time data processing.
Remotely controlled telemetric data acquisition systems, working continuously for several months
without recharging the batteries in temperatures down to -40°C, are available and their cost is
reasonabie. Thus, the array of different types of instruments available for deformation studies
has significantly broaden within the last few years. This creates a new challenige for the designers
of the monitoring surveys: what instruments to choose, where to locate them, and how to

combine them into one integrated monitoring scheme in which the geodetic and
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geotechnicallstructural measurements would optimally complement each other.

As far as the actual accuracy of deformation surveys is concemed, the main limiting factors are
not the instrument precision but the environmental influences and ignorance of the users, namely:
the aforementioned atmospheric refraction,

- thermal influences, affecting the mechanical, electronic, and optical components of the
instruments (in any type of instrumentation) as well as the stability of survey stations,
local instability of the observation stations (improper monumentation of survey stations and
improper installation of the in situ insgumentation),
lack of or improper calibration of the instruments,
lack of understanding by the users of the sources of errors and of the proper use of the

collected observations. .

The problem of calibration is very often underestimated in practice not only by the users but also
by the manufacturers. In long-term measurements, the instrument repeatability (precision) may
be affected by aging of the eleconic and mechanical components resulting in a drift of the
instrument readout. Of particular concern are geotechnical instruments for which the users, in
general, do not have sufficient faciliies and adequate knowl=dge for their calibradon. The
permanently installed instruments are very often left in situ for several years without checking

the Quality of their performance.

The last aspect, the lack of understanding of the sources of errors affecting various types of
measurements and the proper data handling is, perhaps, the most dangerous and, unfortunately,
the frequent case in measurements of deformations in North America. The measurements and
particularly processing of the geodetic surveys, are usually in the hands of self-proclaimed
*surveyors’ at the technician level or sven without any formal education. In this case, even the
most technologically advanced instrumentation will not supply the expected information. There
are only two universities in North America, both in Canada, the University of New Brunswick
and the University of Calgary, which offer a broad specialization in engineering surveys of high

precision and teach surveying engineering students how to optamally use both geodetic and
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geotechnical monitoring techniques. Unfortunately, the small supply of graduates (about 30 per

year) from their surveying engineering programs is much below the actual needs.
2.2 DESIGN OF MONITORING SCHEMES
2.2.1 General Design Criteria

When designing a monitoring network one has to remember that the main purpose of the
monitoring surveys is:

(1) to check whether the behaviour of the investigated object and its environment follows the
predicted pattern so that any unpredicted deformations could be detected at an early stage,
and

(2) in the case of any abnormal behaviour, to give an account, as accurately as possible, of the
actual deformation status which could be used for the determination of the causative

factors which migger the deformation.

In the first case, the design of the monitoring scheme must include statons at the points where
maximum deformations have been predicted plus a few observables at the points which,
depending on previous experience, could signal any potential unpredictable behaviour, particularly
-at the-interface between the monitored structure and the surrounding material. The amount of the
expected deformations may be predicted using either deterministic modelling (using, for instance,
the finite or boundary element methods), or empirical (statistical) prediction models (see section
2.3). Once any abnormal deformations are noticed, additional observables have to be added at
the locations which would be indicated by the preliminary analysis of the monitoring surveys as
being the most sensitive for the identification of causative factors. Some redundant monitoring
instruments and points are absolutely necessary for checking the reliability of the measurements,
especially in some critical parts of the structure. One should bear in mind that any monitoring
instruments, even if they have been installed permanently, cannot rule out defects and failures.
Thus, any monitoring system should be sufficiently redundant. By redundancy one means

keeping parallel but separate sets of instruments and, in addition, facilities for evaluating data by
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double-checking, using alternative measurement methods. Examples would be the determination
of relative displacements using alignment surveys versus displacements obuined from a geodetic
monitoring network, the measurement of tilts with tiltmeters versus geodetic levelling, etc. Thus
.a properly designed monitoring scheme shouid have a sufficient redundancy of measurements
using different measuring techniques and such geometry of the scheme that self-checking, through
geometrical closures of loops of measurements, would be possible. One should stress that a
poorly designed monitoring survey is a waste of effort and money and may lead to a dangerous

misinterpretation.

The accuracy (at the 95% probability level) of the monitoring measurements should be equal to
at least 0.25 of the predicted value of the maximum deformations for the given span of time
between the repeated measurements. However, once any abnormal deformations are noticed, there
is no limit, other than economic, for the maximum possible accuracy required. The higher the
accuracy of the measurements, the easier it will be to determine the mechanism of the
unpredicted deformations. Thus, the monitoring schemes may require frequent updating and
upqrading of the initial design over the duration of the monitoring project.

Generally, the design of a monitoring scheme includes, among many other asp=cts, the following
tasks:

(1) Idendfication of the paramecters 10 be observed.

(2) Selection of locations for the monitoring stations (both object and reference points if

applicabis).

(3) Determination (pre-analysis) of the required accuracy and of the measuring range.

(4) Determination of the required frequency of repeated observations.

(5) Sclecton of the types of instruments and sensors to be used (various alternatives).

(6) Design of testung and calibration facilities.

(7) Design of the data management system.

(8) Preparation of a scenario for instrumentation failure (design of redundaricy).

(9) Cost analysis and final decision on the selected monitoring scheme.
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Sincc each deformable object may require different parameters to be observed, different
insumentation, different accuracies, and different frequencies of the observation, detailed
specifications will significantly vary not only from one type of tobject to another, but also for
the same type of object depending on the local surrounding conditions. Therefore, the brief
discussion, on the first four tasks as listed above which follows, is very general and has been

limited to typical conditions of concrete and emankment dams only.
2.2.2 Basic Considerations in Designing Monitoring Schemes for Large Dams

2.22.]1 General Deformation Behaviour of Dams

Any dam is subjected to external and internal loads that cause deformation and permeability of
the structure and its foundation. Deformation and sespage are clearly a function of such loads.
Any sign of abnomal dam behaviour could signal a threat to dam safety.

Dam deformation patterns vary according to types of dam, foundation conditions, and external
loads. Due to the differences in construction materials, the behaviour of concrete dams is
completely different from that of embankment dams. In concrete dams, the deformation is mainly
clastic, depending on reservoir water pressure and temperature variations. Permanent deformaton
may, however, be caused by the subsoil adapting to the new loads, concrete aging, or foundation
rock fatigue. Ia such cases, the deformation is without danger as long as it does not exceed some
critical value. The case of an earth dam is altogether different. Deformation here is, to a large
extent, permanent. Under the impact of the self-weight of the embankment and hydrostatic
pressure of the reservoir water, the fill material (and the foundation if consisting of soil)
continues to settle - although at a decreasing rate - for decades after construction. In addition,
permaneni horizontal deformation of the embankment is due to reservoir water pressure and is
mainly perpendicular to the embankment centreline. Acnial elastc deformation is slight, and not
typical of earth dam behaviour.

Deformation values vary considerably according to the type of dam. They are expected in

millimetres and centimetres for concrete dams, and in centimetres or decimetres for embankment
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dams.

Loads and the dam’s response 10 them should be carefully monitored for any sign of abnormality
as carly as possible, and action prompily taken before that abnormality becomes 2 threat to
safety. Monitoring consists of both measurements and visual inspections, neither being sufficient
on their own. Every dam should be equiped with appropriate instrumentation according to dam

type and .size as well as to particular site conditions.

In view of the difference between concrete and embankment dam behaviour, a monitoring scheme
cannot be organized in the same way for both types. In concrete dams, monitoring is essenually
a matter of obscrving behavioural trends in both elastic and plastic deformation. The work
consists of comparing measured deformation to the predicted normal behaviour, assessed through
analysis or some other method. In embankment dams on the other hand, permanent deformation
trends should be closzly monitored for any sign of abnormality.

2.22.2 Idensification of Paramesers to be Observed in Concrete Dams
Absolute horizontal and vertical displacements. These measurements are particularly intended w0

determine the small displacements of points representive of the behaviour of the dam, its
foundation, and abutments with respect to some stable frame. Geodetic surveys ars ofien used
for this purpose. The ‘absolute values’ can be obtained only if the reference points are stable.
Here, the GPS technique helps in establishing stations far enough-from-the dam to_be outside of
the deformation zone of the reservoir. In order w efficiently check their stability (see Section
2.3.2.1) the number of reference points must be not less than 3, preferably 4, for ventical conwol,
and 4, preferably 6, for horizontal, and they should be connected together by observables, with
as much redundancy as possible.

Horizontal displacements in a critical direction, usually perpendicular to the axis of dam, can be
surveyed with alignment techniques if the reference points of the alignment Survey are stable
or their movements can be determined by other techniques, for instance, by inverted plumblines

with a stable anchor point, or by geodetic methods.Verntical absoluts displacements can be
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determined by geodetic levelling with respect to deeply anchored vertical borehole extensometers
or to deep benchmarks located near the dam. Long levelling lines connecting the dam with
benchmarks located several kilometres outside the deformation zone are not recommended due

to the accumulation of errors.

Relative movements. Deflections (inclinations), of a dam are usually measured by direct or

inverted plumblines. With reference 10 a horizontal line along the axis of the dam, different
alignment methods are used in different levels of galleries to determine the relative movements
between the blocks. Extensometers have now become important instruments fbr measuring
differential foundatior movements. A combination of geodetic levelling with suspended invar
wires equiped with short reading scales at different levels of the dam and connected to borehole
extensometers (Fig.1) can supply all the needed information on the relative vertical movements

as well as on the absolute vertcal displacements and reladve tlts (Chrzanowski and Secord,
1930).

Foundation subsidence and tilts. They are measured with geodetic levelling, hydrostatic levelling,
and tiltmeters. The last two are usually permanently installed in galleries.

Strain measurements. Strain gauges are preferably embedded in the concrete during construction,

installed on the faces of the dam after completion, or even embedded in foundation boreholes.

Temperature. Temperature measurements should provide information on the thermal state of the
concrete, water temperature at various levels, and amospheric temperature. Temperature in the
concrete is usually measured by telethermometers (thermistors, thermocouples, bi-metal
thermometers) installed in the dam body.

Uplift and leakage measurements. These measurements are generally carried out by non-specific

instruments. More elabrate devices may. however, be required to measure hydraulic pressure
inside the rock. For leakage measurements, it is important to combine an effective drainage

system with these insouments.
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Joint measurements. Measurements are justified only in the case of joints separating two unsealed

structures or to check grouting in dome or arch-gravity dams. Cracks are measured by the same

methods, the instruments being installed on the surface.

W ater level measurements. Water level in reservoir is one of the most important acting lcads to
a dam. For physical inwe pretation its measurement should coincide in time with the

measurements of other deformaton quantites.

2223 ldentification of Parameters to be Observed in Embankment doms

Horizontal displacements. Horizontal displacements of the crest and other impontant points of

embankment (berms, etc.) can be measured with geodetic methods and alignment. The comments
made for concrete dams are also valid here. It is also possible to detect relative horizontal
displacements of points inside the embankment by means of inclinometers.

Groundwater and pore water pressures. Ground waxcr and pore pressures are very significant in
moniotoring carth dams. The pattern of scepage and pore water pressure, especially in the
foundation and the impervious core, has a significant impact on the normal behaviour of

embankment dams. Since pore water pressures should not exceed design values, they must be
carcfully monitored, possibly with pressure cells. The greater the number of measurement profiles
and the number of cells per profile, the more useful the data obtained will be.

Sculements. For those occuming in accessible places, geodetic or hydrostatc levelling is
customarily used to determine the settiements. The senlements of the foundation, or of interior
structural parts which are not accessable (core, foundation contact), are detected through
settlement gauges. The settlements of individual layers of the embankment should be monitored.

This can be done through settlement gauges installed in the different layers.

Total pressure measurements. It is sometimes necessary 1o check the total pressure inside the

embankment or between the embankment and the foundaton or adjacent sructures.
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Water level measurements. Water leve! in the reservoir is the most imponant load on an earth

dam, causing horizontal movements and seepage. Its measurement should coincide in time with

measurement of the deformations and seepage.

2223 Location of Monitoring Instruments
In addition to the general guidelines given above, for gravity dams, each block should have at
least one point. Tilts of the foundation should be measured at the center for small structures, and

at not less than three points for larger structures.

For multiple-arch and buttress dams, monitoring points should be located at the head and
downstream toe of each burtress. In the case of massive buttresses and large arches, special
attention should be paid to the foundations of the buttresses. If the butresses are tranversed byi

construction joints, the behaviour of joints should be observed.

For arch-gravity dams and thick arch dams, absolute displacements of dam toe and abutments
are critical. For small structures, the deformation of the central block is monitored. However, for

large structures the measurement of deformations in each block is required.

For thin arch dams, crest displacements in the horizontal and vertcal are required. Special

attention should be given to central cantilever, abutments, and abutment rock.

2224 Accuracy Requirements
No commomly accepted standards of accuracy requirements exist As aforementioned, the
accuracy at 95% probability should beequal to at least 0.25 of the maximum expected

deformation regular behaviour, and as high as possible for a discovered irregularity.

For concrete dams, the accuracy for monitoring both horizontal and verdcal displacements should
be typically around 1 to 2 mm. For earth-rockfill dams, the accuracy should be about 10 mm for
horizontal displacements, and 5 to 10 mm for settlements during construction; and 5 mm and 3

1o 5 mm for the horizontal and vertical, respectively, in operation.
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2.225 Frequency of Mcasuremen:s

The frequency of measurements depends on the age of the structure and type of the ﬁonitodng
system. If a fully automatic data acquisition system is used, the frequency of measurements does
impose any problem because the data can be decoded at any preprogrammed time intervals
without any logistic difficulties and, practically, at no difference in the cost of the monitoring
process. However, in most cases, the fully automated systems are not yet commonly used and
the frequency of measurements of individual observables must be mfuﬂy designed 10
compromise between the «ctual need and the cost. ICOLD (1986) gives the following general
guidelines:

(1) Before and during construction, it may be useful to camy out some geodetic and
piezometric measurments of the abutments.

(2) All measurements should be made before the first filling is started (initial operation). The
dates of the sucessive measurements will depend on the level the water has reached in the
reservoir. The closer the water is to the top level, the shorter will be the interval between
the measurements. For instance, one survey should be conducted when the waier reaches
174 of the totl height; another survey when the water reaches mid-height, one survey
every tenth of the total height for the third quarier; one survey every 2 m of variation for
the fourth quarter. Moreover, the interval between two succesive surveys should never
exceed a menth until filling is completed.

(3) During the operadon of the structure, measurements should be more frequent in the years
immediately following the first filling when active deformation is in progress. For instance,
geodetic surveys (more labour intensive) can be carried out four times a year, and other
geotechnical measurements can be made once every 1 to 2 weeks.

(4) After the structure is stable, which takes usually 5 o 10 years or more, the above
frequencies can be reduced by half. Not only the frequencies of measurement, but also the
number of instruments read can be reduced according to what is learned during the first
years of operation. A number of examples from diff~rent countries are given in Chapier

3 of this report. .
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2.2.3 Optimal Design of the Configuration and Accuracy of the Monitoring Scheines

The general guidelines and restrictions regarding the locations and accuracy of instrumentation,
discussed above, still give room for choice (within the general guidelines) of the final positions
of, at least, some observation stations and accuracy of the observations. This concerns mainly the
geodedc monitoring networks, which may provide different solutions for the accuracy of the
observed displacements depending on the selected configuration of the connecting surveys,
location of the reference stations, and type of oservables (e.g. distances as opposed to angles, or

an optimal combination of both).

The optimum design of geodetic positdoning networks has been the subject of intensive
investigations and publications by many authors over the past two decades. Most results have
been summarized by Grafarend and Sanso (1985). The optimization of geodetic positioning
networks is aimed ar obtaining the optimum positons of the geodetic points with the optimum
accuracy, reliability, and economy of the survey scheme taken as the design criteria. Design of
deformation monjtoring schemes is more complex and differs in many respects from the design
of positioning networks. The design is aimed at obtaining opdmum accuracies for the deformation
~arameters rather than for the coordinates of the monitoring stations using various types (geodetic
and non-geodetic) observables with allowable configuration defects. The sensizivity of the
monitoring scheme to detect deformations is introduced as more general than the accuracy design
criterion. Very recently, a separability concept (Chen and Tang, 1992) has been added to the

design criteria (separation between different possible deformaton models).

There are practically two distinct optimal design methods:

analytical and

computer simulation ("mial and error’).
Both methods usually involve an iteradon process. The difference between them is that the
former does not require human intervention and provides, mathematically, the optimum results,
while the computer simulation method (CSM) provides acceptable results but they are not

necessarily optimal. The CSM requires the experience of the designer but it can solve all the
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design problems while the analytical methods have been limited to some particular solutions only.

Recently, a CSM has been developed at UNB (Tang et al.,, 1990) which does not require any
human intervention during a fully automatic computational process from the moment of inputing
the initial data through the iterative step-by-step upgrading of the design to the final design
output. The development of analytical methods has been, however, the main focus of research.
The formulation of a proper mathematical model for the optimal design of monitoring surveys,
aiming at the detection of deformation parameters (geometrical and physical) rather than purely
positioning parameters, was initially proposed by Niemeier and Rohde (1981) and subsequenty
by Chen et al. (1983). In the Jollowing years, although the underlying theory for the design of
geodetic networks has been developed quite extensively, its full power of practical application
has not been demonstrated in any real-life examples. An efficient algorithm has not existed undil
very recendy. The major problem in this area was the inability of solving non-linear matrix
equations involved in the nerwork design. This problem has recently been solved by Kuang
(1991) at the University of New Brunswick (UNB) by developing a mulu-objective analytical
design mcthodology‘ which allows for a fully anaiytical, multd-objective optimal design (optimal
accuracy and sensitivity, optimal reliability, and optimal economy) of integrated deformation
monitoring schemes with geodetic and geotechnical inspumentation. The method allows for a
simultaneous solution for the optimal configuraton and accuracy of the monitoring scheme
according to the given criteria and restrictions conceming the locations of some observation—
stations and required accuracy of the deformation parameters. More detils with practical
examples can be found in Kuang (1991) and Kuang et al. (1991). An example of the practical
application of the multi-objective method in designing a geodetic monitoring network for a .

hydro-clectric power station in eastern Canada is given in Chrzanowski and Kuang (1992).

23 ANALYSIS OF DEFORMATION SURVEYS .

2.3.1 Concept of the Integrated Analysis
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Even the most precise monitoring surveys will not fully serve their purpose if they are not

properly evaluated and utilized in a global integrated analysis as a cooperative interdisciplinary

effort. The analysis of deformation surveys includes (Chen and Chrzanowski, 1986):
geometrical analysis which describes thc.geomctrical status of the deformable body, its
change in shape and dimensions, as well as rigid body movements (franslations and
rotations) of the whole deformable body with respect to a stable reference frame or of a
block of the body with respect to other blocks, and
physical interpretation which consists of: (a) a statistical (stochastic) method, which
analyzes through a regression analysis the correlations between observed deformations and
observed loads (extemmal and internal causes producing the deformation), and (b) a
deterministic method, which utlizes information on the loads, propertes of the matenials.
and physical laws goveming the stress-strain relationship which describes the state of
internal stresses and the relationship between the causative effects (loads) and

deformations.

Once the load-deformation relationship is established, the results of the physical interpretation
may be used fof the development of prediction models. Through a comparison of predicied
deformation with the results of the geometrical analysis of the actual deformadons, a better
understanding of the mechanism of the deformadons is achieved. On the other hand, the
prediction models supply information on the expected deformation, facilitating the design of the
monitoring scheme as well as the selection of the deformation model in the geometrical analysis.
Figure 1 shows an idealized flowchart of the integrared deformation analysis (Chrzanowski et
al. 1991). Thus, the expression integrated analysis means a determination of the deformation by
combining all types of measurements, geodetic and geotechnical, even if scattered in time and
space, in the simultaneous geometrical analysis of the deformation, comparing it with the
prediction models, enhancing the prediction models wiiich in turn, may be used in enhancing the
monitoring scheme. The process is iteratively repeated until the mechanism of deformation is well
understood and any discrepancies between the prediction models and actual deformations are

properly explained.
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Recently, the concept of global integration has been developed at UNB  (Chrzanowski et al.
1990a: see Appendix 3) in which all three — the geometrical analysis of deformation and both
methods of the physical interpretation — are combined into a simultaneous solution for all the
parameters to be sought. The method still requires further elaboration, software development, and
practical testing and, therefore, is not described in detail in this report. Appendix 3 gives the
outline of the approach. Some other research centres, for instance, the University of Calgary
(Teskey, 1986) work intensively towards the similar goal of a totally integrated analysis. The

integrated deformaton analysis requires a close cooperation of various specialists.

The deterministic and statistical modelling of deformations have been used in the analysis of dam
deformations, at least in some countries, for many years with ENEL (1980) leading the
advancement in the development of the computational procedures. As aforementioned, the
geometrical analysis has been done so far in a rather primitive way with geotechnical/structural
engineers analyzing separately the geotechnical observation data and surveyors taking care of the
geodetic survey observations. The geotechnical analyses have usually resulted only in a graphical
display of temporal trends for individual observables and the geodetic analysis would result in
a plot of displacements obtained from repeated surveys which, very often, would not be even
properly adjusted and analysed for the stability of the reference points. Over the past ten years
,an intensive study by the FIG working group has resulted in the development of proper methods
for the analysis of geodetc surveys and has led to the development of the so-called UNB
Generalized Method of the geometrical deformation analysis which can combine any type of
observations (geotechnical and geodetic) into one simultaneous analysis. This report summarizes
below the developed methodology for the geometrical analysis followed by brief descriptions of
the statstical and deterministic methods used in modelling the load-deformation relationship and,
finally, describing in more detail the concept of the hybrid physical analysis in which the

statistical modelling is combined with the deterministic method.
2.3.2 Geometrical Analysis of Deformation Surveys .

232.1 ldendification of Unstable Reference Points
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In most deformation studies, the information on absolute movements of object points with respect
to some stable reference points is crucial. One problem which is frequently encountered in
praciice in the reference networks is the instability of the reference points. This may be caused
cither by wrong monumentation of the survey markers or by the points being located still too
close to the deformation zone (wrong assumption in the design about the stability of the
surrounding area). Any unstable reference points must be identified first before the absolute
displacements of ti:2 object points are calculated. Otherwise, the calculated displacements of the
object points and subsequent analysis and interpretation of the deformation of the structure may
be significantly distorted. Figure 2 illustrates a situation where points A, B, C, and D are
reference points and the others are object points. If point B has moved but this is not recognized
and it is used with point A to identify the common dawm fer two survey campaigns, then all the
object points and reference points C and D will show significant changes in their coordinates

even when, in reality, they are stable.

Over the past two decades several methods for the analysis of reference networks have been
developed in various research écnu:rs (Pelzer, 1974; van Mierlo, 1978; Koch and Fritsch, 1981;
Niemeier, 1981; Chen, 1983; Heck, 1983; Griindig et al., 1985) within the acdvity of the
aforementioned FIG Study Group. A conceptual review has been given by Chrzanowski and Chen
(1986b). There are basically two schools of thought One is based on the congruency test, and
the other is based on defining a datum for the second epoch of measurements which is robust to
unstable reference points. In the first case, a failure in the congruency test is followed by a search
for the new congruency test which has a minimum statistic. The test statistics are calculated by
removing points, onc by one in turn, from the set of reference points undl all the unstable points
are identified. In the second case, a method has been developed at UNB which is based on a
special similarity ransformation which minimizes the first norm of the vector of displacements
of the reference points. The method is described in Chen (1983), Chrzanowski, et al. (1986b),
and Chen et al.(1990). The last two publications are attached as Appendices 4 and 5. The
approach can be performed easily for one-dimensional reference networks<and by an iterative
weighting scheme for multi-dimensional reference networks until all the components of the

displacement vectors satisfy the condition: Y| d; | = minimum. In each solution, the weights
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are iteratively changed 10 be p, = 1/d,. After the last iteration, the displacement vectors that
exceed their error ellipses at 95% probability identify the unstable reference pdints. The
displacements obuined from the iterative weighted transformaton are, practically, datum
independent, i.e. that whatever minimum constraints have been used in the least squares
adjustment of the survey campaigns, the display of the transformed displacements will always
be the same. Thus the obtained graphical display represents the actual deformation trend which

is used later on in selecting the best fitting deformation model (see Section 2.3.2.2. below).

Several software packages for geometrical analysis have been developed, for example, DEFNAN
[Chrzanowski et al., 1986b], PANDA [Niemeier and Tengen, 1988}, and LOCAL ([Griindig et al.,
1985]. S‘omc of them (c.g., DEFNAN) are applicable not only to the identfication of unstable
reference points, but to the integrated analysis of any type of deformations (to be discussed

below), while others are limited to the analysis of reference geodetic networks only.

2322 UNB Generalized Method for Geometrical Deformation Analysis
In order to be able 10 utilize any type of geodetic and geotechnical observations in a simultaneous
deformation ana]y.ﬁs, the UNB Generalized Method of the geometrical analysis has been
developed (Chen, 1983; Chrzanowski et al., 1986b) at the University of New Brunswick within
the activity of the FIG Study Group on Deformation Measurements. The method is applicable
to any type of geometrical analysis, both in space and in time, including the earlier discussed
detection of unstable reference points and the determination of swain components and relative
rigid body motion within a deformable body. It allows utilization of different types of surveying
data (conventicnal surveys and GPS measurements) and geotechnical/structural measurements.
It can be applied to any configuration of the monitoring scheme as long as approxim.atc
coordinates of all the observation points are known. In practical applications, the approach
consists of three basic processes: '

identification of deformation models;

estimation of deformation parameters; .

diagnostic checking of the models, and final selection of the "best” model.

A bricf description of the approach is given below.
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The change in shape and dimensions of a 3-D deformable body is fully described if 6 strain
components (3 normal and 3 shearing strains) and 3 diffcrential rotations at every point of the
body are determined. These deformation parameters can be calculated from the well-known
strain-displacement relations if a displacement function representing the deformation of the object
is known. Since, in practice, deformation surveys involve only discrete points, the displacement
function must be approximated through some selected deformation model which fits the observed
changes in coordinates (displacements), or any other types of observables, in the statistically best
way. The displacement function may be determined, for example, through a polynomial

approximation of the displacement field.

The displacement function can be expressed in matrix form in terms of a deformation model Be

as:
dix,y,z, t-1,) = (uv,w) "=Bx,y,z,tt,) c , (5)

where d is the displacement of a point (x,y,z) at time t in respect to a reference time t,; u,v,and
w are components of the displacement function in the x-, y-, and z- directions, repsectively, B
is the deformation matrix with its elements being some selected base functions, and ¢ is the

vector of unknown coefficients (deformation parameters).

For illustration, examples of typical defermation models (displacement functions) in

two-dimensional analysis are given below.

(a) Single point displacement or a rigid body displacement of a group of points, say, block 3
(Figure 4a) with respect to block A. The deformation model is expressed in the form of the
following displacement functions:

UA=O \ VA=O ’ u.:a‘ and vl=bc : (6)

where the subscripts represent all the points in the indicated blocks.
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(b) Homogeneous strain in the whole body and differentiai rotation (Figure 4b). The deformaton
model is linear and it may be expressed directly in terms of the strain components (€,. €, €,))

and differential rotation®, as:

u=gx+E¢g,y-oy
=g, X+ £y +ax )

(c) A deformable body with one discontinuity (Figure 3c), say, between blocks A and B, and
with different linear deformations in each bloc: plus a rigid body displacement of B with respect

to A. Then the deformation model is written as

U= E.X+E.Y-0,Y
Vi E £ X + £,Y +T,X (8

and

Uy = 25 + €,5(X - Xo) + E.(Y - Yo) - Gy(Y - ¥o)
Va= by + £ 4(X = X) + E4(Y - ¥o) +Gy(x - X)) 9

where x,, y, are the coordinates of any point in block B..

Usually, the actual deformatien model is a combination of the above simple models or, if more
complicated, it is expressed by non-linear displacement functions which require fitting of
higher-order polynomials or other suitable functions. If ime dependent deformation parameters

are sought, then the above deformation models will contain time variak'zs.

A vector al of changes in any type of observatons, for instance, changes in lts, in distances,
or in observed strain, can always be expressed in terms of the displacemen funcdon. For
example, the relationship between a displacement function and a change ds in the distance

obscrved between two points i and j in two monitoring campaigns may be written as
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(Chrzanowski et al.,1986a)
ds,= [(x,- x)/s] u+ [(y,- YV$) v, - [(x,- x/s)] u- [(yj - yi)/s)] v, (10)

wheie u, v, u,_and v, are components of the displacement function at points (x, y,and x.,y.
respectively.
For a horizontal tiltmeter, the change dt of tilt between two survey campaigns may be expressec

in terms of the vertical component (w) of the displacement function as:

dt = (dw/dx) sina + (Ow/dy) cosa (11)

where a is the orientation angle of the tiltmeter.

The functional relatonships for any other types of observables and displacement functions are
given in (Chen, 1983; Chrzanowski et al. 1986a; Chrzanowski et al. 1986b) and also in

Appendix 6. In matrix form, the relatonship is wntten as:

al=AB,c (12)
where A is the transformation mamix (design matrix) relating the observatons to the
displacements of points at which the observations are made, and B, is constructed from the

above matrix B(x, y. z, 1-1, ) and related to the points included in the observables.

If redundant observations are made, the clements of the vector ¢ and their variances and
covanances are determined through least-squares approximation, and their statstical significance
can be calculated (see Appendix 6). One trics to find the simplest possible displacement function

that would fit to the observations in the statistically best way.

The search for the ‘best’ deformation model (displacement funcdon) is based on either a prior
knowledge of the expected deformatons (for instance from the finite elerhent analysis) or 4
qualitative analysis of the deformation trend deduced from all the observations taken together.
In the case of the observables being the relative displacements obuained from geodetic surveys
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the iterative weighted transformation (sec above in 2.3.2.1.) of the displacements gives the best
picture of the actual deformation trend helping in the spatial wrend analysis. In the case of a long
series of observations taken over a prolonged period of time, plotting of individual observables
versus time helps to establish the deformation trend and the deformation model in the time
domain. In the analysis, one has to scparate the known deformation trend from the superimposed
investigated deformation. For example, in order to distinguish betwesn the cyclic (seasonal)
thermal expansion of a stmucture with a one-year period of oscillation and a superimposed
deformation caused by other effects which are, for instance, linear in time, all the measurements

can be analysed through a least-squares fitting of e cyclic functon (see also section 2.4)
y = a,cos(@) + a,s5in(@1) + at + a, + a,0(0) + ..., (13)

to the observation data, where @ = 2n/yr, and a,is the raic of change of the observation
(extension, tilt, inclination, etc.). The amplitude and phase of the sinusoid can be derived from
a, and a, The constant g, is the y-intercept and the constants a,, ... are possible slips
(discontinuitics) in the data series and 8(t) is the Kronecker’s symbol which is equal to 1 when
12t with t, being the time of the occurance of the slip, and is equal o O when t < t, . Examples
of the temporal trend analyses of some geotechnical and geodetic long data sets are give in
section 2.4 in Figures 8 and 9.

Summarizing, the gecomemcal deformadon analysis using the UNB Generalized Method is done
in four steps:

(1) The trend analysis in space and time domains and the selection of a few alternative
deformarion models which seem to match the wend and that make physical sense.

(2) The least-squares fitting of the model or models into the observatdon data and statistical
testing of the modzels.

(3) The sclection of the ‘best’ modzl that has as few coefficients as possible with as high a
significance as possible (preferably all the coefficients should be significant at probabilities
greater than 95%) and which gives as small a quadratic form of the residuals as possible.

(4) A graphical presentation of the displacement ficld and the derived swain field.
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Examples of practical applications of the UNB Generalized Method of Deformation Anal

are given in Chrzanowski et al. (1991), Rohde (1990). Chrzanowski et al. (1989a), Secord (193]
Chrzanowski et al. (1983) and Chrzanowski et al. (1989b). A copy of the latter publicatio
dealing with the generalized geometrical analysis of deformation of a hydro-electric power statiof

is attached as Appendix 6.

The results of the geometrical analysis serve as an input into the physical interpretation and ir

the development of prediction models as discussed above in section 2.3.1.
2.33 Statistical modelling of the Load-Displacement Relationship

The statistical method establishes an empirical mode! of the load-deformation relatonship throug
the regression analysis, which determines the correlations between observed deformations an
observed loads (extemnal and internal causes producing the deformaton). Using this model, th
forecasted deformation can be obtained from the measured causative quantides. A goo
agreement between the forecasts and the measurements then tell us that the deformable bod)
behaves as in the past. Othcrﬁsc. as in the previous case, reasons should be found and the mode
should be refined.

Interpretadon by the statstical method always requires a suitable amount of observations, both
of causative quantities and of response effects. Let d(t) be the observed deformation of an objec!
point at time t. For a concrete dam, for example, it can usually be decomposed into thret
components (Bonaldi et al, 1977; Fanelli, 1979; Chen and Chrzanowski, 1990):

d(t) = d. (1) + d(1) + d (1) (14)
where d, (t), de{1), d(t) are the hydrostatic pressure component, thermal component, and the

irreversible component duc to the non-clastic behavior of the dam, respectively. The component..

d, (1) is a funcrion of water level in the reservoir, and can be modelled by a simple polynomial
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d(t) = 4o + 3,H(@) + a,H(1)* + ... + 2 H(1)" (15)

where H(t) is the elevation of the water in the reservoir. The component di(t) can be modelled
in various ways depending on the information on hand. If some key temperatures T (t), (i = 1,
2, ..., k) in the dam are measured, then

d(1) = bT,(1) + b,Ty(1) + ... + bT(1) (16)

If air temperature is used, the response delay of concrete dams to the change in air temperature
should be considered (Chen ,1988). If no temperataure is meausred, the thermal component can
be modelled by a trigonometric function (Chen and Chrzanowski, 1986).

The irreversible component dr(t) may originate from 2 non-clastic phenomena like creep of
concrete or creep of rock, etc. Its ime-dependant behaviour changes from object to object. It may
be modelled, for example, with an exponendal function (ENEL, 1980). Chen (1988) has found

that the following function is appropriate for concrete dams:
d®=ct +clnt | (17)

The coefficients a,, b, ¢, in equations (16), (i7), and (18) are determined using the least squares
regression analysis. The final model suggests the response behaviour of the different causative
factors and is used for prediction purposes.

For an carth dam, the thermal effect is immaterial and the irreversible component becomes

dominant.

It should be mentioned that the stanstical method for physical interpretation is applicable not only
to observed displacements, as discussed above, but also 1o other monitored quantities, such as
stress, pore water pressure, tilt of the foundation, etc. The only difference is that the response

function for cach causative quantity may change.
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2.3.4 Deterministic Modelling of the Load-Deformation Relationship

The deterministic method provides information on the expected deformation from the
information on the acting forces (loads), properties of the materials, and physical laws governing

the stress-strain relationship.

Deformation of an object will develop if an external force is applied to it. The external forces
may be of two kinds: surface force, i.¢., forces distibuted over the surface of the body, and body
forces, which are distributed over the volume of the body, such as gravitational forces and
thermal stress. The relatdon between the acting forces and displacements d is discussed in many
textbooks on mechanics. Let d be the displacement vector at 2 point and f be the acting force.
They are related as

LDLd+f=0 (18)

where D is the constitutive matrix of the material whose elements are functions of the material
properties (c.g., Young's modulus and Poisson’s ratio) and L. is a differental operator
transforming displacement to strain. If initial strain €,2nd initial stress o, exist, equation (18)

becomes
L'DLd + (L'c,- L™ De,) + =0 (19)

In principle, when the boundary conditions, cither in the form of displacements or in the form
of acting forces, are given and the body forces are prescribed, the differential equation (18) of
(19) can be solved. However, direct solution may be difficult, and numerical methods such as the
finite element or boundary element of finite differences methods are used. The finite element
method (FEM) is most commonly method in structural and geotechnical engineering, particularly

in modelling dam deformations.

The basic concept of the FEM is that the continuum of the body is replaced by an assemblage
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of small elements which are connected together only at the nodal points of the clements. Within
cacﬁ element a displacement function (shape function) is postulated and the principle of minimum
potential is applied, i.c., the difference between the work done by acting forces and the
deformation energy is minimized. Therefore, the differential operator L is approximated by an
linear algebraic operator. Numerous FEM software packages are available in the market ranging
significantly in prices depending on their sophistication and adaptability to various types of
material behaviour. One very powerful software package is FEMMA (Finite Elelement Method
for Muludisciplinary Applications) developed at the University of New Brunswick
(Szostak-Chrzanowski and Chrzanowski, 1991; Szostak-Chrzanowski, 1988) for 2-D and 3-D
finite element elastic, visco-clastc, and heat wansfer analyses of deformations. FEMMA has
found many pracdcal applications in dam deformation analyses (Chrzanowski et al.,1991), in
tectonic plate movements (Szostak-Chrzanowski et al,, 1992), in ground subsidence studies
(Szostak-Chrzanowski and Chrzanowski, 1991) and in tunnelling deformations.

In the deterministic modelling of dam deformations, the dam and its foundation are subdivided
into a finite element mesh. The thermal component dT and hydrostatic pressure component dH
are calculated separately. Assuming some discrete water level in the reservoir, the corresponding
displacements of the points of interest are computed. A displacement function with respect to
water level is obtained by least squares fittng of a polynomial to the FEM-computed discrete
displacements. Then, the displacements at any water level can be computed from the

displacement function. In computation of the thermal components, the temperature distribution

inside the structure shouid furst be solved: Again, FEM could be used,; based on some measured -

temperatures (boundary conditions). Both the coefficient of thermal diffusivity and the
cocfficient of expansion of concrete are required. The thermal components for the points of
interest are calculated using FEM with computed temperature at each nodal point. The total
deformatdon is the suri of these two components plus possible action of some other fc-ces, e.g.,
swciling of concrete (Chrzanowski et al., 1991) due to alkali aggregate reaction which can also
be modelled with FEM. :

FEM is, cenainly, a powerful tool in the determinsitic modelling of deformations. One has to
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remember, however, that the output from the FEM analysis is only as good s the quality of the
input and as good as the expenience of the operator who must have a good understanding of not
only the computer operation but, particularly, good knowledge in the mechanics of the
deformable bodies. One should not treat FEM as a magic (black box) tool. Excellent remarks

and comments on the numerical analysis of dam deformations are given in the ICOLD Bulictin

No. 30a (ICOLD, 1987).
2.3.5 Hybrid Method of Deformation Analysis

As one can sce from the above two sections, interpretation by statistical methods requires a large
amount of observations, both of causative quantities and of response effects. Thus the method
is not suitable at the early stage of dam operation when only short sets of observation data are
available. In addition, some portions of the thermal and hydrostatic pressure effects may not be
separated by the statistical modelling if the changes in temperature and in the elevation of water
in the reservoir are strongly comrelated. The deterministic method proves very advantageous in
these aspects. Th; deterministic method is of an a priori (design) nature. It uses the information
on geometric shape and material properties of the deformable body and acting loads to calculate
deformations. However, due to many uncertainties in deterministic modelling such as an
imperfect knowledge of the material properties, possibly wrong modelling of the behaviour of
the material (particularly when a non-elastic behaviour takes place), and approximation in
calculations, the computed displacements may depart significantly from the observed values d:t).
In this case, if, for example, a suspicion is that the discrepancy is produced by uncertainties in
Young's modulus of elasticity, E, and the thermal coefficient of expansion, @, the deterministic
model can be enhanced by combining it with the swatistical method, in the form (Chen, 1988)

d(t) + v(t) = xd(t) + yd{) +ct + cln t (20)

where v(t) is the residual, d,(t) and d,(t) are the hydrostatic and thermal components, respectively,
calculated from the deterministic modelling, and the last two terms take care of the possible

irreversible component. The functional model for the irreversible component may vary and can
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be changed by examing the residuals. The unknowns x, y, ¢, c,are estimated from the
observations using the least squares estimation. The coefficient x is a function of Young's

modulus and y is a function of the thermal expansion coefficient of concrete:

x =EJE 20
y= a/o (22)

where E, and a,are the values used in the deterministic modelling.

A few examples of a simplified combination of the two methods of modelling have been given
in ENEL [1980]. They calibrated the constants of the material properties using the discrepancies
between the measured displacements of a point at different epochs and that calculated from FEM.
One must be aware, however, that if the real discrepancy comes from other effects than the
incorrect values of the constants (e.g., non-clastdc behaviour), the model may be significantly
distorted.

Reocndy.. as aforcn;ncntioncd. a concept of a global integraton (Chrzanowski et al., 1990a) has
been developed, where all three — the geometrical analysis of deformations and both methods
of physical interpreration — are combined. Using this concept, deformaton modelling and
understanding of the deformation mechanism can be greatly enhanced. Appendix 7 gives a

formulatdon of the concept.
2.4 AUTOMATED DATA MANAGEMENT OF DEFORMATION SURVEYS

2.4.1 Advantages and Limitations of Automation

In the total effort of deformation monitoring, the quality of the analysis of the behaviour of the
object being monitored depends on the location, frequency, type, and reliability of the data
gathered. The data concemned is any geotechnical observable as well as any conventional geodetic
6bscrvablc (angle, distance, or height difference). Apart from the locaton and type of
instrumentation, the frequency and reliability of the data can be enhanced by employing an

UNB Repon on Deformation Monitoring, 1992 54



"automatic” system of data gathering or acquisition and processing (including the deformation
analysis). A data management system encompasses everything that happens to the data from the
instant at which it is sensed 10 the time of analysis. Under ordinary circumstances, the interval
of time between sensing and analysis may extend over several days or more. Under critical
conditions, this may have to be nearly instantaneous in order to provide a warning, if necessary.
The volume of data may consist of only several items (in the simplest routine investigation) to
many hundreds or thousands (in very complex, critical situations, particularly if vibration
behaviour is of interest). The rate of sampling may be annually, monthly, weekly, daily, hourly,
or even more frequently. The amount of human involvement may range from total (a2 "manual”
system) to virtually non¢ (an "automatic” system). Neither extreme is practical. A manual system
is labour intensive and liable 1o errors or blunders and is less flexible in the re-examination of
data. An automatic system is auractive but has some limitations. Although a "data acquisition
system” strictly involves the gathering of data, the phrase has been used by many to mean the
whole system of data management. Dunnicliff (1988) has weighed the advantages and limitations

of an automatic data acquisition system and they are summarized in the following two lists.

The advantages of an automatic data acquisition system are:
(1) personnel costs for reading instruments and analyzing data are reduced,
(2) more frequent readings are possible,
(3) retrieval of data from remote or inaccessible locations is possible,
(4) insaantancous transmission of data over long distances is possible.
(5) increased reading sensitivity and accuracy can be achieved,
(6) increased flexibility in selecting required data can be provided,
(7) measurement of rapid fluctuations, pulsations, and vibrations is possible,
(8) recording errors are fewer and immediately recognizable, and

(9) data czn be stored electronically in a format suitable for direct computer analysis.

The limitations of an automatic system are: .
(1) a knowledgeable observer is replaced by hardware, i.c., less frequent "intelligent” visual

inspections,
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(2) an excess of daw could be generated, leading to a failure in timely response,

(3) the data may be blindly accepted, possibly leading 1o a wrong conclusion,

(4) there could be a high initial cost and, possibly, a high maintenance cost,

(5) often requires site-specific or custom components that may be initially unproven,
(6) complexity may require an initial stage of debugging,

(7) specialized personnel may be required for regular field checks and maintenance,
(8) a manual method is required as an alternative (backup),

(9) a reliable and continuous source of power is required, and

(10) the system may be susceptible to damage by weather or construction activity.

With an appropriate compromise between manual and automatic functions, a properly designed
and working system can readily minimize the effects of the limitations mentoned above.
Therefore, the advantages of an automatic (really "semi-automatic”) system easily outweigh its

disadvantages.

2.42 Examples of Automated Systems

In a variety of levels of sophistication, automated systems have become commonplace,
‘particularly in the monitoring of dams and hydro-electric power generating stations. Italy’s ENEL
(Ente Nazionale per I'Energia Elerttrica) and ISMES (Istituto Sperimentale Modelli e Strutture)
have been leaders in the philosphy (Fanelli, 1979) and creation of monitoring sytems (Anesa et
al., 1981; Bonaldi et al., 1977; Bonaldi et al, 1980; Bonaldi et al., 1985). Now, systems are well
esaablished in other countries {ICOLD, 1982), in partcular: Austmia (Hautzenberg, 1979;
Ludescher, 1985); Canada (Carter and Hamelin, 1988; Chrzanowski and Secord, 1990; Secord,
1990); Japan (Japanese Natonal Comminee on Large Dams, 1987); People’s Republic of China
(Chen and Du, 1990); Poland (Jankowski et al., 1985); Portugal (Florentino et al., 1985; Silva
Gomes, 1982); Switzerland (Swiss National Committee on Large Dams, 1985; Gilg et al., 1985);
and United States (Bartholomew and Haverland, 1987; Bartholomew et al., 1987; Lytle, 1982;
Lyte, 1985; Walz, 1989). .

Systems have also been developed for other applications, especially regarding high precision
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metrology measurements (Freidsam et al., 1987; Ruland and Ruland, 1988); however, they are

restricted to handling only conventional geodetic observables.

Any mention of data management systems in the literature has been usually by way of figures
rather than any extensive verbal description and the emphasis has been on showing the
communication aspects of a system. There are four systems which warrant mention here
specifically. One, used at ENEL (Bonaldi et al., 1977), is shown in Figure 4. A second, used by
the U.S. Bureau of Reclamation [USBR] (Bartholomew et al., 1987), is shown in Figure 5.
Thirdly, activity in the U.S. Ammy Corps of Engineers [USACE] has been presented by Lytle
(1982, 1985) and Walz (1989), no figure from which shows details differenty than in the other
three systems. Finally, Figure 6 shows a suggestion by UNB now used by N.B. Power (Secord,
1990). Silva Gomes (1982) describes efforts at LNEC (Laboratorio Nacional de Engenharia Civil,
Portugal) which are very similar to these four systems. A brief description of the systems is given
below. Since current technology offers considerably more capacity and convenience than even
five years ago, the technological aspects of ENEL and the Bureau should be kept in context. It
would appear that the current tend is toward micrcomputers for on-site analysis and

communication to a central office is fairly routine.

2.42.1 The ENEL System

In the ENEL system (Figure 4), there are two major subsytems: "Off-line” which serves as a
central storage of all data; and "On-line” in which most of the activity takes place. It is the
~On-linc-portion-that is of interest and will be described here. Two mini-computers are involved
and are linked for the teleransmission of data. The remote virtually duplicates the functions of
the local, except for the actual capture of data. The local, "ESSDI/L", provides data acquisition,
validation, processing, storage, and transmission to other sites. Also, it issues a warning if the
observed effect differs from the expected effect (as derived from deterministic modelling) by

more than an established tolerance.

2422 The USBR System
Figure 5 illustrates the arrangement at the Calamus [embankment] Dam man~aged by the U.S.
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Burzau of Reclamation. The main aspect of this system is the means of communication by
tclcphonc line or satellite link from the dam 1o various locations in the country. Two appendices
10 Bartholomew et al. (1987) describe, in detail, the data processing and automation of the
Bureau’s embankment dams. Bartholomew and Haverland (1987) discusses concrete dams but

more detail, with respect to data management, is given in Bartholomew et al. (1987).

2423 The USACE System

Lytle (1982) describes a system used by the St Louis district, with respect to automated
acquisition, processing, and plotting of data. An example of typical dialogue encountered in using
the mini-computer based system is given. Walz (1989) discusses a sysiem under development,
initially to deal with totally automating piczometers in embankment dams, particularly with
respect 1o local and district communication. The concepts of both authors are encompassed by
the other three systems.

2424 The UNB System

A data management sytem was devised by UNB for use on 2 IBM PC AT compatible on-sitc
microcomputer and the essence of this system is shown in Figure 6. It was created to replace a
manual system already in use for several years. In the field, a programmed da:a collector
provides for direct connection to (and sometimes control of) instrumentation and for the keyboard
entry for other equipment. The system can also accomodate manually recorded data or data
directly acquired from insttumentadon. The raw data are contained in observadon files, archived
for security, and are processed or "reduced” (using calibration, test values, etc.) into data files

which are then used by various analysis and display software.

In the field, there is a check file that is either accessed during data collecting or available in
hardcopy. The check file contains expected values predicied from stochastic (stagstical) analyses
of the data files and thus provides for a warning in the field. A warning is also given in the
processing if the currently processed value differs from the most recent value«in the data file,

beyond a set tolerance.
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The major advantage of the UNB system s that any data or derived data, whether geotechnical
- or geodetic (so long as it has been repeated in a suitable time series), can be brought together

in the integrated deformation analysis of a structure. In the process, a time series is analysed for
trend, with the separation of secasonal and long term behaviour. In the absence of actual
temperature information, the trend ("y", the change in the valuec of an observed or derived
quantity) against ume ("t", in years) is described by the following equation.

y = a,;sin®t + a,cosdt + ast + a, + ag + ...
in which

@ is 27 since a period of 1 year is assumed,

a, the "rate” or long term trend,

a.. possible values of slips accounting for discontinuities in the data series (a, is also a slip,

but it is required so that the fitting is not unduly constrained).

and from which the amplitude and phase can be derived to provide a comparison of seasonal
behaviour among the various measurement points in the structure. Done rigourously using the
method of least squares, the fitting provides a full statistcal analysis of the trend with the
detection of outlying or erroneous data. Figure 7 shows an example of a continucus data series
and its fitting. In comparison, Figure 8 shows another series in which several interruptions in the
continuity of the series occurred (e.g., change in the tape of an extensometer after damage and
without regular calibration). It is possible to derive a new series from two original series or to
create a scries from repeated geodetic campaigns (e.g., tlt derived from levelling, Figure 9). The
system can also show several series of data simultancously, without fitting, to provide a graphical

comparison of the series (Figure 10).

The treatment of the data can be described with reference to Figure 6. The geodetic data is
treated traditionally in campaigns for adjustment ("C.A.") and spatal trend analysis ("S.T.A.",
e.g., see section 2.3). Once the observations have been repeated a sufficient number of ames,
they can be treated as a time series ("T.S.A” time series analysis and plot, e.g., tlt from levelling,
Figure 9; "S.5.A." spatial series analysis and plot, e.g., subsidence). Gedtechnical series are
treated in a similar mannner ("T.S.P."” ime serics analysis and plot, ¢.g., Figures 7 and R: "S.S.P."
spatial scries analysis and plot, e.g., borchole profile changes). The time series analyses ("T.S.A."
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and “T.S.P.") are fitted with the sinusoid in the above equation to separate seasonal effects from
the long term trend. All of the trend analyses are autoniated by command files which are sewup
to control fitting and automated plotting of several series in succession. All of the data can be
used together in simultancous integrated gzometrical analyses following the UNB Generalized
Method (e.g., "D.M.", see section 2.3). If desired, several series can be plotted simultaneously,
without fitting ("Other”, e.g.. Figure 10). Since both the observaton files and the data files are
ASCII text files, they are accessible also through any text editor for manual enty or editing and

can be input to other applications ("Appl'n”).

2.43 Desirable Characteristics of an Automated System
Together, these examples show the desireable characteristics of a data managemeat system for
deformation surveys (including both geotechnical and geodetic observables).

(1) Daua integrity (offering checks in the ficld and later processing).

(2) Data security (automatic archiving and regular data file backup).

(3) Automation of acquisition, processing, and analysis.

(4) Compatbility and integraton with other obscrvables.

(5) Flexibility in access o the data for possible manual entry and editing.

(6) Data openness (useable by other software).

(7) Flexibility in the system to be easily modified to accomodate additional insorumentation

or other forms of analysis.
(8) On-site immediate access to data or any of the forms of analysis.
(9) Near-real time results of trend or other analyses.

(10) Testing and calibration 1s an integral component of the system.
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3. WCRLD WIDE STATUS OF MONITORING AND
ANALYSIS OF DAM DEFORMATIONS

3.1 GENERAL

According to the World Register of Dams (1908) there were a total of 36,235 large dams (h >
15 m) in operation around the world in 1988. This includes 29,974 embankment (earth- and/or
rock-fill) dams, 4,180 gravity and 1,592 arch dams. It is worth notng that about half of the total
number of large dams are in China. USA with a total of 5,469 large dams (see 1.3) is in second
place and Japan in third with 2,228. Table 3.0 lists the number of dams broken down into the
major types which are owned by the top ten International Commissicu of Large Dams (ICOLD)
member countries. Between 1951 and 1986, an average of 337 dams were being constructed per
year, excluding China. In China the average rate was 523 uams per year. The former Soviet
Union, instcad of listing 132 dams, it should probably account for 2,000 or 3,000 dams once
those built by the Ministry of Agriculture and local authorites are added. This would rank the
Soviet Union third behind China and USA. '

There are a total of 79 countries registered with ICOLD. In order to obtain informaton on the
procedures used in monitoring and analysis of dam deformations, a questionnaire (see 1.3) was

forwarded to representative of all the ICOLD member countries.

To date, 28 countrics have responded: Argentina, Australia, Austria, Bangladesh, Brazil, Canada,
China, Cyprus, Czechoslovakia, France, Germany, Greece, Hungary, Ireland, Italy, Japan, Korea,
Netherlands, New Zealand, Norway, Portugal, South Africa, Spain, Switzerland, Thailand, United
Kingdom (UK), United States of America (USA) and Uruguay. On the basis of the questonnaire
and the information gathered from ICOLD Bulletins, Proceedings of ICOLD International
Congresses and other relevant publicadors, this reports summarizes the collected information

from a few selected countries which are considered to be the leading contributors to the new
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developments in deformation monitoring. A special auention has been given to USA an

Canada. Note that the order in which the countries are reviewed is strictly in alphabetical orde!

Number of Dam Types by Country

Table 3.0

(after World Register of Dams, [1988, pp.19-21])

Dam Types
ICOLD Concrete/Masonry
Member
Countries Embankment Arch & Total
Gravity Multiple Arch Buttress
1. China 17473 539 785 23 18,820
2.USA 4694 . s37° S 5 36 5459
3. Japan 1.484 6714 52 18 2,228
4.India 998 138 i - 1,137
S. Spain 151 515 47 24 37 |
6. Ko.2a 675 15 - - 650
(Rep o)
7. Canada 387. - L 19 SRR NEEVIPIS RERETSS | SR - O
8. UK 413 91 17 14 535
9. Brazil 391 107 8 10 516
10. Mexico 343 144 1 5 503
Remaining 69 2,965 1,225 611 201 5,002
Countries
TOTAL (%) | 29974(82.72) £261 {1728) 36235

s

Note: * According 1o the USCOLD Register of Dams currently there are 5,469 dams in the USA (sharma, 1992).

# As of December 1991 Spain registered 1,031 dams (Yagie, 1992).

3.2 ARGENTINA

Argentina has 98 large dams officially registered, some of which are monitored using solely

geodetic instrumentation or both geodstic/geotechnical instrumentation (Aisiks, 1992).
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Argentina has no national standards for dam monitoring. There is, however, a legislation stating
that each of its 25 provinces is responsible for all dams under their jurisdiction. The current
privatization of the majority of the federally owned state companies will force the State
Commissions to enforce supervision and monitoring of dams by the new owners. Currently,
dams owned by state organizations such as Agua y Energia Electrica S.E. and Hidronor S.A.
have formulated their own specifications. These specifications are based on the international
standards set out by the ICOLD bulletins and other publicatons.

The standard practice is to duplicate the instruments at critical points in the monitoring system
or by observing the same point using two distinct types of instruments based on different
principles (e.g., plumb line & wraverse, and settlement gauge & levelling). Other normal practices
adopted by Argentina’s dam owners is to use automated data acquisition systems and seismic
instrumentations in the monitoring scheme. Surveillance of dams is conducted daily by a full
time staff observing and detecting any discrepancies from the regular behaviour (Naum and
Aguilera, 1982).

The weakness in the monitoring system lies with the geodetic survey systems and the methods
used in analysing the data. For example, in the Alicura Dam, in the Northwestern Argentina,
the geodetic network is not accurate enough to detect small displacements in the most critical
areas of the dam. Instead, the data from the extensometer, pendulums and load cells are used
to detect these small changes (Pujol and  Andersson, 1985). For the deformation analysis, the
geodetic and geotechnical data are analyzed independently. Furthermore, the geotechnical data
is separated and analyzed hsing different numerical models. Stress-strain Models are used to
analyze data from load cells and strain gauges and Seepage Models are used to analyze data
from piczometers (Botta et al, 1985). Thero is no one common method of analysis that
combines the data from gcod:tié and geotechnical instrumentations into one integrated

monitoring scheme to determine the overall behaviour of the structure.

A typical monitoring scheme used for deformations in Argentina is summarized in Table 3.1.

It lists the types, numbers and location of the instruments installed and the parameters measured
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within the Alicura Dam (Pujol and Andersson, 1985). The reader is referred to Botta et al
(1985), Pujol and Andersson (1985) and Naum and Aguilera (1982) for a more comprehensive
description on the behaviour and the installation of the instruments and the numerical models

applied to the Alicura Dam.

The above information is the most current information found on dam monitoring in Argentina.
According to Mr. E.G. Aisiks, Chairman of the Argentina National Committee on Large Dams,
the references provided give a good representation of deformation monitcring of dams in
Argentina (Aisiks, 1992). |

Table 3.1
List of Instruments Installed in the Alicura Dam, Argentina
(after Pujol and Andersson [1985, pp. 394-397])

Measured Parameters Instrument Type Instrument Location Qty.
Water Pressures (pore-water & | Electrical piezometers, vibrating wire | Foundation Core Filters, 60
ntersiitial pressures) shells 49+

Left bank 7°
40*
Pneumatic piezometers Core Filter, shells 2
13
Open piczometers Casgrande type D/s Shell foundation 8
Left bank 45
Total pressures ~<crical pressure cells, vibrating Core 13¢
wire
Pneurnatic pressure cells Core 2°
Total forces | Load cells, vibrating wire Left bank only 8*
Load cells, vibrating wire Left bank only 3
Load cells, stain gauge Left bank only 4
Relauve displacements Extensometers Distofor type Left bank only 7
Extensometers. multiple bars, micro Left bank only 6
metre reading (1 direction)
Extensometers, single bar, electrical Core 16
reading (1 direction)
Inclinometers (2 directions) Core, w/s filter, d/s shell 5

9
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Measured Parameters Instrument Type ! Instrument Location >Qty.
Pendulums, invened (2 directions) | Left bank only 2
Joint displacement devices (3 Lefi bank only 60
directions)
Scttiements (inicrnal) Magnetic discs around inclinorneter Core (3 inclnom.) D/s 130
tubes shell (1 inclinom.)
Pneumatic settlement cells Core U/s chell n
Displacements (by geodetic Bench marks (theodolite or Crest, Bams on d/s shell 8
survey) ] distancemeter readings, levelling) Left bank 13
42
Acceleralions (eanthquake Swong motion accelerographs SMA- | Crest, Dfs shell slope 1
induced) 1, intercormected sysiem Left Bank 2
3
Peak acceleration recorders Crest, D/s shell slope 7
Left bank 4
1
Seismic triggers, interconnected Left bank 3
Seismicscope Crest, Dfs shell slope 1
Left bank 2
3
Seepage V-unotch weirs (remote reading Station at dam toe 2
plammed) Left bank 6

Note:  * indicates connection 1o the automatic dala acquisition system

3.3 AUSTRALIA

Australia has approximaizly 409 large dams (World Register of Dam.f, 1988). The majority of
the dams have been developed by state authorities responsible for the conservaton and
distribution of water for irrigation. These major authorides form the membership of the
Australian Nadonal Committee on Large Dams (ANCOLD) (ICOLD, 1989). Overall, Australia
has maintained a good dam safety record with the last dam failure having occurred in 1929. This
safety record can be amributed to the fact that the majority of the dams are enginecred, owned
and operated by public authorities who have their own regular surveillance programs (Cantwell
and Anderson, 1984).
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In 1972, ANCOLD proposed that each state should legislate for a singie control authority
-independent of the existing agencies which engineer and/or own dams. This control authority
would insure that all dams are adequately designed, constructed, operated, mzintained and
monitored. By 1982 each state responded to some degree to ANCOLD’s proposal. As of 1984
there was effective Dam Safety Legislation in only two states, New South Wales and Queensland.
Furthermore, New South Wales is the only state that legislated for the aforementioned separate
Control Authority (Cantwell and Anderson, 1984). However, the positive outcome of
ANCOLD’s actions is that today all of the public authorities responsible for dams have develcped
their own surveillance programs which include specifications for dam monitoring. For example,
the Hydro-Electric Commission of Tasmania has a Safety Dam Unit (SDU) which performs the
inspections of the dam, and reviews deformation surveys, instrtumentation readings and leakages

and maintenance data (Fitzpatrick et al., 1982).

Over the years ANCOLD has been the driving force in establishing Australia’s dam safety
practice. It has promulgated surveillance of dams. In fact, ANCOLD has published the
following sources which reflect the current practice used in the surveillance and monitoring
systems for the major dams in Australia ICOLD, 1989):

1. ANCOLD (1976) - Guidelines Operation, Maintenance and Surveillance of Dams.

2. ANCOLD (1983) - Guidelines for Dam Insarumentation and Monitoring Systems.
A very comprehensive summary of thesec documents can be found in the report by ANCOLD in
ICOLD (1989).

The complexity and extent of the monitoring system used on a dam is influenced by the "hazard
rating” of the dam which is based on the potential economic loss and loss of life as a result of
a structural or mechanical failure. However, once the monitoring system is selected it is assessed
for conformity with the current standards of design, construction, maintenance and operation of
large dams. Afier doing so, if required, a more comprehensive surveillance/monitoring system
is installed. The ANCOLD Guidelines consider routine inspecdon and review systems
fundamental to monitoring/surveillance and essential complements to the instrumentation system.

In the design phase of large dams, the trend is to use numerical analysis techniques to estimate
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the anticipated stresses and deformations exerted by the dam. This provides the logic for the
design of the instrument systems in monitoring the conformity of the dam with acceptable

behaviour patterns.

The systems which are considered in planning and development monitoring requirements for
new ard existing dams as described include:

(1) visual inspection and reviews,

(2) seepage measurement and analysis,

(3) groundwater/seepage pressure measurement,

(4) surface displacement and strain measurements,

(5) internal displacement and strain measurement,

(o) stress and load measurement systems,

(7) hydrometeorlogical, and

(8) seismicity monitoring.

A typical surveillance team consists of a competent staff made up of professionals and sub-
professionals. For example, the Thomson Dam in Melboume, Victoria, is regularly monitored
by Caretakers, Engineers, Geologists and Surveyors (Robins and Walsh, 1989). Overall, the
geotechnical and suuctural equipment used in these measuring systems varv fom simple
instrumentations (groundwater observation wells, strain gauges, extensometer, joint meters) to
sophisticated instrumentations (¢.g., pressure measuring tips providing registers of pressurc at
discrete locations or seismographs with timing accuracy of 0.01 second-for periods up to vne-
month, allowing very accurate location of earthquakes). Scismic monitoring is applied only to
large dams. This is carried out by using or partly integrating the regional seismographic network
and stong-motion sensor system installed randomly in the dam and its foundaton. Surface
displacements are determined by precise survey methods. These methods are used to register
absolute movement of the dam and its abutments. Precise Survey systems are generally based
on a mangulation and/or trilateraton network with a high dcgn:c of accuracy. Different methods
and accuracies are used for embankment and concrete dams. The numbc; and positor. of survey

targets, and the permissible accuracy and tolerances are determined by the designer, but the
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methods and equipment used are determined by survey personnel.

The ANCOLD repont gives some examples of the types of insqumentation systems used to
monitor four of Australia’s major dams. Table 3.2a illustrates some typical instrumentations used
in five concrete faced rockfill embankment dams on the Pieman River on the west coast of
Tasmania (Knoop and Lack, 1985). The frequency of the readings varies from very frequently
during the construction and first filling to less frequently when the saucture has reached a stable
condition and recurrence pattern of behaviours are established. For unusual events and in special
circumstances such as after an earthquake, or rapid draw down or flood conditions in excess of

the normals, ir.creased frequencies of observatons is warranted (ICOLD, 1989). An example of

such a monitoring program is given by Table 3.2b (Murley, 1983).

Table 3.2a

Number/Types of Instruments Installed in Five
Concrete Face Rockf{ill Embankment dams on the
Pieman River, Tasmania

(after Knoop and Lack, (1985, p. 1107))

Type of Instruments Mackintosh | Tullagardine Murchison Bastyan Lower
Hydrosiauc setuement cell 8 5 4 4 ]
Survey targets 20 12 6 1 9
Crest clinometer base 3

Face slope inclincmeter 1 1 1 1
Penmetnc jount meter *4.12 25 8.16 36 38
Face joint meter, pin set +1234 8 | 4 10.10
Face suain meter *20.34 529

Embankmert duauon meter 4

Embanianent pressure meter *25 36
Foundauon Piezomew 14 8
Leakage weir 1 1 1 4 6
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Noucs:

1. *4.12 means four localion, twelve instuments installed in sets at orthogonal direction or in roscucs.
2. +12.34 means twelve jount meters, thiny-four sets.

Table 3.2b
Instrumentation Systems and Monitoring Frequencies™
(Based on Table 9, ANCOLD Guidelines for dam Instrumentation and Monitoring
Systems)
(from Murley, {1983, p. 13))

Seepage

Instrumentation During Routine Monitoring
and First Filling Operational Phase Remarks
Monitoring System
o
Visual Inspecuon: check | Daily
for cracks, seulement,
slips
Seecpage Measurement Daily
Chemical Analysis of If secpage is significant

Pore Pressure
Measwrement:
foundanons and dams.

Surface Displacement

Frequency as may be
necessary to adequaiely
define trends in behaviour
with zpplicabhon water

patem is established then
ammually.

lnternal Dispiacement loading and development « | 40, m
of secpage pattems. Ammually”
Internal Stress 3 fmonth™
Measurement Amuajly®
Hydromeeoriogical Operauonal requirement Operational requirement Continuity of monitoring

may extend to SeTvice
phase for major gated
spillway operauon.
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Instrumentation During Routine Monitoring
awvl First Filling Operational Phase Remarks

Monitoring System

Seismological Continuous Continuous

Notes:
(a) Frequencies are gencralised, particular circumstances, adverse trend in behaviour or risk/hazard ratings may dictate

more frequent monitoring. After unusual event, such as rapid drawdown, filling or earthquake, carry out panial or
full monitoring as appropriate.

(b) Suggested maximum interval, wnitial 3-4 years until dam and foundations exhibit stable characteristics.

(¢) Maximum interval, subscquent years, regardless of sausfactory behaviour.

(d) Afterinitial 5 years, subject (o satisfactory behaviour, surveillance inspection interval may be increased progressively
10 5 year interval. '

In the lauer part of 1980, the Department of Surveying and Land Information of the University
of Melbourne conducted a study of Australia’s automated management and improved presentation
of dam monitoring data. This study concluded that a wide variety of approaches to automated
management of data have been adopted by the majority of the state authoritics and organizations
responsible for the dam monitoring. The majority of these organizatons have adopted PC
systems as opposed to main frame systems. Overall, the automated recording of observations is
considered well developed, but probiems are stll encountered with the automatic reading and

recording of dam instrumentations (Sterling and Benwell, 1989).

Like most countrics, the data from the numerous instruments within the monitoring system is
processed and analyzed independentdy. The analysis often includes the recording of data in a

continuous graphical form for case of recognition of trends and comparison with design

prediction of behaviour (ICOLD, 1989). The survey data from distance measuring instruments

(e.g., EDM Wild DI1-2000) and settlement measuring inscuments (c.g., Jena Ni and 005A Ni-3
Automatic Levels) are also analyzed separately using developed or commercial software packages
providing a least square solution (Stcrling. and Benwell, 1989). Case swdies of existing dams
by Knoop and Lack (1985), Bamet and Funnell (1983), and Fitzpatrick et al. (1982) illustrate

some good examples of the types of graphical analysis used to compare the theoretical and

measured data whereas Sterling and Benwell (1939) give examples of the software packages used

for analysing the survey data.
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3.4 AUSTRIA

Austria owns and operates approximately 123 dams, of which 80% (99) are concrete dams: 82
gravity and 17 arch (World Register of Dams, 1988). According to Duscha (1990), a survey by
the ICOLD Committee on Dam Safety disclosed that Austria has indeed some form of dam safety
legislation. In additon, the Austmian National Report (ICOLD, 1989) claims that in Austria the
responsibility of dam surveillance is designated to an authority (e.g., General Water Right
Authority) and that dam owners are obligated to assign a dam operator.

Furthermore, according to the Austrian National Report, dam owners have an obligation to inform
the authority in charge of the dam surveillance of the organization selected to operate the dam.
The designated operators are riot only responsible for the overall operation of the dam and its
pertinent structures, but also for the entire menitoring program. This includes recording and
evaluating the measurements, preparing the annual or monthly reports, and maintaining the
monitoring system. Consequently, for all of the dams within its jurisdiction, the surveillance
authoriry has to review the reports and inspect each dam every 5 years (ICOLD, 1989; Ludescher,
1985). Based on the information provided by Duscha (1990) and the Austrian Natdonal Report
in ICOLD (1989) it will be assumed that dam monitoring is in fact included in the Austrian

regulations.

The majority information gathered on Austria reveals that Austrian dams are generally monitored
using geodetic, geotechnical, and structural instrumentation. High precision geodetic surveys
include levelling (of dam crests, slopes, embankments and abutments), alignment surveys (for
non-curved gravity dams) and uaverse (preferred for arch dams). Table 3.3 illustrates an
example of one of Austria’s more comprehensive surveillance system. The system is used to
monitor Austria’s largest dam, the Kélnbrein Dam (200 m high). Regrenably the percentage of
the total number of dams that are currently monitored could not be determined from the
informadon available. However, due to the facx‘ that a large number of Austian dams are

situated in remote locauons, more emphasize is placed on the installation of instruments that are
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readily automated (i.e., geotechnical and structural instruments). A sample list of dams whicn
have been automated is given in ICOLD (1989).

Table 3.3
Instrumentation of Koélnbrein Arch Dam in Austria
(from Ludescher, [198S, p. 799])

Quantities Instruments No. of Number of Reading
Measured Instruments Points
Total No.
Automated
—
1 1 1
water level
Loads Uplift pressure cells 41 41 : 25
Sund pipe piezometer 154 154 124
Concrete temperanire transmitier 79 79 63
' Plumb line 17 34 17
Clunometer 52 52 0
Invar-wire extensometer 16 16 16
Displacement Rod-type extensometer 137 137 76
Sliding micrometer 26 982 0
Contraction joint opening transmiticr 115 137 0
Geodetic points
| tevelting 205 262 0
* paverse
¢ target
Sirain and stress Teleformeter 84 84 64
Telepressmeter : 29 29 28
Flow Leakage ) 12 12 12
Microseismic 1 1 1
Seismic _ o —
Activity Microseismic 2 6 6¥
Acoustic emission 2 4 4
Meteorological data 7 7 7
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No. of Number of Reading

Quantities
Points

Measured

No.
Automated

Total 980 2,038 444

According to the Austrian National Report (ICOLD, 1989), when considering any dam-type the
following factors apply: (1) seepage and water pressure measurements constitute the main parts
of the monitoring system, and (2) periodic geodetic measurements must be performed on all dams
constructed in areas where there are potential landslides. With respect to the frequency of the
measurements, the Austrian follow the guidelines suggested in ICOLD Bulletin N* 41. As an
example, provided is Table 3.4 which gives the monitoring frequency program that has been
applied to five large dams in the Glockner-Kaprun Hydro-Electric Power Development

Table 34
. Monitoring Frequencies for
the Glockner-Kaprun Hydro-Electric Power Development in Austria
(after Breitenstein et al, [1985, p. 1126])

Type of Measurement Frequency

| Inspection ) )

Control measurements Weekly

Additional measurements

Geodelic survey
Inspection with expests
Inspection with authonty Every § years

Annually

Some of Austria’s recent developments in the area of instrumentation for deformation monitoring

include:
(1) acoustic emission devices to measure cracks in concrete or rock masses,
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(2) laser plumb lines as an altemative to wire plumb lines,

(3) magnetic measuring devices to detect asphaltic concrete core wall deformations,

(4) special level indicating devices to determine the interior deformation of the dam, and

(5) an intelligent hand-held computer to record measurements of those instruments that have

not been automated.

The above instruments have already been trialed and installed in new and existing dams. Another
important piece of equipment that is included in most of the dam sites is a television camera.
Considered as part of the automated system, the camera is used to provide an overall view of the

dam structure (Breitenstein et al., 1985).

The analysis of the data consists of using deterministic models during the first filling, and a
statistical-based mathematical model such as the muldple linear regression model after several
filling periods (i.c. once more data has been collected). The results of the regression analyses
are later used to improve the parameters of the deterministic model as well as to identify possible
long term changes in the measured data. For the most part, the results of the analyses are
presented in graphical and/or tabular form. The Austrian National Report in ICOLD (1989)
suggest that the analysis of the data should be performed by dam experts and specialists with a
statistical background.

For a2 more comprehensive review of the dam monitoring practices described in this section, the
-reader -is referred -to -the Auswian National Report in ICOLD (1989). Furthermore, additonal
examples of monitoring systems used in Austrian dams are given by Schober and Lercher (1985).

3.5 BRAZIL

There are 516 large dams officially registered in Brazil. Seventy five percent of these dams
(391) are embankment type dams (World Register of Dams, 1988). The most important dams

are monitored using geodetic and/or geotechnical/structural instrumentation (Migusz de Mello,

1992).
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There are no national or local standards/specifications for dam monitoring. The Brazilian
Natonal Committee on Large Dams has issued dam owners general instructons related to dam
safety. These instructions are based on the guidelines published by the ICOLD (Miguez de
Mello, 1992).

From a review of a number of articles by authors such as Seifart et al. (1985), Guedes and
Coelho (1985), Caric et al. (1985), Lima et al. (1985), Filho et al. (1985) and Blinder et al.
(1992) one can conclude that the insoumentation used to monitor earth and concrete dams are
typical of those used by the majority of the ICOLD member countries. Overall, the monitoring
schemes consists primarily of:
(1) geodetic benchmarks for hig.: precision trilateration and levelling, and
(2) geotechnical/structural instrumentation including direct or inverted pendulum,
thermometers, piczometers, elecmic strainmeters, electric jointmenters, electric stress
meters, inclinometers, hydrostatic settlement cells and the most recent instrument the
horizontal plate gauge used to monitor the horizontal displacement normal to the axis of
the dam.
This review also indicated that dam monitoring in Brazil is predominantly based on

geotechnical/structural techniques.

The analysis of Brazilian dams may consists of comparing the behaviour of the dam described
by the data furnished by the monitoring instruments with that described cither by FEM or by
statistical model and/or a physical model (a miniature model of a selecied section of a dam
reproduced to scale). The data from the models is used as approximate limit values (Caric et al.,
1985). The statistical model is based on the Gauss-Markotf Functional Probabilistic Model
(H.G.M.). The H.G.M. model establishes a link between the effect variables (those characterizing
the structural response) and the cause variables (e.g., upstmeam and downstream water level,
ambient temperatures, concrete temperature, strain, stress, leakage flow). Some of the advantages
of the H.G.M. model are that it is simple to use, it requires no knowledge of geomery of the
structure nor the mechanical property of the materials and it can be used to model any kind of
effec’ on any types of dams (Guedes and Coctho, 1985). Guedes and Coclho (1985) describe
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the model in detail and provide several ‘cxamplcs of how the model is applied to existing

. Brazilian dams.

Whichever model is used, the analysis is applied exclusively on points of interest within the dam.
For example, the theoretical displacement at a point in the dam is compared to the actual
displacement measured by a plumbline at that point. These results are commonly presented in

a graphical or tabular form over time.

3.6 CANADA

Canada operates about 608 large dams, ranking amongst of the top ten in the world (World
Register of Dams, 1988). Tre country has been blessed in that it has not yet experienced failures
causing loss of life. However, there have been several incidents recorded which could have
resulted in serious consequences had remedial measures not been taken (Koropatnick, 1990).

In Canada, the Canadian Federaton empowers the ten provinces to develop and control theif
national resource. The management of water and power generation rests with the Provincial
Government. The provinces are therefore responsible for dams in their jurisdiction, including
licensing, regulation and public safety. In most provinces, dams are owned and operated by
provincial "hydro” organizations. The Dam Safety Committee instituted in 1980 by Canadian
‘National Commitiee on Large Dams (CANCOLD) undertook a stuly of regulatons across
Canada. The study revealed that all provinces and territories have enabling legislation that is
very general in nature, lacking in specifics related to safety programmes and surveillance
Currently, Alberta, British Columbia (B.C.) and Québec are the only provinces that have
developed specific safety practices supported by regulations and the administative staff 0
implement them. (Dascal, 1991; Koropatnick, 1990; Tawil 1984; Brunner, 1983; Dam and Cand
Safery Regulations, 1983). An excelient review of the laws and regulations governing the safety

of dams in Canada is given by Tawil (1985) and Tawil (1984).

Albena is the first province to institute laws governing safety of dams: the Dam and Canal Safety
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Regulations enacted in 1978 (Dam and Canal Safety Regulations, 1983). The 1.-gulations are
administered by the Dam Safety Branch which has produced guidelines for licensing and design
flood criteria with respect to dam size and hazard potential. The legislation covers the inventory
of approximately 1,200 dams more than eight meters in height or 60,000 cubic meters or more
in capacity (Tawil, 1984; Dam and Canal Safety Regulations, 1983). Also, the Research
Management Division of the Alberta Environment sponsored the Department of Surveying
Engineering of University of Calgary to develop standards and specifications for deformation
surveys (Teskey, 1988). A copy of the specifications is included in Appendix 8. These standards
and specification relate only to geodetic monitoring surveys. They lack detail and technical

information on the analysis, and are p-ovided only as an examplc from which one can improve.

British Columbia used existing legislation to formulate a very comprehensive surveillance
programm which includes the licensing, classificaton guidelines and inspection frequencies. In
1979, BC Hydro, the power authority in British Columbia, embarked on a study to evaluate 54
dams constructed before 1960. This evaluation lead 1o the remedial work of several dams
between 30 and 60 years old. Also emerging from this appraisal, was the need to review B.C.
Hydro’s organization related to safety of dams. One of the most imporant outcome of the
review is the creation of a new position of Director of Dam Safety in 1981 (Tawil, 1984). The
Director’s responsibility is t0 coordinate and oversee that all of the necessary steps are taken in
order to fulfil B.C. Hydro’s commitment to safety. Another aspect of the B.C. Hydro’s Dam
Safety Program is the preparation and updating of Operation and Maintenance Manuals for all
of its dams. B.C. Hydro is said to be committed to maintain sufety standards consistent with

standards such as those establistied by ICOLD (Brunner, 1983).

In Québec, the Hydro-Québec dam safety polioy was enacted in October 1985. The act defines
th= principles regarding the operation, surveillance and maintenance of dams in order to prevent
or limit the consequences of potential failures. The act is implemented by the Civil Works
Division in each region and by the Dam Safety Directorate from the Generation, Transmission
and Distibution Branch. Since the implementation of the act, two very significant objectives

have been achieved. The first objective was achieved at the end of 1990 when the Dam Safety
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Directorate had implemented nine technical regulations, sixteen standards and three procedures
conceming dam surveillance and safety evaluation. The second objective achieved is that a list
of terms and expressions used in dam safety has been drafted with the aim to provide precise
definitions and allow standardization of dam surveillance and behaviour evaluation throughout
the province. Another major activity of the Dam Safety Directorate is the training of surveillance
personnel. The Directorate has provided courses to field inspectors up to the end of 1990 while
training programs for the engineering staff is scheduled to start this year in 1992, if not already

started (Dascal, 1991).

In the province of Manitoba, the Manitoba Hydro became particularly involved in dam safety in
1974 when surveys of two older dams (Seven Sisters and Great Falls) revealed extensive concrete
deterioration which presented a serious safety hazard. As a result rehabilitation programs were
started in 1978 and a formalized Safety Surveillance program was approved in 1979. Although
the new program provided guidelines for menitoring the conditions and ongoing performance of
various structures, it was not complete in providing an overall dam safety programi. The program
was eventually expanded in 1987 w include a number of safety guidelines published by the US
Corps of Engineers (COE) and those listed in ICOLD’s Check List on Dam Safety. One of the
components that was adopted by Manitoba Hydro is that for each dam, the instructions on the
instrumentation and monitoring is to be included in the dam Operating and Mairitenance Manuals
(Koropatnick, 1990). According to Koropatnick (1990), the current program is consistent with
modemn day practices in Dam Safety Engineering.

In the remaining provinces, progress towards dam safety varies greatly. The need for programs
to ensure public safety is recognised but the overall progress is slow and usually hindered by
inadequate funding. Although one may conclude that, in general, Canadian dams are adequately
artended, some shortcomings stll persist (Tawil, 1984).

Some of the common problems with Canada’s dami safety programmes include poorly designed
monitoring schemes, inadequate instrumentation, lack of calibration facilities, and insufficient

accuracy of measurcments. One of the most serious problems which requires immediate
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attention, at the national level, is the use of out-dated methods in the geomerrical analysis of
deformation measurements (Chrzanowski, 1990). The physical interpretation of deformation

surveys requires knowledge from a matrix of interdisciplinary experts.

There are two known institutions in Canada that have significantly contributed to the progress
in the area of integrated monitoring and analysis of deformations. These are the Surveying

Engineering Departments at the University of New Brunswick (UNB) and University of Calgary.

Over the past fifteen years, the Engineering and Mining Surveying Research Group at UNB has
been intensely involved in interdisciplinary research in the development of new techniques and
new methods for the integrated monitoring and analysis of deformations in engineering and
geoscience projects. The research has led to the development of an earlier described (section
2.3.3) UNB Generalized Method for Deformation Analysis (Appendix 4). The method is
supported by a software package DEFNAN written in FORTRAN 77 which can be executed
cither on an IBM 3090 mainframe or on an IBM compatible Personal Computer. As
aforementioned, the UNB Generalized Method can be applied to any type of structures and it
utilizes different types of geodetic and geotechnical measurements in a simultaneous analysis.
This method has been successfully implemented in many types of engineering and geoscience
projects. For example, it has been used for ground subsidence studies, in oil fields in Venezuela
and in mining areas in Canada, Poland and China; and for deformation analyses of concrete dams
and earthfill dams in the USA, Canada and Venezuela. In dam deformation studies in Canada,
the UNB Generalized Method has been applied extensively in cooperation with NB Power in an
integrated analysis of deformations of the structures at the Mactaquac hydro-electric power
generating station in New Brunswick (Chrzanowski et al., 1989). The method, though used by
NB Power, has not yet been adopted by other provinces. The main reason being generally the
inadequate educational background of those in charge of the analyses.

The current research in UNB is focused on an optimal combination of deterministic modelling
of deformation with results of the geomewical analysis of dzformation observations for the

integrated analysis and physical interpretation. The determinisdc modelling is supported by
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software FEMMA for 2-D and 3-D elastic and visco-clastic finite element analysis (5zostak-
Chrzanowski and Chrzanowski, 1991). A similar method, developed by the University of
Calgary is said to perform an integrated analysis of deformations by combining a physica) mcdel
(finite element) of the structure with the actual deformaton measurements on the structure. The
method has been applied to large fill dams, the Calgary Olympic Oval and large d'imeter buried
pipelines (Biacs and Teskey, 1989). The rusearch at both UNB and University of Calgary has
put Canada into a leading position in international developments of new methods for deformation

analysis.

Although there are some shortfalls in the way Canadians maintain and monitor their dams,
Canadian organizations such as CANCOLD and the Canadian Dam Safety Association (CDSA)
are continuing their efforts w increase the awareness of dam safety through annual conferences
and publications. The CDSA was originally instituted by CANCOLD to assemble and review
~ information on the existing rules arnd reguladons governing dams in various parts of Canada.
One of its key findings was that although all jurisdictions have snabling legislation which set the
responsibility for operation and maintenance with the dam owners, the legislatiea is not specific
on monitoring and surveillance (Tawil, 1985). CDSA also organizes annual conferences where
its members have an oppt tunity to present papers and exchaage inforination on a niumber of
subjects ranging from performance monitoring to 'egislation and remedial works (Anderson,
1990). CANCOLD conmbutes to dam safety in Canada through its membership with ICCLD
-and -its -participation -in some -of ICOLD’s special commitices. As members of ICOLD,
CANCOLD is in an ideal position: it has direct access to ICOLD publications; it is in direct
contact with an overwhelming number of international experts on dams; and it can exchange
infurmation with the other 78 or so ICOLD members in an unilateral, bilateral or multilateral
agreement One of CANCOLD's latest report is its national report to the ICOLD Committee on
Monitoring of Dams and their Foundations published in ICOLD (1989). The report is
CANCOLD'’s views on tke instrumentation concepts and installations related to new and existing
large Canadian dams. Unfortunately CANCOLD’s report in ICOLD (1989) is very general in
nature, however it does bring forth some concepts that Canadians believe 10 be an important pant

of a dam monitoring program. The repont omits the aforemsntioned developments at the
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University of New Brunswick and Calgary which work within the actvities of FIG rather than

ICOLD.

Overall, Canada is in agreement with most countries in that the extent and scope of
instrumentation to be installed in a dam should be determined early in the design stage. Canada
also recognizes that knowledgeable people should be assigned to the surveillance program to
ensure that the monitoring of the dam and reservoir slopes is properly carried out. The types of
monitoring instruments that should be included in concrete and embankment dams, as
recommended by CANCOLD, are summarized at Table 3.5. With respect to the monitoring
frequencies CANCOLD recommends the following: during filling piezometers and seepage weirs
are to be recad once-a-day, others once-a-week and surface surveys once-a-month. These
frequencies are to be maintained undl the reservoir has reached full pool and for a few months
after. Once the structure has reached a normal pattern of behaviour, the frequency of the
readings may be lengthened to suit the requirements of the design engineer (ICOLD, 1989).
Eximples of monitoring frequencies that have been implemented on two Canadian dams are
given at Tables 3.6a -(Revelstoke Dam), 3.6b (La Grande Complex) and 3.6c (Bennet Dam).
Table 3.6¢ also includes the obtained accuracy of the measurements. CANCOLD comments on
some of the advantages and the requirements of automated monitoring systems, however it does
not express whether or not these systems have been implemented in Canadian dams.
CANCOLD'’s repon falls very short in what was stated to be one of the key elements 10 a
successful monitoring program, the analysis of the observation data. The report simply states
that: during the filling of the reservoir the data should bz analyzed as soon as it is available; the
observers should be trained to take accurate observations and not to cover-up any reading that

appear to be inconsistent with the previous readings; and the data should be documenied and

given to engineering office for assessment (ICGLD, 1989).

For more information on the types of monitoring systems applied to some of Canada’s dams, the
reader is referred to a number of articles written by CANCOLD members in the ICOLD

Proceedings of the Fifteenth Congress on Large Dams, Q56, Vol I (e.g., Klohn et al. 1985;
Eisenstein and Brand: 1985; Taylor et al. 1985), in the Proceedings of the 5° International (FIG)
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Symposium on Deformation Surveys (Chrzanowski et al., 1988; Wroblewicz et al., 1988), as well

-as in the Proceedings of the International Conference on Safety of Dams (Paré, 1985).

Table 3.5

Instruments that Should be Used to Monitor

Concrete and Embankment Dams: As Recommended by CANCOLD
(after ICOLD, [1989, pp. 77-80))

QUANTITIES INSTRUMENT REMARKS
MONITORED
CONCRETE DAMS
Surface survey points * located on the dam crest and along the d/s face to
monitor both horizontal and vertical movement
Plumblines, pendulums, * Jocated in wells on shafts to monitor tilt
Deformation plummets
Rod-extensometers * extending from the base of the dam into the rock to
mcnitor foundation displacement
Inclinometers * casings drilled into bedrock and grouted into the dam
to monitor foundation movement
Tiluneters/plurmblines * localed in concrete mass to measure tilt movement (a
series of electric tikmeters can be used to replace a
manually read plumbline)
Jointmeters * imbedded into the concrete 10 monitor opening or
closing of contraction joints and cracks
Temperature Thermometers * should be embedded 10 measure mass concrete
i and temperature changes
Stress/Strain
Measurements Construction Thermometers * located throughout the dam to monitor temperature
during the construction (they are abandoned as
construction proceeds)
Stress and Strain Meters * 2 minimum of 3 stress meters are required to calculate
(Carlson strain meters, the principal stresses (vertical, horizontal and 45°)
vibrating wire strain gauges,
resistance rype gauges) » | * they arc not to be used in concrete dams with height
below 25 m and anticipated swresses below 700 Kpa
* strain meters may be used in areas that may be in
tension
Piezometric Piezometers and other * devices to measure piezometric pressure in shear zones
Pressurc and appropriate instruments in foundation rock, at concrete/rock interface and
Water Flow adjacent to penstock
Measurement
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QUANTITIES INSTRUMENT REMARKS
MONITORED
Electronic open-trench-type * 1o measure flows in the gallerics from the foundation
flumes drains and leaks in the dam
EMBANKMENT DAMS
Pore Pressure An appropriate type of ¢ should be accurately measured at locations where
piczometer to suit the location seepage occurs
and material in which the
pressure is being used * in some cases it is best 1o isolate dam seepage into
various areas of the dam by constructing isolation
dykes within the dam
Deformation Surface settlement points * in general as per concrete dams
Measurements .
Venical measurement gauges, * usually anchored to bedrock and rise as the fill is
extensometers raised
Slope indicator devices * 10 measure horizontal movement transverse and parallel
to the axis
Hydraulic setlement devices | *  installed within the dam fill provide an alternate means
of measuring the internal consolidation of the fill or
foundation
Horizonwal Aquaducer probe, Cross-arms * measured in critical areas where the dam fill is subject
Deformation (another means is by operating 10 large horizontal loadings
Within the Fill | a latchcone inside a horizontal
movement gauge casing
installed perpendicular to the
dam axis in the d/s shell)
Stress Within * placed at cenain critical locations like steep abutments
Dam Fill or narrow gorges and at eanthfili-concrete interface
Earth pressure cells * earth pressure cell measure the total pressure
Earth pressure cells installed * carnh pressure cell with a piezometer installed near it
with piezometers near the cell gives the effective stress
* these measurements give indications if hydraulic
fracture of the fill or arching between internal zones is
- takl.g place -
Horizonul Horizontal strain gauges * shoulc be placed in areas of potential tensile cracking
Strain such ¢s steep abutments and abrupt changes in
Measurements elevations of foundation rock
* they are usually anchored at one end of the dam in the
abutment rock Or to concrete abutment stuctures
Note:  Other quantitics that should be mcasured jnclude reservoir level, ambient temperatures, rainfall and snowfall
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measurcments, frost depth penctration and seismic activities (2 must for all large dams).

Table 3.6a

Frequency of Instrument Readings
at Revolstoke Dam (Canada)
(from ICOLD, (1989, p. 86))

raph

Instrument
Stage Core Foundation Vert. Hor. Hor. Strain
piezometer and shell movement Movement | gauge
L piezometer gauge gauge
W
During Construction frequently by field staff 1/month
Reservoir filling 172 days 172 days 1/week 2/month 2/month
After the first 6 1fweek 1jweek 1/month 1/month 1/month
first res. months '
filling
6 months to | 2/month 2/month 4fyear dfyear 4/year
15 yrs
15025 2/month 2/month 4fyear 4fycar 4/year
years
251065 6/year 6/year 2fyear 2/year 2/year
years
subs. years 2/year 2/year l/year 2/year 1fyear
Instrument
Stage i
Surface Earth Weir and Strong Visual
Monument Pressure Cell Well Motion Inspection
Accelerog

ﬁ During Construction 1/month 1/month 1/month continuous | 1/month

Reservoir filling

1/month

12 days

conunuous

1/day
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Instrument
Stage . .
Surface Earth Weir and Strong Visual
Monument Pressure Cell Welt Motion Inspection
Accelerog
L raph
After the first 6 1/month 1/month 1/week continuous | 1/day
first res. months
filling ]
6 months 10 | 4fyear 4fyear 2/month continuous | 1/week
15 yrs
151025 4fyear 4fyear 2/month continuous | 1/week
years
251065 2/year 2/year 6/year continuous | 2/month
years
subs. years 1/year 1/year 2/year continuous | 1/month
Table 3.6b
Frequency of Instrument Readings
at La Grande Complex (Canada)
(from ICOLD, [1989, p. 88])
INSTRUMENTS
STAGE Sealed Casagra- Inclinometer | Frost | Surface Extens., | Weir
Piezometer | nde Type Monument | Total

P
week
Afier First 1week 1/week 6lyears 1/ 1/month V/season |
the Ist | Year month week
Res.
Filling | Second | 2/month 2/month 1/season v 1/season Iseason | 1/
Year month week
Third 6lyears 1/month Uyeu 1/ 2/year 2/year 1/
Year month month
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INSTRUMENTS
STAGE Sealed Casagra- Inclinometer | Frost | Surface Extens., | Weir
Piezometer | nde Type Monument | Total
Piezometer Pressure
Cell and
Settieme
nt Cell
Subs. 2/year 4fyear 1/year 1/ 1/fyear 1/year 6/year
Year month
Table 3.6¢

Instrumentation Frequency and Accuracy
at Bennet (Embankment) Dam in British Columbia (Canada)
(from Taylor et al., [1985, p. 189])

INSTRUMENT NO. ' ACCURACY FREQ. OF MONITORING
INSTALLED !
Foundation piezometers (standpipe 26, 30 4+ 3 mm Quarnterly
pneumatic 4)
Embankment piezometers (telmac 8. 46 +3mm quanerly
hydraulic 38)
Stress/strain meters a1 1 unit quarterly
Cross-arm Devices 2 V-23mm annually till 1975
Slope indicators 10 H-+1mm | less frequently since 1975
| Surface seulement pts 1 54 i
Levels 2 12 mm /(km) | Annually
OfTsets 2 15Smm Annually
Displacement points 17 23mm Annually
Survey ;:onuol + 4 mm Y(km) | Annually
Secpage measurements ¢
Flumes 7 $3mm quarnterly
Weirs 3 + 3 mm weekly
3.7 CHINA
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China is an ancient country with a long history of dam construction dating back as early as 240
B.C. (Junchun, 1985). In 1988 China registered 18,820 large dams, about 52% of the total dams
within the 79 ICOLD member countries (World Register of Dams, 1988). The staws of
Mmonitoring these dams can be summarized as follows (Chonggang, 1992):
(1) 90% of the reservoirs with a capacity larger than 100 million cubic meters are monitored,
(2) 30-40% of the reservoirs with a capacity between 10-100 million cubic meters are

monitored, and
(3) reservoirs with a capacity below 10 million cubic meters are not monitored at all.

China’s latest contribution to the construction of dams has been the deveiopment of the roller
compacted concrete (RCC) method. This method of construction, inidated in 1979, has been
Proven to be very economical. For instance, the construction period of the Kengkou Dam, the
first RCC gravity dam completed in 1986, was reduced by about one year, and the investment
Cost by about 17%. Today there are at least eight RCC dams in operation with the first RCC
arched gravity dam scheduled to be completed in 1992. The instrumentaton systems for RCC
dams are common to standard concrete dams. Despite its economical advantages, the RCC
Mmethod requires further research regarding the analysis of the surveillance data, the possibility
of constructing very high dams (greater than 150 meters) and the problems associated with the
behaviour and mixture of the concrete (Chonggang, 1991).

China has placed deformation surveys high on its priority list. In the past it has experienced
Tagic events resulting from unpredicted failures of enginecring and geological structures.
COnscqucmly. the State has implemented specificatons for monitoring engineering strucures,
Mining facilities and crustal movements. Currently China has national regulations directing that
Ay large engineering stucture must be monitored (Chen, 1988). The specifications and
Tgulations that govern the monitoring of Chinese dams are (Chonggang, 1992)

. Regulations of Reservoir Safety (national standards published in Chinese in 1991),
2. Technical Specifications for Monitoring of Concrete Dams (published in 1992 in Chinese).
3. Specifications for Embankment Monitoring (still being written).
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4. Interim Statute for Dam Safety Management of Hydropower Stations (edited by Large
Dam Safety Supervision Center, Ministry of Energy in Hangzhou).

The accuracy, procedures and survey frequency for different types of structures are in accordance
to the specifications issued by the corresponding State ministries. Table 3.7 is a summary of the

specifications used for monitoring dams (Chen, 1988).

In China, each power station employs a survey team of five to ten persons to routinely monitor
the deformation of the dam. The majority of the engineers responsible for the supervision of the
deformation surveys have a bachelor degree in surveying or geodesy (Chen, 1988).

The Chinese plan the monitoring scheme during the design stage of the project. Conventional
geodetic surveys using EDM Instruments, with ranges up to 50 km and accuracies of 5 mm +
1 ppm, are widely used. Geotechnical/structural monitoring devices include traditional
instruments (e.g., strain meters, suess meters, pore water pressure gauges and thermometers)
and/or recently' developed instruments (e.g., telemetric coordinameters capable of measuring
displacements up to 50 mm with an accuracy of ¢ 0.10-0.18 mm, remotely controlled laser
alignment systems and fully automatic high-precision hydrostatic level tiltmeter capable of
measuring tilts with an accuracy of 0.001 second of arc) (Chen, 1988). In addition to.using
instruments and surveillance methods stipulated by the specifications, considerations are given
to design and implementation of specific monitoring schemes according to unique features of the
structure or its foundation (Dehou and Quanlin, 1985). Dehou and Quanlin (1985) present a good
example of the monitoring scheme and the data analysis used for the Gezhouba project in the
Three Gorges of the Yangtze River.
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Table 3.7
Main Requirements for Dam Deformation Surveys
J in China
| (after Chen, [1988, p. 140))

! Concrete Dams Earth-rockfill Dams
! * Foundation subsidence & till deflections | * Horizontal displacements
| * Horizontal displacements * Venical displacements
Quanuities * Pore water pressure * Pore water pressure
Monitored * Scepage * Seepage
* Tempcrature of concrete
l * Suesses of the concrete
Horizonwal displacement: 1.0 - 1.5 mm * During construction
Venical displacement: 1.0 - 1.5 mm Horizontal displacement: 10.0 mm
Vertical displacement: 5.0 - 10.0 mm
* During Operation
Monitoring . .
Accuracy Horizontal displacement: 5.0 mm
Vertical displacement: 3.0 - 5.0 mm
During Filling of the Reservoir
7.0 - 10.0 days 7.0 - 100 days
From Full Filling 10 Achieving Stability (3 - 5 yrs)
Monitoring 05 -1.0 month . 1.0 month
Frequency . .
During Normal Operations
_ 1.0 - 3.0 month 3.0 months

China's experience in automated monitoring systems is limited to automatic data collectors.
HOchcr. rescarch experts such as Dehou and Quanlin (1985) believe that establishing an

Wiomated monitoring system capable of interpreting structural behaviours correctly and timely

is ¢xuemely important for the safety of large hydraulic structures.

In China, the common practice is to integrate different survey techniques to detect, locate and
Climinage any gross errors introduced by surveys. For instance, on top of a concrete dam, the

h°ﬁ20ntal and vertical displacements of a construction block can be determined using optical
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alignment and precise levelling. The displacements from this survey can then be compared with
the displacement in the galleries determined, for example, by laser and tensioned wire alignment

systems (Chen, 1988).

The physical interpretation of dam deformation surveys is realized by statistical models,
deterministical models using the Finite Element Mcthod (FEM) or the combination of both. Due
1o the uncertainties of deformation and ignorance of non-elastic behaviour in the deterministic
model, the calculated displacements wiil generally depart from the observed values. Thus, the
determiristic model is improved using a statistical method (least square solution) that estimates
the residuals and the unknown coefficients of the model (Chen, 1988). With the current methods
of data analysis, the observatons from geodetic, geotechnical and structural systems are
processed and analyzed separately. The geodetic data is processed and analyzed by surveyors
and the goetechnical and stuctural data by civil engineers. The reader is referred to Junchun
(1985) for some practical examples of monitoring and analysis of earth and rockfill dams in

China.
3.8 FRANCE

France has 468 large dams officially registered. Over half the 468 dams (310) are concrete dams
-comprising -primarily -of -gravity dams (188) (World Register of Dams, 1988). There are
numerous reports and case studies written on the safety and monitoring of French dams. A large
number of these reports have been published in the Proceedings of the ICOLD Congresses but,
consequently the majority of them, if not all, are written in French without English versions. The
only English written report found on the status of dam monitoring in France is the one submitted
by the French National Committee on Large Dams to the ICOLD Committee on Monitoring of
Dams and their Foundations. This report was published in ICOLD (1989) and provides a fairly
comprehensive overview of dam monitoring in France. The repon is primarily based on the
experience in dam monitoring of the Electricité de Frange (EDF) who owns and operates over

150 large dams in France. A summary of the French National Committee’s report is provided
in the proceeding discussion.
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France is an example where government interventor has resulted in the development of an
tffective and homogeneous system of inspection and surveillance of dams. The French law,
jl dated 14 August 1970, requires inspection and surveillance of éll dams more than 20 metres high
and those whose failure would result in the loss of human life (ICOLD, 1989). The French
Legislation on Inspection and Surveillance of Dams has been reproduced and incluued as

Appendix 9. The components of the law which are believed to be fundamental v dam
Monitoring are (ICOLD, 1989):

(1) the surveillance of the dam is the responsibility of its owner,
(2) a special Government Department ensures that the surveillance is properly carried out by

the dam owner,

(3) the Government Department makes its own visual inspections each year, and a full
inspection five years after first filling and every ten years subsequent, and

(4) for older dams the Government Departrent has a prioritised list of the dams to be
reviewed with which it invites the dam owners to submit a report to the Permanent

Technical Committee on Dams containing the recommendations on the instruments to be

|
i
H
i
!
|
!
‘[

installed.

The French power agencies are self contained and incorporate the following typical divisions
(IcoLD, 1989):
(1) a Construction Division which undertakes the design and construction of the dam, and it
is given the responsibility for dam safety during the construction and first filling,
(2) a Generation and Transmission Division who is in charge of the operation and
maintenance of th: dam, and
(3) a Research and Development Division who is responsible to conduct studies and tests on
materials and szuctures, and it ensures hat it is informed on the results of monitoring.

Some of the additional responsibilities of the divisions are the installation of instruments,

Collecting the measurements, dat processing and interpretation of the results.

In order to ensure that close liaison is maintained between all of the deparmments there is a

M°nitoring Committee consisting of a representative from all of the divisions. The Committee’s
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official role is to coordinate monitoring policy and practices between the divisions, and to
.disseminate information on existing and proposed installation. Note that this does not exclude

the fact that if required outside experts may be called upon.

Some of the key principles of dam monitoring in France include simplicity, reliability (of
instruments and measurements), redundancy, selective monitoring (i.c., read a selective number
of key instruments) and semi-automation (i.c., interpretation of measurements and safety
evaluation remains to be a task of an engineer). The monitoring schemes adopted by the French
comprise of both geodetic, and geotechnical and structural insrumentation. However, depending
on the type of dam, one method is preferred over the other. For example, for arch dams the
policy for monitoring is to use primarily geotechnical instruments. The argument against the use
of geodetic methods is that in France most arch dams are situated in difficult terrain or in high
mountainous areas where it is extremely demanding for skilled personiiel tc access the sites with
high precision instruments. In additicn, with geodetic methods there is a necessity to check the
observation stations against other stable reference points. On the other hand, for arch dams,
surveys are used only on those dams with thin arches where pendulums cannot be incorporated
in the structure (c.g., in the shafts and galleries of tae dam) (ICOLD, 1989).

For concrete and embankment dams the instrumentation used by the French to monitor the dams
consist mainly of:

1. Concrete Dams. Surface monuments for levelling and trilateraton (using EDM),
pendulums (direct or inverted plumblines); extensometers; strain meters (partcularly in
multiple arches and in butmesses); inclinometers; piczometers; pore pressure cells (in
soils); and seepage measurement devices.

2. Embankment Dams. Survey targets fixed on concrete beams sunk deep into the fill for
plane triangulation and direct levelling; intemal movement measuring devices such as
hydraulic level, extensometers with vibratng wire or induction sensors, and
elecromagnetic torpedoes in horizontal tubes; and open pipe piczometsrs, and hydraulic
(USBR type) or electric pore pressure cells.

Examples of existing dams that are being monitored using these types of instruments can be
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found in ICOLD (1989).

The most recent advancements have been developments in telemetric data acquisition which
include telependulum (induction type), distofor and extensofor. The telependulum is basically
a pendulum that can be read remotely. The distofor yields a near continuous log of movements
along a borehole with no friction between the sensor and the bore hole. The extensofor is similar
to the distofor except that is mobile and is lowered into the hole each time a reading is taken
(ICOLD, 1989). A more recent method of monitoring which has been experimented on the Riou
Dam in the French Alps, France’s second roller compacted concrete (RCC) dam, is
thermodynamic monitoring. This method consists of placing in groups every five meters
vertically, thermometers, extensometers and total pressure cells in selected cross-sections of the
dam. In the Riou Dam, the analysis of the results obtained showed the effect of external

temperature during construction and the disturbances caused by the phenomena at the dam face

(Goubet and Guérinet, 1992).

During the construction and filling the initial analysis of the data consists of plotting the
observations of significant parameters against time, concrete or fill level and reservoir level (e.g.,
concrete strain against reservoir level). Subsequently as more measurements are collected more
detailed statistical analysis are done. For example, for concrete dams one can determine the
reversible elastic effects of concrete due to the changes in water level and temperature. Also,
using the relationships between the displacement temperature relationship and the displacement
water level relationships one can correct time related movements for water level and temperature
cffects. These time related movements are then plotted on a graph and the behaviour of the dam
is considered to be normal if and only if the movements fall within a specifi=d dispersion band.
Another approach that the French have taken in the analysis of data is to compare the instrument
readings with those calculaied from FEM analysis during the design. For fill dams a back-
analysis approach is applied where the in situ measurements taken during and/or after
construction are used to calibrate the deterministic model and make it react in the same way as

the dam. The back-analysis approach is considered to be better for prudicting the behaviour for

UNB Repont on Deformation Monitoring, 1992 96



oy

future stages of construction and operation.

After a number of years, with a large quantity of data available, statistcal analyses modelling
(see section 2.3.4) is done. Eventually performance models are developed by fitting an equation
to the results using hydrostatic load, time of measurement, and time measured from the original
measurement as variables. These models are then used to separate reversible temperature and

load effects from the irreversible. Examples of this type of analysis can be found in ICOLD
(1989). '

3.9 GERMANY

Germany has a total of 261 large dams officially listed in the World Register of Dams (1988).
The only information found on the dam safety program in Germany is that of the state of
Nordrhein-Westfalen. The material presented hereinafter is based on a number of technical
papers written by members of the German International Committee on Large Dams and other

German experts in the field of deformation monitoring.

In January 1990, Germany hosted a conference to address several issues related to the safety of
dams in the state of Nordrhein-Westfalen. In Nordrhein-Westfalen the water authorities are
-responsible for-inspecting and maintaining the safety standards of the dams. The state regulations
stipulate that a dam has to meet "generally recognized technical standards” based on the current
techinology, as well as on the experience of specialists in the field. These standards have been
established and published by a number of scientific and technical organizations, in particular the
Deutsche Institut fiir Normung (DIN). Recently, however, it has been recognized that the key
areas requiring additional attention are: (1) a review of monitoring and conwrol measurements,
and (2) the need for establishing guidelines for the frequency of measurements and methods for
evaluating the results. Guidelines prepared by a working group of experts from the State Dam

Committee have already established the basis for serting the minimum level for monitoring and

control (WP & DC, 1990).
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Articles written by Idel and Wittke (1991), Rissler (1991), and Schenk (1988) clearly illustrate
that German dams are monitored using classical geodetic, and geotechnical and souctural
techniques. However, the inclusion of geotechnical instrumentation to monitor dams has been
a recent trend that has only begun in the past ten to fifteen years. For example, the Fiirwigge
Dam was not monitored with geodetic equipment until 1986 as part of the German Dam Safety
Program (Rissler, 1991). Idel (1982) shows that primitive methods such as simple open and/or
pumped drains were still being used to determine seepage and hydrostatic pressures for earthfill
and masonry dams up to the latter 1970. Furthermore, although modem dams such as the
Primstal Dam (1981) have been designed with both geodetic and geotechnical instrumentations,
the German geotechnical and structural monitoring systems when compared with those used on
Italian dams, seem to be inferior. Table 3.8 illustrates the detailed monitoring program applied

to Primstal Dam.

The Germans, like the Swiss, still seem to place more emphasize on geodetic measurements. For
example, with respect to new advancements in the area of monitoring techniques, the emphasis
has been on the development of new geodetic systems. Some of the modem techniques proposed
include automatic theodolite/tachcometer systems, terrestrial photogrammetry and differential GPS
(Niemeier and Wunderlich, 1988). Niemeier and Wunderlich (1988) go as far as suggesting a
future monitoring system comprising of the combination of differential GPS-positioning and
automatic theodolite/tacheometer system. The authors claim that this system will be able-io-
determine the actual position of the dam in real ime and that it will also be possible to connect
the system with internal geotechnical monitoring devices (e.g., centring the GPS antennas above
the plumbline shafts). Table 3.9 shows the comparison of the three proposed methods as well

as the classical triangulation/trilateration techniques.
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Table 3.8
Monitoring System of the Primstal Dam (Germany)
(from Schenk, [1988, p. 765))

Measurements Instruments and Intervals of Remarks
L Location Measurements
e — —
Deformation of Dam and | Settlement gauges, 2/a (2 per year) Until guarantee time
Dam Axis Displacement gauges, (1987)
horizontal geodetic
measurements at sealing 1/a (1 per year) After 1987 and during
face impoundment at every 10
meters drawdown
Seulements of Concrete Geodetic measurements of | 1/a (1 per year)
Structures gallery and bottom outlet
Stress Measurements Total pressure gauges, 1/a (1 per year)
bouom outlet
Discharge of Drainage Drains of asphaliic daily Visual control
System sealing, Concrete drains,
drainage shafts d/s weekly Measurement
Inspection Plant daily
Hydrochemical Analysis | reservoir and drainage 2/a (2 per year)
. System, outside
piezometer
Piezometer, Observation Gallery, abutments and daily Visual conmol
Wells, Natural Springs d/s slope, valley floor,
discharge of piezometer weekly Measurement
— —
Table 3.9

Critical Comparison of Various Geodetic Techniqus (German)

(from Niemeier and Wunderlich, {1986, p. 385])

Approach Terrestrial (Geodetic) Tesrestrial Satellite
Photogrammetric Supported
Method Triangulation Automatic Close Range Differential GPS
Trilateration Monitoring Photogrammetry Phase
Measurements
Overall £z 1-2mm <% 3 mm <£t6mm <% 3mm
Accuracy
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Approach Terrestrial (Geodetic) Terrestrial Satellite
Photogrammetric Supported
Method Triangulation Automatic Close Range Differential GPS
Trilateration Monitoring Photogrammetry Phase
[ Measurements
Reliability and Familiar and Less control Not sufficisnt for 4 observation
Sensitivity approved procedures | stations. More targets. Non-largeted limit. Redundancy
to ensure success. frequent points determinable. demands at least
Clcar terms and observations. Subsequently 3 receivers and
measures of Prediction by calibration parameters | sophisticated
assessment. filters. Altematives | are part of solution. planning of
at total system session sequence.
breakdown? Transformation
problems for
subsequent
terrestrial surveys.
Cost Skilled survey High expenditure. | Customary camera. Still exclusive
parties. Precision Atractive rate of Precision comparator. purchase price of
instrumnents can be utilization. receivers.
dedicated to various Immobility Receiver pools?
other purposes. drawback. Experienced
operator for data
processing.
Usefulness Only wrgeted points suitable for Conclusive survey: Accessible sites
measurement. behaviour of entire free from
structure. » obstructions. No
Common deformation { Simultaneous electronic
analysis programmes. | monitoring of dismrbances.
sliding slopes
Connection Conventional  Conventional Conventional Antenna above
-piumbingshaft.
Strong link if loop- Difficult or poor link between survey systems inside and outside
holes in top gallery the dam.
Long-term High effort to keep Changes will be Severa] reference distances (loss of reference
Stability EDM-correlation quickly revealed. | mark involves wansformation problems)
under control.
Absolute High additional effort, often not practicable. No problem if
Stability . dual ban receiver.
Repetition Seasonal Seasonal Seasonal Probably
continuous.
Observation 3 days In mimues 122 day Depends only on
Time system
availability and
Heavily dependent on weat'ier conditions. number of
receivers.
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Approach Terrestrial (Geodetic) Terrestrial Satellite
Photogrammetric Supported
Method Triangulation Automatic Close Range Differential GPS
Trilateration Monitoring Photogrammetry Phase
L Measurements
Processing Zero epoch: in days Real time and In reasonable time Depends on noise
(rcsponse timce) Subsequent epoch: 1 aulomatic. when using analytical level, cycle slips
day Telemetric plouer, and experience.
Real time when transmission of It might amount
observations are parameters and 10 days wken
compared in situ. results. Alarm ephemeris are
property. degraded.

The only recent advancements known in the area of geotechnical equipment has been the optical
fibre crack-detection and crack-width sensors. These sensors are designed to continuously
monitor the formation and sizes of cracks in concrete dams and heavy concrete structures. The

theory and the application of the sensors are well described by Haug et al. (1991).

Germany and Canada are the only two countries in this study who have demonstrated the use of
sophisticated computational methods for the optimal design and analysis of the geodetic
monitoring surveys. For a comprehensive description of the German methodology for the design
of conwol networks the reader is referred to Gruendig (1986). Case studies of existing dams
iliustrating the -applications of least squares -adjustment and statistical analysis are given by Bill
et al. (1985) and Heck (1985).

Although the Germans can be considered fairly advanced in the area of geodetic deformation
networks, they have not yet investigated the possibility of integrating geodetic observations with

geotechnical and structural observations. ©

3.10 ITALY

In 1988, according to the World Register of Dams (1988), Italy had officially registered 440 large
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dams. Of these 440 dams, there are 97 arch concrete dams, 205 massive gravity concrete dams,
23 buttress concrete dams, 10 multiple-arch concrete dams, 24 rockfill dams and 81 earth dams.
A recent figure on the current number of dams could not be obtained since the ltalian Committee
on Large Dam (ITCOLD) is in the process of updating their dam inventory for inclusion in the
next issue of the World Register of Dams (Bonaldi, 1992).

Italy has no national specifications applicable to dam monitoring. The design, construction and
operation of dams fall under regulations enacted on November 1, 1959. Since then, the regula-
tions have been integrated into the Technical Regulations dated March 24, 1982. The regulations
are general in nature and prescribe the safety rules by which authorities must abide by ICOLD
(1989). The design of the measuring system depends upon the dam type, life span, size and the
reservoir capacity as well as the possible risk to human life. However, the ITCOLD has
recommended general guidelines defining the type of measurements and instruments that should
be used to monitor concrete and ecarthfill type dams. These are given by Tables 3.10a-3.10c
(concrete dams) and Tables 3.11a-3.11b (earthfill dams). The guidelines have been included in
ICOLD, (1989) as part of the ITCOLD’s report. The key requirements of a measuring system
are (ICOLD, 1989):

(1) the system should be designed and installed by specialized personnel,

(2) visual inspections should always be made,

(3) redundant observations should be conducted by observing the same points using different-

instruments,
(4) for automated systems alternatives should be made available to perform the measurements

manually, and

{5) there should be a minimum amount of time (next 1 nil) between the execution of the

measurement and the final analysis. .

The Legislation commissions the overall supervision of dams to the Dam Service and Civil
Engineering Offices of the Technical Department of the Ministry of Public Works. Dam Services

and the Civil Engincering Offices play very important roles in all phases of the project. For
example, during the operation of the dam, Dam Service and the Civil Engineering Offices are
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responsible for carrying out surveillance of the structure. They also visit the dam at least twice
a year, during minimum and maximum reservoir levels if possible, and conduct periodic checks
of telephone, radio links and other signal and alarm systems (ICOLD, 1989).

Dam safety in Italy is primarily based on the comparison of instrumental data with forecasted
data from simple (statistical) models or more sophisticated (deterministic) models. The degree
of risk and safety for a dam is established during the design stage. During this stage a reference
model is defined. This model establishes the quantities that must be observed and how they are
expected to behave. The two major types of models applied to Italian dams are the "a posteriori
regressive model (statistical model)” and the "a priori deterministic model.” The data from the
instruments are independently graphed and compared to the predicted data from one of the two
models. For older dams and those with special problems, the current practice is to perform a
check-up or a "ceniified control” ¢ ¢ry ten years. This may include re-designing the structure 10
determine the reference model and/or revising the entire measuring system in place and verifying
its completeness and adequacy. A complete list of what is reviewed during these visits can be

fouqd in the Ialian national report in (ICOLD, 1988).

TABLE 3.10 - CONCRETE DAMS IN ITALY
Table 3.10a
Environmental Measurements
(from ICOLD, [1989, p. 156])

Temporary

Quantity Operation and

Measured Construction trial test Operation Instruments
Air temp. . ] o Thermometers
Snow & rain fall o .0 ° Snow & rain gauge
Extcrnal pres- o o o Barometers
sure
Humidity o o o Hygrometers
Water temp. . o o Thermometers
Water level - . . Levelling staff, hydro-

static balance
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r
Quantity Operation and

Measui d
Ice thick. - ] o
Bathometry - o * Sonic and radar sounding
-
Table 3.10b

Measurements Within the Dam Body
(from ICOLD, (1989, p. 56])

Temporary
Constr. Operation and Operation
Qty. to be Trial Test Instruments
Measured
GR|BU{AR | GR| B | AR ] GR
v )

Hgn’zomal Triangulation, collimation,

displacement direct and inverted plumb
- line

Ventical e . . e | we . . . o | Topographic or hydrostatic

displacement levelling

Rotations . b - e | oo . . . o | Movable or fixed
| clinometers

Movements of joints | o o o . . . o o | o | Dilatometers, joint meters,

extensometers
Movemeris of se | w= . ss | 58 | ee b ¢+ | ** | Dilatometers, joint gauges,
Cracks exiensometers, acoustic
emission .

Concrete temp. . » . o 0 0 o o 0 | Thermometers

Concrete deform. o o o o o ° ] o o | Extensometers

Stresses o o o o (] o ] o o | Stress meters

Seepage - - - . *t ] ** 1 ** | ** | ** | Weirs, volumemic measu-
L rements
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Table 3.10c

Measurements in the Foundation
(from ICOLD, [1989, p. 156))

Temporary
Constr. Operation and Operation
Qty. to be Trial Test Instruments
Measured
Horizontal hadil A Rl B Mias . Inverted plumb lines,
displacement inclinometers '
Vertical . . . i bl d . . o Topographic or hydro-
displacement statc levelling, exte-
nsometers
Rock deformation o o ) o ] o o ] o Extensometers
Elastic modulus o ] o ) ] o Sonic core, seismic
velocity
Stresses o ] o o )] o Stress meters
Under and pore had hid . . hd o Pressure cells, stand pipe
pressures piczometers, manometric
cells
Under-seepage $6 | 00 | o0 | 8s | b Weirs, volumetric meas-
urements
TABLE 3.11 - EARTHFILL DAMS IN ITALY
Table 3.11a
Environmental Measurements
(from ICOLD, [1989, p. 157])
Temporary
Quantity Operation and
Measured Construction trial test Operation Instruments
Air temp. o ] c Thermometers
Snow & rain fall ] ] o Snow & rain gauges
External pres- o 0 o Barometers
sure -
Humidity o o o Hygremeters
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| Water temp.

Temporary
Operation and

Thermometers
Water level . . Levelting staff, hydro-
static balance
| loe thick. - o
Bathomerry - (L) Sonic and radar sounding
Table 3.11b

Measurements Within the Dam Body and the Foundation

(from ICOLD, {1989, p. 157))

Temporary
Constructien Operation Operation
Qty. 10 be Measured and Trial Instruments
Test
UF C UF C UF C
Sctilements e . e P Py - Topo hic or hydr R
Horizontal displacements i b . * | Triangulation, collimaticn,
inverted plumb line,
inclinometers, extensom-

— eters, invar wires

Deformations . . . . o o | Extensome:

Tota! pressures o o o 0 o o | Pressure gauges

Pore pressure in the dam body o b i oo ** | Pressure cells

POTe pressure and g"ound 1} e £ 1] 1] Y P Pf cells nd

water jevel in the foundation pipe piezometers

Secmgﬁ b Lad e »s | Weirs, vol ic i
N ments

Tubidicy of | * ° * | Tubidity meters
e,
Notes on Tables:
R‘le"ancc of safety levels: Gr = Gravity dam

Cnucal situation (up to collapse} BU = Buaress dam

AR = Arch dam

* Out of service (1ol or partial)
® Check

UF = Upstream waterproof
C = Impermeable core
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ftalians have developed a strategy (ENEL, 1980) for combining the statistic and deterministic
medelling in dam deformation analyses. Statistical models (sece section 2.3.4) consist of
correlations between environmental quantites (¢.g., impounded water level, ambient temperatures)
and structural effects (e.g., displacements). The correlation is derived from statistical analysis
of past data. With the deterministic models (see section 2.3.5), the aim is to derive the effects
from the causes by applying known laws of materials and knowledge of the local conditions (e.g.,
geomeuy, material properties). The cause quantities are those which induce changes in the
structure and the effects are the responses of the structure to the variations of the cause
quantities. To improve the analysis, the two models are often used together to form what is
known as the hybrid model. Here the knowledge of the expected structural behaviour obtained
from the statistical model is used 0 “"tune-up” the deterministic models. Overall, the
deterministic and hybrid models are the mést often used models for analysing the behaviour of

Italian dams (ICOLD, 1989).

The estimated values obtained by the models are taken as the reference values from which the
observations (measured effects) are assessed. If the difference between the forecasted effects and
the measured effects is within specified tolerance bands, then this confirms the hypothesis that
the dam behaves as the model predicted. To visualize what is happening, the measured
deformation from an instrument and the predicted deformation from the model are presented and
compared in graphical forms (ENEL, 1280).

The tolerance bands are determined from the standard deviation of the forecasted model and the
actual measurement. It is esimated on the basis of the data gathered for the normal behaviour
of the structure over a period of two to thrée years. There are three tolerance bands: (1) the first
band equalling to twice the standard deviation within which the behavioar of the dam is classified
as normal; (2) the second band equalling to three times the standard deviation within which the
dam is said to be experiencing slight irregularides; and (3) the third band which is based on the

ulimate strength data of the physical and/or mathemadcal model of the structure causes
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Suspicions of serious irregularities (ICOLD, 1989). The numerical simulation of the deterministic
Models are realized by a Finite Element mathematical model. A description of the deterministic

Model and the application of both types of models are given in the Comportamento Delle Grandi
Dighe Delr' ENEL (ENEL, 1980).

The Lalians assign little imporance to geodetic measurements. Their aim is to obtain
Measurements as quickly as possible and thus their efforts are focused primarily on a system of
instrumentation that can be easily automated. The geodetic systems are very simple, comprising
2 series of plumblines, inclinometers, collimation, bench marks and horizontal survey targets,
®ach analyzed separately. This methodology has limited geodetic measurements and analysis to
2 one-dimensional case. Examples of the most common types of instuments used in the
Monitoring system are given at Tables 3.10a-c and 3.11a-b. Some of the recent developments
in instrumentations are the Lardir (laser systems for surveying the dynamic dispiacements of
dams) and thermography (systems to study the surface’s thermal conditions) (ICOLD, 1989).
Some new Italian developments in instrumentations is sonic tomography (sonic log and sonic
Crass-hole) for diagnosing the state of health of concrete (Bertacchi et al., 1991). Bertacchi et
4. (1991) provide a good description of the method and some examples of its application.

Their seismic surveillance system is a complex system consisting of sensors and hardware for
aquiring, recording and processing the data.  The system is made up of either "distributed”
®quipment (direct recording using accelerographs or seismographic recorders) or "centralized”

®quipment (recording the seismic phenomena to a centralized system using communication

Cables) (ICOLD, 1989).

The major criteria for the frequency of measurements that have been applied by the Italians are
listed in Table 3.12. The table has been constucted from the guidelines provided by the
ITCoLD's report in the ICOLD, (1989). The frequencies of the measurements depend on factors
Such as the quanity to be measured, the life span of the structure, the sensitivity of the measuring
device, the regulations specified by the authorities and other special requirements (ICOLD, 1989).
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‘Excellent examples of the types of monitoring systems and analysis applied to some of the major
Italian dams are included in Bonaldi et al. (1985), Piccinelli et al. (1985), Bonaldi et al. (1984)
and the aforementioned Comportamento Delle Grandi Dighe Dell’ ENEL (ENEL, 1980).

Table 3.12
Measurement Frequencies Applied to Italian Dams
(from ICOLD, (1989, p. 161})

Instruments l Frequency of Measurements
Pendulums, piezometers Bi-weekly
Inclinometers, strain-gauges, uplift pressure Monthly
manometers
Collimation and setlement devices Quarnterly
Levelling and geodetic measurements Semi-annually or annually
Ambient quantities Daily
Seepage Daily

1.  Maximum - time between readings of the most critical measurements should not exceed 15 days.

2.  For automated measuring systems recording of data may be done daily.

3 During the filling of the reservoir at each stages of the filling , a1 minimum, one complete series of
measurements, and processing and analysis of the data witk the design model data should be done.

3.11 JAPAN

Japan has 2,228 large dams which are owned by cither the government or private owners (World
Register of Dams, 1988; Hayashi et al., 1987). There has been a reduction in the number of arch
dams built because of the decrease in favourable sites. Consequently mainly rockfill and
concrete gravity dams have been construced, followed by earthfill dars. Japan is well known
for the development of the Roller Compacted Dam (RCD) construction method. The RCD
construction method reduces the volume of concrete and formwork and uses common equipment
such as bulldozers and dump trucks to transport and place the cement. Today, further research
is being done to improve the RCD technology o build large dams up to 155 meters high

(Nakazawa, 1991).
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The Japanese government has taken a fairly conservative approach to dam safcxy. Dam safety
has been achieved through the implementation of studies, the involvement of experts, the careful
planning of monitoring systems and the use of specialized construction methods, design criteria
and guides. The current regulations regarding the criteria for the design and monitoring of
Japanese dams are specified in the following four guides (Hayashi et al., 1987):

1.  Manual of Instrumentation and Monitoring of Dams, published by the Federation of
Electric Power Companies, 1964 (in Japanese).
Criteria of Monitoring and Inspection of Dam Structures, published by the Japanese
Committee on Large Dams (JANCOLD), 1973 (in Japanese).
3. Guidelines of Design and Monitoring of Dams, published by the Burcau of Agricultural

Construction and the Ministry of Agriculture, Forestry and Fisheries, 1981 (ir Japanese).

4. Guidelines of Monitoring of Safety of Dams, published by the Public Works Institute and

9

the Ministry of Construction, 1982 (in Japanese).

The effective use of instrumentations and monitoring and the proper analysis of the recorded data
are outlined in the regulation guide published by the Public Work Research Insttute. The
regulations commission the Ministry of Construction as the Safety Administration and Monitoring
of Dams. Some of the quantities stipulated in the design criteria are: (1) the permissible pore
and uplift pressures in different types of dams and foundations, (2) the allowable stresses due to
temperature gradients in concrete dams, (3) the treatment of fractured zones in the foundation

rock and the corresponding safety factor, and (4) the seismic coefficients for different types of

dams and regions (Hayashi et al., 1987).

Japan places a high priority on the seismic monitoring of dams. The country is located on a very
active seismic region. Its dams have suffered from seismic shocks from more than 45
earthquakes between 1943 and 1980. Forwitous, the damages to the dams have been negligible
resulting in minor leakages, settlements and deformations which were repaired immediately
(Hayashi et al., 1987). An cxtensive amount of scientific and theoretical rescarch has been
conducted to study the resistance of dams to earthquake. Consequently, whenever new findings

are made they are immediately applied to dam design and construction (Kuroda and Baba, 1985).
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For example, a recent development has been the electro-magnetic recorders for multi-channel data

- collection. In addition the systems have been improved by including accelerometers, velocity

meters and displacement meters. (Hayashi et al., 1987).

Many experts agree that the design of a monitoring system depends upon several factors
including the type of dam, its size and the environment within which it is constructed. Despite
this fact therc are some common quantities (rotations, displacements, settlements) that are
measured within the same classification of dams. For example, JANCOLD has published a very
comprehensive table (see Table 3.13) outlining what they believe to be the essential insruments
that should be included in the major types of concrete and earthfill dams. This table includes
the purpose of the instruments during the construction and maintenance stages. The frequency
of monitoring is given by the guidelines reproduced in Tables 3.14a and 3.14b. Included is also
Table 3.14c, an actual frequency program that is being implemented on the Myama Dam located
in a high seismic region of Japan (Hasegawa and Kikusawa, 1988). These tables show that the
frequency of monitoring is not only a function of time but also a function of the type of dam,
seismic activity and flooding. The selection of a monitoring system that is best suited for a dam
invoives (ICOLD, 1989): .

(1) identifying the elements that characterize the safety of the dam and its foundation,

(2) determining the quantities that best describe the behaviour of the dam,

(3) selecting the best instruments for obtaining these quantties,

(4) determining the number and the optimum distribution of instruments, and

(5) determining the frequency of the observations.

The design of automated monitoring systems is based on the advantages and disadvantages of
the systems. For example, information.from the automated system is very susceptible to
corruption by the improper maintenance of monitoring sensors, therefore if automation is to be
used, it is escential that experts be included as pant of the monitoring requirements. Although
automnated systems are a consideration, they do not replace visual inspection. As shown in
Tables 3.14a and 3.14b, visual 1aspection of any dam is an essential observation during the first
impounding and throughout its life span (Hayashi et al., 1987).
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With the exception of surfacing type rockfill dam, Table 3.13 illustrates that Japan’s regulations
direct that monitoring systems comprise of both geodetic and geotechnical/structural
insrumentations.  These insouments do not differ significantly from those used by other
countries. For any dam, the Japanese regard leakages and deformations to be the most important
quantities to monitor and that during the first impounding and after an earthquake it is very
important to inspect the dams weak points and its foundation (Hayashi et al, 1987). The
surveillance methods for evaluating existing dams is essentially similar to those applied to newly

constructed dams (Satake et al., 1985).

According to Hayashi et al. (1987), some of the new monitoring instruments that are still under

development include:
1. Optical Fibre Cable for transmitting information, a very uscful countermeasure against

electrical storms.

Ultra Red Laser for automating distance measurements.
Remote Control Robot System, used to inspect the dam’s gate, pier, aqueduct, foundation

rock and slopes.

The observations from the surveillance system are analyzed independently using statistical
(regression) analysis based on the progressive history of the structure. The results of the analysis
are compared with those predicted from Finite Element Methods- (FEM) and presented in
graphical forms. In embankment dams, the FEM is also used in analysing the predicted pore
water pressure with those calculated with the measured values. Several examples of these
analyses are given by Hayashi et al. (1987) and papers written by the members of JANCOLD
in the Proceedings of the International Congress on Large Dams (e.g., Fifteenth International
Congress on Large Dams, Vol. I, Q.56 (1985); Sixteenth International Congress on Large Dams,

Vol. I, Q.61 & Vol. 111, Q.62, (1988)).
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Table 3.13
Types of Instrumentations Applied to Japan’s
Concrete and Fill Dams
(from Hayashi et al., [1987, pp.4-5))

Purpose Sensor
Construction | * Control of temperawre Thermometer,
Joint meter,
* Inspection of leakage Strain meter
Maintenance | * Deformations of dam * Sighting survey,
and foundation Plumb line
* Inspection of leakage * Piezometric hall,
from foundation Measuring weir
Construction | * Control of cracking in Tnermometer,
web plate and diamond Joint meter,
-head Strain meter,
Stress meter
Concrete * Deflection
Dam Hollow Grav- | Maintenance | * Inspection of leakage Leakage meter,
i Stain meter,
* Deformation of dam and | Plumb line,
foundation Thermometer,
Piezometer hall,
Sighting survey
Construction | * Deflection and joint Thermometer,
movement Joint meter,
Strain meter,
-1 * -Control-of temperature Stress meter,
Plumb line,
* Conmol of cracki.g Sighting survey
* Observation of rock Sighting survey,
deformation and leakage | Plumb line,
around the discontinuous | Strain meter,
* planes Stress meter,
Rock deformeter,
Deflect meter,
Measuring weir
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Fill Dam

Purpose Sensor
Rockfill (Ce- | Construction | * Contol of excess pore Pore water pressure gauge, !
nter Core water pressure during Soil pressure gauge,
Type) embankment Relative seulement gauge,
Relative shear displaceraent
Control of compaction gauge,
Radio isotope density meter,
Relative displacement Strain meter in inspection
among core, filter and gallery
rock aburment
Maintenance Scttlement, lateral Sighting survey,
deformation Strain meter,
Soil pressure meter,
Pore water pressure Deflect meter,
Rock deflect meter,
Shear deformation on Pore pressure measuring weir,
the abutment, leakage Shear defor.nation meter,
Strain meter and deflect meter
in gallery
Rockfill (Su- | Construction Inclination and stress in | Stress meter of reinforcement,
rfacing Type) surface pavement Inclinometer,
Soil pressure gauge,
* Soil pressure, Pore pressure gauge,
pore pressure, Settiement gauge,
settiement, Deflection meter
horizonal displacement,
compacted density
Maintenance | * Contro! of surface Measuring weir,
cracking Seulement gauge,
Pore pressure gauge,
Leakage, seulement, Stress meter of reinforcement
pore pressure -
Eanhfill Construction Soil pressure during Soil pressure gauge,
embankment Pore pressure gauge,
Piezometer hall,
Pore pressure, settlement | Semlement meter,
of soil layer, lateral Horizontal displacement meter,
displacement, density Radio active density meter
Mazintenance Leakage Sighting survey,
Soil pressure,
Seuiement, pore Deflectmenter,
pressure Pore pressure gange,
Measuring weir,
Lateral deformation Piezometric hall
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Slope around reservoir Maintcnance | * Leakage Piczomerric hall,
Land slide inspector
* Horizontal deformation
* Setlement
* Irclination
== = L
Table 3.142

Monitoring Frequency of Japanese  Dams
(from Hayashi et al., [1987, p.4])

S
QUANTITIES TO BE MONITORED

Gravity | 1/day 1/day 1/day - 17 17 n 1/day

dam days days days

Arch 1/day 1/day 1/day - 135 n 1 1/day

dam days days days Starer

I . | Rock- | 1/day 177 1/day - - 11 11 1/day | Ses &

First - - - - , ] about 1
. fill da 1 days da
impo- | 4.0 ys ys cnys?
vnding

Earth 1/day 177 1/day 1/day - 177 17 1/day

dam days days days

Gravity 17 17 17 - 1/ 1/ 1 1/

dam days days days month | month | month | month
5 Arch 7 7 177 - 105 v 1/ 1/
years dam days days days ° mouth | month | momth | month | gner
;‘n‘:‘ow Rockf- | 177 Y, 11 . . Y, v T e
nding ill dam days month days month | month | month cmye?

Eanth 117 1/ 11 n - 1/ 1V 1

dam days conth days days month { month | month
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Type QUANTITIES TO BE MONITORED
of S R e S
dam Uplift Stress Strain
or pore { Piezom | Temp- | orsoil | or Inspe- | Seismic
Lea- Defor- | pres- etric erawre | pres- shear ction | obser-
kage mation | sure height sure disp!- of vation
ace- dam
ment
e ____________________r__.__.r_____________,_____—l———a———_.__
Gravity 1% 11 Y - - - - 1/
dam month | month { month month | montk | month
Arch 1/ 1/ 1 - 1/ - . 1/
Long dam month | month | month month | month | month | month
m | Rocd- |V 13 v - . . i | smer
il dam | month | months | month month | SSB at
about §
Earth Y 13 i v - - - i/ | cavs?
dam month | months | month | month month
Table 3.14b
Monitoring Frequencies of Japanese Dams
for Specific Cases
(from Hayashi et al., [1987, p. 5])
QUANTITIES TO BE MONITORED
Gravity | 1/day 1/day 1/day - 17 - - 1/day
dam days
Arch l/day | lcay | lday - 177 1 1 1/day
dam days days days Surier
sets at
1 - - about
Rock- 1/da - 1/day - - 1/da
after dam cnys?
flood
discha- | Eanh 1/day - liday | laay - - - 1/day
Ige dam
116
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Monitoring Frequencies of Miyama Dam in Japan
(from Hasegawa and Kikusawa, [1988, p. 206])

Type QUANTITIES TO BE MONITORED H
of
dam Stress Strain
Piezom | Temp- | orsoil | or Inspe- | Scismic
etric erawre | pres- shear ction obser-
height sure displ- of vation
ace- dam
ment
Gravity | 1/day 1/day 1day - 17 - - 1/day
dam doys
1 Arch 1/day 1/day 1/day . 177 177 177 1/day
Week dam days days days
after | poek- | 1/day . 1/day . . . - | sy
Seis- r-" »
mic '
shook |22
Earth 1/ day - 1/day 1/day - - - 1/day
dam
Table 3.14¢

Uplift pressure gauge 4 per month
Sedimentation acoustic method 1 per year
Crest displacement theodolite 1-8 per year
Joint displacement of membrane jointmeter 5 per month
|| Reinforced bar | extensometer | 5 per month
Gallery concrete extenso.neter 5 per month
Earth pressure pressure cell 5 per month
Membrane deformation inclinometer 5 per month
Joint opening along gallery joint metenand thermormeter daily
Rouation of gallery inclinometer 3 per month
Leakage triangle weir (V-nowch) daily
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3.12 PORTUGAL

Portugal has 81 large dams of which 71 of these dams are monitored using geodetic and/or
geotechnical and structural methods (Florentino, 1992; World Register of Dams, 1988). Concrete
and masonry dams make up approximately 70% of the total dams, namely gravity, arch, butress
and mul.dple arch (Pedro et al., 1991).

The dam safety programme in Portugal is governed by the Dam Safety Regulations 1990
(Decree - Law n* 11/90 6* January, Lisbon), and the Codes of Practice concerning design,
construction, operation and monitoring of dams which is now in the process of being approved
by the Portuguese government. These regulations and codes reflect the practice of safety conirol
of Portuguese dams over the past forty years. The regulations assign the responsibility for dam
safety to the dam owner and the State Authority the Director General of Natural Resources
(Direcgio-Geral de Recursos Naturais - DGRN). Furthermore, the regulations stipulate that
DGRN, when required, is to be technically assisted by other organizations such as the National
Laboratory of Civil Engineering (Laboratério Nacional de Engenharia Civil - LNEC), National
Service of Civil Defence (SNPC) and Committee on Dam Safety (Pedro et al.,, 1991; Florentino
1992; ICOLD, 1988). For example, LNEC may be called upon by DGRN to assist them by
Preparing or revising the monitoring plans, preparing reports as defined by the monitoring plans
and implementing the monitoring data in order to have a continuous representation of the dam'’s
behaviour (ICOLD, 1989). Some of the principal issues of the Safery Regulations 1990, primarily
those relating to dam monitoring, are discussed in the following pafagraphs. However, for a
Mmore comprehensive review of the regulations the reader is referred to the Portuguese National
Committee on Large Dams’ report in ICOLD (1989).

The regulations stipulate that a monitoring program will contain plans for:

(1) visual inspectons (e.g., frequency of visits, types of inspections, qualifications of the

inspecting agents, main quantities to be observed, format of the report),

(2) installadon and operation of the monitoring scheme (e.g., physical quantties to be

assessed, specifications of instrument and of their installadon and use, frequency of
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measurements during the construction, filling and operation phases, qualification of agents

charged with the installation and operation of the monitoring scheme, methods of data

collecting and processing), and
(3) the methods used to analyze the data and evaluate safety (e.g., behaviour models used to

determine the most hazardous scenarios).

The physical quantities monitored and the instrumentation used to monitor Portuguese dams are
not significantly different than those practised by other countries. The quantities monitored and
the monitoring schemes are summarized in Tables 3.15 - 3.18. Table 3.15 illustrates the
quantities measured in concrete and fill dams. Table 3.16 gives information on the placement
of the instruments common to concrete and fill dams whereas Tables 3.17 and 3.18 provides
information on the placement of the instruments depending on the type of dam (e.g., gravity dam,
homogeneous fill dam). Furthermore, the frequency of the measurements are given in Table
3.19. All of the tables reflect the Dam Safery Regulations 1990 described in the Portuguese
International Committee on Large Dams’ report published in ICOLD (1989).

Table 3.15
Summary of Quantities Monitored in Portuguese Dams

(after ICOLD, [1989, pp. 229-234))

Category of Physical Quantities ' :
Quantities Methods/Instruments Used
CONCRETE DAMS
* Reservoir levels
Extemal Actions * Air temperature * Themometer
¢ Water temperamre * Thermometer
* Ground motion
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Category of Physical Quantities
-Quantities Methods/Instruments Used
Displacements * Geodetic methods (triangulation, precision traverse
and levelling), direct ¢ - verted plumb line, borchole
extensometers
Rouations * Electric joint meters, deformeters, electric resistance
Structural Effects Joint movements clinometers
Crack movements
Strain *  Strain meters, no-stress meters
Stress *  Siress meters, relief methods (bore hole device with
sess lension tubes), compensation methods for
surface smress (flat jack)
Concrete temp. (inside) * Thermocouple
Uplift
I Seepage
Dynamic Effects Displacement *  Velocity ransducers, microsismographs
Velocities .
Accelerations
- FILL DAMS
External Actions Reservorr 12vels Not insoumented
Internal/external * Triangulation methods, precision levelling, USBR
displacements cross-arms, slope indicators
Pore pressure * Hydraulic piezometers, pore pressure cells
Strucwural Effects ‘Total pressure * Total pressure cells (Glotzl type hydraulic cells or
Maihak type diaphragm cells)
Total flows * V-potch cells, standard cells -
Jynamic Effects Currently no instruments have been installed o observe dyramic phenomena.
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Table 3.16
Portuguese Monitoring Schemes Common
to Concrete and carthfill Dams
(after ICOLD, (1989, pp. 229-235))

Common to Concrete Dams Common to Fill Dams
Methods and Instruments Used Methods and Instruments Used
* Thermometer * Provide info to * Piezometers * In the foundation and
(or other possibly correct carth zones.
electric construction ¢ Total pressure * In the interface zones
resistance procedures (lift between materials of
insruments) heights, concrete different :
intervals, artificial deformabilities.
cooling)
* Rockmeters * Placed under concrete
block to allow the
assessing of the
foundauon
Construction deformability.
¢ Creep cells * Placed inside concrete
to provide the
evolution of the
deformability of the
concrete and data to
determine the stress
for the srain meters.
* Embedded * Provide the reference
strain and state of stress of the
stress meters dam foundation and
structure at the end of
the construction
h et
* Horizontal * By means of plumb
displacement lines and ar cerain
reservoir levels by
geodetic methods.
* Venical * Precision levelling or
displacement rockmeters.
First Filling ¢ Joint * Deformeters.
movements They are similar, however it depends upon the
* Displacement | * Rockmeters. type of fill dam (see Table 3.18).
of dam
foundation
* Secpage and
uplift
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Common to Concrete Dams Common to Fill Dams
R i1 g
Opcration Mecasure quantities rclated to saicty and
those mentioned in the construction and
filling phascs.
e —

In the field of automation, Portugal has long recognized the need for continuous data recording
for certain instruments like plumb lines, thus some recording instruments have been used in
Concrete dams. However, owing that Portuguese dams are accessible throughout the year and
that the necessary automation equipment is readily available off-the-shelf, the priority for the
development of electronics has been to fulfil rapid data processing and efficient behaviour
analysis. With respect to fill dams automatic data acquisition has not yet been considered, but
the automatic processing for data analysis is similar to that used for concrete dams (ICOLD,
1989). An example of a typical data processing and analysis system is given by Florentino et
al. (1985).

The analysis of the data is performed in stages. In the first stage the data is inputted into the
Computer where it is checked for major errors and converted into the geometrical and physical
investigated quantities (stress, strain and deflection). These quantities are further validated by
Means of a mode!l analysis and then plotted by subroutines in tabular or graphicai formsin order-
W interpret the hehaviour of the dam (e.g., diagrams of the distribution of displacements, stresses,
uplifts, seepage and temperatures). In the second stage these results combined with the
information gathered from visual inspections and existing documents are further classified by

tither a qualitative or quantitative method.
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Table 3.17

Portuguese Monitoring Schemes Particular
to the Major Types of Concrete Dams
(after ICOLD, [1989, pp. 229-234))

Quantities l Instruments and Method Used
Arch Dams

¢ Extemnal Actions
& Ground
‘Motion

* Planimetric
Displacement

* Altimetric
Displacement

* Hydraulic
Behaviour

* Movement of
Points Inside the
Body of Dam

* Rotations

* Concrete
Temperature

* Strain/Stress

* Joint Movements

* Triangulation

* Plumb Lines
* Borehole
Extensometers

¢ Precision
Levelling

¢ Invar Wires
and
Rockmeters

* Piezometers
and Drair.
Cunains

* Deformeters

* Jointmeters
* Electric
Clinometers

* Thermometers

* Strain/Stress
Meters

¢ Installed with geodetic targets as a check.
* To obiain absolute displacements of the intermediate anchored

No permanent instrumentation has yet been instalied. Studies have
been made to instal! them in existing and future dams.

Targets placed over the body of the dam to obtain a good
representation of the global movement. Along arches usually at
two levels (one near the crest and other at mid height or even at
more levels when justified). Along cantilevers (one along the
cantilever or three or more distributed on the downstream side of
the dam body). Precision traverse (as mentioned in Table 3.15).

points and the rotations of the corresponding sections. In the
vicinity of coordimeters near the foundation to cbiain the vertical
component of the movement of these points. Also crossing
significant foundation cracks or faults where movement may effect
the behaviour of the dam.

Points located at dam crest and when feasible at inspection
galleries and downstream surroundings.

Connecting galleries by means of connecting invar wires with
rockmeters anchored to deep point installed galleries near the
abutments. )

To measure seepage and uplift pressures.

Practically in all joints in accessible zones (e.g., on the crest, near
dam face, inside inspectior and drainage galleries).

In the medium zones of the block ar at a distance of about one
meter to the dam face and according to the information needed.

Scarcely measured but there is a trend t0 measure them again.

As all other electric resistance instruments (stress and strain
meters) give values of temperature, resistance thermometers are
installed in a supplementary way. To obtain the information about
the mean temperature and the thermal gradient variations along
some strategic selected secions.

Placed in zones where the highest stress is anticipated (i.e., along
the arch crest ard the main cantilever and near the foundation
haunches).
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Quantities Instruments and Method Used

Gravity Dams
* Planimctric * Triangulation | * targets over the body to obtain movements of the different blocks,
Displacement especially higher ones and those located ai different deformability

zones. Where possible at each block a: least one necar the crest and
the other near the foundation. Also depending on the dam height
one or more intermediate markings snay have 10 be installed.

* Precision * Installed in some horizontal galleries.
Traverse
* Plumb Lines | * Installed in one or more blocks.
* Vertical * Precision * At the dam crest, in some cases in horizontal galieries and drainage
Displacement Levelling galieries and in galleries near the foundation.

* Joint Movements | * Deformeters * Useq to monitor relative movements between adjacent blocks
usually installed in places similar to those of arch dams.
* Electric Joint | * Inside joints.

Meters

* Uplift Pressures * Mor= important then arch dams. Special auention is given to the
draired water purbidity.

* Rotations * Electric * Like the stch dams these measurements are just being measured

Clinometers again.

* Temperature * Thermometer | * Internal temperature in sectiors dismributed along the height of the
biock. One or a small aumber of blocks need to be instrumented
because thick concrete has a very high thermal inertia.

*® Stress/Strain ¢ Strain Meters | * Usually installed in high dams only. The usual low stress developed
inside gravity dams in most cases does not justify its mea,urement.

Buttress Dams
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Quantities l Instruments and Method Used '

* Extcrmal Actions

& Ground Motion

* When justified. Only one dam (Aguicira Dam) has been installed
with pamanent equipment to monitor this phenomena.

* Planimetric * Special * The geometric characteristics of the buttress dam calls for a special

Displacement Triangulation network. Targets are distributed over the body of the dam buuress
Networks and arches at different levels.

* Plumb Lines * To measure displacements of points near the foundation and of
points of the arches and buttresses. Special installation may be
recuired, for instance plumb lines incased in external devices.

* Ventical * Precision * Bench marks placed at the crest of the dam and along inspection
Displacement Levelling galleries and downstream zones.

* Rockmeters * They may be required to measure foundation movements in some
particular zones.

* Internal Joint * Carlson * In joints of the arches and, at several elevations, in some joints near
Movements Apparatus the dam faces.

* Deformeters * Surface joint movement in accessible zones.

* Hydraulic * Piezometers * Their placement depends upon the foundation characteristic and the
Foundation and Drainage development of water lighmess and drainage works during the
Behaviour Curtains construction phase.

* Temperature * Thermometers | * Due to the small thickness of the arches the temperature variations

are considerable.

* Strain/Stress * Strain/Stress * Installed in the most typical zones.

Meters and
Creep Cells
Solid Buttress Dams

* Planimenic * Triangulation | * Targets placed over the body of the dam namely near the crest and
Displacement Networks at one or more levels on the buttresses downstream faces.

* Plumb Lines * To measure displacements of some points near the crest or of points
near the foundation. Plumb lines encased in external devices are
used to measure the displacement of points that cannot be
monitored using solely plumb lines.

* Venical * Precision * Bench marks placed at the dam crest and sometime at the

-Displacement -Levelling -downstream zones.

* Rockmeters * They have just recently been considered.

* Internal Joint * Joint Metzrs * Installed at half-thickness between the heads of the blocks.
Movement * Surface Joint * Measure opening and sliding movements of joints at accessible

Deformeters zones.

* Concrete * Thermometer | * The differences in thickness between the head and the web of the
Temperature butress may cause peculiarities in the temperature paitern inside the

congrete.

* Strain/Swess * Strain/Stress * Groups of each together placed in the most typical zones of the

Meters body of the dam may be very useful in the behaviour analysis.
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Table 3.18

Portuguese Monitoring Schemes Particular
to the Major Types of Fill Dams

(after

ICOLD, {1989, pp. 234-235))

Quantities l Instruments and Method Used

Homogeneous Dams
* Surface * Triangulation | * Surface monuments are distributed such that they can be used to
Jisplacement model the entire surface of the dam.
* Precision * Bench marks are usually placed at the crest (if vertical movements
Levelling are measured) or sometimes at the berm.
* Internal * Used 1o determine the distribution of the horizontal and vertical
Displacement displacement.

* Pore Pressure * Measured in one or more sections usually the highest section. In the
transition Zones between the body of the dam and the abutments.

* Water Secpage * Where drainage galleries exit or when devices collection total or
partial that of water are available. )

Zoned Damns
* Surface/Intemnal * Identical 10 those of homogeneous dams. Some internal
Displacement displacement devices are placed in the transition zones between
* Pore Pressure ¢ Pore Pressure | * In clay cores, they are placed in one or more of the highest
Cells and sections. Further to these sections piezometers may be placed in
Piczometers other sections that are considered important for the dam safety.
They are also placed in transition zones between the dam and the
abutments.

* Total Pressure | * Piezometers | * Placed in clay cores and in transition zones between different
materials. Their distribution is imporant in the safety evaluation
with respect 10 hydraulic fracturing,

* Secpage * Same cansideration as for homogeneous dams.

Rockfill Dams With Upstream Impervious Face
* Displacements * Triangulation | * Survey monuments and bench marks are placed on the crest and on -
and Precision the downstream face. Consideration should be made to measure
Levelling displacemnent of points on the upsream face in some sections by
Methods means of slope indicators and measurement of displacement along
transverse and longitudinal lines.
* Flows * Pressure Cells | * Partial and total flows at the upsream face since the impermeability
and is only guaranteed at the upstream face.
Piezometers

Note: The remaining of the quantities measured are similar to
those of the other dams described in this table.
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Table 3.19
Frequency of Measurement of Portuguese Dams
(after ICOLD, [1989, pp. 235-236])

Phases Instruments and/or Frequency of Measurements
Quantities Measured
Concrete Dams
* Elcctrically Embedded * During installation - every 4 hrs until 12 hrs after,
During Apparatus Afier installation (24 hrs after) - every day at on the same
Constructions hour for the first week.
After one month of installation - every 2 weeks.
Following period - once a week.
* Visual Inspection ¢ Continuous.
During Filling | * Measurements of * To achieve a rapid safety assessment especially when the
Displacement by water reaches certain levels of the reservoir, at such time an
Geodetic Methods analysis must determine a thorough understanding of the
behaviour of the dam.
* For the first § years * For essential quantities - weekly
Displacements by geodetic methods - armually
After First For the remaining quantities - formightly
Filling * For the subsegquent * The frequency of the measurements usually decrease,
years however displacements by means of plumb lines and borehole
extensometers and sezpage and uplifis are still measured once
a week.
Fill Dams
During * Pore/Iniemal Pressure * Measurements are made immediately after installarion of the
Construction instruments as soon as conditions allow it and their frequency
depends on the construction development.
First hiling * As stipulate in the specifications in the monitoring plans.
‘After First -} = -Measurements-and 1 * ‘Under normal circumstances (dam behaves as expected) the
Filling Visual Inspections measurement are conducted every 2 years. This will be
changed by the new Dam Safety Regulations.

The qualitative method consists of detecting the correlation between the actions, mainly water

level and temperature, and the corresponding physical quantities as those given by the diagrams.
In some cases the correlation is tempted using mathematical models such as hydraulic, thermal

and structural models (Pedro et al, 1979; ICOLD, 1988). On the other hand, the quantitative

method consists of setting up a quantitative model (statistical, deterministic or hybrid type) which
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describes the functional relationship between the observed effects and the corresponding actions.
The model attempts to predict the values of some physical quantities, taking into account factors
including material properties, geometric characteristics and previous behaviour of the dam
(ICOLD 1988; Gomes and Matos 1985). Some examples of the different types of quantitative
models that have been applied to existing dams are given by Gomes and Matos (1985).

Additional information regarding the different types of monitoring systems and data analysis
addressed above, complete with case studies, can be found in articles by Ferreira de Silva et al.
(1991), Pedro et al. (1991), Florentino et al. (1985), Gomes and Matos (1985), Ramos and Soares
de Pinho (1985), Casaca (1984) and Pedro et al. (1979).

3.13 SOUTH AFRICA

The first dam constructed in South Africa (SA) was a large (h = 15 m ) U-shape embankment
dam in 1652 (Clwage and Oosthuizen, 1985). Today, three centuries later, there are over 452
large dams registered in SA: 257 (57%) embankment dams and 199 (43%) concrete dams (World

Register of Dams, 1988).

In SA, most large dams are owned and engineered by or on the behalf of the SA Department of
Water Affairs (DWA). Dam safety in SA originated with DWA in 1978 when safety inspections
of dams owned by DWA were conducted every 5 years by a competent team of engineers. A
giant leap towards the implementation of safety regulations occurred in 1982 when a Dam Safety
Directorate was established in the deparmment of DWA to develop a dam safety programme
(Oosthuizen, 1984). However, it was not untl recently, in 1986, that the South African
Government introduced Dam Safety Regulations. The regulations insure that plans for
monitoring systems for new dams are approved by the appropriate authority and that the

adequacy of monitoring systems of existing dams are evaluated every S years (ICOLD, 1989).

The majority of the documents related to dam safety in SA have been written by the DWA
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personnel who are also active members of the South African National Committee on Large Dams
(SANCOLD). Consequently, the facts reported in this discussion reflect solely the views,

practices and experiences of DWA.

There are no specifications for dam monitoring in SA. Attempts by DWA to write specifications
failed due to the muldple restrictions and limitations associated with existing dams and the
requirements of a monitoring system peculiar to a site with new dams (ICOLD, 1989). As an
alternative to specifications, DWA has developed an underlining philosophy for the design of a
monitoring system for a particular site. This philosophy dictates the basic factors which DWA
believers should be considered when designing an optimum monitoring system. These include:
(1) the function of the instrument system,
(2) the phase in the life of the dam for which the system is required (pre-construction,
construction, initial filling, normal operation, etc.),
(3) the physical conditions of the dam (geology, design assumptions, hazard potential, etc.),
and |
(4) the particular operational conditions (e.g., the ability and attitude of the observer).
On the basis of this philosophy, DWA recommends a series of steps that should be followed
during the design of a monitoring system (see Table 3.20). Furthermore, DWA often refers to
ICOLD Bulletin N* 41 as a guide for determining the inidal parameters to be measured and the
required frequencics of the measurements (ICOLD, 1989).
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Table 3.20
Steps for the Design and Installation of a Monitoring System
as Suggested by the South African Department of Water Affairs
(after ICOLD, (1989, p. 252])

+  Determine site conditions Study the expected behaviour of
the structure by determining:
¢ Identify critical and key aspects
e the loads acting on it
1. Determine . e its capacity (o recist these
Function(s) and loads
Monitoring Phases ‘ «  other factors influencing
the response of the
2. Study Similar structure (design
Systems redundancies, etc.)
3. Preliminary Design +  Idenify parameter to be measured.
e Select location and number of instruments.
¢  Select read-out frequencies.
¢  Determine required accuracy, measuring range, sensitivity,

repeatability of the various insguments.

Select types of instruments, sensor read-out units, etc.
« Tailor lay-out to acceptable limits.

+  Prepare preliminary drawings and documentation.

4. Intermediate »  Consult Designer, Dam Safety Specialists, Suppliers, Construction
Evaluation Team.
¢ Perform a cost-benefit analysis based on the alternatives. Aspects such
as installation cost, and costs (and convenience) for taking readings
and processing the data in the long term, should also be included.

5. Final Design +  Prepare scenarios for mstrumentation failures and design and specify
i defensive back-up systems.
«  Finalize design (simplest arrangement of devices suitable for the

purpose).
< Write specifications (tenders, installaion, etc.)

Obuain co-operation of construction staff on site.

Plan the installation procedure in detail.

Make final preparations for installation (logistics, re-calibration, etc.)
Insiall or supervise installation.

Keep gocd photographic records.

Record design adjustments.

Do performance checks.

6. Installation
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7. Final Report Preparce an inswullation repon containing:

As-built drawings.

Zero readings.

Records (photographs).

Instructions and manual to the observer and analyst.
An evaluation of the installation.

The monitoring instruments and practices preferred by DWA are summarized in Table 3.21. SA
has taken a rather simplistic approach to dam monitoring. In SA, most dams are situated in
remote arecas hundreds of kilometers away from the organization responsible for dam safety
evaluation and therefore, authorities do not considered it feasible to have sophisticated equipment
on site which requires specialized technicians to operate and maintain. Overall, DWA prefers
geodetic methods to monitor external absolute displacements, and geotechnical/structural
techniques for relative internal deformations. Where applicable, in the case of concrete dams,
traverse methods through galleries and drainage tunnels are preferred over triangulation of points
on the external surface of the dam (ICOLD, 1989). This decision was based on the results of
a case study by Roberts et al. (1985). Roberts et al. (1985) compared the triangulation method
with the traverse method on the bases of accuracy, man power requirements, ime and cost
constraints, and suitability under all operational and weather conditdons. The case study
concluded that the advantages of the traverse method far outweighs those of the triahgulation (see

Roberts, 1985).
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Table 3.21

South Africa’s Preferred Instrumentation and Methods

for Monitoring Dams
(after ICOLD, [1989, pp. 245-247])

Dam Type Quantity Methods Remarks
Measured Instruments
Displacements
Concrete Relative «  3-D displacement crack monitoring devices the ID crack meter
(c.g.. Wexham crack width meter accurate to was developed by
+ 0.02 mm or ID crack width meter accurate DWA, designed
to £ 0.1 mm primarily for use
» mechanical type pendulums with optical during inspections
reading
e tltmeters
Absolute «  geodetic surveys (precise levelling and for many existing
triangulation, traverse in galleries and dams this method is
drainage tunnels) the only practical
solution
Embankment Internal » along lines in wansverse directions a group (i.c. along cross-
Seul. of hydraulic settlernent cells are used sections)
« along the vertical axis magnetic rings are
installed around inclinometer tubes at fixed these are installed
levels during constr.
External (on | « levelling znd triangulation for measuring
embank. or , setlements and other
berm) relative movements
Inclin. < inclinometers with torpedo- shaped sensors
containing sensitive sensors
Pressure
e stand pipes and twin tube hydraulic used to measure
pizzometers piezometric level
are recommended for
Pore short term
Pressure « resistance and piezo-electrical types measurements
¢  hydraulic membrane type of piczometers
All Types of o
Dams
+ Bourdon type of pressure meters for use with the
hydraulic type
Eanth piezometers
Pressure most favoured (can
¢ hydraulic type cell with aansducers be calibrated in situ)
Strain and Stress
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Dam Type Quantity Methods Remarks
Measured Instruments
Strain « sliding micrometers o preferred over any
other borehole
extensometers
- has an accuracy of
beuer than 10?
mm/m
e  small diameter uniaxial stress meters
< smaller bi-axial version of a similar stress
meter as the uniaxial one * it was still being
tested by DWA at
tke time this table
Stress was published -
e ——— ——

As part of the monitoring program, DWA considers site inspection by a trained inspector to be
indispensable in the process of establishing the complete behaviour of the darr. DWA conducts
quarterly inspections in additional to the frequent inspections by local dam owsiers and periodic
dam safety inspections by experienced personnel (Croucamp, 1985).

Regarding data analysis, DWA has a central data processing and evaluation cen.er for most of
its dams. DWA fully recognizes the disadvantages of this method and has take.: steps to equip
some of its personnel with programmable pocket calculators to take the readings and compare
them with those obtained from the behaviour model at the central processing station. In addition,
DWA'’s goal is to have a semi-automated system using a microcomputer at the dam site so that
“local observers can process the readings and make a reasonable interpretation of the behaviour
of the dam expediently and without having to wait for the results from the central office. As
with the pocket calculator, these results can then be compared to those of the behaviour model

(ICOLD, 1989). .

With regards to dam monitoring DWA profcsscs that it has gained a considerable amount of
experience and therefore, has taken a number of precautionary steps (referred to as the golden

rules). Some of these include:
1. When designing an instrumentation system it is necessary to consider all of the possible
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mode of failure and malfunctions of the system.

2. It is not only good practice to use a back-up system but it is also advisable to install a
new type of insoument of unknown performance along side a proven instrument in order
to gain experience and confidence of the new instrument.

3. All instruments must be recalibrated, preferably at the same altitude and under the same
conditions as those where the instruments are to be used.

4. It is a good practice to study the opcrating principles and design of each insouments
carefully.

5. Itis a good practice to use instruments with a good performance record.

6. Lightning protection must be considered (this is something which is often neglected).

7. Inspections by local operators and his staff, apart from the other inspections, is one the
most valuable method of monitoring the behaviour and condition of the dam.

Additional examples reflecting the types of monitoring systems and data analysis used in SA can
be found in a number of case studies reported by members of the SANCOLD at the ICOLD
Fifteenth International Congress on Large Dams, Q56, (¢.g., Croucamp 1985; O’Connor 1985;
Melvill 1985; Van Der Spuy et al. 1985).

3.14 SWITZERLAND

Switzerland has officially listed approximately 144 large dams, 95% of which are monitored
Using geodetic insumentation and 100% are monitored using geodetic and/or
8eotechnical/structural instrumentation (Bischof, 1992). In Switzerland there are no detailed
Rational specifications defining the monitoring af dams, the types of instruments required and the
frequency of measurements (ICOLD, 1989). The safety of dams is governed by the federal law
through the Dam Regulations Act enacted on July 9, 1957. These regulations contain precise
Procedural rules and not technical requirements and thus guarantee a high degree of flexibility,
allowing the supervising authority to decide and enforce the safety standards according to the
Current technology and the specific circumstances (Biedermann, 1988). A copy of the legisla-
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tions and a sample specifications from Swiss Dams: Monitoring and Maintenance are attached
-as Appendix 11. The specifications were provided by the Swiss National Committee on Large
Dams (SNCLD) at the Sixteenth Intemational Congress on Large Dams (Biedermann, 1988).

As a result of this policy, the safety of dams is the responsibility of their owners. They are free
to select what they consider to be the most suitable equipment and monitoring methods, all of
which is subject to approval by the Swiss Federal Surveillance Authorities (ICOLD, 1989). The
reader is referred to the ICOLD, (1989) for a list of duties and responsibilities of the dam
owners to the surveillance authiorities. The Swiss Federal Surveillance Authorities supervise the
execution of monitoring and carry out critical analysis of reports submitted to them on ihc
condition and behaviour of the dam. These authorities also participate every two-to-three years
in annual inspection visits and always attend the five yearly inspections undertaken by experts.

The methodology used in monitering Swiss dams is illustrated in Figure 11 (Biedermann, 1988).
One of the essential ingredients of Switzerland’s dam safety program is a monitoring system
comprised of suitable instrumentation, rapid analysis, and interpretation of readings (ICOLD,
1989). Monitoring itself consists of measurements from the instrumentation system and visual
inspection, neither being sufficient on their own. Like Argentineans, the Swiss also believe that
a monitoring system should be sufficiently redundant. The Swiss try to achieve redundancy by
maintaining parallel but separate sets of instruments and, in addition, facilities fdr evaluating data
by double-checking and by using alternative measurement methods (e.g., plumb line & traverse,

alignment & triangulation, and settlement gauge & levelling) (Biedermann et al, 1988).

Switzerland is one of the few countries in the world that believe or admit that supervision of
large structures such as dams is today an interdisciplinary task of Civil Engincers, Surveying
Engineers, and Geologists, and that a mutual understanding amongst them is essential (Gilg et
al, 1985). All Swiss dams are monitored using either geodetic or both geodetic and geotechnical
and structural instrumentations. When compared to other countries, Switzerland places more
importance on geodetic measurements. Geodetic systems are regarded as complementary control
tools. They are based on a horizontal network (angular alignments, triangulation, traverse, optical
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Figure 11 Monitoring of Swiss Dams
(after Biedermann et al eds., {1985, p. 35])

dignment, EDM) connected to a vertical network (pendulum, levelling). Geodetic schemes are

closely coordinated by specialists such as Civil and Surveying Engineers. The Civil Engineer

Specifies which deformations at which points should be measured and the Surveying Engineer

Specifies how to best coordinate the various geodetic methods. These methods are used for both

Shor:- 4nd long-term monitoring. A new method which is also under consideration for
determining the absolute displacements is the Global Positoning System (GPS) (Egger and
Schneider, 1988).

Automated monitoring systems are not considered imperative but are somewhat convenient.
ThCy are often used when the dam site is noi readily accessible (e.g., dams located in high
Mountainous regions which are not always accessible in winter) or simply as an extension to
the surveillance system. The Swiss strongly believe that one cannot depend completely on the
Teliability of the data from an automated measuring system. An automated Sysiem must never
Teplace the classical monitoring methods (Biedermann, 1988; ICOLD, 1989).
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The ICOLD (1989), Biedermann et al. eds. (1985) and other publications published by
SNCLD/ICOLD show that the geotechnical and structural insrumentation installed in Swiss dams
are not unlike those installed in dams of other countries. The major difference is that
Switzerland’s Safety Regulations force dam owners and authorities to ensure that the dams are
monitored and analyzed with the most recent equipment and methods available. Examples of the
types of instrumentation used to monitor and analyze both concrete and embankment dams are

provided in the sample specifications (sce Appendix 11).

The methods of analysis consist of graphical representations including one or more of the
following: (1) a graph of the results in a chronological representation (uscd when the scasons
have a much greater influence than reservoir levels); (2) a graphical representation of variables
such as displacement and seepage as a function of the reservoir levei (used when the water levels
have a predominant influence); and (3) a graphical representation based on "equal conditions”
(used when the measured results are corrected for hydrostatic and seasonal effects). The latter
method, known as the "compensated displacement” method, is applied above all of the rest for
determining upstream-downstream displacements of concrete dam crest and sometimes for other
points on vertical dam profiles (ICOLD, 1989). For evaluating geodetic schemes with redundant
observations, mathematical models using the least square adjustment are used. If there is doubt
as to whether or not the reference points are fixed, a more sophisticated method such as the

Helmen transformation is used (Egger and Schneider, 1988).

“Deterministic, statistical or combined (hybrid) methods are being increasingly used to calculate
the deformations for a standard loading (e.g., water load) or to convert the measured deformations
into the deformations that would result from a standard loading. In the first case, the differences
in the deformadons between those obtained by one of the graphical methods (measured) and
those calculated are compared to an acceptable margin of error. In the second case, the measured
displacements arc used as displacement inputs ard if the dam behaves as expected the same
deformation values will be obtained (Biedermann et al. eds., 1988). An excellent source which
provides numerous examples of the surveillance of Swiss dams is entted Swiss Dams:

Monitoring and Maintenance (Biedermann et al. eds., 1988). More examples of the Swiss
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approach to dam monitoring are given by Gilg et al. (1985) and Kovari (1985).

3.15 UK

Great Britain is one of the first country to enforce government regulations concerning dam safety.
The current act is the Reservoir Act (RA) of 1975. This act surpasses the initial act, the Reservoir
(Safety Provisions) Act of 1930, in that it is much more stringent and effective (Penman, 1982).
The 1975 RA does not apply to the province of Ireland (Millmore and Charles, 1988). The
current legislation applies to reservoirs which hold or capable of holding 25,000 cubic meters of
water above the natural level of any part of the land adjoining the reservoir (Charles and Tedd,
1991). There are about 2,450 dams that come within the scope of the 1975 RA (Hinks and
Charles, 1992). However, in accordance with the ICOLD definition of "large dams" only about
529 of the 2,450 dams in the UK are considered to be large dams. Furthermore, of these 529
large dams approximately 408 are embankment type dams and the remaining 121 are concrete
type dams (World Register of Dams, 1984).

The provisions of the 1975 RA are described by Johnson et al. (1979). In summary, under the
act:
(1) there is a requirement for all reservoirs to be registered and kept under continual
supervision by a qualified Civil Engineer,
(2) the power of supervision is assigned to the Secretary of State,
(3) there is a provision for establishing enforcement authorities, and
(4) conditions are outlined for criminal liabilities and other administrative procedures (e.g.,
remedial measures are taken if the owner fails to respond to the deficiencies of the

inspecting engineer’s report). .

The 1975 RA was not implemented until 1986. Before the act was implemented it was amended
by the Scottish Hydro-Electric Board. One significant change was converting the reservoir
surveillance and instrumentation policy from a system of manual recording and monitoring to one

with more automated equipment and computer software. Another notable change was the
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addition of the clause stating that every large reservoirs has to have a Supervisor Engineer with

- the appropriate experience and who is a member of the Supervising Engineering Panel (Beak,
1992).

The responsibility for implementing the reservoir safety legislation act has been given to the
Depantment of the Environment (DOE). Within the scope of the act, DOE organizes rescarch
prograrames dealing with the safety of reservoirs. Furthermore, the Building Research
Establishment (BRE), a sub-department of DOE, conducts research into the safety of embankment
dams (Charles and Tedd, 1991).

Some of the outcomes of BRE’s rescarch has been the development of new types of instruments

and methods for monitoring and analysing embankment dams. One development has been the

= s
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so called settlement index (Eq 3.1). The index is used to interpret the results of crest settlements
in order to assess the performance of embankment dams. In equation 3.1, s is the crest
settlement in millimetres measured between time ¢, and t, after the complcnon of the embankment
construction, and H is the height of the dam in meters. Some of the findings suggested from a
review or the settlement indices calculated for a number of British dams, based on the data
collected over a period of eight to ten years, are that the settlement pattern is affected by

reservoir operation and in particular by major draw downs. Another major development has been

the simple index ratio (o,,/y,h,) Wwhich can be used as an indicator of the susceptibility to
hydraulic fracture. The numerator of the index ratio, o,, ,is the total horizontal stress acting
in the direction along the axis of the dam and the denominator, y h, ,is the full reservoir

pressure at the depth of the measurement. If the index ratio is greater than unity then hydraulic

UNB Report on Deformation Monitoring, 1992 _ 139



fracture is unlikely to occur (Charles and Tedd, 1991). Other examples of such developments
are given by Charles and Tedd (1991).

BRE’s work is often published for use by engineers in carrying out safety evaluations under the
1975 RA. For exanmple, BRE is the author of the UK Engineering Guide to the Safety of
Embankment Dams (Building Research Establishment Report BR 171), published in 1990, and
the co-author of the Engineering Guide to Seismic Risk to Dams in the United Kingdom (Charles
and Tedd, 1991; Hinks and Charles, 1992).

British dam experts believe that the continuing safety of an embankment dam largely depends
on visual surveillance supplemented by the installation and monitoring of instrumentation. These
experts also consider pore pressures, seepage and settlements to be the most helpful indicators
of the behaviour of embankment dams (Charles et al., 1992).

A sample of the types of instruments and frequency adopted by the UK are shown in Table 3.22.
Table 3.22 illustrates the policy developed and adopted by the Northern Scotland Hydro-Electric

Board.

Table 3.22
Types of Monitoring and Frequency
Adopted by Scotland Hydro-Electric Board (UK)
(from Johnson et al., {1979, p. 251))

Type of Dam Condition and Age of Type of Monitoring and Frequency
Behaviour Dam
Normal First five Full instrumentation quanerly
years
Arch Norma! * | After five | Full instrumentation twice a year
years
Normal First five Full'instrumentation twice a year
years
Gravity and R )
Butress Normal After five Full instrumentation for one cycle
years every fifth year
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Type of Dam Condition and Age of Type of Monitoring and Frequency
. DBehaviour Dam
Rt S F T ——
Normal First five Levelling twice a year. Pore pressure
years monthly (earthfill only).
Embankment
(Eanh or Normal After five | Levelling once a year. Pore pressure
Rockfill) years twice a year (earthfill only).
Unexpected or uncenain First five Full insoumentation twice a year.
behaviour or where special years Pendulums four times a year (if
circumstances apply installed).
Gravity and As above After five | Full instrumentation for one cycle
Buutress years every 3-5 years or as considered
necessary. Pendulums four times a
year (if installed) otherwise instru-
mentation of key stations twice a
year.
Embankment As above All ages Levelling twice a year. Pore pres-
(Eanth or sures monthly (earthfill only)
Rockfill) :
Note: (1) As the dam becomes older or deteriorates, the frequency of the measurements may be required to
increase.
2 If the dam is built in doubtful conditions or with abnormal behaviour, more extensive insgrumentation
is installed and the frequency of the readings are increased.
3) For arch dams, and large dams subject to large variations in water levels, more frequent cycles are
carried out.
(4) Supervisory inspections and monitoring are undertaken after major floods, seismic activity or unusual

events.

The current policy for insrumenting and monitoring dams in the UK is well described by Beak

(1992). Generally, Beak (1992) indicates that the trend in the UK has been to replace the typical

geodetic, geotechnical and structural instrumentadons (e.g., crest levelling, alignment using a

collimaror, pendulums, crack and joint measurements using callipers, temperature sensors cast

into the corcrete, piezometers) with new techniques that are more adaptable to automation (e.g.,

automatic pendulums to measure movement in both directions, displacement transducers to

measure cracks and joints, thermocuples for concrete temperatures, invar wires to monitor

longitudinal movements in dam galleries, vibrating wire strain gauges attached to concrete

UNB Rcport on Deformation Monitoning, 1992 141



/TN

do

Ry
L

surfaces to enable strain measurements in a plane). The goal is to have all of the readings
recorded and the information transmitted through a land line to a remote computer. Articles
written by Beak (1992), Charles et al. (1992), Penman and Kennard (1982) and Penman (1982)
give excellent examples of the types of instruments and monitoring systems applied to dams in
the UK. Included in some of the articles are detailed descriptions and drawings of the

instruments used, as well, the advantages and disadvantages of each instrument.

Overall, the UK’s experience and knowledge in the design and behaviour of dams have been
primarily with embankment type dams. This stems from the fact that the majority of the dams
within the scope of the reservoir legislation act are embankment type dams (some 2,000 dams).
In particular, UK engineers have acquired experience in monitoring embankment dams with very
wet clay cores known as puddle clay cores (Charles and Tedd, 1991). A UK‘ survey of
embankment dams concluded that the majority of the 2,000 embankment dams (i.e., approximate-
ly 1,300 dams) have puddle clay cores (Millmore and Charles, 1988).

The types of data analysis applied to British dams are traditional in the sense that they are very
simple and straight forward. In most cases the results are presented in tabular or graphical form.
For example, the deflections of embankment dams may be graphed as a function of the reservoir

level and those for concrete dams as a function of time,

If the reader is interested in some examples of the types of instruments and-survey techniques-
used to monitoring existing concrete and embankment dams and their associate problems, he or
she is referred to the case studies cited by Davie and Tripp (1991), Gosschalk et al. (1991),
Johnson et al. (1979) and Ferguson et al. (1979). ’

3.16 USA

There are as many as 5,469 large dams registered in the USA (Sharma, 1992). According to
Sharma (1992), current information regarding how many dams listed in the United States
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Commitiee on Large Dams (USCOLD) Database are instrumented is not available. However,
there are a total or 764 dams owned by the Federal Govenment that are being monitored: 475
by the Corps of Engineers (COE); 265 by the US Bureau of Reclamation (USBR); and 24 by the
Tennessee Valley Authority. Whether or not these structures are being properly maintained and
monitored is an ongoing concern of organizations such as the USBR, Association of State Dam
Safety Officials (ASDSO), Interagency Committee on Dam Safety (ICODS), Federal Emergency
Management Agency (FEMA), USCOLD and COE.

Sharma (1992) suggests that the monitoring instrumentation design is entirely system dependant
(i.e., the expected behaviour of the dam largely depends on the dam-type and its interaction with
foundation and surrounding geological environment). Therefore, there cannot be rigid standards
that are applicable to all dams for monitoring their performance; there can be only guidelines and
considerations. Some of the guidelines and manuals that are currently used in the US are:
1. USCOLD Publication, General Considerations Applicable to Performance Monitoring of
Dams, December 1986.

2. Concrete Dam Instrumentation Manual, US Bureau of Reclamation (1987), Denver,

Colorado.

3. Embankment Dam Instrumeniation Manual, US Bureau of Reclamation (1987), Denver,
Colorado.

4. Instrumentation for Concrete Structures (September 1980). Engineer Manual, EM 1110-2-
4300, US Corps of Engineers, Washington, D.C.

5. “Instrumentation of Earth-and Rockfill Dams: Pant 1-of 2, Groundwater and Pore Pressure
Observations, (31 August 1971) and Part 2 of 2, Earth Movement and Pressure
Measuring Devices, (19 November 1976). Engineer Manual, EM 1110-2-1908, US Army
Corps of Engineers, Office, Chief of Engineers, Washington, D.C.

6. General Considerations on Reservoir Instrumenztation, report by USCOLD Committee on
Measurements, 1979/1981.
7. Seismic Instrumentation in Dams, USCOLD Committee on Earthquakes, April 1975.

8. Dunnicliff, J. (1988). Geotechnical Instrumenztation for Monitoring Field Performance.
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John Wiley & Sons, New York.

In the USA, the concern for the aging of dams by some federal agencies dates back to the mid
1960s. The concemed agencies established a periodic inspection program to evaluate the
conditions of their dams which has contributed to the current active, continuing program of dam
safety evaluation in the federal department. However it was not until after a number of tragic
dam failures that Congress passed legislation in 1972, known as the National Dam Inspection Act.
This act called for the inventory and inspection of all non-federal dams. Furthermore, it was not
until another tragic cvent, the Teton Dam failure in 1976, that funds were actually allotted to
perform the inspections under the 1972 Act. Immediately following the Teton Dam disaster the
Federal Government convened a team of specialists to develop guidelines known as the "Federal
Guidelines for Dam Safety.” In 1979 the Prcsidcm of the USA implemented these guidelines and
FEMA was charged with monitoring conformance to these guidelines. At approximately the
same time, after the failure of the Teton Dam, the President directed the COE to up-date the dam
inventory and inspect about 9,000 r.on-federal large and small dams classified as being hazards
(Duscha, 1984). To date the COE National Dam Inspection Program has beun one of the most
significant development in dam safety efforts. Another survey of a review of state dam safety
programs conducted in 1382-1984 by the University of Tennessce disclosed that over half (26)
of the states still did not have adequate dam safety legislation and adequate resources and
personnel to conduct effective and sustainable dam safety programs. An informal survey
concluded that these statistics were still viable in 1989 (Ellam, 1990). The newest act that is in
effect in the USA is the Dam Safety Act of 1986 (Title X1I of P.L. 99-6G2) (ASDSO Newsletter,

1989).

At the Fourteenth International Congress on Lagge Dams in 1982 in Rio de Janeiro, A.W. Wahler
of the USA expressed that one of the problems in his counmy is that earth dams are often
delegated to junior engineers because senior developers consider them to be simple. He also
added that a number of government agencies in the USA were responsible for designing earth
dams without being specialist in the subject (TWP & DC, 1982). With approximately 86% ~f the
5459 large dams in the USA being embankment type dams one may conclude that W.A. Wakler's
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statement is a valid explanation as to why such an exuberant number of American dams (9,000)
are considered unsafe by the COE’s guidelines.

According to Leps (1985), history of dam failures in the USA has demonstrated that the
instrumentation provided in each case was not selected, installed, observed, or evaluated in a
sufficiently timely manner, or with the skill judgment required, to permit adequate forecasts of,
and offsetting measures against inadequate safety. Leps (1985) supports this statement by citing
a number of cases where this is a fact, one being the Teton Dam in Idaho. The only
instrumentation at the time of Teton Dam failure consisted of nine surface bench marks on the
dam and nineteen deep observation wells in bedrock in the region adjacent to the dam and
reservoir. There were no piczometers, no internal settlement or deformation devices and no

provision for monitoring leakage except visually (Leps, 1985).

Despite these statistics there has been encouraging dcvcldpmcms in dam safety within the past
few years. In 1984 a constitution and by-laws were adopted by several states to form ASDSO.
With respect to.dam safety, ASDSO’s mandate is to provide information and assistance to state
dam safety programs and to improve the efficiency and effectiveness of the programs. Since its
establishment, ASDSO has expanded to include 48 States and two territories. The association
has sponsored national meetings on an annual basis where the use of innovative ideas and
technology in dam rchabilitation projects is presented and exchanged. In addition, organizations
such as FEMA has supported several projects aimed at enhancing the state dam safety programs
-including the-development of a Model State Program for dam safety and the establishment of
technical groups to consider special issues (Ellam, 1990). Another important event that is worth
noting is the signing of a Memorandum of Understanding (MOU) in 1989 between CbE and
FEMA to transfer funds authorized in the Dam Safety Act of 1986 to update the National
Inventory of Dams. Under the MOU, FEMA’s goal is to eventually establish a Natonal
Database consisting o Yoth federal and non-federal owned dams (ASDSO Newsletter, 1989).

As the concern for dam safety in America grew it became apparent that there was little

comprehensive dam safety training available. Recognizing this predicament, an ad hoc steering

UNB Report on D=formation Monitoring, 1992 145



committee comprising of USBR, COE, FEMA, ASDSO and USCOLD was established in 1985
to explore innovative solutions to the training needs problem. The ideal solution adopted by the
steering committee was to design a self-instructional training package. It was argued that self-
instructional training is capable of reaching a very large and broad audience and can be readily
tailored to the needs of the individual learner. The newly established dam safety training
program was given the name Training Aids for Dam Safety (TADS) and obtained the support
of fourteen US Federal agencies within ICODS (Veesaert, 1990).

The TADS program consists of three components comprising of a series of modules with
workbook and texts, supplemented with videotapes. The first component is entitled "Safety
Inspection of Dams" which includes modules on how to prepare for, conduct, and document the
inspection of different types of embankment and concrete dams. Included in this component is
also a module on the instrumentation of embankment and concrete dams. The second
component, "Dam Safety Awareness, Organization and Implementation,” consists of a series of
modules on the importance of dam safety, dam ownership responsibilities and liabilities, and how
to organizing dam safety and operation and maintenance programs, and emergency action
planning. The third and last component, "Data Review, Investigation and Analysis, and Remedial
Action for Dam Safety,” outlines the dam safety process and, how to evaluawe hydrologic and
hydraulic accuracy, concrete and embankment dam stability, and deformation and seepage
conditions. These modules are available through the supporting US Federal agencies or through

USBR (Veesaert, 1990).

In the USA, the monitoring of the performance of dams for their structural safety by means of
external and internal structural measuring instrumentation dates back to 1930, as exemplified by
the Hoover Dam (1636) monitoring system. However, for the reasons stated earlier, it is apparent
that this approach was not applied to the majority of the existing dams in the USA. The need
for the surveillance of dams and the consideration applicable to monitoring and assessing the
structural safety of the dam and its foundation are presented ia the USCOLD publication enttled
"Gs=neral Considerations on Reservoir Instrumentation”, written by the USCOLD Committee on
Measurements 1979-1981 (ICOLD, 1989). The aim of the publication is to provide federal and
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non-federal agencies with a monitoring program that will ensure that the dam is safe and
_operating as expected. A summary of the publication was presented to the ICOLD Committee
on Monitoring of Dams and their Foundations and has been published in the ICOLD (1989) as
part 6f the Committee’s report. The following discussion will outlined some of the major

considerations of the USCOLD’s report.

Overall, the USCOLD’s report includes the following (ICOLD, 1989):

1. The purpose and need for dam surveillance.

2. For embankment and concrete dams, it recommends the quantities to be measured and the
instruments and measuring methods to be used to measure those quantities (see Table
3.23).

3. The procedures to observe when designing a surveillance system (e.g., the need to
establish the purpose of the instrumentation, the steps required when selecting
instrumeats, and listing the purpose of each instruments).

4. Recommendations of the monitoring frequencies at the different phases of the project (see
Table 3.25 of this report). '

5. Considerations concemning data acquisition, processing and presentation of resuits,
including requirements for the personnel responsible for these readings.

6. An example of the principles, process and situations which should be considered in the
evaluation of any data set to determine the structural performance of the dam.

7. A guide to some of the factors that should be considered when selecting an automated

system for a dam.

The types of instrumentations and monitoring techniques for both embankment and concrete dams
recommended by USCOLD are listed in Table 3.23. In Table 3.23, the USCOLD suggests that
a surveillance system for all dams should comprise of a combination of geodetic, geotechnical
and structural monitoring instrumentatdon. Moreover, Tables 3.24a and 3.24b illustrate that a
number of these instruments have already been installed in some of USA’s existing dams. With
respect to geodetic methods, particularly when performing precision measurements with
Electronic Distance Measuring Equipment (EDME), the USCOLD strongly stresses the need for
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a qualified person to make the measurements. Some of the new monitoring methods developed
in the USA include the Streaming Potential Method and the Subsurface Temperature Monitoring

(Thermotic Monitoring) for monitoring seepage (ICOLD, 1989).

Table 3.23
Instrumentation and Monitoring Techniques
Recommended by USCOLD
(after ICOLD, [1989, pp. 287-292))

Quantities Measured Instruments
E|CG}] RCCG |CA}I CB | CE
1. MOVEMENTS
Horizontal and ventical Precision theodolite, X X X X X
ranslation EDM, inclinometer
Rotation Tiluneters X X X X
Relative Strain detection devices X X X X X X
' including joint meters,

extensometer and a variety

of crack monitoring

devices
Strain Strain meters (e.g., Car- X X - X X

Ison elastic wire type)
Differential beiween X
zones
At joints or at cracks X X X X
in concrete

2. STRESS

Gloetz] flat plate, caglson X X X X X

stressmeter, Goodman flat

jack, (stain meters con-

veried into stress)

3.GROUND WATER AND WATER PRESSURE
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Quantities Measured Instruments
CG | RCCG | CA

Pore water pressure Open stand pipes or wells

or by piezometers systeins

. of cither the open or

Uplift pressure closed pipe. Closed sys- X X X

tem piezometers include
Ground water elev- hydraulic or pneumnatic X X X
ation type.
Scepage Movements Weirs (90° V-noich, rec-

tangular or ranezoidal
Phreatic surface type), flowmeter, parshall

flumes, calibrated con-
Discharge amounts tainers, thermatic surveys

and self potential measure-

ments, X X X

" Analysis of Collccted
Seepage
For solids
For chemical-com-
pounds
X X X
Detection of seepage X X x
paths
4. TEMPERATURE

Of the water (at var- Thermometers x X x
ious levels, in the
reservoir and below 1
the dam)
Of concrete at various Carison type resistance X x x
depths at the mass thermometers, face ther-

motmeters
Of aumosphere Thermomet~s ° x x x
Of soil or foundation Carison type resistance x x X
mass thermometers

SSEISMIC EFFECTS

Accelerations Seismographs and strong x x x

motion accelerographs
Displacement b3 x x
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E =Eanh

RCCG = Rolier Compacted Concretc Gravity

CG = Concrete Gravity
CA = Concrete Arch

CB = Concrete Bultress C/E = Concrete and Earth
Table 3.24a
Dam Monitoring Instrumentation
Applied to Existing Concrete Dams in the USA
(from ICOLD, [1989, p. 316])
Name Height/L INSTRUMENT TYPE
(year) ength
(m) Plumbl. | Uplift Collim. | Found. | Embed. | Drain | Seepage | Others
Press. def. Instr. Flows | Meas.
(strain,
temp)
Wl
Crystal | 98/194 16 - 3 16 28 54 13 Slide
(1976) meas.
strain
gauges
East 79/133 . - 4 10 - - - Trizngul
Canyon
(1966)
Flaming | 153392 24 13 8 - 1,078 - 15 16 Therm.
Gorge
(1964)
Grard 55357 24 33 11 10 23 37 - Whirte-
Coulee more pis;
Forebay deflectom-
(1974) eters;
therm.
Glen 216/476 25 38 - 12 1,800 + 16 - Triangul;
Canyon climato-
(1964) logical
Hungry | 172/645 12 50 - - 464 139 - Clima-
Horse tological
[ (1953) 1
Montic- | 937312 6 - - - 162 - - EDM:; tria-
ello (1- ngul.
957
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Name Height/L INSTRUMENT TYPE
(year) ength
(m) Plumbl. | Uplift | Collim. | Found. { Embed. { Drain | Seepage | Others
Press. def. Instr. Flows | Meas.
(strain,
temp)
Morrow | 143/221 26 - 5 3 1,118 36 - Power
Point v plant mon-
(1968) uments;
slide mon-
itoring -
Nambe | 46/98 - 10 6 - 60 21 11 Embedded
Falls meas: flat
(1976) jack press.
12)
Pueblo | 5873109 6 10 6 6 - 8 - Butzress
(1975) movement
(12),
EDM-20
embedded
meas,
Yellowt | 160/451 9 23 3 9 1,650 + - 193 Obs. wells
ail (1- 45
966) )
Cla- 138/1940 2 42 - - - 47 - - Trilat. 43
rance pts
Canon
(1984)
Dwo- 218/1000 2 55 52 9 790 - 4 Seismo-
rshak graph (4)
(1973)

A New 193/7116 4 18 - 39 518 - 15 Triangul.
Bul- 13 pts;
lards jointmezers
Bar (1- 172
969)
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Table 3.24b

Dam Monitoring Instrumentation
Applied to Existing Embankment Dams in the USA
(from ICOLD, [1989, p. 317))

Name Height/ INSTRUMENT TYPE
(year) Length
(m) Pnuem. | Stand- Inclin. Vibr.- Meas. | Seepage | Others
Piezom. | pipe Wire Pts Meas.
Piezom. Piezom.
lg
Calamus 29.32195 43 106 3 16 66 25 Baseplate 12;
(1985) pneumatic s-
ettl. sensors
) 48; thermistor
11
Choke 43.1/5631.4 none 53 none - 9% none Baseplaie 7
Canyon
(1982)
McGee 50.0/6000 Y 41 7 - 57 none Pneumatic
Creek (*) settlement
sensors 8; total
press. cells 24
McPhee 82373963 96 22 7 - 40 none Pneumatic
(1984) ' settlement
sensors 64;
extensometers
2; srong
motion 5
Navajo 123/1112 none 48 none - 60 7 Hydraulic
(1963) piezcmeters
40, mtemal
vert. move-
‘ments 2; water
analysis 11;
horizontal
drain 3
Palmeuo 21/13.904 none 60 4 - 3 128
Bend
(1980) ‘
Red Fleet | 44/518 27 38 9 - 70 2 Horizontal
(1980) drains 100;
mnnel drains
30
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Name Height/ INSTRUMENT TYPE
(year) Length
(m) Pnuem. | Stand- Inclin. Vibr.- Meas. | Seepage | Others
Piezom. } pipe Wire Pts Meas.
Piezam. Piezom.

Ridgeway | 69.2/740.9 68 53 14 8 86 2 Tota) pressure

(&) cells 13; exte-
nsometers 16;
swong motion
6

San Justo | 43/220.1 none 30 23 32 100 15

*

San Luts 115/5669 none 61 19 70 250 13 Hydrau. .

(1967) piczometers
119; intemnal
verL move-
ments 4;
baseplate 3

Sugar 58/183 21 4 5 - 20 1 Hydraulic

Pine piezometers

(1980) 30; total pres-
sure cells 29,
extensometers
12; intemnal
vertical move-
meuts 1

Clarence 62 20 9 21 28 - Carlson soil

Canon pressure cell
1; Carlson
electrical
piezometers 5

(*) Signifies that it the dam was under construction at the time the table was published.

Although it may seem clementary, a significant point with respect to the instrumentation system
design is that the personnel selected to be responsible for the instrumentaton should be able to
answer the question: "Is the instrument guncdoning correctly?” In doing so, they should be
capable of checking for gross error by a simple visual means or if required by more extensive
means, and periodically calibrate and maintain the instrumentation. Furthermore, these persons
should be thoroughly experienced, and capable of fully understanding the purpose and importance
of the insrumentation. The USCOLD'’s report continues on to suggests that this group be headed
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by a senior Civil Engineer who is intimately familiar with the instrumentation system, the dam
and its structural behaviour (ICOLD, 1989). It would appear that the USCOLD is zrying to avoid
the situation that transpired with the Waco Dam failure in Texas from reoccurring. Waco Dam
is an example of a failure where significant movements were noted from a review of the
construction survey data, but at the time wz;s ignored and explained away as being a survey error.
Later, investigations revealed that the failure was caused by a slippage in the foundation clay
shale about 15 meters below the ground (Stroman and Karbs, 1585).

The USCOLD's recommended observation schedule from which a basic framework can be
formulated for a specific monitoring schedule compatible with the types of insruments installed
in the project are listed at Table 3.25. The observatdon schedule indicates the monitoring
frequencies to be observed over the four basic stages of the life of 2 dam; during construction,
first filling, inidal holding (if applicable), during the first year and after the dam attains a
stabilized partern of behaviour. Also included, as a note, are the measurements that should be
observed before construction begins (ICOLD, 1989). For comparison an actual observation
schedule that is being implemented on Monticello earth dams in South Carolina is provided in
Table 3.26.

To enable a better assessment of inswrument performance and to increase the confidence in the
readings, USCOLD suggests that the monitoring system should have some redundancy. This may
be accomplished by installing instruments with different types of sensors close to each other (e.g.,
in the case of piezometer installations, flushable hydraulic cells can be installed beside vibrating
wire instruments). The necessary data for the safety evaluation of the dam should be presented
in tabular or graphical form and compared with the predicted behaviour. Measured values of
response patterns (deflection, seepage, uplift) plotted against time is considered be one of the key
end product of data processing. If dam owners dc not have the expentise to perform the data
processing and analysis, they are encouraged to seek the guidance of federal agencies such as
USBR, COE and other larger agencies. Generally, according to the US National Report (ICOLD,
1989), these agencies own and operate many dams and have well established in-house

insrumentation and dam performance evaluation groups staffed with experienced engineering
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personnel. There is, however, some doubt whether this statement represents the true situation,

particularly in the area of geodetic monitoring.

Automation of data collection in American dams is increasingly being used primarily because of:
(1) the decrease in cost of the technology, (2) the increased reliability of the systems, (3) the
greater availability of electronic sensors for making measurements, and (4) the increased cost of
labour for monitoring. The USCOLD provides a lists of instruments which they consider can be
readily automated, and a list of dams owned by USBR and others that have been installed with
an automated data acquisition system (ICOLD, 1989). The reader is referred to Walz (1989) for
additional information on the automation of data management in the USA. Walz (1989) includes
the types of system components, hardware and software requirements that need to be considered

when implementing such a system. He also provides a table suggesting the types of instruinents

that can and cannot be easily automated.

Table 3.25
USCOLD Instrument Monitoring Schedule
(from ICOLD, [1989, p. 325])

TYPE OF MEASUREMENT

PERIOD -
DEFLECTION & DEFOR- STRESS, STRAIN & SEEPAGE,
MATION TEMPERATURE PIEZOMETER
LEVELS
P—“W
During Construc- | PL -  weekly SS-  weekly U - weskly
tion
N |'SL-  -priortofilling 1SM-  weekly D - weekly

FD -  weekly T- weekly P - weekly
NP -  weekly
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PERIOD TYPE OF MEASUREMENT
DEFLECTION & DEFOR- STRESS, STRAIN & SEEPAGE,
MATION TEMPERATURE PIEZOMETER
LEVELS
First Filling PL -  daily during fill or SS -  once each specified | U- following filling
each specified rise rise
D- following filling
SL - once after reservoir SM - once after reservoir unless un-antici-
reaches level to be reaches level to be pated flow is
maintained maintained encountered
FD -  daily during fill or T- once after reservoir | P - daily during fill
each specified rise reaches level to be or once each
maintained specified rise
MP - daily during fill or
each specified rise
Initial Holding (if | PL -  daily for first wee, SS-  weekly U- daily for first
applicable) weekly thereafier wee, weekly
SM - weekly thereafter
SL-  monthly
T- weekly D- weekly
FD -  weekly
pP- daily for fist
MP -  weekly unless creep wee, weekly
is indicated thereafter
Subsequent First PL -  bi-monthly SS-  bi-monthly U- weekly
Year's Operation
SL -  quarerly SM - bi-monthly D- weekly
FD - monthly T- bi-monthly P- weekly
MP -  monthly
Afier Dam PL -  monthly 'SS-  monthly U- weekly
Auains Suabilized ’
Pauermn of Behav- | SL -  annually at high SM -  monthly D- weekly
iour reservoir
T- monthly P- weekly
FD -  monthly
MP - monthly .
Nole:
Pre-construction Observation
* Geodetic - once before start of construction
* Groundwater levels - once before start of construction
* Seismic activity - early before construction to establish ref base
PL - Plumblines SS - Suessmeters U - Uplift Pressure

SL - Survey Transverse,

SM - Smainmeters D - Seepage
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Triangulation T - Thermometers P - Piezometers
FD - Foundation Deformation
Meters
MP - Multipie Position
Extensometer
Table 3.26
Frequency of Instrument Readings and Dam Surveillance
Fairfield Pumped Storage Facility
South Carolina (USA)
(from Massey, [1982, p. 1155])
Instrument Before Filling During Filling After Filling Remarks .
Accelerometer Automatically sig- 1
nals powerhouse
following earth-
quake larger than
.0045g.
Water level weekly or within
recorder onz hour following
piezometers the triggering of the
accelerometer
Permanent bi-weekly twicefweek with bi-weekly: continue
piezometers and reservoir below El. | for 2 months after
observation Wells 400 reservorr is first
@) tilled
weekly thereafter
daily with reservoir e (b)
above El. 400
- Horizontal drains, | bi-weekly daily same frequency as reservoir perimeter
inla!ce stucure, ’ 1 tbulated above for | springs & wells are
vcr_uml pipe drains, permanent read monthly
springs, flow at all piezometers (c)
toe drainage weirs,
downstream weirs
and drains, and ‘
relief wells .
Turbidity measure- | bi-weekiy daily monthly
moents
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Instrument Before Filling During Filling After Filling Remarks
p— r——e——— ——
'T Scitlement plarcs bi-weckly wwice/week bi-weekly: continue
and borros anchor for 2 months after
points reservoir is first
filled
monthly thereafter
Crest monuments, bi-weekly weekly bi-weekly: continue
intake monuments, for 2 months after
and penstock slope reservoir is first
monuments and tar- filled
gets
monthly: after 2nd
full reservoir month
Slope indicator bi-weekly weekly bi-weekly: continue readings were
for 2 months after discontinued in
reservoir is first 1980 because of
filled damage to pipe
quarterly thereafter
Lake level and daily daily daily
rainfall
Slopc targets bi-weekly weekly bi-weekly: continue | penstock slope
‘ for 2 months after targets continued
reservoir is first monthly
filled
Surveillance of N/A daily quarterly (d)
reservoir shoreline
Survcillance of after completion of | weekly: with res- concurrent with
crest, u/s face, d/s construction ervoir below El. readings of the
face and area dfs of 400 permanent
1oes i piczometers
daily: with reservoir |
above El. 400
General routine after completion of | daily daily
inspection of all consguction
Monticello Dams

The number of permanent piezometers being monitored during the life of the facility may change.

If an earthquake causes the accelerometer to trigger and the permanent and continuous water level recorders of
Dam B indicate a water level change equal 1o or greater than one fool compared with the previous reading,
frequency of the readings will increase to daily or as requested by the engineer.

If an earthquake causes the accelerometer to trigger and the flow or mrbidity changes are noticed, frequency of
readings or observations will change to daily or as requested by the engineer.

Frequericy may be adjusted depending on rate of erosion.

(a)
(b)

()
(d)
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In addition to the information provided by USCOLD's report in ICOLD (1989), there are a
number of articles related to dam safety and monitoring that have been published by different
experts and members of other organizations in the USA. These include reports on the
implementation of monitoring instruments (Leps, 1985; Lytle, 1985), monitoring systems and
instrumentation used on existing dams (Moore and Kleber, 1985; Stroman and Karbs, 1985;
Massey, 1982) and case studies of some of the problems encountered with embankment and
concrete dams (Davis et al., 1991; Fiedler et al., 1991; Kelly, 1991; Thompson et al., 1991;
Murray and Browning, 1984; Abraham and Sloan, 1979; Fetzer, 1979).

Other excellent sources of information are the aforementioned USBR guides on the instrumenta-
tion of concrete and embankment dams entitled, "Concrete Dam Instrumentation Manual” and
Embankment Dam Instrumentation Manual" (Bartholomew and Haverland, 1987; Bartholomew
et al, 1987). The manuals not only provide information on the types of instruments and
monitoring techniques currenty used by USBR but for each instrument the manuals include: their
advantages and limitations, samples of data and analysis from existing dams, a list of sample
specifications, and guidelines on the frequency of the measurements. These manuals have been
prepared primarily for USBR personnel to provide them with information on the installation,
operation, and analysis of instrumentation systems of USBR dams, however designers, engineers.
surveillance staff, dam owners, and dam safety personnel within the USA or abroad may also use

this information (Bartholomew ¢« al., 1987).
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4 SUMMARY OF RESULTS, CONCLUSIONS, AND
| RECOMMENDATIONS

4.1. GENERAL COMMENTS

The scope of work, as listed in the Inroduction, has been fuifilled and even exceeded due to a
collection of larger than expected amount of information form various countries. However, one
has 1o be very careful in judging the general status of monitoring surveys from the available
national reports and answers to the authors’ questionnzire. The reports very often generalize the
status on the basis of a few sclected examples, perhaps the best insrumented, or best analyzed,
dams which can create a too optimistic picture in comparison with the average situation. The

United States is no exception.

A general conclusion reached from the study is that there is an obvious lack of coopcrz;tion.
exchange of information, and work coordination between various international study groups on
deformation surveys. The same situation exists at the national levels in the United States and
Canada. Generally, the structural, geotechnical, and surveying professionals do not exchange
information on their techniques and methods used in deformation monitoring and analysis. In

practice, this situation slows down the implementation of new developments.

The above comments lead to the foilowing recommendation concerning the United States:

(1) The results of this report should be followed by a more detailed study on the actual
status of monitoring individual dams, methods used in the analyses, and educational
background of those placed in charge of the monitoring.

(2) The US Commitice on Large Dams should place more emphasis than now on the
exchange of information between the national associations and agencies involved in dam
deformation studies and international bodies, particularly FIG and 1COLD.

(3) The creation of a truly interdisciplinary national committee (perhaps as a part of the US
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Committee on Large Dams) consisting of world renowned specialists in geoetechnical,
structural, and surveying deformation measurements and analyses, to evaluate the overall
situation in dam monitoring and prepare nation wide guidelines and manuals on

suggested methods.
4.2 STANDARDS AND SPECIFICATIONS FOR DAM MONITORING

Although there are significant differences between various countries in the quality of monitoring
deformation, there is no one country which can serve as an example for others conceming all the
three main aspects of dam deformation monitoring, i.c. monitoring techniques, design of

monitoring schemes, and analysis and management of the collected observations.

A few countries, mainly eastern European countries, during the time when they were still pan
of the "communist block”, including China, developed some national standards and specifications
for dam deformations. Unformnately, these specifications were developed for practically
unrealistic conditions under government dictatorship and ownership of all dams in their countries.
Although some of the standards and specifications may be technically acceptable, they would
have to be carefully reviewed and extensively modified for practical use. Overall, there are no
available standards and specificatons in any of the reviewed countries which could be
recommended for direct adaptation to dam deformation monitoring in the United States. As far
as the choice of monitoring technitmes and recommended uses of various inswuments are
concemed, the ICOLD Bulletins no. 41, 60, and 68, and books and manuals, listed in the text,
give sufficient guidelines to be followed when using geotechnical instrumentation. Although there
are some reputable books on specialized geodetic instrumentation, there is no up-to-date manual
or bock which discusses ali of the aspects of geodetic monitoring surveys, particularly the design

and processing of the geodetic monitoring neiworks.

The above comments lead to the following recommendatons:
(1) Although it seems 1o be unrealistic and, practically, impossible, to prepars overall
detailed standards and specifications for dam monitoring at the national level,cerntain
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processes could and, perhaps, should be standardized, particularly:

(a) calibration of instruments, and

(b) procedures for the integrated geometrical analysis and data management from the
moment of the data collection, through the reduction of data and trend analysis
(including the identification of the unstable reference points) to the determination
of the deformation model.

(2) General guidelines, much broader than the aforementioned USBR manuals on
instmmentation, should be elaborated at the national level with respect to: design of the
integrated monitoring schemes, particularly optimal choice of instrumentation, selection
of the parameters to be monitored, the required accuracy, optimal location of the
instruments, and frequency of measurements.

(3) Based on the national guidelines, detailed specifications for monitoring and analysis of
deformations for each individual dam should be established.

(4) In support of the recommendations (2) and (3), a team of experts in geodetic surveying
should be invited to prepare a manual on all aspects of geodetic monitoring surveys
including instrumentation, calibration, data reduction and adjustment, integration with

other observables, deformation trend analysis, and integrated geometrical analysis.
4.3 MONITORING TECHNIQUES AND THEIR APPLICATIONS

With the recent technological developments in both geodetic and geotechnical instrumentation,
at a cost one may achieve almost any, practically needed, instrumental resolution and precision,
full automation, and virtally real-time data processing. Remotely conmolled telemetric data
acquisition systems, working continuously for several months without recharging the batteries in
temperatures down to -40°C are available at a reasonable cost. Thus, the array of different types
of instruments available for deformation studies has significantly broaden within the last few
years. This creates a new challenge for the designers of the monitoring surveys: what instruments
to choose, where to locate them, and how to combine them into one integrated monitoring

scheme in which the geodetic and geotechnical/structural measurements would optimally

complement each other.
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As far as the actual accuracy of deformation surveys is concemed, the main limiting factors are
not the instrument precision but the environmental influences and negligence by the users,
namely:
influence of atmospheric refraction (all optical and electro-optical measuring systems),
thcrmal influences, affecting the mechanical, electronic, and optical components of the
instruments (in any type of instrumentation) as well as the stability of survey stations,
local instability of the observation stations (improper monumentation of survey stations
and improper installation of the in-situ instumentation),
lack of or improper calibration of the instruments, and
lack of understanding by the users of the sources of errors and of the proper reduction of
the collected observatons.
Most of the above listed effects could be eliminated or drastically reduced if the monitoring
surveys were in the hands of qualified professionals.

The problem of calibration is very often underestimated in practice, not oniy by the users but also
by the manufacturers. For long-term measurements, the instrument repeatability (precision) may
be affected by aging of the electronic and mechanical components resulting in a drift of the
insorument readout. Of particular concern are geotechnical instruments for which the users, in
general, do not have sufficient facilities and adequate knowledge for their calibration. The
permanently installed instuments are very ofien left in-situ for several years without checking

the quality of their performance.

The last aspect, the lack of understanding of the sources of errors affecting various types of
measurements and the proper data handling is, perhaps, the most dangerous and, unfortunately,
the most frequent case in measurements of deformziions in North Amcxic;a. The measurements
and processing of the monitoring data, particularly geodetic surveys, are usually in hands of
technicians who may be experienced in the data collection, but have no educational background
in handling and reducing the influence of various sources of errors. In this case, even the most

technologically advanced instrumentation system will not supply the expected information.
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The worldwide review of the monitoring techniques used in monitoring surveys indicates that,
generally, there are no significant differences between different countries in the employed
instrumentation. There are, however, differences in the accuracy requirements, the required
frequency of observations, and in the details concerning the use of the instruments. The readers
are referred to Chapter 3 to the tabulated data from different countries. At the time of writing this
report all the tabulated data had not yet been fully summarized. Strong biases towards either
geodetic or geotechnical instrumentation have been developed in individual countries. The biases
are correlated with the level of educational background in geodetic surveys. For instance, in
Switzerland and Germany, where the standard of geodetic surveying education and the number
of specialists in surveying engineering are high, the geodetic surveying techniques play the
dominant role in monitoring large dams. Whereas, in the countries like Italy, France, and UK.,
where the education in surveying engineering does not have a long standing tradition, the
geotechnical techniques are mostly used. ICOLD seems to be biased towards use of
geotechnical/structural instrumentation rather than geodetic. This is dictated, perhaps, by the fact
tha: the members of the ICOLD Committee on Monitoring Dams and their Foundations are
predominantly specialists in geoetechnical instrumentation with some obsolete views on the use
geodetic techniques. With the exception of few individual dams, there is no country which takes
full advantage of the optimal combination of both techniques, i.e. the concept of the inzegrated
monitoring surveys developed within the activity of FIG (Fédération Internationale des
Géomerres). The biases towards one or another type of techniques are obviously produced by a
lack of specialists with full knowledge of both geotechnical and geodetic measurements.

The above comments lead to the following recommendadons:

(1) The concept of the integrated monitoring systems, in which the geotechnical and
geodetic surveying techniques complement each other should be made known to all the
owners of la:gc'dams through the aforementioned efforts of the national committees on
large dams and publication of guidelines.

(2) Monitoring schemes for all new dams should be designed at the design stage of the
dam.
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(3) As far as the new monitoring technologies are concerned, more research is still needed
in:
(a) optimal use of GPS,
(b) automation of data acquisition including the optimal sclecticn of electronic and
optical transducers, comparison of their performance (sources of errors, durability),
development of calibration methods, and

(c) application of new technologies, for example the use of the optic-fibre sensors,

CCD sensors, etc.

4.4 ANALYSIS AND MODELLING OF DEFORMATIONS AND THEIR APPLICATIONS

Over the past 10 years there has been a significant progress in the development of new methods
for the geomerrical and physical analyses of deformztion surveys. FIG has been leading in the
developments, particularly in the areas of integrated geometrical analysis of structural
deformations (Appendices 4 and 5) and combined integrated analysis (Appendix 7). However,
due to the aforementioned lack of the interdisciplinary cooperation and insufficient exchange of
informaton, FIG developments have not yet been widely adapted in practice. Therefore, the
general worldwide use of the geometrical analysis methods is still poor, including even the basic
analysis of geodetic monitoring networks. The latter is of a particular concern in the United
States where there is a shontage of qualified surveying engineers. The authors could cite several
examples of large dams in the United states which are monitored by geodetic methods by
agencies which do not even have any person on their staff who understands such basic procedures
as the least squares adjustment. The worldwide situaton with the physical analysis is much bernter
with most countries who utilize both deterministic and statistical methods for modelling and
interpreting deformations at various levelsof sophistcation. However, II;OSI countri=s do not take
full advantage of the developments in the integration of the observed deformations with
deterministic models to enhance the latter ones. Also only few countries utlize the observed
deformations to develop prediction models through the regression analysis. Italy seems to lead
in the use of the combined statistical and deterministic modelling. Canada, within the activities
of FIG, leads in the development of new concepts in the global integrated analysis (Appendix 6).
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For example, the University of New Brunswick has developed new methodology and software
DEFNAN for the integrated geometrical analysis and software FEMMA for the finite element

deterministic modelling and prediction of deformations.

The above commen:s lead to the following recommendations:

(1) The analysis of deformadon surveys should be in hands of interdisciplinary teams
consisting of geoetechnical, structural, and surveying engineers specialized in both
geometrical and physical analyses.

(2) More use should be made of the concepts and developed methodologies for the
geomerrical integrated analysis and combined deterministic/statistical modelling of

deformations.

4.5 EDUCATION AND TRAINING

Generally, with the exception of some larger owners (state agencies, large power commissions,
etc.) with cenmalized facilities for the supervision of the monitoring work and analyses, the
overall qualifications and educational background of the personnel placed in charge of monitoring
surveys, seem to be inadequate, particularly in the areas of data processing and analyses. This
is evident not only in the third world countries bt also in some advanced industrialized countries
including the United States and Canada. For example, there are only two universities in North
America, both in Canada, the University of New-Brunswick and the University of Calgary, which
offer a broad specialization in engineering surveys of high precision and teach students how to
optimally use both geodetic and geotechnical monitoring techniques. Unfortunately, the small
supply of graduates from their surveying engineering programs is well below the actual needs.
On the other hand, students in civil engineering programs, have very little exposure to the newest

developments in instrumentation, calibration, and analysis of measurements.

The above commerts lead to the following recommendations regarding the sitation in North
America:

(1) The educatonal background of those involved in the design and analysis of deformation
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surveys must be reviewed and steps must be undertaken to improve the situation by
organizing intensive courses and short term training programs.

(2) Larger owners of large dams should delegate individuals with engineering degrees to
specialize at a master of engineering level in engineering surveys and in the analysis of
deformation measurements. The retrained persons should be placed in supervisory and
quality assurance positions regarding monitoring surveys at the dams belonging to their

agency.
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