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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 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 observation methods that are used and employed in this work 

area. 

To fulfill the requirem:nts of the ac:signed tasks, the study (focussed on deformation of large 

dams), has been pcrfonned 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; o...nd 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, 

stanls 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.e. monitoring techniques, design of monitoring 

schemes. and anaiysis and management oldie coilcctcd-obscrvations. 

(2) There are no available standards and specifications in any of the reviewed coWltries 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 one may achieve almost any, practically needed, instrumcnta! 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, dur. 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 qualifications and educational background of the personnel placed in 

charge of monitoring sun·eys in the US seem to be inadequate, particularly in the areas of data 

processing and analy~s. 

Sever..! recommendations are given to improve the situation. 

ix 



1. INTRODUCTION 

1.1 BACKGROUND INFORMATION 

Deformation monitoring, analysis, and prediction are of a major and ever growing concern in 

practically all fields of engineering and geoscience. Safety, economical design of man-made 

sttucturcs, cffici.!nt functioning and fitting of structural elements, environmental protection, and 

development of mitigative measures in the case of natural disasters (land slides, canhquakes, 

liquefaction of eanh 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 <L:velopment of methods for the optimal modclli!lg and prediction of deformations have 

been the subject of intensive studies by many profe~sional groups at national and international 

levels. Within the most active international organizations whic!l arc involved in dcf onnation 

studies one should list: 

lnternational Federation of Surveyors (FIG) with its Study Group 6C which bu 

sigrifficanily contributed to the recent deve1opmcnt of new methods for the design and 

geometrical analysis of integrated deformation surveys and new concepts for global 

integrated analyses and modelling of deformations; 

International Co1'1mission on Large Dams (ICOlD) with its Committee on Monitoring of 

Dams and their Foundations; 

International Association of Geodesy (IAG) with the very active Commission on Recent 

Crustal Movements which f rcquently organizes international and regional symposia 

concerning gcodynamics, Lctonic plate movements, and modelling of regional eanh crust 

deformation. • 

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

Ground Subsidence and Surface Protection in mining areas; 

UNB Report on Dcfonnalion Moniloring, 1992 1 



International Society for Rock Mecha :ics (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 

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

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

dealing with practically all aspcas of defonnation 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 gecx:letic surveying techniques, its activity in the design and analysis of 

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

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

and schools of thinkir.g regardil!g the geomctric3l analysis of deformation surveys including the 

identification of unstable: reference points~ The work of the Comll!inec has resulted in the 

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

gcotcehnical measwcmcnts) and for generalized global analyses of integrated deformation 

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

(Chrzanowski ct al., 1981; Heck ct al., 1982; Chrzanowski and Secord, 1983; Chrzanowskfand­

Chcn, 1986) and the final repon (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 fer the determination of deformation may considerably differ between various 

applications, the basic principles of the design of monitoring schemes and their gcomcttical . 
analysis remain the same. For example, a study on :he stability of roc.ignets in a nuclear 

accelerator ma~,. require determination of relative displacements with an accuracy of 0.05 mm 

while a scnJ~~.ent study of a rock-fill dam may require only 10 mm. In both cases, alth<tugh the . 

UNB Repon on Dcfonnal.ion Monitoring, 1992 2 



monitoring techniques and instrumentation 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 understood by most of the above listed international 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 

counaies, overlap resulting in the dupiication of effons 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 betwCGn 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 organization., 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. one may find examples of two diff~nt rrofessional 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 effon is 

needed in elaborating unified guidelines for the monitoring and analysis of sttuctural 

deformations. As an initial 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 repon on the existing resources, standards, and 

procedures for structural deformation !!!!'",eys. Over the last 20 years, the UNB Group has 

actively panicipated in the studies of various international orgarizations (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 panicular engineering or geosci<;nce application of the results of the . 
deformation studies. deals objec:ively with all general aspects of optimal monitoring and analysis 

which arc applicable to any deformation problem. 

UNB Report on Defonnation Monitoring, 1992 3 



1.2 SCOPE OF WORK 

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

(1) Describe existing standards and procedures employed throughout the world for precise 

deformation surveying and monitoring work; 

(2) Describe existing sof twarc and automated products that exist for precise def onnation 

surveying and monitoring work that arc commercially available or under prototype 

development; 

(3) Describe instrumentation and observation methods that arc used and employed in this 

work area. 

Sauctural deformation problems cover a very wide spectrum of engineering, from deformations · 

of underground excavations and tunnels, through dcfonnations of dams, dykes, and other sensitive 

man-made structures, 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 srudy including 

information from all the above listed associations and member countries. However, due to 

financial and timing 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 utilizing 

only 40 person-days. Therefore, the srudy tor diis repon- hait ttr- be- either- vcry- general and­

supcrficial 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 e:wnples 

of practical applications as well as the description of the worldwide status of structural 

deformation to large dams only. Large dams (higher than 15 metres, as classified by ICOLD) 

belong to.the most sensitive engineering structures. Thus the methods and tcehniques used.in dam 

monitoring and analysis represent very well the methods and techniques used on any large . 
engineering structure. 

According to the recent information (dated September 3, 1992) obtained from the U.S. Committee 
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on Large Dams, the U.S. Anny 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 4J'C 

currently under construction. 

1.3 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 repons of the AG Srudy 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 ICOID) requesting the following 

information: 

(a) Updated number of existing and being consuueted large dams. How many of them arc 

being monitored using geodetic and/or geotechnical/suuctural insaumenwion? 

(b) Existing national and/or local standards and specifications for dam monitoring. 

(c) Publications either in technic.al journals or in any conference p~gs which describe 

monitoring of dams in the given country. 

About 30 counaies, including all the major owners of dams, have responded to the questionnaire. 

The collected material has been summariz.cd in this repon in two main pans (chapters): 

-Chapter 2: Methods -and -rechniques cwTcndy ~vailab:e or under development for the 

monitoring and analysis of deformations, and 

Chapter 3: World wide st:ttus 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 repons have been appended to this n.pon as a separate volume. 
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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 defonnations. i.e., determination of the geometrical 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 internal stresses which can either be measured 

directly or dcrivo:d from mcasurenents of tempcnturc, pore water pressure, water level, 

seepage, ete.) 

In addition. laboratory and/or in-situ determination of physical properties of the deformable 

material (e.g .• moduli of elasticity. tensile strength. creep parameters, porosity, ete.) arc necessary 

for a proper design- and evaluation- ot the_ behaviour of the monitored mucrurc. In seismically 

active areas, the monitoring schemes must include special instrumentation for measuring 

vibrations. Chapter 3 gives examples from various countries on the u~ of various types of 

instruments in darn monitoring. 

This chapter reviews only the techniques used. in monitoring the deformations although all the 

other above mentioned. componentS of the monitoring schemes play an equally imponant role in 

the analysis and interpretation of deformations as discussed. in 2.3 below. 

The measuring techniques and instrumentation for geometrical monitoring of deformations have 

traditionally been categorized into two groups according to the two main groups of professionals 
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who use the rechniques: 

(I) geodetic surveys which include C\'.>nventional rerrcsaial, photogrammerric, satellite 

positioning, and some special rc:::hniques (interferomeuy, hydrostatic levelling, alignment, 

and other), and 

(2) gcotcchnicaVsttuctural measurements of local deformations using tilrmeters, strainmeters, 

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

Each type of measurement has its own advantages and drawbacks as discussed in Chrzanowski 

(1986). Geodetic surveys, through a nerwork 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 globa! information on the behaviour of 

the deformable object while the gcotechnical measurements give very localized and, very 

frequently, locally disturbed information without any check unless compared with some other 

independent measurements. On the other hand, gcotechnical insttuments arc easier to adapt for 

automatic and continuous monitoring than conventional geodetic insttuments. Conventional 

rerrcstrial surveys arc labour intensive and require skilful observers, while gcotechnical 

insttuments, once installed. require only infrequent checks on their performance. Geodetic surveys 

have traditionally been used mainly for dctcnnining the absolute displacements of selected points 

on the surf ace of the object with respect to some reference points that arc assumed to be stable. 

Gr:otechnical measurements -ha\lC -traditionally -been used mainly for relative deformation 

measurements within the dcfonnable object and its surroundings. However, with the technological 

progress of the last few years, the differences between the two techniques and their main 

applications arc not as obvious as twenty years ago. For example, invcned plumb-lines and 

borehole extensornetcrs, 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 abso~ute 

displacements of the object points. Geodetic surveys with optical and electro-magnetic 

instruments (including satellite techniques) arc always contaminated by atmospheric (tropospheric 

and ionospheric) refraction which limits their positioning accuracy to about.±1 ppm to ±2 ppm 

{at the standard deviation level) of the distance. So, for instance, with the average distance 

between the object and reference points of 500 m, the absolute displacementc; of the object points 
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cannot be determined with an accuracy bcner than about ±2 mm at the 95% probability level. 

Jn many cases this accurocy is not adequate. On the other hand, precision electro-optical geodetic 

insauments for electronic distance measurements (EDM) with their accuracies of ±0.3 mm over 

shon distances, may setvc as cxtensometers in relative defonnation sutvcys. Similarly. geodetic 

levelling. with an achievable accuracy of better than :t0.1 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 coordir.ating 

systems with electronic theodolites may provide relative positioning in almost real time to an 

accuracy of ±<>.05 mm over distances of several me~s. The same applies to new developments 

in photogrammetric measurements with the solid state cameras c:co sensors). The satellite 

Global Positioning System (GPS), which, if properly handled. offers a few millimetres accuracy 

in differential positioning over several kilometres, is replacing conventional terrestrial surveys 

in many deformation studies (Chrzanowski ct al., 1990c) and. particularly, in establishing the 

ref erencc networks. 

There arc several, reasonably up-to-date, books on instrumentation. Among the best which is 

dcalir!g with all types of gcotcchnical measurements (deformation and acting forces) is the book 

by Dunnicliff (198~) in which excellent remarks and practical guidelines on the optimal 

installation and use of various i':tstrumcnts are given. Another, though not so well organized., is 

a book by Hannah 09&5) wf.ie:n gives over800rcfetenees-on-g~tcchnica}_mcasurcments. As 

far as main references on geodetic insaumcntation are concerned. one should list the book by 

Kahmen and Faig (1988), and books on elcccronic distanee measurements (RuegGr, 1990; 

Burnside, 1991). IC0LD Bulletins N". 41 (ICOLD 1982), no. 60 (!COLD. 1988) and no. 68 

CICOLD. 1989) give good guideline.~ on the techniques and insaurnentation for mcnitoring large 

dams. The U.S. Bureau of Reclamation (USSR) has produced instrUmentation manuals for 

monitoring concrete dams (Banholomew ct al.. 1987) and for embankment dams (Banhomolew 

and Havcrlanci. 1987). Both publications give ample instrUmcntation information as used by 

USSR; howcv::r, some cxpen geotechnical engineers have reservations using -ihesc manuals as 

genc:raJ guidelines for monitoring. Also, the USBR publications do not provide much guidance 
. . 

for the use of geodetic techniques. 
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A full review of all the instruments and techniques available for deformation monitoring would 

far exceed the scope of this repon. 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 robou. measurements of tilt and inclination. changes in distances and strain. 

photogrammeaic methods, and the satellite Global Positioning System. In additicn, more details 

on tcrrcsaial geodetic and gcotcchnical basic measuring tcehniqucs arc given in Appendices 2 

and 3 respectively. It has been assumed that lhe readers of this rcpon possess the basic 

understanding of geodetic and gcotcchnical measuring teehniqucs and do not require explanations 

of what is a theodolite, or a hydrostatic level, or a tilanetcr. Some explanations arc given in 

Appendices 1 and 2. Additional information can be found in the above references. 

2.1.2 Electronic Distance and Angle Measurements 

2.1 .2.1 Electronic Theodolitts 

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 thc00olites. 

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 computers (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 rcadouL Th: scxagesimal system of angular units, which is still commonly accepted in 

Nonh America (particularly in the U.S.A.), is used throughout this chapter. The relationship 

between the two systems is that 360• = 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), Lcica (Wild) 1'2002 and TIOJO, and a few others, 

arc equipped with microprocessor controlled biaxial sensors (electronic tilaneters) which can 

sense the inclination (mislevelling) of the theodolite to an accuracy better than 0.5" and 
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automatica!ly correct not only vertical but also horizontal direction readouts. In optical 

theodolites in which the inclination is conuulled only by a spirit level. errors of several seconds 

of arc in horizontal directions could be produced when observing along steeply inclined lines of 

sighL Therefore, when selecting an electronic theodolite for precision surveys, one should always 

choose one with the biaxial levelling compensator. 

Human errors of pointing the celescope to the target. centering mors, and environmental 

influences are the main factors limiting the achievable accuracy. The environmental influence 

of atmospheric aefraction is a particular danger to 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 unif onn tcmpcmurc gradient persists over the woole length S of the 

line of sight. the refraction error c.,.,of the observed direction may be approximately expressed 

(Blachut et al .• 1979) in seconds of an: by: 

c..,• 8"(SP!I")dT/dx (1) 

where Pis the barometric pressure in millibars, and Tis the tcmperawre in Kelvin (I"• 273.15 

+ t•C). If a gradient of only 0.J·C/m persists over a distance of 500 mat P • 1000 mb and t = 

21·c. it will cause a directional error·of 4.4", which is equivalent to a 12 mm positional error 

of the target. One should always avoid measurements ciose- ur- any- surf ace that-may have a 

different tempcr.uure than the surrounding air (walls of strUcrurcs or soil exposed to the sun's 

rad.iarion, walls of deep NMels, etc.). If any suspicion of a refraction influence arises, the 

surveys should be repeated in different environmental conditions in order to randomize its effecL 

Generally, with well designed targets and proper methodology, an accuracy (standard deviation) 

better than 1" in angle mr.asurcmcnts can be achieved with precision electronic theodolites if 

three to five sets of observations are taken in two positions \direct an<1 reverse) of the telescope. 

The requirement of two positions must always be obcvcd in order to eliminate errors caused by 

mechanical misalignment of the theodolite's axial syS'.em. This applies to both the old and 1nost 

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

2.12.2 Thru-dimensional coordinaling sys1ems 

Two or more electronic theodolires linked to a microcomputer create a three-dimensional (3-0) 

coordinating (positioning) system with on-line calculations of the coordinates. 1llc sysrems arc 

used for the highest precision positioning and defonnation monitoring surveys over small areas. 

Lcica (Wild) Th1S and UPM400 (Gcotronics. Sweden) arc examples of such systems. If 

standard deviations of simultaneously measured horizontal and vertical angles do not exceed l ". 

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 shon invar rods of known l:ngth are 

included in the measuring scheme to provide scale for the calculation of coordinates. Some 

applications arc given, among others, in Wilkins ct al. (1988). 

2.1.23 Eltctronic Distanct Mtasur~nzs (EDM) 

Typically. shon range (a few kilometres), elc:crro-optical EDM instruments with visible or near 

infrared t:ontinuous radiation are used in engineering surveys, though some long range (up to 60 

km) electro-optical or miaowave instruments arc also available. An excellent review of various 

types of EDM instruments, their calibration and dara reduction arc given in Rueger (1990) with 

a list of the basic characteristics of over 200 different models. 

The accuracy (standard deviation) of EDM instruments may l>e expressed in a general fonn as: 

(2) 

where "a" contains errors of the phase measurement and calibration errors of the so-called z.cro 

correction (additive constant of the inmument and of the reflector). while the value of "b" 

represents a scale error due to the aforementioned unccna.inties in the determination· of the 

refractive index and errors in the calihrarion of the modulation fl"C'.qucncy. Typically. the value 

of "a" ranges from 3 mm to 5 mm. In the highest precision EDM insauments, such as the Kem 

MESOOO, Geomensor CR234 (Com-Rad. U.K.}, And Tellurometer MA200 (Tellumat., U.K.). :i = 
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0.2 mm to 0.5 mm thank.~ to :i high modulation frequency and high resolution of the ph:isc 

mcasuremems in those in.41D'Ument41. One of the recently developed and very recommended for 

engineering surveys instruments is Lcica (Wild) 012002 which offers a standard deviation of 1 

mm over shon disunc:cs. Over distances longer than a few hundred metres, however, the 

prevailing enor in all EDM instruments is due to the difficulty in dezennining the refractive 

index. Therefore, all EDM measurements must be correc:led for the actual n:fraaivc index of air 

along the mcasu~ distance. An error of i·c or an error of 3 mb in baromeaic pressure causes 

a l ppm (pan per million or 1 mm ian·') error o~ the measured distance. An cxD'Cmely careful 

measurement of the aanospheric conditions ar several points along the optical path must be: 

perfonned with well calibrated thennometcrs and barometers in order to achieve the 1 ppm 

accuracy. If the meteorological condicons are measured only at the instrument station (usual 

practice), then cnors of a few pans per million may occur, panicularly in diversified topographic 

conditions. In order to achieve the accuracy beucr than 1 ppm, one has to either mcasun: the 

meteorological conditions every few huncln:d metres (200m - 300m) along the optical path or to 

use EOM instruments with a dual frequency ndiation source. Only a few units of a dual 

frequency instrument (Tcmunetcr 1DM2 by Terra Technology) arc available around the world. 

They are bulky and capricious in use but one may achieve with them a standard deviation of ± 

0.1 mm ± 0.1 ppm. Due ID a very expensive price (about $300,000) and small demand. its 

production has been discontinued. Research in the development of new dual frequency 

instruments is in progress. In deformation measurements one may rcdUcc somewhauhe-inflaence. 

of refraction by 'calibrating' the disrance observations ro the object targets by comparing the 

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

Influence of relative humidity may ~ neglected when using co:nmon electro-optical EDM 

instruments in moderate climatic conditions. The negligence of humidity, however, may cause 

errors up tci 2 ppm in exm:mely hot and humid conditions. Thcref ore, in the highest precision 

measurements, psychrometcrs with wet and dry thermometers should be uY.d to determine the 

correction due to wazer vap:>ur contcnL One should ahi,-ays use rigorous fonnUla. available, for 

example. in Rueger (1990) to calculaze the refractive index correction rather than diagrams or 

simplified calculation methods supplied by the manuf acturcrs. 
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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. In some older EDM insuuments. 

the zero correction may demonstrate phase dependent cyclic changes. In engineering projects of 

high precision. the EDM insttuments should be calibrated at least twice a year. or before and 

after each imponant project. following special procedures described in (Rueger 1990) amcng 

others. The calibration must account for all combinations of EDM-reflcctor pairings since each 

reflector may also have a different additive constant correction. Additional errors. which arc not 

included i~ the general error equation (2). may arise when reducing the results of the spatially 

measured distances ro a reference plane depending on the accuracy of the reduction cvrrcctions. 

Recently, a few models of EDM insauments with a 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 reflcctOrs to measure shon distances (up to 200 

m) directly to walls or natur.J flat surfaces with an accuracy of about 10 millimetres. Examples 

arc the Pulsar 500 (Fennel, Germany) and the Lcica (Wild) DIOR 3002. 

2.1.2.4 Total S1a1ion.s and Survey Robots 

-Any ciccb"Oriic ihcoaolite -linked to an EDM insttumcnt and to a computer creates a total 

surveying station which allows for a simultaneous measurement of the three basic positioning 

parameters. distance, horizontal direction, and vertical angle, from whicla relative horizontal and 

vertical positions of the observed points can be determined directly in the field. Several 

manufacturers of survey equipment produce integrated total stations in which the EDM and 

electronic angle measurement systems arc incorporated into one compact insaument with 

CC"mmon pointing optics. Different models of total stations vary in accuracy. range. sophistication 

of the automatic data collection. and possibilities for on-line data processing. One of the most 

recommended rota! stations for precision engineering surveys is the Lcica (Wild) TC2002 which 

combines the precision of the aforementioned elecb"Onic theodolite. Lcica (Wild) noo2. with the 

prccisior. EDM instrument. Lcica (Wild) DU002, imo one instrument with a coaxial optics for 
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both the angle and distance me:isurements. 

For continuous or frequent monitoring of defonnations. fully automatic rt'C.nitoring systems based 

on computerized and motorized total stations have recently been developed. The first system was 

Gcorobot (Kat1men and Suhrc. 1983). The n:ccnt advanced systems include for example. the 

Gcodimeter 140 SMS (Slope Monitoring System) and the Lcica (Wild) APS and Georobot Ill 

systems based on the m':>torizcd ™ 3000 series of Lcica (Wild) electronic thcodofo~s linked 

together with any Lcica (Wild) DI series of EDM. These can be programmed for scquentfa.l 

self-pointing to a set of prism targets at predetermined time interVals. can measure distances and 

horizontal and venical angles, and can ttansmit the data to the office computer via a telemetry 

link. Similar systems arc being de"elopcd by other ntanufacturcrs of surveying equipment. The 

robotic systems have found many applications. panicula;ly in monitoring high walls in open pit 

mining and in slope stability studies. Generally. the accuracy of di.rcction m~-:urcmcnts with the 

self-pointing computerized theodolites is worse (ab:>ut 3") than the measurements with manual 

pointing. 

2.1.J Levelling and Trigonometric Height Meas1:1rements 

The old method of geometrical 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 insttuments. cquippe:i with the parallel g~s plate micrometer and 

with invar graduated rods, a standard deviation smaller chan 0.1 mm per set-up may be achieved 

in height diff crcnce determination as long as the balanced lines of si~ht do not exceed 20 metres. 

In levelling over long distances (wi!h a number of instturnent set-ups) with the lines of sight not 

exceeding 30 m. a standard deviation of 1 mm pc:r kilometre may i:>c achieved in flat terrain. The 

aforementioned influence of aanosphcric refra.ction and earth curvature arc minimized by 

balancing the lines of sight between the forwa:rd and backward levi;lling 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 routcS due to unequal 

heights of the forward and backward horizontal lines above the tern.in. 
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The recently developed Lcica (Wild) NA2000 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 c:>mpensating system 

demonsttates systematic deviations in windy weather and, therefore. cannot be classified as a high 

precision level unless some improvements arc introduced by the manufacturer. 

High precision electronic theodolites and EDM equipment allow for the replacement of geode-tic 

levelling with more economical trigonometric height measurements (Chrzanowski, 1989; 

Chrzanowski ct al.. 1985). Using precision electronic theodolites for vcnical angle measurements 

and any shon range EDM instrument, an accuracy better than 1 mm may be achieved in height 

difference determination between two targets 200 m ap.an. To minimiz.c the aanospheric 

refraction effects, the measurements must be performed either 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 prar.tically independent of the height 

differences and. therefore, is especially more economical than conventional levelling in hllly 

terrain and in all situations whi:re large height differences between survey stations arc involved. 

Motorii.cd 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 

acvianon smaller than 2 mm per kilometre (Chrzanowski, 1990; Chrzznowski ct 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 configuraticm. 

The r:fraction error is still the major problem in funhcr 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 sevM'al advantages over conventional terrestrial methods. Intervisibility 

between stations is unnecessary, thus allowing greater flexibilirJ in the selection of station 
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locations than in the terrestrial geodetic surveys. McasurcmcntS can be taken during night or day. 

under varying weather conditions, which makes GPS mcasurcmcntS economical. With the recent 

developed rapid static positioning techniques. the time for the mcasurcmcntS at each station is 

reduced to a few minutes. 

Though already widely used in engineering and geoscicncc projcctS. 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 shon tenn precision (repeatability) and actual 

accuracy of GPS. 

The accuracy of GPS relative positioning depends on the distribution (positional geometry) of 

the observed satellites and on the quality of the observations. There arc several sources of errors 

contaminating the GPS measurements. These errors can be categorized into: 

(a) signal propagation errors which include effects of tropospheric and ionospheric refraction, 

(b) receiver related errors which include multipath effects, variation in the antenna phase 

ccnb"C. receiver noise, bias in the coordinates of the station being held fixed in the data 

reduction process, etc., and 

(c} satellite rcla!ed crrott which include mainly orbital errors. 

Diff ercnt types of errors affect GPS relative positioning in different ways (Beutler ct al., 1989; 

Chen, 1990; Chen and Chrzanows~ 1990; Chrzanowski ct aL, 1991 b ). 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 defonnations can also be significantly influenced (up to a few ppm) by scale and 

rotation errors which, if undetected. may contaminate the derived dcfonnation parameters leading 

to a misinterpretation of the behaviour of the dcfonnable 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 waier and measurements are pcrfonned in a hot and humid climate. 
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The authors· experience 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 relative 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: 

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 ct 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 several 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 projecL In the fust case, for 

all the terrcstriaU1-obsCP.1able~ -and for-GPS-obscrvables ie one couid write observation equations 

for epochs t. and t, in terms of the deformation model Be (displacement function, see section 2.3) 

in the form (Chrzanowski ct al., 1990b): 

Ir (~) + \'r(l;) = Ir(~) + A,.B,c, fer all i, and 

le (~) + Ve(~) = le(t..) + AcB,c + DdT1 for all i. (3) 

where dll is the vector of changei: in scale and rotation parameters between the epochs t,, and t,. 

81 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 model (Chrzanowski 
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et al. 1986b ). The elements of the vectors c and dT\ are estimated using the least squares method 

and they arc statistically tested for their significance. 

The influence of systematic erro~ in measurements over shon distances (up to a few hundred 

metres) is usually negligible and the horizontal components of the GPS baselines can be 

dctennined 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. Anny Corps of Engineers developed a fully automated system 

for high-precision deformation surveys with GPS. It was designed particularly for dam monit0ring 

(Frodge, 1992). In the continuous deformation monitoring syStcm (CDMS) GPS antennas arc 

located over points to be monit0rcd on the suuctWCs. At lea.st rwo other GPS antennas must be 

located over reference points that arc considered stable. The GPS antennas arc coMcctcd to 

computers using a telemeay link. A prototype system used 10-cbannel Trimble 4000SL and 

Trimvcc 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. Thr. results shown that CDMS can give accuracies of 3 

mm both horizontally and vcnically over a 300 m baseline (Frodge, 1992). One has to be aware, 

however, that although GPS docs not require me iiuervi.SiDility i>ctwccn-thc-obscrving-stations­

it requires an unobstructed view to the.satellitcS which limits the use of GPS only to reasonably 

open areas. One should also remember that there might be some yet undiscovered sources of 

enors (e.g., effects of high voltage power lines) in GPS measurements. GPS cenainly 

rcvolutioniz.es the geodetic surveys but still more research on its i>ptimal use and on sources of 

errors in defonnation surveys is needed. 

2.1.5 Photogrammetric Techniques 

• 

lf an object is photographed from rwo or more survey points of known relative positions (known 

coordinates) with a known relative orientation of the camera(s), relative positions of any 
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identifiable object point~ can be dctcnnined fron the geomcuical relationship between the 

inrcrsecting optical r.sys which connect the image and object points. If the relative positions and 

orientation of the camera arc unknown. some control points on the object must be first posittoned 

using other surveying techniques. Aerial photograrnmcay has been extensively used in 

determining ground movements in. for example. ground subsidence studies in mining areas (Faig. 

1984). Brandenberger and Ercz (1972). Faig (1978). and Vercss and Sun (1978) give examples 

of applications of terrestrial photogrammeay in monitoring of engineering structures . The main 

advantages of using photogrammeay arc: the reduced rime of field work; simultaneous provision 

of three dimensional coordinates; and. in principle. an unlimited number of points can be 

monitored. The accuracy of photogrammcaic point detcnnination has been much improved in 

the past decade. which malces it attractive fer high precision deformation measurements. 

Special cameras with minimized optical and film distortions must be used in precision 

photogrammetry. Cameras combined with theodolites (phototheodolitcs). for instance L'ic Wild 

P-30 model, or sterc0cameras (two cameras mounted on a bar of known length) have found many 

applications in terrestrial er.gineering surveys including mapping and volume determination of 

underground excavations (Chnanowski ct al,1967) and profiling of runnels (Chrzanowski and 

Masry, 1969). The accuracy of photogrammettic positioning with special cameras depends mainly 

on the accuracy of the determination of the image coordinates and the scale of the photographs. 

The-image-coordinate-s may, :ypicaHy, be determined with~ accuracy of about 10 µm. though 

3 µm is achievable. The photo scale may be approximately expressed as f/s. where f is the focal 

length of the objective lens and s is the disWJcc 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 µm. the coordinates of the object points can be determined with the accuracy 

of JO mm. Special large format cameras with long focal length arc used in close range indusaial 

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 det·ice) sensors (Lenz.. 

1989) have become available for close range photogrammetry in static as well as in dynamic 

applications. With the new developments in CCD c:i1Tleras and digital image processing 
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lCChniques. continuous monitoring with real time phozogrammetry becomes possible. Funhcr 

development in chis area is in progress. 

2.1.6 Alignment Measurements 

Alignment surveys cover an extremely wide spectrum of engineering applications from the 

rooting indusay. through mcaswcments of amplitude of vibrations of engineering structures. to 

dcfonnation monitoring of nuclear acccleromeu:rs several kilometres long. Each application may 

require different specializ.ed equipment 

The methods used in practice may be classified according to the method of csrablishing the 

ref ercnce line, that is: 

(a) mechanical methods in which suctchcd witc (steel, nylon. cte.) establishes the reference 

line, 

(b) direct optical method (callcd also coJ.linwion method), in which the optical line of sight 

or a laser beam 'marks' the line, and 

(c) diffraction method in which the rcfcrcncc line is awed by projecting a pancm of 

diffraction slits. 

·All the above methods except mechanical arc a.fleeted-by aunospheric ~an, as-e~prcsscd­

by equation (1). Therefore, in measurements requiring high accuracy, the alignment must be 

repeated several times in diff ercnt environmental conditions. 

The mechanical methods with tensil.lned wires as the reference lines have found mtny 

applications including dam dcfonnation surveys. This is due to their simplicity, high accuracy, 

and easy adaptation to continuous monitoring of sm1crural deformations using inductive sensors 

over distances up to a few tiundred metres (Pelz.er, 1976; Gcrvaise, 1974). Accu.racies of 0.1 mm 

are achievable. 

The direct optical method utilizes either an optical telescope and mcvable targets with 
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micromctric sliding devices or a collimated (projected through the telescope) laser beam and 

movable photoccntering targets. Besides the aforementioned influence of atmospheric refraction. 

pointing and focusing arc the main sources of error when using optical telescopes. The poinrinr 

error with properly designed targets (Blachut ct al .• 1979) varies from 15"/M at night in calm 

atmospheric conditions to (IJ"JM in daylight with average turbulent conditions, where M is the 

magnification of the telescope. 

Special aligning telescopes with large magnification (up to lOOx) arc availabie from, among 

others, Fenncl-C-assell (Germany) and Z.Ciss-Jcna (Gennany). Aligning telescopes for the tooling 

industry and machinery alignment arc 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, arc used (Chrzanowski ct al., 1976). The use of laser allows for automation 

of the aligramcnt procedure and for continuous daia acquisition. 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"fC may occur due to thermal effects on the 

laser cavity. This effect is dccrcascd by a factor of M when projecting the laser through a 

telescope (Chrzanowski and Janssen, 1972). 

Jn_diffraaion-alig.1men!-methods,-a pinhole SGUFCC-Gf mooochromatic (laser) light. the center of 

a plate with diffraction slits, and me center of an optical or photoclccaic sensor arc the lhrcc 

basic points of the alignment line. lf two of the three points arc fixed in their position, then the 

third may be aligned by ceni.ering the reticle 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 

th~ accuracy of this method of alignment because the IJ.ser 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 arc satisfied. Various patterns of diffraction slits a..-e used in 

pract!ce. The highest accuracy and the longest range arc obtained with the so-called Fresnel zone 

plates (Chrzanowski et al.. 1976) which act as focusing lenses. For instance, rectangular Frcsr.:l 
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zone plates with an elccm:>-optical centering device were used in :ilignment and defonn:ition 

measurement!' of a 3 km long nuclear accelerator (Henmansfcldt et al.. 1967) giving relative 

accuracy (in a vacuum) of 10' of the distance. !n 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 alignmenL The laser diffractio11 alignment methods have successfully been applied in 

monitoring both straight and curved (arch) dams (Chen, 1980) using self-centering targets with 

automatic data rcco.-tling. 

2.1.7 Measurement of Extension (Change in Distance) and Strain 

2.1 .7./ Typts of aztnsomtttrs 

Various types of instruments, mainly mechar.ical and electromechanical, arc used to measure 

changes in distance in order to dctennine compaction or upheaval of soil, convergence of walls 

in engineering structures and underground excavations, Strain in rocks and in man-made 

materials, separation between rock layers around driven tunnels. slope stability, and movements 

of strucwres with respect to the foundation rocks. Depending on iL~ particular application. the 

same insaument may be named an cxu:nsometer, Strainmeter, convergencemeter, or fis~uremcter. 

The various instruments differ from each other by the method c,f .linking together the points 

between which the change in the dist.a:ncc-isro-be-detennined and the kinclof-scnsor_emp_loyed 

to measure the change. The links in most instruments arc mechanical, such as ·.wires, rods, or 

tubes. The se~ usually are mechanical. such as callipers or dial gauges. In order to adapt 

them to automatic and continuous data recording, electric transducen: can bC employed using, for 

instance, linear potentiometers, differential transformers. and self-inductance resonant circuit5. 

In general, when choosing the lcind of transducer for automatic data acquisition, one should 

consult with an electr0nics s~ist on which kind would best suit the purpose of the 

measurements in the given environmental conditions (Dt•nnicliff, 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 disWlces, may also be used as extensometers particularly when 
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lhe distances in~olved arc several lens of metres long. 

If an extensomeler is installed in lhe material wilh a homogeneous strain field. then lhe measured 

change Al of lhe distance I gives directly the strain component E = Al/l in the direction of the 

measurcmcnl5. To determine the total strain tensor ir. a plane (two normal strains and one 

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

2.1.7.2 Wire and Tape £.uen.somerers 

Maintaining a constant tension throughout the use of the wire or tape extens0meter is very 

imponanL In some ponable exlensometers, the constant tensioning weight has been replaced by 

precision tensioning springs. One should be careful because there arc several models of spring 

tensioned extensometerS on the market which do not provide any means of tension calibration. 

As the spring ages, these instrumenl5 may indicate false expansion rcsull5 unless they arc 

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

Among the most precise wire extensometers are the Kem DistometC!" (discontinued production) 

and the CERN Distinvar (Switzerland). Both insttuments use invar wires and special constant 

ll:nsioning devices which, if properly calibrated and used. can give accuracies of 0.05 mm or 

benc.r in measurements of changes of distances over lengths from about 1 m to about 20 metres. 

_In var _is _a _capriciruis _alloy _and musl be b.and1ed very ~fully to avoid sudden changes in the 

length of the wire. When only small changes in temperature arc expected or a smaller precision 

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

Special high precision strainmetcrs of a short length (up to a few dccimettes) z.re available for 

strain measurements in structural material and in homogeneous rocks. An example is a vibrating 

wire strain gauge available from Rocktest (formerly lrad Gage). The instrument employs a 150 

mm steel wire in which the changeable resonant frequency is measured. An accuracy of one 

microstrain (lcr) is claimed in the strain measurements which corresponds•to 0.15 µm relative 

displacements of points over a distance of 150 mm. 
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2./.7J Rod, tube, and torpedo t!xtensnmctcrs 

Steel, invar, aluminum, or fibreghss rods of various lengths, together with sensors of their 

movements, may be used depending on the application. 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) arnngement 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 length of 200 m (usually 

in segments of 3 m to 6 m). The aaua1 accuracy depends on the temperature corrections and 

on the quality of the installation of the extensometcr. When installing rods in plastic conduit 

(usually when installing in boreholes), the friction between the rod and the conduit may 

significantly diston the extcnsometer indications if the length of the extcnsometcr exceeds a few 

tens of metres. The dial indicator readout may be replaced by potcnriometric or other transducers 

with digital readout syStems. Telescopic rubes may replace rods in some simple applications, for 

instance. in measurements of convergence between the roof and floor of openings in underground 

mining. 

Several moc!cls of torpedo borehole extcnsomcterS and sliding miaometers arc available from 

different companies producing geotechnical instrumentation. For example, Extcnsofor (f elemac. 

France) consists of a 2g mm diameter to1pedo l-.55-m-long-with an induaance_sensor at each 

end. Ref ercnce rings on the casing arc spaced wilhin the length of the torpedo. The sensors and 

ref ercnce rings fonn the inductance oscillating 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 metres long 

can be scanned. 

2.1 .7.4 lnurferomerric measurements of li~ar displacemenIS 

Various kinds of interferometers using lasers as a source of monochromttic radiation arc 

becoming common tools in precision displacement meascrcmcnts. A linear resolution of 0.01 

µm, or even bcner, is achievable. One has to remember, however, that interferometric distance 
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mca~urements. are affected by atmospheric refractivity in the same way as alt EDM systems 

(Section 2.1.2). Therefore. even if tempcr.tturc and barometric pressure corrections are applied. 

the practical accuracy limit is about IO'S (equivalent to I µm per metre). Thcnnal turbulence 

of air limits the range of interferometric measurements in the open atmosphere to about 60 rn • 

The Hewlett Packard (U.S.A.) Model 55268 laser interferometer has found many industtial and 

laboratory applications in the measurement of small displacements and the cal!bration of 

surveying instruments. 

2./.7.5 Uu of Optical Fibre Sensors 

A new interesting development in the measurements of extensions and changes in crack-width 

has been reponed by Haug et al. (1991). A fully automatic extensometer has been developed 

which utilizes the principle of electro-optical distance measur\!ments within fibre optic conduits. 

The change in length of the fibre optic sensors are sensed electro-optically and they are computer 

conuolled . 

2.1.8 Tilt and Inclination Measurements 

2./.8./ Methods of tilt muuure~nzs 

The measurement of tilt is usually understood as the determination of a deviation from the 

-horizontal-plane, -While inclination is interpreted as a-Oe~iatioo from the vcnical. Thus the same 

instrument that measures tilt at a point can be called either a tiltmeter or an inclinometer, 

depending on the interpretation of the results. 

As discussed in Section 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 tilL 1nis accuracy 

is more than sufficient in most engineering defonnation 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) engineering tiltrneters and 

inclinometer:;; (b) suspended and invened plumb lines; (c) hydrostatic levels. In additio~ some 

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

section. 

2./ .8.2 Til1mettrs and Inclinometers 

There arc many reasonably priced models of various liquid, electrolytic. vibrating wire, and 

pendulum type tiltmetcrs that satisfy most of the needs of engineering surveys. Panicularly 

popular arc servo-accelerometer tiltmeters with a small horizontal pendulum. They offer 

ruggedne~s. dl!rability, and low temperature operation. The output signal tvolts) is proportional 

to the sine of the angle of tilL The typical output voltage range for tiluneters is ±5 V, which 

corresponds to the maximum range of the tilL Thus lhe angular resolution depends on the tilt 

range of the selected model of tiltmeter and the n:solution of the voltmeter (typically l m V). 

There arc many factors affecting the accuracy of tilt sensing. A temperature change produces 

dimensional changes of the mechanical components, changes :n the viscosity of lhe liquid in the 

electrolytic tiltmeEcrS, and of the damping oil in the pendulum tilaneters. Drifts of tilt indications 

and fluctuations of the readout may also occur. Therefore, thorough testing and calibration arc 

required even when the accuracy requirement is not very high. 

Tilaneters have a wide range of applications. A series of tiltmetcrs if arranged along a terrain 

profile may replace geodetic levelling in the determination of ground subsidence (Chrzanowski 

and Fisekci, 1982). Similarly, deformation profiles of tall- structures-may be-detcnnincd-b-y­

placing a series of tiluneters at different levels of the structure (Kahmen, 1978). 

In geomechanical engineering. the most popular application of tiltmeters is in slope stability 

studies and in monitoring embankment dams using the torpedo (scanning) rypc borehole 

inclinometers (usually the servo-accelerometer type tiltmeters). The biaxial inclinometers arc 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 dctennined through repeated 

swveys. Usually the servo-accelerometer inclinometerS arc used with various ranges of inclination 

measurements. for instance, ±6·. ±54·. or even ±90·. If a 40 m deep borehole is measured every 
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50 cm wilh an inclinometer of only 100" accuracy. then the linear lateral displacement of the 

collar of the borehole could be detennined with an accuracy of 2 millimetres. A fully automatic 

(computerized) borehole scanning inclinometer system with a telemetric data acquisition has been 

designed at the Un:versity of New Brunswick for monitoring slope stability at the Syncrude 

Canada tar sands mining operation (Chrzanowski ct al .• 1976) 

2.1.83 Suspended and invened plumb li~s 

Two kinds of mechanical plumbing are used in controlling the stability of venical structures: ( l) 

suspended plumb lines. and (2) floating plumb lines also call~ invcned or reversed plumb lines. 

Invcned plumb lines have an advantage over suspended plumb lines in the possibility of 

monitoring absolute displacements of structures 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 absolu1e 

displacements of the surface points. If invar wire is used for the invcned plumb line, vertical 

movements of the investigated strucrurc 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 ct al., 1967). The main concern with floating plumb lines is 

to ensure venicality of the boreholes so that the wire of the plumb line has freedom of motion . . 
The tank containing the float is _generally filled with water to which some anti-freeze can be 

added. The volume of the float should be such as to excn 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 thennal gradients which may affect measurements to a considerable extent 

Hence in some cases, L~e whole tank should be thermally insulated. 

Several types of recording devices that measure displacements of structural points with respect 

to the vertical plumb lines arc produced by different companies. The simplest arc mechanical 

or electromechanical micrometers. With these. the plumb wire can be positioned with respect 

to reference lines of a recording (coordinating) table to an accuracy of ±Q.l mm or better: 

Travelling microscopes may give the same accuracy. Automatic sensing and recording is 
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possible. for instance. with a Tclccoordinator {Huggcnbcrgcr. Switzerland) and with a 

Telcpendulum {Tclcmac. Fr..1.ncc). An interesting Automated Vision System h:ls been developed 

t>y Spcctron Engineering. The system uses CCD video cameras to image the plumb line with a 

resolution of about 3 µ.m over a range of 75 mm. Several plumb lines at the Glen Canyon dam 

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

Two sou~s of error which may sometimes be underestimated by users arc: the influence of air 

currents. and the spiral shape of wires; sec 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 Plummeu 

Several surveying instruments companies prcxiuce high precision optical plummets. Lcica (Wild) 

ZL (i.cnith) 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 Hydrosuuic levelling 

If two connected containers are partially filled wiLi a liquid. r.'1~n the heights h1 and h2 of the 

liquid in the containers arc relau-.d through the hydrostatic equation 

(4) 

where P is the baromenic pressure. g is gravity. and r is the density of the liquid which is a 

function of temperature. 

The above relationship has been employed in hydrostatic levelling. The EL WAAG 001 

(Bayemwerke, Germany) is a fully automatic instrument with a travelling (by means of an 

electric stepping motor) sensor pin which closes the elecnic circuit upon touchlttg the surface of 

the liquid. 
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Hydrostatic levelling is frequently used in the fonn of a network of permanently installed 

instrumenLc; 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 recoided.. The accuracy ranges from 0.1 mm to 0.01 mm over a few tens 

of metres depending on the types of instruments. The main factor limiting the survey accuracy 

is the tempcrarure effecL To reduce this effect the instrument must either be installed in a place 

with small tempcrarure 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 d1e 

correction for this effecL 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 levels are limited in the vertical range by the height of the containers. This problem may 

be overcome if liquid pressures are measured instead of the changes in elevation of the water 

levels. Pneumatic pressW"C cells or pressure transducer cells may be used. Numerous examples 

of various settlement gauges based on that principle are given in Hannah (1985). Meier (1991) 

describes the use of a differential pressure hydrostatic level with telemetric data acquisition in 

monitoring the Albigna dam in Switz.erland. 

2.1.9 Concluding Remarks on MonitoriPg Techniques 

-This-brief revie-W-of basic monitoring techniques 1ndicates 1hat, from the point of view of the 

achievable instrumental accuracy, the distinction between geodetic and geotechnical techniques 

docs not apply any more. With the recent technological developments in both geodetic and 

geotechnical instrumentation. at a co~t one may achieve almost any, practically nec:ded. 

insttumental resolution and precision. foll automation, and virtually 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. arc available and their cost is 

reasonable. Thus. the array of different types of instr..:menli available fer deformation studies 

has significantly broaden within the last few years. This creates cl 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 monitorin_g scheme in which the geodetic and 
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geotechrticallstructural measurements would optimally complemcm each other. 

As far as the actual accuracy of deformation surveys is concerned. 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 instrumentation), 

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 insttument repeatability (precision) may 

be affected by aging of the electronic and mechanical components resulting in a drift of the 

instrument rcadouL Of particular concern arc geotechnical insauments for which the users, in 

general, do not have sufficient facilities and adequate knowl:dge for their calibration. The 

permanently installed instruments arc 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 

panicularly processing of the geodetic surveys, arc usually in the hands of self-proclaimed 

'surveyors' at the technician level or .:ven without any formal education. In this case, even the 

most technologically advanced instrumentation will not supply the expected information. There 

arc only two universities in North America, both in Canada, the University o( 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 optimally use both geodetic and 
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geotechni.:al monitoring rechniques. Unfonunarely, rhe small supply of graduates (about 30 per 

year) from their surveying engineering programs is much below rhe acrual needs. 

2.2 DESIGN OF MONITORING SCHZMES 

2.2.J General Design Criteria 

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

moniroring surveys is: 

(1) to check whether the behaviour of the investigated object and its environment follows the 

predicted pattern so that any unpredicted defom1ations could be detected at an early stage. 

and 

(2) in the case of any abnonnal behaviour. to give an account. as accurately as possible. of the 

actual deformation status which could be used for the detcnnination of the causative 

facrors which mgger the defonnarion. 

In the first case. the design of the monitoring scheme must include stations at the points where 

maximum defonnations have been predicted plus a few observables at the points which. 

depending on previous experience. could signal any potential unpredictable behaviour, particularly 

--anhe-intcrface-between the monitored strucrure and the surrounding material. The amount of the 

expected defonnations may be predicted using either detcnninistic modelling (using. for instance. 

the finite or boundary element methods). or empirical (statistical) prediction models (sec section 

2.3). Once any abnonnal defonnations arc noticed. additional observables have to be added at 

the locations which would be indicated by the preliminary analysis of the monitoring smveys as 

being the most sensitive for the identification of causative factors. Some redundanr monitoring 

instruments and points are absolutely necessary for checking the reliability of the measurements. 

especially in some critical pans of the structure. One should bear in mind that any monitoring 

instruments, even if they have been installed pcnnanently. cannot rule out defects and failures. 

Thus, an.v 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 ahernative measurement methods. Examples would be the determination 

of relative displacements using alignment surveys versus displacements obtained from a geodetic 

monitoring network, the measurement of tilts with tiltmeters versus geodetic levelling, etc. Thus 

.a properly designed monitoring scheme sho:.ild have a sufficient redundancy of measurements 

using different measuring techniques and such geometry of the scheme that self-checking, through 

gcomettical closures of loops of measurements, would be possible. One should stress that a 

poorly designed monitoring survty is a waste of tffon 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 lea.st 0.25 of the predicted value of the maximum defonnations for the given span of time 

between the repeated measurements. However, once any abnonnal deformations arc noticed. there 

is no limit, other than economic. for the maximum possible accuracy required. The higher thr. 

accuracy of the measurements, the easier it will be to determine the mechanism of the 

unpredicted def onnations. Thus. the monitoring schemes may require frequent updating and 

up~ng of the initial design ovc: the duration of the monitOring project. 

Generally. the design of a monitoriug scheme includes, among many other asp-...cts, the following 

tasks: 

(1) Identification of the parameters to be observed. 

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

applicabl:). 

(3) Dctennination (pre-analysis) of the required accuracy and of the measu.oring range. 

(4) Determination of the required fn:quency of repeated observations. 

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

(6) Design of testing and calibration facilities. 

(7) Design of the data management system. 

(8) Preparation of a .)Cenario for instrumentation failure (design of redundancy). 

(9) Cost analysis and final decision on the selected monitoring scheme. 
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Since each defonnable object may require different parameters to be observed. different 

instrumentation. 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 darns only. 

2.2.2 Basic Considerations in Designing Monitoring Schemes for Large Dams 

2.22.J General Deformation Behaviour of Dams 

Any dam is subjected to external and internal loads that cause defonnation and permeability of 

the sttuct"..ll'C and its foundation. Dcf ormation and seepage arc clearly a function of such loads. 

Any sign of abnomal dam behaviour could signal a threat to darn safety. 

Dam deformation patterns vary according to types of dam. foundation conditions. and external 

loads. Due to rhe differences in construction materials. the behaviour of concrete darns is 

completely different from that of embankment dams. In concrete dams. the deformation is mainly 

elastic. depending on reservoir water pressure and temperature variations. Permanent deformation 

may. however. be caused by the subsoil adapting to the new loads. concrete aging. or foundation 

rock fatigue. 1.1 such cases, the deformation is without danger as long as it does not exceed some 

critical value. The case of an ear.h dam is altogether differcnL Dcfonnation here is. to a large 

extent. permanent. Under the impact of the self-weight of !he embankment and hydrostatic 

pressure of the reservoir water, the fill material (and the foundation if consistint; of soil) 

continues to settle - although at a decreasing rate - for decades after construction. In addition, 

permanenl horizontal defonnation of the embankment is due to reservoir water pressure and is 

mainly perpendicular to the embankment centreline. Acn•~J elastic deformation is slight. and no1 

typical of earth dam behaviour. 

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

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

Loads and the dam's response to them should be carefully monitored for any sign of abnormality 

as early as possible, and action promptly taken before that abnoimality becomes a threat 10 

safety. Monitoring consists of both measurements and visual inspections. neither being sufficient 

on their own. Every dam should be cquiped with appropriate instrumentation ac:cording 10 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 essentially 

a matter of observing behavioural trends in both elastic and plastic defonnation. The work 

consists of comparing measured deformation 10 the predicu:d normal behaviour, assessed through 

analysis or some oilier metltod. In embankment dams on the other hand, pcnnanent defonnarion 

trends shouM be closely monitored for any sign of abnormality. 

2.2.2.2 /denrijicmion of Paramettrs to bt ObstT'iltd in Concrtu Dams 

Absolutt horizontal and vertical dimlaccments. These measurements arc particularly intended lO 

dctcnnine the small displacements of points reprcscntive of the behaviour of the dam, its 

foundation, and abuanents with respect to some stable frame. Geodetic surveys ar: often used 

for this purpose. The 'absolute values' can be obtained only if the reference points arc stable. 

Here, the GPS technique helps in establishing stations far-enough-from the dam-toJ:ie_outside of 

the deformation zone of the reservoir. In order to efficiently check their stability (sec Section 

2.3.2.1) the number of ref erencc points must be not less than 3, preferably 4, fer vertical control, 

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 darn, can be 

surveyed with alignment techniques if the reference points of the alignment ~urvcy arc stable 

or their movements can be detennined by other techniques, for instance, by invcned plumblincs 

with a stable anchor point, or by geodetic methods.Vertical absolute displacements can be 
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detennined by geode[ic levelling wi[h respect to deeply anchored vertical borehole extensome,ers 

or to deep benchmarks loca[cd near the dam. Long levelling lines connecting the dam with 

benchmarks loca[cd several kilometres outside [he deformation zone arc not recommended due 

to the accumulation of errors. 

Relative movemcn[S. Deflections (inclinations), of a dam arc usually measured by direct or 

inverted plumblines. With reference to a horizontal line along the axis of the dam, different 

alignment methods arc used in different levels of galleries to determine the relative movements 

be[ween the blocks. Extensometers have now become imponant insttuments for measuring 

differential foundatior. movements. A combination of geodetic levelling with suspended invar 

wires cquipcd with short reading scales at different levels of the dam and coMected to borehole 

extensometers (Fig. I) can supply all the needed infonnarion on the relative vcnical movements 

as well as on the absolute vertical displac.:c:r.ents and relative tilts (Chrzanowski and Secord. 

1990). 

Foundation subsidence and tilts. They arc measured with geodetic lcvclling, hydrostatic levelling, 

and tilttnetcrs. The last two arc usually permanently installed in galleries. 

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

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

Tcmpera[ure. Temperature measurements should provide information on the thennal state of the 

concrete, water temperature a[ various levels, and atm<>l'phcric temperature. Temperature in the 

concrete is usually measured by telcthermomc[Cf'S (thermistors, thennocouples, bi-metal 

thermometers) installed in the dam body. 

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

insttuments. More elabrate devices may. however, be required to measure" hydraulic pressure 

inside the rock. For leakage measurements, it is impon.ant to combine an effective drainage 

system with these insOllments. 
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Joint meao;urcment!>. Measurements :ire justified only in the case of joints separating two unscaled 

suuctures or to check grouting in dome or arch-gravity dams. ~ks :ire me4Sured by the same 

methods. the instruments being installed on the surface. 

\\ ,uer level measurements. Water level in reservoir is one of the most important acting loads to 

a dam. For physical intc.-pretation its measurement should coincide in time with the 

measurements of other def onnation quantities. 

2.2.2.3 ldentificarion of Parameters to be Observed in Embanknu!nt dams 

Horizontal displacements. Horizontal displaccments of the crest and other important points of 

embankment (benns. etc.) can be measured with geodetic methods and alignmenL The comments 

made for concrete dams are also valid here. It is also possible to deteet relative horizontal 

displacements of points inside the embankment by means of inclinometers. 

Groundwater and pore water pressures. Ground water and pore pressures are very significant in 

moniotoring earth dams. The pattern of seepage and pore water prcsswe. especially in the 

foundation and the impervious core. has a significant impact on the nonnal behaviour of 

embankment dams. Since pore water pressures should not ell.cecd design values. they must be 

~fully monitored. possibly with prcssW"C cells. The greater the number of measurement profiles 

and the number of cells per profile, the more useful the data obtained will be. 

Settlements. For those occurring in accessible places. geodetic or hydrostatic levelling is 

customarily used to detennine the settlements. The settlements of the foundation. or of interior 

sttuctural pans which arc not acccssablc (core. foundation contact). arc detected through 

settlement gauges. The scnlements 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 to check the total pressure inside the 

embankment or between the embankment and the foundation or adjacent mucturcs. 
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Water level mea~urements. Water level in the reservoir is l.he most important load on an canh 

d:lm. causing horizontal movemenL~ and seepage. ltS measurement should coincide in time with 

measurement of the deformations and seepage. 

2.2.23 Locmwn of Mo~toring Jnsrrumems 

In addition to the general guidelines given above. for gravity dams. each block should have at 

least one poinL TiltS of the foundation should be measured at the center for small structures. and 

at not less than three pointS for larger saucturcs. 

For multiple-arch and buttress darns~ monitoring points should be located at the head and 

downstream toe of each buttress. In the case of massive bunresscs and large arches. special 

attention should be paid to. the foundations of the buttresses. If the buttresses arc tranverscd by i 

consauction joints. the behaviour of joints should be observed 

For arch-gravity dams and thick arch darns. absolute displacements of dam toe and abuanents 

arc aitical. For small structures, the dcf onnarion of the central block is monitored. However. for 

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

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

attention should be given to central cantilever. abuanents. and abuanent rock. 

2.2.2.4 Accuracy Requiremems 

No commomly accepted standards of accuracy requirements cxisL As aforementioned. the 

accuracy at 95% probability should bcequal to at least 0.25 of the maximum expected 

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

For concrete d:lms, the accuracy for monitoring both horizontal and vertical displacements should 

be typically around 1 to 2 mm. For carth-rockfill dams, the accuracy should t>c about 10 mm for 

horizontal displacements, and 5 to 10 mm for settlements during construction; and 5 mm and 3 

to 5 mm for the horizontal and venical, respectively. in operation. 
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2.2.2.5 Frequency nf Mcasuremen:s 

The frequency of measurements depend.<; on the age of the structure and type of the monitoring 

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 diffen-.nce in the cost of the monitoring 

process. However. in mcst cases, the fully automated systems a.re not yet commonly used and 

the frequency of measurements of individual observables must be carefully designed to 

compromise between the O:.Ctual need and the COSL ICOl.D (1986) gives the following general 

guidelines: 

( 1) Before and during consaucrion. it may be useful to cany out some geodetic and 

piezomettic measunnents of the abuunents. 

(2) All measurements sh~ld be made before the first ~illing. 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 shontt will be the interval between 

the measurements. For instance. one survey should be conducted when the waoer reaches 

1/4 of the to_tal height; another survey when the water reaches mid-height; one survey 

every tenth of the total height for the third quar-.er. one survey every 2 m of variation for 

the fourth quarter. Moreover, the interval between two succcsive suTVeys should never 

exceed a mcnth until filling is completed. 

(3) During the operation of the structure, measurements should be more frequent in the years 

immediately following the first filling when active deformation is in progress. For inswice, 

geodetic surveys (more labour intensive) can be carried out four times a year, and other 

gcotechnical measurements can be made once every 1 to 2 weeks. 

(4) After the structure is stable, which takes usually 5 to 10 years or more, the above 

frequencies can be reduced by half. Not only the frequencies of measurement. but also the 

number of insiruments read can be reduced according to what is learned during the first 

years of operation. A number of examples from diff ... rcnt countries arc given in Chapter 

3 of this rcpon. 
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2.2..1 Optimal Dcsi~n or the Configuration and Accuracy or the Monitoring Schemes 

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 

geodetic monitoring networks, which may provide different solutions for the accuracy of the 

observed displacements depending on the selected configuration of th" 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 positioning networks has been the subject of intensive 

investigations and publications by many authors over the past two decades. Most results have 

been summarized by Grafarcnd and Sanso (1985). The optimization of geodetic positioning 

networks is aimed ar obtaining the optimum positions of the geodetic points with the optimum 

accuracy, reliability, and economy of the survey scheme taken as the design criteria. Design of 

deformation monitoring schemes is more complex and differs in many rcspectS from the design 

of positioning networks. The design is aimed at obtaining optimum accuracies for the deformation 

-; arametcrs rather than for the coordinates of the monitoring stations using various types (geodetic 

and non-geodetic) observables with allowable configuration. defects. The sensitivity 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 deformation models). 

There arc practically two distinct optimal design methods: 

analytical and 

computer simulation ('aial and error'). 

Both methods usually involve an iteration process. The difference between them is that the 

former docs not require human intervention and provides, mathematically, the optimum results, 

while the computer simulation method (CSM) provides acceptable results but they arc not 

necessarily optimal. The CSM rcquir~s 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 panicular solutions only. 

Recently, a CSM has been developed at UNB (Tang ct 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 t0 the final design 

outpuL The development of analytical methods has been, however, the main focus of rcscan:h. 

The fonnulation 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 subsequently 

by Chen ct al. (1983). ln the following 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 until 

very recently. The major problem in this area was the inability of solving non-linear matrix 

equations involved in the ncrwork design. This problem has recently been solved by Kuang 

(1991) at the University of New Brunswick (UNB) by developing a multi-objective analytical 

design methodology which allows for a fully analytical, multi-objective optimal design (optimal 

accuracy and ~.cnsitivity, optimal reliability, and optimal economy) of integrated deformation 

monitoring schemes with geodetic and gcoteehnical insaumcntation. The method allows for a 

simultaneous solution for the optimal configuration and accuracy of the monitoring scheme 

according 10 the given criteria and restrictions concerning die iocations of- some- observation­

stations and required accuracy of the deformation parameters. More details with practical 

examples can be found in Kuang (1991) and Kuang ct al. (1991}. An example of the practical 

application of the multi-objective method in designing a geodetic monitoring network for a 

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

2.3 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 arc not 

properly evaluated and utilized in a global integrated analysis as a cooperative interdisciplin:iry 

effon. The analysis of dcfonnation surveys includes (Chen and Chrzanowski. 1986): 

geomelrical analysis which describes the gcomelrical status of the defonnable body. its 

change in shape and dimensions, as we!l as rigid body movements (:ranslations and 

rotations) of the whole defonnable body with respect to a stable reference frame or of a 

block of the body with respect to other bloc.ks. &1d 

physical interpretation which consists of: (a) a statistical (stochastic) method. which 

analyzes through a regression analysis the correlations between observed defonnations and 

observed loads (external and internal causes producing the deformation). and (b) a 

dctenninistic method. which utilizes information on the loads, properties of the materials. 

and physical laws governing the stress-strain relationship which describes the state of 

internal stresses and the relarionship between the causative effects (loads) and 

defonnations. 

Once the load-deformation relationship is established. the results of the phys~cal interpretation 

may be used for the development of prediction models. Through a comparison of predicted 

deformation with the results of the geometrical analysis of the actual deformations, a better 

understanding of the mechanism of the def onnations is achieved. On the other hand. the 

prediction models supply information on the expected defonnation. facilitating the design of the 

monitoring scheme as well as the selection of the defonnarion model in the geometrical analysis. 

Figure 1 shows an idealized flowchart of the inugrazed de/ormaJion analysis (Chrzanowski et 

al. 1991 ). Thus, the expression iniegrazed analysis means a determination of the deformation by 

combining all types of measurements. geodetic and gcotcchnical. even if scattered in time and 

space, in the simultaneous geometrical analysis of ::he deformation. comparing it with the 

prediction models. enhancing the p~ction models which in rum, 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 lhe prediction models and actual deformations are 

properly explained. 
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Recently, the concept of global integr.uion has been developed at UNB (Chrzanowski et al. 

1990a: sec Appendix 3) in which all three - the geometrical analysis of deformation and both 

methods of the physical interpretation - arc combined into a simultaneous solution for all the 

parameters to be sought. The method still requires funhcr 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 deformation 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 af orementioncd, the 

geometrical analysis has been done so far in a rather primitive way with geotechnical/sttuctural 

engineers analyzing separately the geotcchnical 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 geodetic surveys and has led to the development of the so-called UNB 

Generalized Method of the geomeaical deformation analysis which can combine any type of_ 

observations (geotcchnical and geodetic) into one simultaneous analysis. This report summarizes 

below the developed methodology for the geometrical analysis followed by brief descriptions of 

the statistical 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 Defonnation Surveys 

232.J ldentijicaJion of Unstable Reference Points 
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In most defor.nation studies, the infonnarion on absolute movemenLc; of objc::ct points with respect 

to some stable reference points is crucial. One problem which is f requemly encountered in 

prac-jce in the reference networks is the instability of the reference points. This may be caused 

either by wrong monumcntation of the survey markers or by the points being located still too 

close to the dcfonnation 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 U;~ object points are calculated. Otherwise, the calculated displacements of the 

object points and subsequent analysis and interpretation of the defonnation of the structure may 

be significantly distoned. 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 datum for two survey c:irnpaigns, 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 centers (Pelzer, 1974; van Micrlo, 1978; Koch and Fritsch, 1981; 

Niemeier, 1981; Chen, 1983; Heck. 1983; Griindig ct al., 1985) within the activity 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 rhc 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, one by one in tum, from the set of reference points until all the unstable points 

are identified. In the second case, a method has been developed at UNB which is based on a 

special similarity transfonnation which minimiu:s the first nonn of the vector of displacements 

of the reference points. The method is described in Chen (1983), Chrzanowski. ct al. (1986b), 

and Chen et al.(1990). The last two publications arc attached as Appendices 4 and 5. The 

approach can be perfonned 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: r I ~ I = minimum. In each solution, the weights 
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are iteratively changed to be p, = 1/d,. After the last iteration, the displacement vectors that 

exceed their error ellipses at 95% probability identify the unstable reference points. The 

displacements obtained from the iterative weighted transformation 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 (sec Section 2.3.2.2. below). 

Several software packages for gcomcnical analysis have been developed.. for example, DEFNAN 

[Chrzanowski ct al., 1986b], PANDA [Niemeier and Tcngen, 1988], and LOCAL [Grilndig ct al., 

1985). Some of them (e.g., DEFNAN) are applicable not only to the identification of unstable 

reference points, but to the integrated analysis of any type of deformations (to be discussed 

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

23.2.2 UNB Generalized Method for Geometrical Deformation Analysis 

In order to be able to utilize any type of geodetic and gcotcchnical observations in a simultaneous 

deformation analysis, the UNB Generalized Method of the gcomenical analysis has been 

developed (Chen, 1983; Chrzanowski ct al. 1986b) at the University of New BrJnswick within 

the activity of the AG Study Group on Dcfonnation 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 strain components and relative 

rigid body motion within a deformable body. It allows utiliz.ation of different types of surveying 

data (conventional surveys and GPS measurements) and gcotcchnical/sauctural measurements. 

It can be applied to any configu.-ation of the monitoring scheme as long as approxim~te 

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 moocls, and final selection of the "best" model. 

A brief description of the approach is given below. 
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The change in shape and dimensions of a 3-0 deformable body is fully described if 6 strain 

componenLc; (3 normal and 3 shearing strains) and 3 differential rotations at every point of th:: 

body are determined. These deformation parameters can be calculated from the well-known 

srrain-displacement relations if a displacement function representing the deformation of the object 

is known. Since, in practice, deform:.:!on 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 d~termined, 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: 

d(x, y, z, t-r.) = ( u,v,w) T = B(x, y, z, t-t.) c , (5) 

where d is the displacement of a point (x,y,z) at time tin respect to a reference time t_; u,v,and 

w are components of the displacement function in the x-, y-, and z- directions, repscctively, B 

is the deformation matrix with its elements being some se!ectcd base functions, and c is the 

vector of unknown coefficients (deformation parameters). 

For illustration. examples of typi~ defc:mation 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: 

u ... = 0 • v ... = 0 (6) 

where the S!.lbscripts represent all the points in the indicated blocks. 
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(b) Homo~eneous strain in the whole body and differential rotation (Figure 4b). The deformation 

model is linear and it may be expressed directly in terms of the strain components (E •• £,, E •• ) 

and differential rotation,lil, as: 

U = E. X + t.,y - CiJy 

v -= £., x+ t,y + CilX (7) 

(c) A deformable OOdy 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 

UA = £,..X + £0,J - m. y 

v. -= t""'x + t.,,.y + m.x 

and 

U1 •lo+ E .. (x - xJ + t_,.(y - yJ - CU.(y • yJ 

v, = b, + t.,.(x - xJ + c,..(y - y .. l + m.cx - Xo) 

(8) 

(9) 

Usually, the actual deformation m~l is a combin.ation of the above simple models or, if more 

co:r.plicatcci. it is ~;(pressed by non-linear displacement functions which require fitting of 

higher-order polynomials or other suita!:>le functions. lf time depender.t deformation parameters 

arc sought. then the above deformation models will r..on?ain time variar1!!s. 

A vector Al of changes in any type of observations, for instance, chang-:s in tilts, in distances, 

or in observed strain. can always be expressed in ternls of the displaccmen' function. For 

example, the relationship between a displacement function and a change ds in the distance 

observed berwec:n rwo points i and j in rwo monitoring campaigns may be written as 
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(Chrzanowski ct al..1986a) 

ds.= f(x,- x.)/s) u,+ [(y,- y;)/s)] v, - [(x,- x/s)) u.- [(yj - yi)/s)) v, (10) 

whcl'e u,. v~ u, and v; are componcntS of the displacement function at pointS (Xi. yi and x,.y,: 

rcspecti vcl y. 

For a horizontal tiltmctcr, the change dt of tilt between two survey campaigns may be cxpressC(i 

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

dt = ('dw{cJx) sina + (i1w{cJy) cosa (ll) 

where a is the orientation angle of the tilanetcr. 

The functional relationsh;ps for any other types of observables and displacement functions are 

given in (Chen. 1983; Olnanowslci ct al. 1986a; Chrzanowski ct al 1986b) and also in 

Appendix 6. In matrix form. the relationship is written as: 

Al= AB,, c (12) 

where A is the ttansformation matrix (design matrix) relating the observations to the 

displacemcntS of pointS at which the observations are made, and B., is constructed from the 

above matrix R(x. y_, z. 1-i. _)_and related -to~ points included in the observables. 

If redundant observations arc made. the clements of the vector c and their variances and 

covariances arc determined through least-squares approximation. and their statistical significance 

can be calculated (sec Appendix 6). One ttics to find the simplest po:>sible displacement function 

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

The search for the 'best' deformation model (displacement function) is ba:;ed on either a priori 

knowledge of the expected deformations (for instance from the finite clement analysis) or a 

qualitative analysis of the deformation trend deduced from all the o~servacions taken together. 

In the case of the observables being the relative displacements obtained from geodetic surveys. 
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the iterative weighted tr.insfonnation (sec above in 2.3.2.1.) of the displacements gives the best 

picture of the actual defonnation trend helping in the spatial trend analysis. In the case of :i long 

series of observ:uions 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 separate the known deformation trend from the superimposed 

investigated deformation. For example, in order to distinguish betwer.n the cyclic (seasonal) 

thermal expansion of a suucwrc with a one-year period of oscillation and a superimposed 

deformation caused by other effects which arc, for insWlcc, linear in time, all the measurements 

can be analysed through a least-squares fitting of Jie cyclic function (see also section 2.4) 

y = a,cos(mt) + a,sin(Cilt) + a,t + a. + a,O(t.) + •.. , (13) 

to the observation data. where m = 21r/yr, and a, is the me of change of the observation 

(extension, tilt. inclination, etc.). The amplirude and phase of the sinusoid can be derived from 

a, and a.- The constant a. is the y-intcrccpt and the constants a,, -· arc possible slips 

(discontinuities) in the data v.ries and O(t.) is the Kronecker's symbol which is equal to 1 when 

~ with t, being ttae time of the occurance of the slip, and is equal tO 0 when t < t, • Examples 

of the temporal trend analyses of some geoteehnical and geodetic long data sets arc give in 

section 2.4 in Figures 8 and 9. 

Summarizing, the geometrical deformation 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 

deformation models which seem to match the trend and that make physical sense. 

(2) The least-squ~s fining of the model or models into the observation data and statistical 

testing of the models. 

(3) The selection of the 'best' model 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 whi~h gives as small a quadratic form of the residuals as possible. 

(4) A graphical presentation of the displacement field and the derived strain field. 

UNB Rcpon on Dcformauon Monitonng. 1992 48 



Examples of prJclical applications of the UNB Generalized Method of Deformation Anal 

are given in Chrzanowski et al. (1991 ), Rohd~ (I 990). Chrzanowski ct al. ( 1989a). Secord ( 19~.'.'IJ 

Chrzanowski cl al. (1983) and Chrzanowski er al. (1989b). A copy of the latter publicatio1 

dealing with the generalized geomeaical analysis of deformation of a hydro-electric power statior 

is attached as Appendix 6. 

The resulrs of the gcomeaical analysis serve as an input into the physical interpretation and ir 

the development of prediction models as discussed above in section 2.3.1. 

2.3.3 Statistical modelling of the Load-Displacement Relationship 

The statistical method establishes an empirical model of the load~formation relationship throug: 

the regression analysis, which determines the correlations between observed dcfonnations m 

observed loads (external and internal causes producing the defonnation). Using this model. th1 

forccastcd deformation can be obtained from the measured causative quantities. A gooc 

agrccmcnr between the forecasts and rhc measurements then tell us that the defonnable bodJ 

behaves as in the past Otherwise, as in the previous case. reasons should be found and the mode: 

should be refined. 

Interpretation by the statistical method alway:; requires a suitable amount of observations, botll 

of r:ausative quantities and of response effcctS. Let d(t) be the observed deformation of an objce1 

poinr at time L For a concrete dam, for example, it can usually be decomposed into thm 

components (Bonaldi et al, 19n; Fanelli. 1979; Chen and Chrz.anowski, 1990): 

d(t) = ~ (t) + dr(t) + d,(t) (14) 

where d.t (t), dr(t), d,(t) are the hydrostatic pressure component, thermal component. and we 
irreversible component due to the non-elastic behavior of the dam, respectively. The component. 

d,. (t) is a function of water level in the reservoir, and can be modelled by a simple polynomial 
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<f.,(t) = ao + a,H(t) + aJi(t)2 + .•. + a,.H(t)"' (15) 

where H(t) is the elevation or the water in the reservoir. The component ~t) can be modelled 

in various ways depending on the infonnation on hand. If some key temperatures T;(t). (i = 1. 

2 •..•• k) in the dam arc measured. then 

(16) 

If air temperature is used. the response delay of concrete darns to the change in air temperature 

should be considered (Chen ,1988). If no tempcmaure is mcausrcd. the thennal component can 

be modelled by a trigonometric function (Chen and Chrzanowski, 1986). 

The irreversible component dr(t) may originate from a non-elastic phenomena like creep of 

concrete or creep of~ cu:. Its time-dependant behaviour changes from object to object. It may 

be modelled., for example, with an exponential function (ENEL, 1980). Chen (1988) has found 

that the following function is appropriate for conacte darns: 

(17} 

The coefficients a,. b,. c1 in equations (16), (i7), and (18) arc dctennincd using the least squares 

regression analysis. The final model suggests the response behaviour of the different causative 

facwn and is- used foi prediction- purposes 

For an earth dam. the Lltennal effect is immaterial and the irreversible component becomes 

dominant. 

It should be mentioned that the statistical method for physical interpretation is applicable not only 

to observed displacements, as discussed above, but also to other monitored quantities, such as 

StreSS, pore water pressure. tilt of the foundation. etc. The only difference is that the response 

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

The dctcnninistic method provides infonnation on the expected defonnation from the 

infonnation on the acting forces (loads), propcnics of the materials, and physical laws governing 

the stress-strain relationship. 

Dcf onnation of an object will develop if an extcmal force is applied to iL The extcmal forces 

may be of two kinds: surface force, i.e., forces disaibutcd over the surface of the body, and body 

forces, which arc disaibulf.d over the volume of the body, such as gravitational forces and 

thcnnal stress. The relation between the acting forces and displacements d is discussed in many 

textbooks on mechanics. Let d be the displacement vector at a point and r be the acting force. 

They arc related as 

L1DLd + f = 0 (18) 

where D is the constitutive manix of the material whose clements arc functions of the material 

propcnies (c.g~ Young's modulus and Poisson's ratio) and L is a differential opcr.uot 

transforming displacement lO strain. If initial strain t. and initial mess a 0 cAist, equation (18) 

becomes 

LTJ>Ld + (Va0 - LTJ>t,) + r = 0 (19) 

In principle, when the boundary conditions, either in the fonn of displacements or in the fonn 

of acting forces, arc giv~n and the body forces arc prescribed., the differential equation (18) or 

( 19) can be solved. However, direct solution may be difficult. and numerical methods such as the 

finite clement or boundary clement of finite differences methods are used. The finite element 

method (FEM) is most commonly method in structural and geotcchnical engineering, particularly 

in modelling dam defonnarions. • 

The basic conc:pt of the FEM is that the continuum of the body is replaced by an assemblage 
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of small elements which arc connected together only at the nodal points of the clements. Within 

each element a displacement function (shape function) is postulated al"d the principle of minimum 

potential is applied, i.e., 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 algebr.Uc 0[)1:rator. 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 FEW~A (Finite Elelement Method 

for Multidisciplinary Applications) devel~pcd at the Univetsity of New Brunswick 

(Szostak-Chrzanowski and Chrzanowski, 1991; Szosta'c-Chrzanowski, 1988) for 2-D and 3-D 

finite element elastic, visco-elastic, and heat transfer analyses of defonnations. FEMMA has 

found many practical applications in darn deformation analyses (Chrzanowski ct al.,1991), in 

tectonic plate movements (Szostalc-Chrz.anowski ct al., 1992), in ground subsidence studies 

(Szostak-Chrzanowski and Chrzanowski, 1991) and in tunnelling deformations. 

In the deterministic modelling of dam deformations, the darn and its foundation arc subdivided 

into a finite clement 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 irarerest are computed. A displaccmcnt function with respect to 

water level is obtained by least squares fitting 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 mouid first be-solved Again, FEM could be-used, based-0n sem~ msaswcd­

tempcratures (boundary conditions). Both the coefficient of thermal diffusivity and the 

coefficient of expansion of concrete are required. The thennal components for the points of 

interest are calculated using FEM with computed temperature at each nodiil poinL The total 

deformation is the sur.i of these two components plus possible action of some other fc-t:es, e.g., 

swdling of concrete (Chrzanowski ct al., 1991) due to alkali aggregate reaction which can also 

be modelled with FEM. 

FEM is, certainly, 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 as the quality of the 

input and as good as the experience of the aper.nor who must have a good understanding of no1 

only the computer operation but. panicularly, good knowledge in the mechanics of the 

deformable bodies. One should not treat FEM as a magic (black box) tool. Excellent rc:narks 

and comments on the numerical analysis of dam deformations are gi•·en in the ICOLD BuHctin 

No. 30a (ICOLD. I 987). 

2.3.S Hybrid Method of Deformation Analysis 

As one can sec 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 shon sets of observation data arc 

available. In additir1n, some ponions 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 correlated. The deterministic method proves very advantageous in 

these aspects. The deterministic method is of an a priori (design) nature. It uses the information 

on geometric shape and material properties of the def onnable body and acting loads to calculate 

deformations. However, due ro 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 depan significantly from the observed values d·:t). 

In this case, if. for example, a suspicion is that the discrepancy is produced by unccnaintir-s in 

Young's modulus of elasticity, E. and the thermal coefficient of expansion, a. the deterministic 

model can be enhanced by combining it with the statistical method. in the form (Chen, 1988) 

d(t) + v(t) = xd.t(t) + y <4{t) + c 1t + c,ln t (20) 

where v(t) is the residual, d.t(t) and dr(t) arc 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 cxaming the residuals. The unknowns x. y. c1• c1 arc 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. thennal expansion coefficient of concrete: 

x = F.JE (21) 

y = ala.a (22) 

where Ea and a.a arc the values used in the detenninistic 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-elastic behaviour), the model may be significantly 

distorted. 

R~ntly, as aforementioned. a concept of a global integrarion (Chrzanowski ct al. 1990a) has 

been developed. where all three - the gcomeaical analysis of dcfonnations and both methods 

of physical interpretation - arc combined. Using this concept. dcfonnation modelling and 

understanding of the dcfonnation mechanism can be greatly enhanced. Appendix 7 gives a 

formulation of the concepL 

2.4 AUTOMATED DATA MANAGEMENT OF DEFORMATION SURVEYS 

2.4.l Advantages and Limitations or 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 concerned is any geotechnical observable as well as any con~ntional geodetic 

observable (angle, distance, or height difference). Apart from the location and type of 

insttumcntation, the frequency and reliability of the data can be enhanced by employing an 
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"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 to 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 instancmeous 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 (a "manual" 

system) to vinually none (an "automatic" system). Neither extreme is practical. A manual system 

is labour intensive and liable to errors or blunders and is less flexible in the re-examination of 

data. An automatic system is attractive but has some limitations. Although a "data acquisition 

system" saictly involves the gathering of da!a. 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 arc summarized in the following two lists. 

The advantages of an automatic data acquisition system arc: 

( 1) personnel costs for reading insttuments and analyzing data arc reduced. 

(2) more frequent readings arc possible, 

(3) reaieval of data from remote or inaccessible locations is possible, 

(4) instantaneous 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 c~ n be stored electronically in a format suitable for direct computer analysis. 

The limitations of an automatic system arc: 

(I) a knowledgeable observer is replaced by hardware, i.e .• less frequent "intelligent" visual 

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

(3) the data may be blindly accepted, possibly leading to 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 ~y 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 mentioned above. 

Therefore, the advantages of an automatic (really "semi-automatic") system easily outweigh its 

disadvantages. 

2.4.2 Examples of Automated Systems 

In a variety of levels of sophistication. automated systems have become commonplace, 

· panicularly in the monitoring of dams and hydro-electric power genera.ting stations. Italy's ENEL 

(Ente Nazionale per l'Energia Elettrica) and ISMES {lstituto Spcrimentale Modclli c Strutture) 

have been leaders in the philosphy (Fanelli, 1979) and creation of monitoring sytcms (Anesa ct 

al., 1981; Bonaldi et al., 1977; Bonaldi et al, 1980; Bonaldi ct al., 1985). Now, systems are well 

established in ~ countries- f !COLD. 1-9-82),_ in_ particular: Ausnia (Hautzenberg, 1979; 

Ludescher, 1985); Canada (Carrier and Hamelin. 1988; Chrzanowski and Secord. 1990; Secord, 

1990); Japan (Japanese National Committee on Large Dams, 1987); People's Republic of China 

(Chen and Du, 1990); Poland (Jankowski ct al., 1985); Portugal (Florentino et al., 1985; Silva 

Gomc.s, 1982); Switzerland (Swiss National Committee on Large Dams, 1985; Gilg ct al., 1985); 

and United States (Bartholomew and Haverland, 1987; Bartholomew et al., 1987; Lytle, 1982; 

Lytle, 1985; Walz, 1989). 

Systems have also been developed for other applications, especially regarding high precision 
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metrology me:isurements (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 arc four systems which warrant mention here 

specifically. One, used at ENEL (Bonaldi ct al .• 1977). is shown in Figure 4. A second, used by 

the U.S. Bur?"au of Reclamation (USBR] (Banholomew ct al .• 1987). is shown in Egure 5. 

Thirdly. activity in the U.S. Army Corps of Engineers [USACE] has been presented by Lytle 

(1982, 1985) and Walz (1989). no figure from which shows details differently 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 effons at LNEC (Laborat6rio Nacional de Engenharia Ovil, 

Ponugal) which arc 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 contexL It 

would appear !11at the cwrcnt trend is toward micrcomputers for on-site analysis and 

communication to a central office is fairly routine. 

2.4.2.l The ENEL Systt!m 

In the ENEL system (Figure 4), there arc two major subsytems: "Off-line" which serves as a 

central storage of all data; and "O:i-line" in which most !>f the activity takes place. It is the 

-On-line-ponion-that-is-of intc:rtSt-.md will 1>e dcscriJocd here. Two mini-computers arc involved 

and arc linked for the teletransmission of data. The remote virtually duplicates the functions of 

the local, except for the actual capture of data. The local. "ESSDI/L". pro\idcs 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 :han an established tolerance. 

• 

2.4.22 The USBR System 

Figure 5 illustrates the arrangement at the Calamus [embankment] Dam ma"aged by the U.S. 
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Bul""'..au of Reclamation. The main aspect of this system is the means of communication by 

telephone line or sntellite link from the dam to various locations in the country. Two appendices 

to Banholomew et al. ( 1987) describe, in detail, the data processing and automation of the 

Bureau's embankment dams. Banholomew and Haverland (1987) discusses concrete dams but 

ntorc detail, with respect to data management, is given in Banholomew ct al. (1987). 

2.4.2.3 The USACE System 

Lytle (1982) describes a system used by the SL 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 system under development, 

initially to deal with totally automating piezometers in embankment dams, panicularly with 

respect ro local and district communication. The concepts of both authors arc encompassed by 

the other three systems. 

2.4.2.4 The UNB System 

A data management_ sytem was devised by UNB for use on a mM PC AT compatible on-site 

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 conttol of) instrumentation and for the keyboard 

entry for other equipmenL The system can also accomodate manually recorded data or data 

directly acquired from instrumentation. The raw data arc contained in observation files, archived 

for security, and are processed or "reduced" (iJsihg callbratio~ 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 predicted from stochastic (statistical) analyses 

of the data files and thus provides for a warning in rhe field. A warning is al:;o 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 a~ it has been repeated in a suicable rime series), can be brought together 

in the integrated defonnation analysis of a sUlJcture. In the process, a time series is analysed for 

trend. with the separation of seasonal and long tcnn behaviour. In the absence of actual 

temperature infonnation, the trend ("y", the change in the value of an observed or derived 

quantity) against time ("t", in years) is described by the following equation. 

y = a1sinci>t + ¥OSCi.>t + a3t + a. + a5 + ... 

in which 

c'i> is 2x since a period of I year is assumed. 

a3 the "rate" or long term trend. 

3s .. possible values of slips accounting for discontinuities in the data series (Cle 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 fining provides a full statistical 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 S shows another series in which several interruptions in the 

continuity of the series occurred (e.g., change in the tape of an extcnsometcr after damage and 

wirhout regular calibration). It is possible to derive a new series from two original series or to 

create a series from repeated geodetic campaigns (e.g., tilt derived from levelling, Figure 9). The 

system can also show several series of data simultaneously, without fitting, to provide a graphical 

comparison oT the senes {Figure I 0). 

The treatment of the data can be described with reference to Firure 6. The geodetic data is 

trea:ed traditionally in campaigns for adjustmer!t ("C.A. ") and spatial trend analysis ("S.T.A.", 

e.g., see section 2.3). Once the observations have been repeated a sufficient number of times, \ 

they can be treated as a time series ("T.S.A" time series analysis and µlot, e.g., tilt from levelling, 

Figure 9; "S.S.A." spatial series analysis and plot, e.g., subsidence). Gcdtcchnical series are 

treated in a similar mannner ("T.S.P." time series analysis and plot, e.g., Figures 7 and~: "S.S.P." 

spatial series analysis and plot, e.g., borehole profile changes). The time series analyses ("T.S.A. •• 
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:ind '"T.S.P. ") are fitted wirh the sinusoid in the above equation ro separate s~onal effects from 

the long term trend. All of the trend analyses are auron1ated by command files which arc setup 

to control fining and auwmated plotting of several series in succcss;on. All of the data can be 

used toc;ether in simultaneous integrated g:omeuical analyses following the UNB Generalized 

Method (e.g .• "D.M. ", sec section 2.3). If desired. several series can be plotted simultaneously. 

without fitting ("Other". e.g .• Figure 10). Since both the observation files and the data files arc 

ASCII text files. they arc accessible als:> through any text editor for manual ency or editing and 

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

2.4.3 Desirable Characteristics of an Autom3ted System 

Together. these examples show the dcsircable characteristics of a data management system for 

defonnation surveys (including both geotcehnical and geodetic observables). 

(1) Data integrity (offering checks in the field and later processing). 

(2) Data security (auromatir. archiving and tcgul.ar data file backup). 

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

(4) Compatibility and integration with other observables. 

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

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

(7) Aexibility in the system to be easily modified to accomodate additional instrumentation 

or other forms of analysi~. 

(8) On-site immediate access to data or any of the forms of amlysis. 

(9) Near-real time rcslllts of trend or other analyses. 

( 10) Testing and calibration is an integral component of the system. 
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3. WORLD WIDE STATUS OF MONITORING AND 

ANALYSIS OF DAM DEFORMATIONS 

3.1 GENERAL 

According to the World Regisrer of Dams (19C8) there were a total of 36,235 large dams (h > 

15 m) in operation around the world in 1988. This includes 29,974 embankment (eanh- and/or 

rock-fill) dams, 4,180 gravity and 1.592 arch darns. It is worth noting that about half of the total 

number of large dams arc in China. USA with a total of 5,469 large dams (sec 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 arc owned by the top ten International Commissia.a of Large Dams (ICOLD) 

mem her countries. Between 1951 and 1986, an average of 337 dams were being consttuctcd per 

year, excluding China. In China the average rate was 523 ~s per year. The former Soviet 

Union, instead 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 authorities arc added. This would rank the 

Soviet Union third behind Otlna and USA. 

There are a total of 79 countries registered with ICOLD. In order to obtain information on the 

procedures used in monitoring and analysis of dam dcfonnations, a questionnaire (sec 1.3) was 

forwarded to rcprc!:cntative of all the ICOLD member countries. 

To date, 28 countries 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 questionnaire 

and the information gathered from ICOLD Bulletins, Proceedings of ICOI.D International 

Congresses and other relevant publications. this repons summarizes the collected information 

from a few selected countries which arc considered to be the leading contributors to the new 
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developments in deformation monitoring. A special attention has been given to USA all( 

Canada. Note that the order in which the counaies arc reviewed is saictly in alphabetical order 

Table 3.0 
Number of Dam Types by Country 

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

Dam Types 

ICOLD Coocrete/Masonry 

Member 
Countries Embankment Arch& Total 

Gravitr Multiple Arch Buttress 

1. China 17.473 539 785 23 18,820 

l.USA 4.,694 S37 .. 192 ·' 36 s_459• 

J.Japan 1.484 674 52 18 2.228 

4. lndi.a 998 138 i . 1.137 

5. Spain 151 SIS 47 24 nr 
6. Ko.2a 675 15 . . 690 

(Rep oO 

7.Caaada ... 387 •. . . .=.: 19:S· , .. ,•: .,: ... 9 .. ,..". .. , :., · 11:: . . : (i08 ,,, ; .. 

8. UK 413 91 17 14 S3S 

9. Brazil 391 107 8 10 516 

JO.Mexico 343 144 11 s 503 

Remaining 69 2.965 1..225 611 201 S,002 
Countries 

TDIAL(~) -29,,914 UtLU) "2&1 {17.28} 36.235 

Note: • According to lhc USCOLD Register of Dams currently tbcrc arc 5,469 dams in Lhc USA (.:itwma. 1992). 
#As of December 1991 Spain rei;isu:rcd 1,031 dams (Yagiie, 1992). 

3.2 ARGEJ\'TINA 

Argentina has 98 large darns officially registered. some of which are monitored using solclYI 

geodetic instrumentation or both geodetic/geot.echnical 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 Elcctrica S.E. and Hidronor S.A. 

have formulated their own specifications. These specifications arc based on the international 

standards set out by the ICOLD bulletins and other publications. 

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 & a-averse, 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 d&.m. Instead, the data from the extensometer, pendulums and load cells arc used 

to detcet these small changes (Pujol and Andersson. 1985). For the deformation analysis, the 

geodetic and geotechnical data arc analyzed indcJ>Cndently. Funhennorc, the gcotcchnical data 

is separated and analyzed using different numerical models. Sttcss-strain Models arc used to 

analyze data from load cells and strain gauges and Seepage Models arc used to analyze data 

from piez.ometers (Botta ct al. 1985). Then> is no one common method of analysis that 

combines the data from geodetic and geotcchnical instrumentations into one integrated 

monitoring scheme to determine the overall behaviour of the structure. 

A typical monitoring scheme used for deformations in Argentina is suznmarizcd 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 insaurnents 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, Chainnan 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 Aliaara Dam, Argentina 

(aner Pujol and Andersson [1985, pp. 394-397)) 

Measured Parameters Instrument Type lmtrument Location 

Water Pressures (pore-water & Elearical picz.ometerS. vitnling wire Foundation Core Fllters. 
intemir.ial pressures) sbelli 

Left bank 

Pneumatic piezomcu:n Core Filter, shells 

Open piezometers Casgr.mde type DJs Shell foundation 
Left bank 

Tow pressures ...a:uic:al pressure cells, vibrating Core 
We 

Pneumatic pressure cells Core 

Tow forces Load cells. vibrating wire Left bank only 

Load cells. vibrating wire Lefl bank only 

Load cells. strain gauge Left bank only . 
Relalive displaccmcrus ExtensometerS Distofor type Left ban.le on! y 

Ext.eru0meters. multiple bars. micro Left bank only 
metre reading (1 direction) 

Exi.ensometen. single bar, electtic:al Core 
reading (1 d.ircction) 

Inclinometers (2 di.rcctions) Core, u/s filter, d/s shell 
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Measured Parameters Instrument Type Instrument Loation Qty. 

Pendulums. invcned (2 directions) Left ban1: only 2 

Joint clisplaccmcn1 devices (3 Ldt bank on! y 60 
directions) 

Seulcmcnts (internal) Magnetic: discs around inc:linome:er Core (3 inc:lnom.) D/s 130 
tubes shell (l inclinom.) 

Pneumatic: scnlement cells Core U/s ~ell 11 

Displaa:ments (by geodetic: Bench marks (theodolite or Crest. Benns on dis shell 8 
survey) diswx:emeser readings. levelling) Left bank 13 

42 

Accelerations (eanhquake Strong motion acc:elerographs SMA- O"c.:;t, Dis shell slope 1 
induced) l, inu:rtonnect.ed System Left Bank 2 

3 

Peak aa:elcmion recorden Crest. D/s shell slope 7 
Left bank 4 

1 

Seismic: niggers. irum:onneaed Left bank 3 

Seismicscope Crest, DJs shell slope 1 
Left bank 2 

3 

Seepage V-ooo:h weirs (r=noc.e reading Station al dam toe 2 
plam:d) Ldtbmk 6 

Note: • indicates connection io the auioma1ic da1.l acquisition system 

3.3 AUSTRALIA 

Australia has approxima~ly 409 large dams (World Register of Dams, 1988). The majority of 

the dams have been developed by state authorities responsible for the conservation and 

distribution of water for irrigation. These major authorities form the membtrship of the 

Australian National Committee on Large Dams (ANCOLD) (!COLD, 1989). Overall, Australia 

has maintained a good dam safety record with the last dam failure having occuned in 1929. This 

safety record can be attributed to the fact that the majority of the dams are engineered, 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, mdntained 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 

Funhennore, New South Wales is the only swe 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 developed 

their own surveillance programs which include specifications for dam monitoring. For example, 

the Hydro-Elccuic Commission of Tasmania has a Safety Dam Unit (SOU) which performs the 

inspections of the darn, and reviews defonnation surveys, instrUmentation readings and leakages 

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

Over the years ANCOLD has been the driving force in establishing Australia's dam ~fety 

practice. It has promulgated surveillance of dams. In fact. ANCOLD has published the 

following sources which reflect the current practice used in the surveillance :ind monitoring 

systems for the major dams in Australia (ICOLD, 1989): 

1. ANCOLD (1976) - GuideliMS Operation, Maintenance and SurveilJQzce of Dams. 

2. ANCOID (1983) - Guidelines for Dam Jnsrrumenldlion and Moiiil()ring Systems. 

A very comprehensive summary of these documents can be found in the repon by ANCOLD in 

!COLD (1989). 

The complexity and extent of the monitoring system used on a dam is influenced by the ~hazard 

rati!'lg" of the dam which is based on the potential economic loss and loss of life as a result of 

a structural or mechanical failure. Howevor. once the monitoring system is selected it is assessed 

for confonnity with the current standards of design, construction, maintenance and operation of 

large dams. After doing so, if required. a more comprehensive surveillance/monitoring system 

is installed. The ANCOLD Guidelines consider routine inspection 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 exc:ncd by the dam. This provides the logic for the 

design of the insuument systems in monitoring the confonnity of the dam with acceptable 

behaviour pan.ems. 

The systems which arc considered in planning and development monitoring requirements for 

new arid existing dams as described include: 

(1) visual inspection and reviews, 

(2) seepage measurement and analysis, 

(3) groundwater/seepage pressure measurement. 

(4) sorfacc displacement and strain measurcmc:nts, 

(5) internal displacement and strain measurement. 

(6) sD"Css and load measurement systems, 

fl) hydrometecrlogical, and 

(8) scismicity m<.'nitoring. 

A typical surveillance team consists of a competent staff made up of professionals and s11b­

professionals. For example, the Thomson Dam in Melbourne. Victoria. is regularly monitored 

by Caretakers, Engineers, Geologists and Surveyors (Robins and Walsh, 1989). Overall, the 

geotcchnical and suuctural equipment used in these measuring systems v~· from simple 

instrumentations (groundwater observation wells, strain gauges, cxtensometer, joint meters) to 

sophisticated insuumentations (e.g., prcssW'C measuring tips providing registerS of pressure at 

discrete locations or seismographs with timing-accuracy of-0.-01 second for-period.s-up--to-()ne­

month, allowing very accurate location of canhquakcs). Seismic monitoring is applied only to 

large dams. This is cazried out by using or partly integrating the regional seismographic network 

and strong-motion sensor system installed randomly in the dml and its foundation. Surface 

displacements arc determined by precise survey methods. These methods are used to register 

absolute movement of the dam and its abuonents. Precise Survey systems arc generally based 

on a triangulation and/or trilateration network with a high degree of accuracy. Different Methods 

and accuracies are used for embankment and concrete dams. The number and positior. of survey 

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

The ANCOLD repon gives some examples of the types of instrumentation systems used to 

monitor four of Australia's major dams. Table 3.2a illustrates some typical instrumentations used 

in five concrete faced rockfill embankrn.:nt dams on the Pieman River on the west coast of 

Tasmania (Knoop and Lack. 1985}. The frequency of the readings varies from very ~uently 

during the construction and first filling to less frequently when the saucture has reached a stable 

condition and recurrence pattern of behaviours arc established. For unusual events and in special 

circumstances such as after an eanhquake, or rapid draw down or flood conditions in excess of 

the normals, ir.crcascd frequencies of observations is warranted (ICOLD, 1989}. An example of 

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

Table 3.2a 
Numberffypes of Instruments Installed in Five 

Concrete Face Rockfill Embankment dams on the 
Pieman River, Tasmania 

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

Ty~ of lnsirwnmts Madw11osh TuJlaprd.ine Murchison &~yan 

Hydrosuuc setl.lcmcr.t cell 8 :5 4 4 

Survey &argetS 20 12 6 11 

Cres1 chnomc1.et base 3 

Face slope anclmcmeu:r I l l 

Penmcinc 101111 mcLCT •4.12 2.S 8.16 3.6 

Face J0111l meLCr. pin set +12.34 8 4 

Face strain meLCT •20.34 5.29 . 
Embankmc:r.1 dilauon met.er 4 

Embanlanc:nl press~ met.CT •2.s 

FoWld.Juon Pleu>mC1C' 14 

Lcak2gc weir l l l 4 
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NOi.CS: 
1. •4.12 means four k>calion. twelve instruments inst.ailed in scu at orthogonal direction or in roscw:s. 
2. +12.34 means twelve J01nt meters, lhiny-four sets. 

Table 3.lb 
Instrumentation Systems and Monitoring Frequencies1

•1 

(Based on Table 9, ANCOLD Guidelines for dam Instrumentation and Monitoring 
Systems) 

(from Murley, [1983, p. 13)) 

lmtTumentation Durin& Routine Monitorinc 
and First Fillinc Operational Pb.ue Run.arks 

Monitoring Syslftn 

Visual lnspeaJon; check Daily Daily and Weekly V isuaJ inspcaions by 
for crxts. seulemeni. reservoir resident sWf to 
slips be compltmcntcd by 

routine anrw.aJ<4! 
Wpcaion by 
smvei1lance and 
openl.iOD. 

S«page Mca.surcmcu Daily Weekly (where A c.ortl?letc series of 
~ rati.ig or mm readings of 
allows less frequcm visual insuumcDWloD 
inspcctiaa. any ow moo.it?nng sysiems 
sc:cpaie measuremcms in shoWd be taken at time 
amjunaioc wilh visual of lOIWIJe i.mpcaion. 
impcajcm) 

Cbcmial Analysis of U seepage is signifu:a:m 6/:Doolh 10 establish 
Seepage SQSOCaJ paacr of wnge 

and secp38e chr.mistry. 

Pore Pressure 3tmocJJJr' 
M casl\TCDCZll,; Anm.W!'/'1 
foundations and dams. 

S~ Displacement 
Frcque:ncy as mzy be 

6/man1h umil seasonal nccesszry lO adequ.&Wy 
define trends in bc.~our paw:m is esW>lishcd lbl::o 

wtlh Q?licauon W31C annually. 

lntcmal Displacement 
loa.dmg and developmcnl • 3tmonth"1 

of seepage pau.c:m. Am:ually''l 

lntemaJ Stress 3tmonth"1 

Measurement Annually'Q 

Hydromc:.corlogic:al Operational rcquirancnt Operational rcquiremcru Continuity of monitoring 
may exu:nd to sc:rvicc 
pb.a.se for tn3JOT gated 
spillway opcrauon. 
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Instrumentation Durini; Routine Monitoring 
antJ First Fillin~ Operational Phase Remarks 

Monitoring System 

Seismological Continu()U) Continuous 

NoteS: 
(a) Frequencies are generalised. partirular circumstances, adverse trend in behaviour or riskt.ward ratings may dicwe 

more frequent monitoring. Alia ww.su.al event. such as rapid drawdown. filling or eanhquake. carry out partial or 
full monitoring as appropriale. 

(b) Suggested maximum in1erval. utilial 3-4 years until dam and foundations exhibit stable characteristics. 
(c) Maximum int.c:rVal. subsequent years, regardless or satisfactory behaviour. 
(d) Afr.::r initial S years. subjc:a IO satisfactory behaviour, surveillance inspection inrerval may be increased progressively 

w S year interval. · 

In the latter pan of 1980 •. the Department of Surveying and Land Infonnation 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 authorities and organizations 

responsible for the dam monitoring. The majority of these organizations !lave adopted PC 

systems as opposed to main frame systems. Overall, the automated recording of observations is 

considered well developed. but problems are still encountered with the automatic reading and 

recording of dam instt'Umentations (Sterling and Benwell. 1989). 

Like most counaies, the data from the numerous insrruments within the monitoring system is 

processed and analyzed independently. The analysis ofri:n includes the recording of data in a 

continuous graphical form for case of rr-.cognition of trends and comparison with design 

prediction of behaviour {!COW. 1989). The survey data from distance measuring instruments 

(e.g., EDM Wild DI-2000) and settlement measuring instruments (e.g., Jena Ni and 005A Ni-3 

Automatic L:vels) arc also analyzed separately using developed or commercial software packages 

providing a least square solution (Sterling and Benwell, 1989). Case studies of existing dams 

by Knoop and La.ck (1985), Barnet and Funnell (1983), and Fitzpatrick et al. (1982) illustrate 

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

measure.d data whereas Sterling and Benwell ( 1989) give examples of the software pack.ages used 

for analysing the survey data.. 
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3.4 A lJ~"TRIA 

Austria owns and operates approximately 123 dams, of which 80% (99) arc concrete dams: 82 

gravity and 17 arch (World Register of Dams, 1988). AC'cording to Duscha (1990), a survey by 

the ICOLD Committee on Dam Safety disclosed that Austria has indeed some fonn of dam safety 

legislati~n. In addition, the Austrian National Repon (ICOLD, 1989) claims that in Austria the 

responsibility of dam surveillance is designated to an authority (e.g., General Water Right 

Authority) and that darn owners arc obligated to assign a dam operator. 

Funhennorc, according to the Austrian National Repon, dam owners have an obligation to inform 

the authority in charge of the dam surveillance of t.ie organization selected to operate the dam. 

The designated operators arc not only responsible for the overall operation of the dam and its 

peninent suucturcs, but also for the entire monitoring program. This includes recording and 

evaluating the measurements, preparing the annual or monthly reports, and maintaining the 

monitoring system. Consequ=ntly, for all of the dams within its jurisdiction, the surveillance 

authority has to review the reports and inspect each dam every S years (ICOLD, 1989; Ludeschcr, 

1985). Based on the information provided by Duscha (1990) and the Ausaian National Repon 

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 suuctural instrumentation. High precision geodetic surveys 

include levelling (of dam crests, slopes, embankments and abutments), alignment swveys (for 

no:i-curved gravity dams) and U'3vcrse (pref1m-.d for arch darns). Table 3.3 illustrates an 

example of one of Austria's more comprehensi".'e surveillance system. The system is used to 

monitor Austria's largest dam, the Kolnbrein Dam (200 m high). Regrettably the percentage of 

the total number of dams that arc cwrcntly monitored could not be determined from the 

information available. However, due to the fact that a large number of Ausnian dams arc 

situated in remote locations, more emphasize is placed on the: installation of instruments that arc 
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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 Kolnbrein Arch Dam in Austria 

(from Ludescher, (1985, p. 799)} 

Quantities lmtruments No. oC Number or Readinc 
Measured Jnstruments Points 

Total No. 
Automated 

Pressure balmce for measuring rcservoa I I I 
water level 

Loads Uplift pressure cells 41 41 25 

Stand pipe piezometc:r 154 154 124 

Concrete temperature znm.smittet 79 79 63 

Plumb line 17 34 17 

Cllnometc:r 52 52 0 

Invs-wite exlt:llSOm&r 16 16 16 

DispLacement Rod-type exccnsomcu:r 137 137 76 

Sliding rrucromeu:r 26 9!2 0 

Coruraaion joint open~ cnnsmiu.cr llS 137 0 

Geo1etic pointS 

• levelling 20S 262 0 
• tr.avr.:rse 
• t.ar~Cl 

S·.rain and Stress Tel cf ormeier 84 84 64 

Tele'?!'CSSmetc:r 29 29 28 

Flow Leakage 
. 

12 12 12 

Microse1smic I l I 
SeLSmic 
Activity Micrososmic 2 6 6 

Acoustic emission 2 4 4 

Mete0rological data 7 7 7 
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Quanlitie5 Instruments No. or Number or Reading 
Measured Instruments Points 

Total No. 
Automated 

Total 980 2.038 444 

According to the Austtian National Repon (ICOLD, 1989), when considering any dam-type the 

following factors apply: (1) seepage and water pressure measurements constitute the main pans 

of the monitoring system, and (2) periodic geodetic measurements must be performed on all dams 

consttucted in areas where there arc potential landslides. With respect to the frequency of the 

measurements, the Austtian follow the gui<!clines 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 darns in the Glockncr-Kaprun Hydro-Electric Power Development 

Table 3.4 
Monitoring Frequencies for 

the Glockner-Kaprun Hydro-Electric Power Development in Austria 
(after Breitenstein ct al, (1985, p. lll6]) 

Type or Measurmient Frequency 

lnspecti:m 

Comrol measurements Weekly 

Additional measurcr:ll:Ilt:; 

Geodetic survey 

Inspection with expi::u 
Annually 

Inspection with aulhonty Every 5 yc:irs 

Some of Austria's recent developments in the area of insttumentation 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 alternative 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 measuremcnt'i of those insttumcnts that have 

not bl.!cn automated. 

The above insaumcnts have already been trialed and installed in new and existing dams. Another 

imponant piece of equipment that is included in most of the dam sites is a television camera. 

Considered as pan of the automated system. the camera is used to provide an overall view of the 

dam structure (Breitenstein ct al .• 1985). 

The analysis of the data consists of using deterministic models during the first filling, and a 

statistical-based mathematical model soch as the multiple linear regression model after several 

filling periods (i.e. once more data has been collected). The results of the regression analyses 

arc later used to improve the parameters of the deterministic model as well as to identify possible 

long term changes in the measllrcd data. For the most pan. the results of the analyses arc 

presented in graphical and/or tabular form. The Austrian National Rcpon in lCOLD (1989) 

suggest that the analysis of the data should be performed by dam cxpcns and specialists with a 

statistical background 

For a more comprehensive review of the dam monitoring practices described in this section, the 

-reader-is-referred-to-the Austrian Nwonal R~ in ICOLD {1989). Ftn'thennorc, additional 

examples of monitoring system~ used in Austrian dams are given by Schober and l..ercher (1985). 

3.5 BRAZIL 

There arc 516 large dams officially registered in Brazil. Seventy five percent of these darns 

(391) arc embankment type dams (World Regwer of Dams, 1988). 111e most imponant dams 

are monitored using geodetic and/or geotechnical/suuctural instrumentation (Miguez de Mello, 

1992). 
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There are no national or local standards/specifications for dam monitoring. The Brazilian 

National Committee on Large Dams has issued dam owners general instructions related to dam 

safety. These instructions arc based on the guidelines published by the ICOLD (Miguez de 

Mello, 1992). 

From a review of a number of anicles by authors such as Seif an et al. ( 1985), Guedes and 

Coelho (1985), Carie ct al (1985), Llma ct al. (1985), Filho ct al. (1985) and Blinder ct al. 

(1992) one can conclude that the instrumentation used to monitor canh and concrete dams arc 

typical of those used by the majority of the ICOLD member counaies. Overall, the monitoring 

schemes consists primarily of: 

( 1) geodetic benchmarks for hig:: i>rccision trilateration and levelling, and 

(2) gcotcchnical/structural insaumcntation including direct or invcncd pendulum, 

thcnnometers, picwmetcrs, clccaic strainmeters, electric joinancntcrs, electric stress 

meters, inclinometers, hydrostatic settlement cells and the most recent instrument the 

horiwntal 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 

geotcchnical/structural teehniqucs. 

The analysis of Brazilian dams may consists of comparing the behaviour of the dam described 

by the data f umished by the monitoring instruments with that described either by FEM or by 

statistical model and/or a physical model (a miniature model of a selected section of a darn 

reproduced to scale). The data from the models is used as approximate limit values (Carie ct al., 

1985). The statistical model is based on the Gauss-Markoff Functional Probabilistic Model 

(H.G.M.). The H.G.M. mod.el establishes a link.between the effect variables (those characterizing 

the structural response) and the cause variables (e.g., upstream and downscrcam water level, 

ambient temperatures, concrete temperature, strain, stress, leakage flow). Some of the advantages 

of the H.G.M. model arc that it is simple to use, it requires no knowledge of geometry of the 

structure nor the mechanical property of the materials and it can be used to model any kind of 

cffec· on any types of dams (Guedes and Coelho. 1985). Guedes and Coelho (1985) describe 
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the model in detail and provide several examples 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 poinL These results arc commonly presented in 

a graphical or tabular fonn 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). 11'.e country has been blessed in that it has not yet experienced failures 

causing loss r.>f 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 Federation empowers the ten provinces to develop and control their 

national resource. The management of water and power generation rests with the Provincial 

GovcmmenL The provinces are therefore responsible for dams in their ji.aisdiction, including 

licensing, regulation and public safety. In most provin..:cs, dams arc owned and operated by 

provincial "hydro" organizations. The Dam Safety Committee instituted in 1980 by Canadian 

Naiionlil Committee on Large Dams {CANCOLD) undcnook a stuJy of n:gulations 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 Quebec are the only provinces that have 

developed specific safety practices supponed by regulations an1 the administrative staff tD 

implement them. (Dascal. 1991; Koropatnick, 1990; Tawil 1984; Brunner, 1983; Dam and Canal 

Safeo· Regulations, 1983). An excellent review of the laws and regulations governing the safet)' 

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

Albcna is the first province to institute laws governing safety of dams: the Darn and Canal Safet)' 
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Regulations enacted in 1978 (Dam and Canal Safety Regulmions, 1983). The 1. 'gulations arc 

administered by the Dam Safety Branch which has produced guidelines for licensing and design 

flood c.riteria 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 (fawil, 1984; Dam and Canal Safety Regulazions, 1983). Also, the Research 

Management Division of the Alben.a Environment sponsored the Depamnent of Sl.D'Veying 

Engineering of University of Calgary to develop standards and specifications for defonnarion 

surveys (feskey, 1988). A copy of the specifications is included in Append.ix 8. These standards 

and specification relate only to geodetic monitoring surveys. They lack detail and technical 

infonnation on the analysis, and arc p-ovided only as an example from which one can improve. 

British Columbia used existing legislation to formulate a very comprehensive surveillance 

prograrnm which includes the licensing, classification guidelines and inspection frequencies. In 

1979, BC Hydro, the powC'r authority in British Columbia. embarked on a study to evaluate 54 

dams consaucted before 1960. This evaluation lead to 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 T":lated to safety of dams. One of the most important 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 to coordinate and oversee that all of the necessary steps arc taken in 

order to fulfil B.C. Hydro's commitment to safety. Another aspect of the B.C. Hydro's Darn 

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 sc.fety standards consistent with 

standards such as those established by ICOlD (Brunner, 1983). 

In Quebec, the Hydro-Qu-!bcc darn safety poli~ 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 Distribution 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 

concerning 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 

definitiO"S and allow standardization of darn 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 stan this year in 1992, if not already 

staned (Dascal, 1991 ). 

In the province of Manitoba. me Manitoba Hydro became particularly involved in dam safety in 

1974 when survey~ of two older dams (Seven Sisters and Great Falls) revealed extensive concrete 

dcterioratio.n which presented a serious safety haz.ard. As a result rehabilitation programs were 

staned in 1978 and a formalized Safety Surveillance program was approved in 1979. Although 

the new program provided guidelines for monitoring the conditions and ongoing performance of 

various structures, it was not complete in providing an overall darn safety program. The program 

was eventually expanded in 1987 u. include a number of safety guidelines published by the US 

Corps of Engineers (COE) and those listed in ICOLD's CMck List on Dam Safety. One of the 

components that was adopted by Manitoba Hydro is that for each darn, the instructions on the 

instrumentation and monitoring is to be included in the dam Operating and Maintenance Manuals 

(Koropatnick, 1990). According to Koropatnick (1990), the current program is consistent with 

modern day practices in Dam Safety Engineering. 

In the remaining provinces, progress towards dam safety varie~ gn::atly. The need for programs 

to ensure public safety is recognised but the overall p;ogrcss is slow and usually hindered by 

inadequate funding. Although one may conclude that. in general, Canadian darns arc adequately 

attended, some shortcomings still persist (Tawil, 1984). 

Some of the common problems with Canada's dam safety programmes include poorly designed 

monitoring schemes, inadequate instrumentarion, lack of calibration facilities, and insufficient 

accuracy of measurements. 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 gcomeaical analysis of 

defonnation measurements {Chrzanowski. 1990). The ?hysical interpretation of deformation 

surveys requires knowledge from a maaix of interdisciplinary experts. 

There arc two known institutions in Canada that have s;~ificantly conaibutcd to the progress 

in the area of integrated monitoring and analysis of deformations. These arc 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 defonnations in engineering and 

geoscicncc projects. The research bas led to the d.evelopmcnt of an earlier described (section 

2.3.3) UNB Gencrafu.ed Method for Deformation Analysis (Appendix 4). The method is 

supported by a software package DEFNAN written in FORTRAN 77 which can be executed 

either on an IBM 3090 mainfnme or on an IBM compatible Personal Computer. As 

af orcmentioned. the UNB Generaliz.:d Method can be applied to any type of structures and it 

utilizes different types of geodetic and gcotechnical measurements in a simultaneous analysis. 

This method has been successfully implemented in many types of engineering and gcosciencc 

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 oi deformations of the structures at the Mactaquac hydro-electric power 

generating station in New Brunswick {Chrzanowski ct 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 detenninistic modelling 

of deformation with results of the geometrical analysis of deformation observations for the 

integrated analysis and physical interpretation. The deterministic modelling is supponed by 
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software FEMMA for 2-D and 3-D elastic and visco-clastic finite clement analysis (Szo.3tak­

Chrzanowski and Chrzanowski. 1991). A similar method. developed by the University of 

Calgary is said co perform an integrated analysis of deformations by combining a physical model 

(finite clement) of the structure with the actual deformation meas~ments on the struc:turc. The 

method has been applied to large fill dams, the Calgary Olympic Oval and large d' uneter buried 

pipelines (Biacs and Teskey, 1989). The n:scarch at both UNB and Unh·ersity of Calgary has 

put Canada into a leading position in international dcvelopmcnr.s of new methods for defonnation 

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 ef fons to increase the awareness of dam safety through annual conferences 

and publications. The CDSA was originally instirutcd by CANCOLD to assemble and review 

infonnation on the existing rules and regulations governing dams b various pans of Canada. 

One of its key finding'.> was that although all jurisdictions helve ~nabling legislation which set the 

responsibility for operation and maintenance with the dam owners, the legisla1im1 is not specific 

on monitoring and surveillance (Tawil, 1985). CDSA also organizes annual conferences where 

its members have an oppc. 1unity to present papers r.nd excha.1ge information on a &.1umber of 

subjects ranging from performance monitoring to 1.cgislation and remedial wurks (Anderson, 

1990). CANCOLD conmbutes to dam safety in Can-id.a through its members!tip with ICCLD 

-and its participation in -same -of -IGOLlYs -special mramittees. As member;; of ICOLD, 

CANCO!..D is in an ideal position: it has direct access to !COLD pub!icarions; it is in direct 

contact with an overwhelming number of international experts on <htms; and it can e~citange 

information with the other 78 or so ICOLD members fa an unilater.J, bilatc:ral or multilateral 

agreement One of CANCOLD's latest repon is irs national repon to the ICOLD Committee on 

Monitoring of Darns and their Foundations published in ICOLD (1989). The report is 

CANCOLD·s views on tt:e instrumerlf'llion cnncepts and ~nstallations related to new :md existing 

large Canadian dams. Unfonunately CANCOU>'s rcpon in ICOLD (1989) is very general in 

nature, however it does bring forth some concepts that Canadians believe to be :m imponant pan 

of a dam monitoring progcam. The repon omits the aforcm:ntioned developments at the 
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University of New Brunswick and Calgary which work within the activities 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 detennineci 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 ouL 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 read once-a-day, others once-a-week and surface surveys once-a-month. These 

frequencies arc to be maintained until the reservoir has reached full pool and for a few months 

after. Once the structure has reached a nonnal pattern of behaviour, the frequency of the 

readings may be lengthened to suit the requirements of the design engineer (ICOLD, 1989). 

Ex.-rnples of monitoring frequencies that have been implemented on two Canadian dams arc 

given at Tables 3.6a ·(Revelstoke Dam), 3.6b (La Grande Complex) and 3.6c (Bennet Dam). 

Table 3.6c 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 shon in what was stated to be one of the key elements to a 

successful monitoring program, the analysis of the observation data. The repon simply states 

that: during the filling of the reservoir the data should re 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 documena:d and 

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

For more infonnation 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 Brandt 1985; Taylor et al. 1985), in the Proceedings of the 5c International <FIG) 
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Symposium on Deformation Surveys (Chrzanowski ct al., 1988; Wroblcwicz ct al., 1988), as well 

as in the Proceedings of the International Conference on Safety of Dams (Pare, 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)) 

QUANTIT~ INSTRUMENT REMARKS 
MONITORED 

CONCRETE DAMS 

Surface survey points • lcx:alCd on the dam acst and along the dis fac.e to 
monitor both horizorual and venicaJ movement 

Plwnblines, pendulums, • located in wells on shafts to monitor tilt 

Defomwion plummets 

Rod~xtensometers • 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 

TilancterS/plwnblines • located in concrete mass to measure tilt movement (a 
series of elecaic tilUneters can be used to replace a 
manually read plumbline) 

JoinaneterS • imbedded imo the c:onaete lO monitor opening or 
closing of c:oruraaion joinl.s and cracks 

Temperature ThermometerS • should be embedded to measure mass concrete 
- -and remperarure Changes 

Stress/Strain 
Measurements Construction Thermometers • located lhroughout the dam lO monitor temperature 

during the consuuction (they are abandoned as 
consauction proceeds) 

Suess and Strain MeterS • a minimum of 3 StrCSS meters are required to calc:ulatc 
(Carlson strain meterS, the principal sucsses (vertical, horizontal and 459) 
vibrating wire strain gauges, 
resistance type gauges) . • they arc not to be used in concrete dams with height 

below 25 m and anticipated stresses below 700 Kpa 

• strain meterS may be used in areas that may be in 
tension 

Piczomelric Piezomet.ers and other • devices to measure piezomelric pressure in shear zones 
Pressure and appropriate instruments in foundation rock. at concrete/rock irucrfao: and 
Waier Flow adjacent to penstock 
Measurement 
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QUANTITIES INSTRUMENT REMARKS 
MONITORED 

Elearonic open-trench-type • to measure flows in the galleries from the foundaLion 
flumes drains and leaks in the dam 

EMBANKMENT DAMS 

Pore Pressure An appropriate type of • should be accurately measured at locations where 
piezometer to suit the location seepage occurs 
and material in which the 
pressure is being used • in some cases it is best ro isolate dam seepage into 

various areas of the dam by constructing isolation 
dykes within the dam 

Defonnation Surface sculcmcnt points • in general as per concrete dams 

Measurements • Vcnical measurement gauges, usually anchored to bedrock and rise as the fill is 
extcnSOmetcrs raised 

Slope indicator devices • to measure horizontal movement iransvcrsc and parallel 
to the axis 

Hydraulic sculemcnt devices • installed within lhc dam fill provide an altenWe means 
of measuring the irucmal consolidation of the fill or 
foundalion 

Horizontal Aquaducer probe, Cr\>SS-arms • measured in aitical areas where the dam fill is subjcc:L 
Dcfonnation (another means is by operating 10 large borizoma1 loadings 
Within the Flll a lalchcone inside a horizontal 

movement gauge casing 
installed perpendicular IO the 
dam axis in the dis shell) 

Stress Within • placed at ccnain aitical locations like steep abutmenIS 
Dam Fill or narrow gorges and-at· eanhfiil.;concrcte interface 

Earth pressure cells • earth pressure cell measure the rotal pressure 

Earth pressure cells installed • earth pressure cell with a piezometcr installed near it 
with piczometerS near the cell g.ivcs the effective stress 

• these measurcmcms give indications if hydraulic 
fracture of the fill or arching between internal zones is . t.aL.g place 

Horizontal Horizontal strain gauges • shoulc' be placed in areas of potential tensile cracking 
Strain such u steep abuancnts and abrupt changes in 
Measurements elevations of foundation rock 

• they arc usually anchored at one end of the dam in the 
abuuncnt rock or 10 concrete abuanent struaures 

Note: Other quantities tha1 should be mcasured~clude reservoir level, ambient temperatures, rainfall and snowfall 
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rnca.surcmcnL~. frost depth p...'"llciration and seismic activities (a musi for all large dams). 

Stage 

During Construction 

Reservoir filling 

After the first 6 
first res. months 
filling 

6momhs to 
l.S yrs 

l.S to 2.S 
years 

2.5 to 6.S 
years 

subs. years 

Stage 

During Construction 

Reservoir filling 

Table 3.6a 
Frequency of Instrument Readings 

at Revolstoke Dam (Canada) 
(from ICOLD, [1989, p. 86]) 

Instrument 

Core Foundation Ven. 
piezometer and shell movement 

piezometer gauge 

frequently by field staff 

lfl days lfl days l/weU. 

I/week l/weU. IJmonth 

2/month 2/moll1h 4/year 

2/month 2/mon1h 4/year 

6/year 6/year 2Jyear 

2Jyear 2/year l/yur 

lnstnuneat 
I 

Surface Earth WeJ-and 
Monument Pressure Cell Well 

I/month l/mODtb I/month 

1/month 2Jmoruh 112 days 
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Hor. 
Movement 
gauge 

2/momh 

I/month 

4/year 

4/year 

2Jyear 

2Jyear 

Strong 
Motion 
Ac:celerog 
rapb 

continuous 

continuous 

Hor. Strain 
gauge 

I/month 

2/month 

I/month 

4/year 

4/year 

2Jyear 

I/year 

Visual 
Inspection 

l/molllb 

I/day 
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Stage 

After the first 6 
first res. months 
filling 

6 months to 
1.5 yrs 

I.5 to 2.5 
years 

2.5 lO 6.5 
years 

subs. years 

STAGE Sealed 

Instrument 

Surface Earth Weir and 
Monument Pressua?. Cell Well 

I/month I/month I/week 

4/ycar 4/year 2/momh 

4/year 4/year 2/month 

2/year 2/year 6/year 

I/year l/yw 2/year 

Table 3.6b 
Frequency of Instrument Readi~ 
at La Grande Complex (Canada) 

(from ICOLD, (1989, p. 88)) 

JNSTRl'MENTS 

Strong Visual 
Motion lnspec:tion 
Accelerog 
raph 

continuous I/day 

continuous I/week 

continuous I/week 

continuous 2/month 

continuous I/mOnth 

Casagn· lndinometer Frost Surface Extens.. Weir 
Piezometer ndeT1pe Monument Total 

Piezometer Pressure 
_CeJI and 
Settleme 
Dl Cell 

During Consu. I/month l/mOnlh 6lyear . . l/mooth . 
Constr Period 

lruerim I/season I/season I/season . . I/season . 
Period 

Res. 112 days I/day 2Jmomh I/ 2lmonth 2Jmonth 21 
Filling 

. 
month week 

After First ltweek 1/wcck 6lyars 1/ I/month I/season 21 
the ht Year month wceJc 
Res. 
Filling Second 2/month 2/month 1/SQSOO 1/ I/season I/season 1/ 

Year month week •··. 
Third 6/years l/mOnth '2Jyc:JJ 1/ 2/ycar 2/ycar 1/ 
Year month month 
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STAGE 

Subs. 
Year 

INSTRUMENTS 

Sealed Casagra- Inclinometer Frost Surface 
Pie1.0meter nde Type Monument 

2/year 

Pie1.0meter 

4/year I/year I/ I/year 
month 

Table 3.6c 
Instrumentation Frequency and Accuracy 

Extens .. 
Total 
Pressure 
Cell and 
Settleme 
nt Cell 

I/year 

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

Weir 

6/year 

INSTRUMENT NO. ACCURACY FREQ. OF MONITORING 
INSTALLED 

Foundation piczomcterS (SWldpipe 26. 30 :t:3mm quanaly 
pneumatic 4) 

Embankment piezometers (ielmac 8, 46 :t:3mm quanerly 
hydraulic 38) 

Stress/strain melCrS 4nt 1 unit quanerly 

Cross-mm Devices 2 V-:t:3mm annually till I975 

Slope indicaiors 10 H·:t:lmm less frequently since 1975 

- Surface settlement pu .S4 

Levels :.t: 12mm/(km) Annually 

Offsets :t: IS mm Annually 

Displacement JX>ints 17 :.t:3mm Annually 

Survey con1rol :.t: 4 nun /('an) Annually 

Seepage measurements . 
Flumes 7 :.t:3mm quanaly 

Weirs 3 :.t:3mm 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 status of 

monitoring these dams can be summarized as follows (Chonggang, 1992): 

(1) 90% of the reservoirs with a capacity larger than 100 millio.i cubic meters are monitored. 

(2) 30-40% of the reservoirs with a capacity between 10-lC)() million cubic meters arc 

monitored. and 

(3) reservoirs with a capacity below 10 million cubic meters arc 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 consttuction, initiated in 1979, has been 

Pn>ven to be very economical. For instance, the construction period of the Kengkou Dam, the 

fust RCC gravity dam completed in 1986, was reduced by about one year, and the invesanent 

cost by about 17%. Today there arc at least eight RCC da:ns in operation with the first RCC 

lrehcd gravity dam scheduled to be completed in 1992. The irJ.Stnunentation systems for RCC 

dams are common to standard concrete dams. Despite its economical advantages, the RCC 

tncthod requires funhcr research regarding the analysis of the surveillance data. the possibility 

Of consttucting 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 

lragic events resulting from unpredicted failures of engineering and geological sttuctures. 

Consequently. the State has implemented specifications for monitoring engineering sttucturcs, 

tnining facilities and crustal movements. Currently Otina has national regulations directing that 

any large engineering structure must be monitored (Chen, 1988). The specificaticns and 

rtgulations that govern the monitoring of Chinese dams arc (Chonggang, 1992) 

l. Regulations of Reservoir Safery (national standards published in Chinese in 1991). 

2. Technical Specifications/or Monitoring of Concrete Dams (published in 1992 in Chinese). 

3. Specifican·ons for Embankment Monitoring (still being written). 
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4. Interim StatUle 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 arc in accordance 

to the specifications issued by the corresponding State minisaies. 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 projccL Conventional 

geodetic surveys using EDM Instruments, with ranges up to SO Jan and accuracies of S mm± 

1 ppm, arc widely used. GcotcchnicaJ/structural monitoring devices include traditional 

instruments (e.g., strain meters, stress meters, pore water pressme gauges and thermometers) 

and/or recently· developed instruments (e.g., tclemeaic coordinameterS capable o! measuring 

displacements up to 50 mm with an accUlilcy of :t 0.10-0.18 mm, remotely conttollcd laser 

alignment systems and fully automatic high-precision hydroswic level tilaneter capable of 

measuring tilts with an accuracy of 0.001 second of arc) (Olen. 1988). In addition to using 

-instrumcnts_and--SW"\'Cillaru:e _rncthods _stipulalC:i by the specifications, considerations arc given 

to design and implementation of specific monitoring schemes according to unique featUICs of the 

structure or its foundation (Dchou and Quanlin, 1985). Dchou and Quanlin (1985) present a good 

example of the monitoring scheme and the data analysis used for the Gczhouba project in the 

Three Gorges of the Y angtz.e River. 

• 
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-
-

Quantities 
Monilored 

-

Moniloring 
Accuracy 

-

MoniLoring 
Frequency 

--

Table 3.7 
Main Requirements for Dam Deformation Surveys 

in China 
(after Chen, (1988, p. 140)) 

Concrete Dams Earth-rockfill Dams 

• Foundation subsidence & till dcflcaions • Horiz.onW displacemenu 
• Horizonw displacemenu • Vertical displaccmc:ms 
• Pore: W31CI' pressure • Pore waler pressure 
• Seepage: • Seepage 
• Temperature of concrete: 
• Sue.uc:s of the concrete: 

Horizorual displacement; 1.0 • 1.5 mm • During construction 

V enical displacc:mc:ru: 1.0 • 1.5 mm Horiz.onW displacement: 10.0 mm 

Vertical displacc:mc:m: 5.0 • 10.0 mm 

• During Opc:ration 

Horizomal displacement: 5.0 mm 

Vertical displacement: 3.0 - 5.0 mm 

During Filling of the Rc:s.:rvoir 

7.0 - 10.0 days 7.0 • 10.0 days 

From Full Fillillg to Achieving Stabilily (3 • 5 yrs) 

0.5 -1.0 momb 1.0 mOIUh 

During_ Normal Operations 

1.0 .. 3.0 mooth 3.0 monlhs 

China's experience in automated monitoring systems is limited to automatic data collecto~. 

liowcvcr. research expens such as Dehou and Quanlin (1985) believe that establishing an 

automated monitoring system capable of intcfl'rcting structural behaviours correctly and timely 

is extremely important for the safety of large hydraulic structures. 

In China, the common practice is to integrate different survey techniques to detect. locate and 

eliminate any gross errors introduced by surveys. For instance, on top of a concrete darn, the 

horizontal and venical 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 detennincd. for example, by laser and tensioned wire alignment 

systems (Chen, 1988). 

The physical interpretation of dam defonnation surveys is realized by statistical models, 

dctenninistical models using the Finite Element Method (FEM) or the combination of both. Due 

to the uncertainties of defonnation and ignorance of non-elastic behaviour in the dctenninistic 

model, the calculated displacements will generally depart from the observed values. Thus, the · 

deterministic 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 observations from geodetic, gcotcehnical and muctural systems are 

processed and analy1.ed separately. The geodetic data is processed and analyud by surveyors 

and the goctechnical and structural 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 

-cemprising primarily -of -gravity -dams (188-) (W-0rld Register LJ/ Dams. 1988). There arc 

numerous reports and case studies written on the safety and monitoring of French dams. A large 

number cf 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 repon found on the status of dam monitoring in France is the one submitted 

by the ~rench National Committee on Large Dams to the ICOLD Committee on Monitoring of 

Darns and their Foundations. This repon was published in I COLD ( 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 Electticite de Fran9e (EDF) who owns and operates over 

150 large dams in France. A summary of the French National Committee's repon is provided 

in the proceeding discussion. 
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France is an example where government intervention has resulted in the development of an 

effective and homogeneous system of inspection and surveillance of dams. The French law, 

dated 14 August 1970, requires inspection and surveillance of all 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 inch.,\Jed as 

Appendix 9. The components of the law which arc believed to be fundamental to dam 

monitoring arc (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 Deparnrcnt has a prioritised list of the dams to be 

reviewed with which it invites the dam owners to submit a repon to the Pennanent 

Technical Committee on Dams contaioing the recommendations on the insttUments to be 

installed. 

The French power agencies arc self contained and incorporate the following typical divisions 

0COLD, 1989): 

0) a C.JnsttUction Division which- uneer.akes-the design-and-construction of the dam, and it 

is given the respon~ibility for dam safety during the consttuction and first filling, 

(2) a Generation and Transmission Division who is in charge of th(' operation and 

maintenance of th.! dam, and 

(3) a Research and Development Division who is responsible to conduct studies and tests on 

materials and sttUctures, and it ensures .that it is informed on the results of monitoring. 

Sarne of the additional responsibilities of the divisions arc the installation of insouments, 

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

In Order to ensure that close liaison is maintained between all of the deparunents there is a 

Monitoring Committee consisting of a representative from all of the di\-i.sions. The Committee's 
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official role is to coordinate monitoring policy and practices between the divisions. and to 

disseminate infonnation on existing and proposed installation. Note that this docs not exclude 

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

Some of the key principles of dam monitoring in France include simplicity, reliability (cf 

instruments and measurements), redundancy, selective monitoring (i.e., read a se!cctive number 

of key instruments) and semi-automation (i.e., interpretation of measurements and safety 

evaluation remains to be a wk of an engineer). The monitoring schemes adopted by the French 

comprise of both geodetic, and gcotcchnical and structural insttumentation. 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 gcotechnical instruments. The ugument against the use 

of geodetic methods is that in France most arch dams arc situated in tiifficult terrain or in high 

mountainous areas where it is extremely demanding for skilled personnel tc access the sites with 

high precision instruments. In addition, 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 arc used only on those dams with thin arches where pcnd!!lums cannot be incorporated 

in the structure (e.g., in the shafts and galleries of t.ic dam) (ICOLD, 1989). 

For concrete and embankment dams the instrumentation used by the French to monitor the dams 

consist mainiy of: 

1. Concrete Dams. Surface monuments for levelling and ailatcration (using EDM). 

pendulums (direct or inverted plumblines); extensomctcrs; strain meters (panicuhrly in 

multiple arches and in buttresses); inclinometers; piczometers; pore pressure cells (in 

soils); and seepage measurement devices. 

2. Embankment Dams. Survey targets fixed on ccncrcte beams sunk deep into the fill for 

plane triangulation and direct levelling; internal movement measuring devices such as 

hydraulic level, extensomcters with vibrating wire or induction sensors, and 

electromagnetic torpedoes in horizontal tubes; and open pipe piczomet:rs, and hydraulic 

(USBR type) or electric pore pressure cells. 

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

The most recent advancements have been dcvelovmr.nts in telemeaic data acquisition which 

include telependulum (induction type), distofor and extensofor. The tclcpendulum is basically 

a pendulum that can be read remotely. The distofor yields a near continuous log of movements 

along a boreho!e 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 

DaJT1 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 Guerinet. 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 

dctailc:d 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 

cff ects. These time related movements arc 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 speci.ficl dispersion band 

Another approach that the French have taken in the analysis of data is to compare the instrument 

readings with those calculaLed 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 bencr for pn;dicti.ng the behaviour for 
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future stages of construction and operation. 

After a number of years, with a large quantity of data available, statistical analyses modelling 

(sec 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 irtcversible. Examples of this type of analysis can be found in ICOLD 

(1989). 

3.9 GERMANY 

Gcnnany has a total of 261 large darns officially listed in the World Register of Dams (1988). 

The only infonnation found on the dam safety program in Gennany is that of the state of 

Nordrhcin-Wcstfalen. The material presented hereinafter is based on a number of technical 

papers written by members of the Gcnnan International Committee on Large Dams and other 

Gennan expcns in the field of defonnation monitoring. 

In January 1990, Gcnnany hosted a conference to address several issues related to the safety of 

dams in the state of Nordrhein-Wcstfalen. In Nordrhein-Westfalen the water authorities are 

-responsible for inspecting and maintaining !he-Safety standards of the dams. The state regulations 

stipulate that a dam has to meet "generally recognized technical standards" based on the current 

technology, as well as on the experience of specialists in the field. These standards have hcen 

established and published by a number of scientific and technical organizations, in particular the 

Deutsche lnstitut fLir Norinung (DIN). Recently, however, it has been recognized that the key 

areas requiring additional attention are: (l) a review of monitoring and control measurements, 

and (2) the need for establishing guidelines for the frequency of measurements and methods for 

evaluating the results. Guidelines prepared by a working gruup of expens from the State Dam 

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

control (IWP & DC, 1990). 
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Anicles written by Icici and Wittke (1991), Rissler (1991), and Schenk (1988) clearly illustrate 

that German dams arc monitored using classical geodetic, and geotechnical and sttuccurnl 

techniques. However, the inclusion of gcocechnical 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 pan of the Gennan Dam Safety 

Program (Rissler, 1991). ldcl (1982) shows that primitive methods such as simple open and/or 

pumped drains were still being used to detennine seepage and hydrostatic pressures for carthfill 

and masonry dams up to the latter 1970. Furthennorc, although modem dams such as the 

Primstal Dam (1981) have been designed with both geodetic and geotcchnical insttumentations, 

the Gennan geotcchnical and sauctural 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 tcehniques proposed 

include automatic thcodolitc/rachcometcr systems, terrestrial photogrammeuy 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 diffeicntial · GPS-positioning and 

automatic thcodolitc/tachcometer system. The authors claiin tliat this systenr will be-able-- to -

determine the acwal position of the d:un in real rime and that it will also be possible to connect 

the system with internal gcotcchnical monitoring devices (e.g., centring the GPS antennas above 

the plumbline shafts). Table 3.9 shows the comparison of the three proposed methods as we.11 

as the classical aiangularion/ailatcration r.cchniques. 
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Measurements 

Table 3.8 
Monitoring System of the Prirnstal Dam (Germany) 

(from Schenk, ( 1988, p. 765)) 

Instruments and Intervals of 
Location Measurements 

Remarks 

Defomwion of Dam and Seulement gauges, 2/a (2 per year) Until guaramee time 
Dam Axis Displaceme:nt gauges, (1987) 

borizon1al geodetic 
measuremenlS at sealing l/a (1 per year) After 1987 and during 
race impoundmmt at every 10 

metcrS drawdown 

Seulcmcnts of Concrcie Geodetic measurements of l/a (l per year) 
Suucwres gallery and bouom outlet 

Suess Measurements Total pn:ssure gauges, 1/a (l per year) 
bouom outlet 

Discharge of Drainage Drains or aspbaltic daily Visual c:omrol 
System scaling, Concrete drains, 

drainage shafts dis weekly Measurement 

Inspection Plant daily 

Hydrochcmical Analysis reservoir and drainage 2/a (2 per year) 
System, outside 
piezometer 

Piezometer, Observa1ion Gallery, aburmcrus and daily Visual comrol 
Wells, Nawral Springs dis slope, valley floor, 

disc:ha:rge of piezometer weelcly Measurement 

Table 3.9 
Critical Comparison of Various Geodetic Techniques (German) 

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

Approach TurestriaJ (Geodetic) Terrestrial Satellite 
Photograinmetric Supported 

Method Triangulation Automatic Close Range Di.n'erential GPS 
Trilateration Monitoring Photogrammetry Plwe 

Measurements 

Overall S ± 1-2 mm S±3mm S±6mm S:t3mm 
Accuracy 
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Approach Ten-estrial (Gel'detic) T ern.strial Satellite 
Photngrammetric Supported 

Method Triangulation Automatic Close Range Differential GPS 
Trilateration Monitoring Photognmmetry Phase 

Measurements 

Reliability and Familiar and Less conttol No' suffici~t for 4 observation 
Sensitivity approved procedures stations. More rargeu. Non-targeted li.'IliL Redundancy 

to ensure success. frequent poims dctcnninable. demands at l~t 
Clear tcnns and observations. SubseqUCnlly 3 rec%iven and 
measures of Prediaion by calibration parameters sophisticated 
assessment. filterS. Alternatives are pan of solution. planning of 

at toial system session sequence. 
brcalcdown'! Transformation 

problems for 
subsequent 
terrestrial surveys. 

Cost Skilled survey High expendicure. Customary camera. Still exclusive 
parties. Precision Aaractive raie of Precision compamor. purchase price of 
insttumems can be utili1.ation. receivers. 
dedieated to various Immobility Receiver pools? 
other purposes. drawback. Experienced 

operator for da1a 
processing. 

Usefulness Only targeted points suilable for Conclusive survey: Ac:a:ssible sites 
measurement. behaviour of CDtirc free from 

snucmre. obsauctions. No 
Common deformation Sirm11raneou,s elearonic 
analysis programmes. monitoring of disturbances. 

sliding slopes 

Connection - Cenvaitional Convemional Conventional Aruenna above 
-plumbing-shaft. -

Suong link if loop- Difficult or poor link between survey systemS inside and outside 
holes in top gallery the dam. 

~ 

Long-u:rm High effon to keep Oianges will be Several reference distances (loss of reference 
S!.ability EDM-comlatlon quickly revealed. uwk involves uansf'oanalion problems) 

Wlder control. 

Absolute High additional effon. often not pniaicable. No problem if 
Stability . dual ban receiver . 

Repetition Seasonal ScasoaaJ Seasonal Probably 
c:nuinuous. 

Observation 3 days In minuics 1/2 day Depends only on 
Time system 

Heavily dependent on weat'lc:r conditions. 
availability and 
number of 
receivers. 
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Approach Terrestrial (Geodetic) Ternstrial Satellite 
Photogrammetric Supported 

Method Triangulation Automatic Close Ra:1ge Differential GPS 
Trilateration Monitoring Photogrammetry Phase 

Measurements 

Processing Zero epoch: in days Real time and In reasonable time Depends on noise 
(response time) Subsequent epoch: 1 automatic. when using analytical level. cycle slips 

day Telemetric plouer. and experience. 
Real time when ttansmission of It might amouru 
observations are parameters and to days wt:en 
compared in situ. resulrs. Alann ephemeris are 

property. degraded. 

The only recent advancements known in the area of gcoteehnical equipment bas been the optical 

fibre crack-detection and crack-width sensors. These sensors are designed to continuously 

monitor the formation and sii.cs of cracks in concrete dams and heavy concrete sttucrurcs. The 

theory and the application of the sensors are well described by Haug ct 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 control ni:tworks the reader is referred to Gruend.ig (1986). Case studies of existing dams 

iliustrating-the-applications-of least-squares adjustment and ~tatistical analysis arc given by Bill 

ct al. (1985) and Heck (1985). 

Although the Germans can be consjdercd fairly advanced in the area of geodetic deformation 

networks. they have not yet investigated the possibility of integrating geodetic observations with 

geotechnical and sttuctural 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 concn:te dams, 205 massive gravity concrete dams. 

23 buttress concrete dams, 10 multiple-arch concn:te dams, 24 rockfill dams and 81 eanh dams. 

A recent figure on the current number of dams could not be obtained since the Italian 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 l, 1959. Since then, the regula­

tions have been integrated into the Technical Regulations dated March 24, 1982. The regulations 

arc 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 earthfill type dams. These are given by Tables 3.lOa-3.lOc 

(concrete dams) and Tables 3.l la-3.l lb (eanhfill dams). The guidelines have been included in 

ICOLD, (1989) as pan of the ITCOLD's rcpon. The key requirements of a measuring system 

arc (ICOLD, 1989): 

( 1) the system should be designed and installed by specializ.cd persooocl. 

(2) visual inspections should always be made, 

(3) redundant observations should be conductecfoy observing thc-same-points-using-0.ifferent 

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 to 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 Engineering Offices play very imponant roles in all phases of the projecL 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 instrJmental data with forccasted 

data from simple (statistical) models or more sophisticated (deterministic) models. The degree 

of risk and safety for a darn is established during the design stage. During this stage a ref ere nee 

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 darns arc 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 darns and those with special problems, the current practice is to perform a 

check-up or a "cenified control" e ~ten years. This may include re-designing the Structure to 

determine the reference model and/or revising the entire measuring system in place and verifyin~ 

its completeness and adequacy. A complete list of what is reviewed during these visits can be 

found in the Italian national repon in (ICOLD, 1988). 

Quantitv 
Measured 

Air temp. 

Snow & rain fall 

Extcmal pres· 
sure 

Humidity 

War.er temp. 

Water level 

TABLE 3.10 - CONCRETE DAMS IN IT ALY 
Table 3.lOa 

Environmental Measurements 
_(fromlCOLD, 11989~ _p. 156J) 

Temporary 
Operation and 

Construction trial test Operation 

• 0 0 

0 . 0 0 

0 0 0 

0 0 0 

. 0 0 

. • • 

Instruments 

Thermometers 

Snow & rain gauge 

Barometers 

Hygrometers 

Thennomet.erS 

Levelling staff, hydro-
Static balance 
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-
Quantity 
Meas111..d 

Ice lhick. 

Balhomcuy 

Qty. to be 
Measured 

Horizontal 
displacement 

Vertical 
displacement 

RoWions 

Movements of joints 

Movemer.ts of 
C?acks 

Concrete temp. 

Concrete deform. 

Stresses 

Seepage 

Temporary 
Operation and 

Construction trial test Open ti on 

GR 

-

.. 
• 

0 

•• 

• 

0 

0 

-

. 

. 
0 0 

0 • 

Table 3.lOb 
Measurements Within the Dam Body 

(from ICOLD, (1989, p. 56)) 

Temporary 
Constr. Operatioa and Operation 

Trial Test 

BU AR GR B AR GR EU A 
u R 

- - •• •• •• •• •• •• 

• - •• •• • • • 0 

• - •• •• • • • 0 

0 0 • • • 0 0 0 

•• •• •• •• •• •• •• •• 

• • 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 

-. . •• •• •• •• •• -

!..ll\19 Rcpon on Deformation Monitoring, 1992 

Instruments 

Sonic and radar sounding 

Instruments 

Triangulatioa. collimarion. 
direct and invened plwnb 
line 

Topographic or hydroswic 
levelling 

MOV3ble or fixed 
clinometers 

Dilatomeicn, joint meters • 
extcnsometers 

Dil.:uometns, joint gauges, 
extcnsometers, aeoustic 
emission 

Thermometers 

Exu:nsomet.ers 

Stress meters 

Weirs, volumetric measu-
rcments 
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Qty. to be 
Meawred 

Horizontal 
displacement 

Vertical 
displacement 

Rock deformation 

Elastic modulus 

s~ 

Under and pore 
pressures 

Under-seepage 

Quantity 
Ma.sured 

Air temp. 

Snow & rain fall 

Extctr.31 pres· 
sure 

Humidity 

Constr. 

GR BU 

• • 

0 0 

0 0 

0 0 

Table 3.lOc 
Measurements in the Foundation 

(from ICOLD, (1989, p. 156)) 

Temporary 
Operation and Operation 

Trial Test 

AR GR BU AR GR Bu AR 

- •• •• •• • • •• 

• •• •• • • • 0 

0 0 0 0 0 0 0 

0 0 0 0 

0 0 0 0 

•• •• • • • 0 

•• •• •• •• •• . .. 

Instruments 

hM:ned plwnb lines. 
inclinometers · 

Topographic or hydro-
swic levelling, exte· 
nsometcrs 

Exiensomeiers 

Sonic core. seimtic 
velocity 

Strm meters 

Pressure cells, smd pipe 
piez.omeu:rs. mat!0!1V:l'!ic 
cells 

Weirs, volumcaic mca.s· 
un:mems 

TABLE 3.11 • EARm1'1LL DAMS IN IT ALY 
Table 3.lla 

Environmental Measu!'ements 
(from ICOLD, [1989, p. 157)) 

Temporary 
Operation and 

Conslr'Jction t:bl test Operation Instruments 

0 0 c Tilc:nr..ometcrs 

0 0 0 Snow & rain gauges 

0 0 0 Barometers 

0 0 0 Hy~meterS 
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Temporary 
Quantity Operation and 
Measured Construct.ion trial test Operation Instruments 

Water temp. . 0 0 Tilcrmometcrs 

W&1er level . • • Level!ing staff, hydro-

~ 
swic: halanc:c 

Ice thick. . 0 0 

_Blthomeay . 0 • Sonic: and radar sounding 

Table 3.llb 
Measurements Within the Dam Body and the Foundation 

(from ICOLD, [1989, p. 157]) 

Qty. to be Measured 

~ 

Scwemcm.s 

Horizonw displacemeru.s 

~ Deromwions 

~Tow pressures 

Pore pressure in the dam body 

Pore pressure and ground 
~\Valer level in the foundation 

Sccpagi: 

-
Turbidity -

Notes on Tables: 

Relevance of safety levels: 
:• Critical situation (up to collapse} 

Out of SCtVice (total or panial) 
0 Clleck 

Temporary 
Coastruction Operation 

UF 

•• 

• 
0 

•• 

and Trial 
Test 

c VF c 

•• •• •• 

•• •• 

• • • 
0 0 0 

•• •• •• 
•• •• •• 

•• •• 

C). • 

Gr = Gravity dam 
BU = Buaress dam 

AR= Arch dam 
UF = Upstream waierproof 
C = Impetmc3ble c:ore 

llNB Rcpon on Dcfonnation Monitoring, 1992 

Operation 
Instruments 

UF c 

• • TatJOgr.sphic or hydrostatic 
levelling 

• • Triangulal.icm. collima1icn. 
inYened plumb line. 
incJinomel.en, CXtensom• 

etm, invar wires 

0 0 ~ 

0 0 Pressure gauge.<; 

•• • • Pressure cells 

• • Pressure cells and stand 
pipe piezometcrs 

• • •• Wein, volumetric: measure-
ments 

0 • Turbidity meters 
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Italians have developed a strategy (ENEL, 1980) for combining the statistic and detenninistic 

mcdelling in dam deformation analyses. Statistical models (sec section 2.3.4) consist of 

correlations between environmental quantities (e.g., impounded water level, ambient temperatures) 

and stt'llctural effects (e.g., displacements). The correlation is derived from statistical analysis 

of past data. With the deterministic models (sec 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., 

gcomeay, material properties). The cause quantities arc those which induce changes in the 

SO"Ucturc and the effects arc the responses of the structure to the variations i>f the cause 

quantities. To improve the analysis, the two models arc often used together to form what is 

known as the hybrid model. Here the knowledge of the expected stt'Uctural behaviour obtained 

from the statistical model is used :o "rune-up" the deterministic models. OvC!all, the 

deterministic and hybrid models arc the most often used models for analysing the behaviour of 

Italian dams (ICOLD, 1989). 

The estimated value:; obtained by the models arc taken as the reference values from which the 

observations (measured effects) arc assessed. If the difference between the forccastcd effects and 

the measured effects is within specified tolerance bands, then this confinns the hypothesis that 

the dam behaves as the model predicted. To visualize what is happening, the measured 

deformation from an instt'Ument ana the prcfficted deformation from the model are ~ntcd and 

compared in graphical forms (ENEL, 1980). 

The tolerance bands arc determined from the standard deviation of the forccasted model and the 

actual measurement. It is estimated on the basis of the data gathered for the normal behaviour 

of the SO"Ucturc over a period of two to three years. There arc three tol~ce bands: (1) the first 

band equalling to twice the standacl deviation within which the behaviour of the darn is classified 

as normal; (2) the sccnnd band ~qualling to three times the standard deviation within which the 

dam is said to be experiencing slight irregula.-ities; and (3) t.'te third band which is based on the 

ultimate strength data of the physical and/or mathematical model of the structure causes 
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suspicions of serious irregularities (ICOLD. 1989). The numerical simulation of the deterministic 

l1'10dels arc realized by a Finite Element mathematical model. A description of the deterministic 

lllOdcl and the application of both types of models are given in the Comporrameruo Delle Grandi 

Dighe Dell' ENEL (ENEL, 1980). 

The Italians assign little imponance to geodetic measurements. Their aim is to obtain 

measurements as quickly as possible and thus their cffons arc focused primarily on a system of 

instrumentation that can be easily automated. The geodetic systems arc very simple, comprising 

a series of plumblincs, inclinometers, collimation, bench marks and horizontal survey targets. 

each analyzed separately. This methodology has limited geodetic measurements and analysis to 

a one-dimensional case. Examples of the most common types of instruments used in the 

monitoring system are given at Tables 3.lOa-c and 3.lla-b. Some of the recent developments 

in instrumentations are the Lar'.ir (laser systems for surveying the dynamic displacements of 

darns) and thermography (systems to study the surface's thermal conditions) (ICOI.D, 1989). 

Some new IuJian deve!opments in insttumentations is sonic tomography (sonic log and sonic 

Cf\>ss-hole) for diagnosing the state of health of concrete (Benacchi ct al .. 1991). Bcnacchi ct 

al. 0 99 I) 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 

acquiring. recording and processing- the- data. The- Sfstcm_ is_ made UJ> of either "distributed" 

tquipment (direct recording using accclerographs or seismographic recorders) or "centralized" 

tquipmcnt (recording the seismic phenomena to a centralized system using communication 

tables) (ICOLD, 1989). 

The major criteria for the frequef'cy of measurements that have been applied by the Italians arc 

lisr~d in Table 3.12. The table has been constructed from the guidelines provided by the 

trcow·s report in the ICOLD. (1989). The frequencies of the measurements depend on factors 

such as the quan:ity to be measured, the life span of the structlll'C, the sensitivity of the measuring 

device. the regulations specified by the authorities and other special requirements (ICOI.D, 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), Bonalc.li et al. (1984) 

and the aforementioned Comporramenzo Delle Grandi Dighe Dell' ENEL (ENEL, 1980). 

Table 3.12 
Measurement Frequencies Applied to Italian Dams 

(from ICOLD, (1989, p. 1611) 

Instruments Frequency of Measurenaents 

Pcndulwns, piezomcters Bi-weekly 

Inclinometers, strain-gauges, uplift pressure Momhly 
manometers 

Collimation and seuJement devices Quarterly 

Levelling and geodetic measurements Semi-annually or annually 

Ambient quantities Daily 

Seepage Daily 

1. Maximum ·time between readings of the most aitical measurcmems should n.>l exceed 15 days. 
2. For autom:ited measuring systemS recording of data may be done daily. 
3 During the filling of the reservojr al each stages of the filling • al minimwn. one complete series of 

measurements. and processing and analysis of the da1a with the design model data should l'C done. 

3.11 JAPAN 

Japan has 2,228 large dams which are owned by either the government or private owners (World 

Register of Dams, 1988; Hayashi ct al., 1987). There has been a reduction in the number of arch 

darns built because of the decrease in favourable sites. Consequently mainly rockfill and 

concrete gravity darns have been conswr.ted, followed by cart.hfill dar.:.-;. 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 form work and uses common equipment 

such as bulldozers and dump trucks to transport and place the cemenL Today, funher research 

is being done to improve the RCD technology to 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 safety. Dam safety 

has been achieved through the implementation of studies, the involvemr:nt of experu, the careful 

planning of monitoring systems and the use of specialized consauction methods, design criteria 

and guides. The current regulations regarding the criteria for the design and monitoring of 

Japanese dams arc specified in the following four guides (HPyashi et al., 1987): 

1. Manual of Instrumentation and Monitoring of Dams, published by the Federation of 

Electric Power Companies, 1964 (in Japanese). 

2. Criteria of Monitoring and Inspection of Dam Structures, published by the Japanese 

Commincc on Large Dams (JANCOLD), 1973 (in Japanese). 

3. Guidelines of Design and Monitoring of Dams, published by the Bureau of Agricultural 

ConsttUction and the Minisay of Agriculture, Forestry and Fisheries, 1981 (ic Japanese). 

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

the Ministry of ConsttUction, 1982 (in Japanese). 

The effective use of instrumentations and monitoring and.the pmper analysis of the recorded data 

arc outlined in the regulation guide published by the Public Worlc Research Institute. The 

regulations commission the Minisay of Construction as the Safety Administration and Monitoring 

of Dams. Some of the quantities stipulated in the design criteria arc: (1) the permissible pore 

and uplift pressures in different types of dams and foundations, (2) the allowable stresses due to 

temperature gradients in concrete darns, (3) the trcaunent of fractured zones in the foundation 

rock and the corresponding safe:y factor, and (4) the seismic coefficients for different types of 

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

Japan places a high prioricy 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 

eanhquakcs between 1943 and 1980. Forruitous, the damages to the dams have been negligible 

resulting in minor leakages, senlcments and deformations which were repaired immediately 

(Hayashi et al., 1987). An extensive amount of scientific and theoretical research has been 

conducted to study the resistance of dams to earthquake. Consequently, whenever new findings 

arc made they arc immediately applied to dam design and consauction (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 expcns agree that the design of a monitoring system depends upon several factors 

including the type of dam, its sii.e and the environment within which it is constructed. Despite 

this fact there arc some common quantities (rotations, displacements, settlements) that arc 

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 instruments 

that should be included in the major types of concrete and eanhfill 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 y;yama 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 

involves (ICOLD, 1989): 

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

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

-(3) selecting-the-best insttumcnts-for-0btaining these quantities, 

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

(5) detennining the frequency of the observations. 

The design of automated monitoring systems is based on the advantages and disadvantages of 

the systems. For example, infonnation .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 esrential that expens be included as pan of the monitoring requirements. Although 

automated systems are a consideration, they do not replace visual inspection. As shown in 

Tables 3.14a and 3.14b, visual i11spection 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 geotcchnical/sttUctural 

insnumcntations. These instruments 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 ct al, 1987). The 

surveillance methods for evaluating existing darns is essentially similar to those applied to newly 

constructed dams (Satakc ct al., 1985). 

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

development include: 

1. Optical Fibre Cable for aansmitting information, a very useful countermeasure against 

clecttical storms. 

2. Ultra Red laser for automating distance measurements. 

3. Remote Control Robot System. used to inspect the dam's gate, pier, aqueduct, foundation 

rock and slopes. 

The observations from the surveillance system arc analyzed independently using statistical 

(regression) analy.>is based on the progressive history of the structure. The results of the analysis 

arc compared with those predicted from Fmite- Element Mcthods-(EEM)_ and_ presented in 

graphical forms. In embankment dams, the FEM is also used in analysing the predicted ~TC 

water pressure with those calculated with the measured values. Several examples of these 

analyses arc given by Hayashi ct al. (1987) and papers written by the members of JANCOLD 

in the Proceedings of the International Congress on Large Dams (e.g., Fifteenth Intemational 

Congress on Large Darns. Vol. I. Q.56 (1985); 8ixtecnth International Congress on Large Dams, 

Vol. II. Q.61 & Vol. III. Q.62, (1988)). 
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Concrete 
Dam 

Gravity 

Table 3.13 
Types of Instrumentations Applied to Japan's 

Concrete and Fill Dams 
(from Hayashi et al., (1987, pp.4-5)) 

Purpose Sensor 

Construaion • Comrol of remperawre Thennomcter, 
Joint meter, 

• Jnspcaion of lcakagr. Strain meter 

-
Maintenance • Dcformalions of dam •Sighting survey, 

and fouru:Wion Plumb line 

• Jnspcaion of leakage " Piczometric hall, 
from fouru:Wion Measuring weir 

Construction • Control of cracking in Tnermometer, 
web plale and diamond Joint meter, 

·bead Strain mc&er, 

Stress meter 

• Deflection 

Hollow Grav- Maintenance • Jnspcaion of leakage Leakage merer, 

ity Strain mcier, 

• .Deformation of dam and Plumb line, 
foundation Tbennometer, 

Piezomcte:r hall. 
Sighting survey 

Construction • Deflection and joint Tlu::nnometer, 
movcmem Joint meter, 

Strain meter, 
· _. -Qmirolof ·~ Suess meicr. 

Plumb line. 
• Comrol of cracn.g Sighting survey 

Arch 

• Observation of rock Sighting survey, 
deformation and leakage Plumb line. 
8J'Olllld the discontinuous Strain mei.cr, . 
planes Suess meter, 

Rock deformctcr, 
Deflect meter, 
Measuring weir 
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Purpose Sensor 

Rockfill (Cc- Consuuction • Control of excess pore Pore waier pressure gauge, 
mer Ci>re water pressure during Soil~ gauge, 

Type) embankment Relative seulement gauge, 
Relative shear displacer.lent 

• Control of compaction gauge, 
Radio isotope density meter, 

• Relative displacement Slrain meter in inspection 
among cote, filter and gallery 

Fill Dam rock abutment 

Maintenance • Scnlement. la1eral Sighting survey, 
deformation Slrain meter, 

Soil pressure meter, 
• Pore water pressure Deflect meter, 

Rock deflect meter, 
• Shear deformation on Pore pressure measuring weir, 

the abuanent. leakage Shear defor.nation meter, 
Sttain meter and deflect meter 
in gallery 

Rocldill (Su- Construction • Inclimtion and stress in Stress meter of reinforcement. 
rf.acing Type) surface pavement Inclinometer, 

Soil pressure gauge, 
• Soil pressure. Pore pressure gauge, 

pore pressure, Settlement gauge, 
settlement. Deflection meter 
horizom;ll displaccmen!. 
compacted density 

MaintenaDCC • Comrol of surface Measuring weir, 
craclcing Settlement gauge, 

Pore pressure gauge, 
• Leakage. seulement. Stress meter of reinforcemeru 

pore pressure 

Eanhfill Consuuction • Soil pressure during Soil pressure gauge, 
emhanJanenJ Pore pressure gauge, 

Piezomcter hall, 
• Pore pressure, settlement Settlement meter. 

of soil layer, lateral Horizontal displace:mcnt meter, 
displacemeru. dt:lsity IWlio active der.sity meter 

Maim.enancc • Leakage Sighting survey, 
Soil pressure, 

• Settlement. pore Deflectmenu:r, 
pressure Pore pressure gauge, 

Measuring weir. 
• Laieral deformation Piczomettic ball 
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,/ 

Slope around reservoir 

Type 
of 
dam 

Lea-
kaf e 

Gravity l/day 
dam 

Arch l/day 
dam 

Rock- I/day - Fust 
fill 

impo- dam 
ru:ling 

Earth 1/day 
dam 

Gravity 1(1 
dam days 

5 Arch 1(1 

years dam days 

after Roclcf- 1(1 
impou- ill dam days 
nding 

Earth 1(1 
dam days 

Purpose Sensor 

Maintcrw}CC • Leakage Piczomettic hall, 
Land slide inspector 

• Horizontal ddomwion 

• SeuJement 

• lr.clination 

Table 3.14a 
Monitoring Frequency of Japanese- Darm 

(from Hayashi et a~ [1987, p.4]) 

QUANTITIES TO BE MONITORED 

Uplift Suess Str.tin 
or pore Piezom Temp- or soil or 

De.for- pres- eaic erarure pres- shear 
mation sure height StlJ'e displ-

ace-
mem 

1/day l/day . 1(1 1(1 1(1 
days days days 

I/day 1/day . 1/3.S lfl 1(1 
days days days 

1(1 I/day - - 1(1 1(1 
days -days days 

1(1 l/day I/day - 1(1 1(1 
days days days 

1(1 1(1 - I/ I/ 1/ 
days days momh month month 

1(1 1(1 - ll0.5 1/ 1/ 
days days 

. 
momh month month 

1/ 1(1 - - 1/ 1/ 
month days month month 

1/ 1(1 1(1 - 1/ 1/ 
month days days momh month 

Inspe-
ction 
of 
dam 

I/day 

l/day 

l/day 

I/day 

1/ 
month 

1/ 
month 

1/ 
month 

1/ 
month 
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Seismic 
obser-
"3lion 

Staner 
sets at 
about 1 
cmJs2 

Starter 
sets at 
about 2 
cm1r 
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Type 
or 
dam 

Lea-
kage 

Gravity 1/ 
dam month 

Arch 11 
Long dam month 

term Roclcf- I/ 
ill dam month 

E.arth I/ 
dam month 

Type 
of 
dam 

Lea-
kagc 

Gravity I/day 
dam 

Arch 1/day 
dam 

1 Rock- I/day 
Weck fill 
after dam 
flood 
discha- Earth I/day 
rgc dam 

QUANTITIES TO BE MONITORED 

t:plift Suess 
or pore Piezom Temp- or soil 

Defor- pres- etric enuurc pres-
mation SW'C height sure 

1/ I/ - - -
month month month 

I/ I/ - 1/ -
month month month month 

113 I/ - - -
months month 

113 I/ 1/ - -
months month month 

Table 3.!4b 
Monitoring Frequencies of Japanese J)ams 

for Specific Cases 
(from Hayashi et aL, (1987, p. SJ) 

Strain 
or 
shear 
displ-
ace-
ment 

-
month 

-
month 

-

-

QUANI1TIES TO BE MONITORED 

Uplift Stress Sua.in 
orpR Piezom Temp- or soil or 

Def or- pres· etric eraDJn: pres- shear 

mation sure height SUJ'C displ-
ace-

rment 

I/day I/day - 1(1 - -
days 

1/day 1/day - lfl 1(1 1(1 
days days days 

- l/day .. - - -

- I/day 1/c:ay - - -
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lnspe- Seismic 
ction obscr-
of vation 
dam 

I/ 
monU1 

1/ 
month 

1/ Starter 

month sets at 
about 5 

1/ cm/Sl 

month 

Impe- Seismic 
ction obscr-
of vation 
dam 

I I 
1/day 

1/day 
Staner 
sets at 

1/day about 
1-2 
cm/s: 

1/day 

116 



Type 
of 
dam 

Gravity 
dam 

I Arch 

Weck dam 

after Rock-
scis- fill 
mic dam 
shook 

Eanh 
dam 

QUANTITIES TO BE MONI'fORED 

Uplift Stress Strain 
or pore Piezom Temp- or soil or 

Lea- Defor- pres- etric erawre pres- shear 
kage mation sure height sure displ-

ace-
ment 

I/day I/day I/day . in . . 
d:ys 

I/day 1/day I/day . 1n 1n 1n 
days days days 

I/day . I/day . - . . .. 

I/ day - I/day I/day - . -

Table 3.14c 
Monitoring Frequencies of Miyama Dam in Japan 

(from Hasegawa and Kikusawa, (1988, p. 206]) 

___ .-- -

lnspe-
ction 
of 
dam 

I/day 

1/day 

I/day 

I/day 

ITEM INSTRUMENT FREQUENCY 

Uplift pressure gauge 4permomh 

Sedimcnwion acoustic method I per year 

Crest displacement theodolite 1-8 per year 

Joint displacement of membrane joi.rumc:tcr S per month 
-

Reinforced bar exr.ensomctcr s per month 

Gallery concrete extcnsoinct:r S per month 

Earth pressure pressure cell S per month 

Membrane deformation inclinometer S per month 

Joint opening along gallery joint mClCfo and thermometer daily 

Row.ion or gallery inclinometer 3 per month 

Leakage triangle weir (V-notch) daily 
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Seismic 
obscr-
vation 
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3.12 PORTUGAL 

Ponugal has 81 large dams of which 71 of these dams are monitored using geodetic and/or 

geotcchnical and strucrural methods (Florentino, 1992; World Regisrer of Dams, 1988). Concrete 

and masonry dams make up approximately 70% of the total dams, namely gravity, arch, buttress 

and muljplc arch (Pedro ct al., 1991). 

The dam safety programme in Ponugal is governed by the Dam Safety Regulations 1990 

(Decree - Law n• J J 190 6"' January, Lisbon), and the Codes of Pracrice concerning design, 

construction, operation and monitoring of dams which is now in the process of being approved 

by the Porruguese government These regulations and codes reflect the practice of safety con:rol 

of Ponuguese 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 

(Direc~ao-Geral de Recursos Natura.is - DGRN). Funhermore, the regulations stipulate that 

DGRN, when required, is to be technically assisted by other organizations such as the National 

laboratory of Civil Engineering (Laborat6rio Nacional de Engcnharia Civil - LNEC), National 

Service of Civil Defence (SNPC) and Committee on Dam Safety (Pedro ct 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 repons 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 Safety Regularions 1990, primarily 

those relating to dam monitoring, are discussed in the following paragraphs. However, for a 

rnore comprehensive review of the regulations the reader is referred to the Ponugucse National 

Committee on Large Dams' repon in ICOLD (1989). 

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

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

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

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

assessed, specifications of instrument and of their installation 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 

detennine 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). Funhennore, the frequency of the measurements are given in Table 

3.19. All of the tables reflect the Dam Safety Regulations 1990 described in the Portu~Jese 

International Commince on Large Dams' repon published in ICOI.D (1989). 

Category or 
Quantities 

External Actions 

Table 3.15 
Summary of Quantities Monitored in Portuguese Dams 

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

Physical Quantities 
Methodsllnstruments Used 

CONCRETE DAMS 

• Reservoir levels 
• Air tempcmurc • Tbemlometer 
• Wair.r temperatW"C • Tbc:rmomcter 
• Ground motion 
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Category or Physic:d Quantities 
.Quantities Method.s/lnst~ents Used 

• Displac.cmcnts • Geodetic methods (uiangulation. precision u:avcrsc 
and levelling), direct c 1· vcned plumb line, borehole 
e1tensOmeterS 

• Row.ions • Elcaric joint meters, defonnetcrs. dcctric resistance 
Strucwral Effects • Joint movements clinom.:tcrs 

• Crack movements 

• Strain • Strain meters, no-stress meters 
• Stress • Suess meters, relief methods (bore hole device with 

stress tension tubes), compensation methods for 
surface StresS (flat jack) 

• Concrcic icmp. (inside) • Thcnnocouple 
• Uplift 
• Seepage 

Dynamic Effects • Displacement • Velocity transducers. microsismographs 
Velocities 
Accelerations 

FILLDAMS 

External Actions • Reservo1t 1-=vels Not instrumented 

• lntcrnal/exr.cmal • Triangulation methods, precision levelling, USBR 
displacements aoss-azms, slope indicaiors 

• Pore pressure • Hydraulic piczometerS. pore pressure cells 
Structural Effects • Total pressure • Total pressure cells (Glottl type hydraulic cells or 

Maihalc type diaphragm cells) 
• Total flows • V-notch cells, sWldard cells 

Dynamic Effects Currently no instruments have been installed to observe dynamic phenomena. 
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Phases 

Consuuction 

First Filling 

Table 3.16 
Portuguese Monitoring Schemes Common 

to Concrete and ~rthfill Dams 
(after JCOLD, (1989, pp. 229-235)) 

Common to Concrete Dams Common to Fill Dams 

Methods and Instruments Used Methods and Instruments Used 

• Thermometer * Provide info IO • Piezomeim • In the foundation and 
(or other possibly correct earth zones. 
electric consuuctioa • Total pressure • In tbe imerface zones 
resistance procedures (lift between materials of 
iru;aumems) heights, concrete different 

im.ervaJs, artificial defonnabilities. 
cooling). 

• Rockmeters • Placed under concrete 
block IO allow lhe 
assessing of lhe 
foundallon 
deformability. 

• Creep cells • Placed inside ccnaete 
IO provide the 
evolution of the 
deformability of the 
c:onact.e and cWa to 
determine the StrCSS 

for me main meters. 

• Embedded • Provide the reference 
strain and swe of siress of the 
stress meim dam foundation and 

suuaure at the end of 
the constrUCtion 
period. 

• Horimntal • By means of plumb 
displacement lines and al cen.a.in 

reservoir levels by 
geodetic methods. 

* Vertical • Precision levelli:lg or 
displacement roclcmeim. 

• Joint • Dcformet~. 
movements They arc similar, however it depends upon lhe 

• Displacement • Roclaneiers. type of fill dam (see Table 3.18). 
of dam 
foundation 

• Seepage and 
uplift 
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Common lo Concrete Dams Common lo Fill Dams 
a IW&.><;.> 

Operation Measure quantities related to saicty and 
those mentioned in the construction and 
filling phases. 

In the field of automation, Ponugal has long recognized the need for continuous data recording 

for cenain instruments like plumb lines, thus some recording instruments have been used in 

concrete dams. However, owing that Ponuguese dams arc 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 ct 

al. (1985). 

'Ibe 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 crrors and convened into the geometrical and physical 

investigated quantities (stress, main and deflcaion). These quantities arc further validated by 

rncans of a model anafysfs ancf men pTo!tc<f i>y sui>routincs in tai:>uiar or graphical forms-in-order 

to interpret the Qc:haviour of the dam (e.g., diagrams of the disaibution of displacements, stresses, 

Uplifts, seepage and temperatures). In the second Stage these results combined with the 

information gathered from visual inspections and existing documents arc f unher classified by 

tither a qualitative or quantitative method. 
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Quantities I 

• External Actions 
&. Ground 
Motion 

• Planimcaic 
DispW:emcnt 

• AltimCIJ'ic 
Displacement 

•Hydraulic 
Behaviour 

• Joint Movements 
-

• Movement of 
Points Inside the 
Body of Dam 

•Rotations 

• Concrete 
T empcraturc 

• Strain/Stress 

Table 3.17 
Portuguese Monitoring Schemes Particufar 

to the Major Types of Concrete Dams 
(after ICOLD, (1989, pp. 229-234]) 

Instruments and Method Used 

Arch Dams 

• No pennanent insaumentation has yet been installed. Studies have 
been made lO install them in existing and future dams. 

• Triangulation • Targets placed over the body of the dam to obtain a good 
represcnwion of the global movcmcnL Along arch~ usually ai 

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 disnibute0 on the downurcam side of 
the dam body). Precision iravcrse (as mentioned in Table 3.15). 

• Plumb Lines • lnstalled with geodetic r.::rgcts as a check . 
•Borehole • To obtain absolute displ;a:men15 of lhe intermedi.aie anchored 

Exi.ensometers points and the rotations of the corresponding sections. In the 
vicinity of c:oordimeten near me foundation to obtain the vertical 
c:omponem of the movement of these points. Also crossing 
signifJCaJll foundation cracks or faults where movement may effect 
the behaviour of the dam. 

•Precision • Points locued at dam acst and when feasible at inspc:ction 
Levelling galleries and downmeam surroundings. 

• lnvar Wires • Connecting galleries by mcaus of connecting invar wires with 
and roc:laneu:ts anchored to deep point installed galleries near the 
Rockmclers abuuncms. 

• Piezometers • To measure seepage and uplift pressures. 
and Drair: 
Cun.ains 

• Deformetcrs • Practicall_y in all joints m accessible zones {e.g .. on the ~l. near 
I dam face. inside inspeaio1' mi drainage galleries). 

• Jointmeters • In the medium zooes of the block rrr at a distance of about one 
meu:r to the dam fau and according to the information needed. 

• Elearic • Scarc:cly measured but !here is a trend to measure them again. 
Clinometers . 

• Thermometers • As all other clccaic resistance instruments (stress and strain 
meters) give values of iempc:raturc, resistance thermometers are 
installed in a supplCIJlCllWY way. To obtain th.:: mfonnation about 
the n-.ean iemperature and the lhcrma.I gradient variations along 
some strategic selected sections. 

• Suai.n/Stress • Placed in zones where lhc highest mess is anticipated (i.e .. along 
Meters the arch ere.st ai:d the main cantilever and near the foundation 

haunches). 
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Quantities Instruments and Method Used 

IJravity Dants 

• Planimcuic • Trusngulation • targets over the body to obtain movements of the different blocks, 
Displacement especially hi£}u:r ones and !hose located :at different defonnability 

zones. Where possible at each block a; least one near the aest and 
the other near the foundation. Also ckpending on the dam height 
one or more intermediate marlcings may have to be installed. 

•Precision • Insulted in some borizontaJ galleries. 
Traverse 

• Plumb Lines ' • Installed in oae or more blocks. 
• Vertical • Precision I • At lhe dam crest. in some cases in horizontal galleries and drainage 

Displacement Levelling galleries and in galleries near the foundalion. 
• Joint Movements • Deformeters • Usc1 to monitor relative movements between adjacent blocks 

usually installed in places similar to those of arch dams. 
• Elearic Joint • Inside joints. 

Meters 
• Uplifl Pressures • More imponant then arch c!ams. Special auention is given to the 

drair.ed water turbidity. 
• Rotations • Electric • Like the l!n:h d:>.ms these measurements are just being measured 

Clinomelel'S again. 
•Temperature • Thennometer • !memal tempera.tun: in sectior.s disttibuted along the height of the 

block. On<! or a m-.all munbcr of block..; need to be instrumented 
bewi.se thick conaete has a very high the:rmal inertia. 

• Sttess/Strain • Strain MC".lerS • U~ly installed in high dams only. The usual low StrCSS developed 
insidl.: gi-:ivity dams in rr.ost cases does. Mt jwtify its mea..urement. 

Buan:ss Dams 
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Quantities Instruments and Method Used 

• External Actions • When justified. Only one dam (Aguieira Dam) has been installed 
& Ground Motion with pc:nnanent equipment to monitor this phenomena. 

• Planimctric •Special • The geometric characteristics or the butttcss dam calls for a special 
Displacement Triangulation network. Targets are disaibutcd over the body of the dam buuress 

Networks and arches 81 different levels. 
• Plumb Lines • To measure displacements of points near lhe foundation and of 

points of the arches and buttrcsSes. Special installation may be 
m;:uircd. for inslance plumb lines incascd in external devices. 

• Vertical •Precision • Bench marks placed at the aest of the dam and along inspection 
Displacement Levelling galleries and downstream zones. 

• Roc:lcmcters • 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 lhe dam faces. 

• Defonncters • Surface joint movement in accessible zones. 
• Hydraulic • Piezometm • Their placement depends upon the foundation characteristic and the 

Foundation and Drainage development of wmer tighmcss and drainage works during the 
Behaviour Curtains consauction phase. 

• Temperature • Thermometers • Due to the small thickness of the arches the tcmpcrarure variations 
are considerable. 

• Suain/Siress • Strain/Stress • l.nsr.alled in the most typical zones. 
Meters and 
Creep Cells 

Solid Bumcss Dams 

• Planimcaic • Triangulatio:i • Targets placed over the body or the dam namely near the crest and 
Displacement Networks at oae or ~ levels on the bumcsses downstream faces. 

• Plwnb Lines • To measure clisplacemcll1s 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 J=Oints lhat cannot be 
monitored using solely plumb lines. 

• Vertical •Precision • Bench marks placed at the dam acst and sometime at the 
-Displaecmcm bevelling -downstream zones. 

• Rockmeters • They have just recently been considered. 
• Internal Joint • Joint Met:rs • l.nsr.alled at half-thickness between the heads or the blocks. 

Movement • Surface Joint • Measure opening and sliding movements of joints at accessible 
Defonncters zones. 

•Concrete • Thermometer • The differences in thickness between the head and the web of the 
Temperature buttress may cause peculiarities in the temperature pattern inside the 

congetc. 
• Strain/Stress • Suain/Stress • Groups or e-1Ch together placed in lhe most typical zones of the 

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

•Surface 
:.>isplaccment 

• lnicmal 
Displacement 

• Pore Pressure 

• Water Seepage 

• Surface/Internal 
Displacement 

• Pore Pressure 

• Tow Pressure 

•Seepage 

• DispLacemems 

• Aows 

Table 3.18 
Portuguese Monitoring Schemes Particular 

to the Major Types of Fill Dams 
(after ICOLD, (1989, pp. 234-235]) 

Instruments and Method Used 

Homogeneous Dams 

• Triangulation • Surface monwnenis are distributed such that they can be used to 
model the entire surface of the dam. 

• Precision • Bench marlcs are usually placed at the aest (if vertical movemenis 
Levelling are measured) or sometimes at the berm. 

• Used to determine the distribution of the horizontal and vertical 
displacemem. 

• Measured in one or more seaions usually rlle highest section. In the 
lnlnSition Zones between the body of the dam and the abuunCDlS. 

• Where drainage galleries exit or when devices collection total or 
panial that of water are available. 

Zoned Dams 

• Identical to those of homogCDCOus dams. Some internal 
displacemen1 devices are placed in the iransition zones between 
diffe:rent m:uerial. 

• Pore Pressure • In clay cores, they are placed in one or more of the highest 
Cells and seaioas. Further to these seaions piezomeiers may be placed in 
Piezomeiers odler sections that are consickzed important for the darn safety. 

They arc also placed in aansition zoues between the dam and the 
abutmems. 

• Piez.ometers • Placed in clay cores and in tnmsition zones between different 
materials. Their disaibution is imponam in the safety evaluation 
with respect to hydraulic fracturing. 

• Same consider.Uioo as for homogeneous dams. 

Rocldill Dams With Upstream Impervious Face 

• Triangulation • Survey monumems and bench marlcs are placed on the aest and on 
and Precision the downstream face. Consideration should be made to measure 
Levelling displacement of points on the upmeam face in some sections by 
Methods means of slope indicatOrS and measurement of displacement along 

transverse ar.d longitudinal lines. 
• Pressure Cells • Partial and total flows at the upstream 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 desaibed in this table. 
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Phases 

During 
Constructions 

During Filling 

After First 
Filling 

During 
Construction 

First h:ling 

-Meer F'IrSt 
Filling 

Table 3.19 
Frequency of Measurement of Portuguese Dams 

(after ICOLD, (1989, pp. 235·236]) 

Instruments and/or Frequency or Measurements 
Quantities Measured 

Concrete Dams 

• Elcc.1rically Embedded • During installation ·every 4 hrs until 12 hrs afier. 
Appar.uus . Af1tt installation (24 hrs after) • every day at on the same 

hour for the first week. 
After one month of installation· every 2 weeks. 
Following period • once a week. 

• Visual Inspection • Continuous. 
• Measurements of • To achieve a rapid safety assessment especially when the 

Displaccment by water reaches ccnain levels of the reservoir, at such time an 
Geodetic Mclhods analysis must determine a thorough understanding of the 

behaviour of the dam. 

• For the first S years • ·For essential quantities • weclcly 
Displaccmems by geodetic me•hods • armually 
For the remaining quantities • fortnightly 

• For the subsequent • The frequency of the measurements usually decrease, 
years however displacements by means of plumb lines and borehole 

CXleDSOllleterS and seepage and uplifts are still measured ona: 
a week. 

Fill Dams 

• Pore/lnierttal Pressure • Measuremcms are made immediately after installation of the 
insaumcnts as soon as conditions allow it and their frequency 
depellds on the construction development. 

• As stipulate in the specifications in the monitoring plans. 

- -« -Measwements-and • -~ -non:na! circumsrma-s ~rlam behaves as expected) the 
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 g~ven 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 refationship between the observed effects and the corresponding actions. 

The model atter.ipts to predict the values of some physical quantities, taking into account factors 

including material properties, geomeaic 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 arc given by Gomes and Matos (1985). 

Additional information regarding the different types of moriitoring systems and data analysis 

addressed above, complete with case studies, can be found in articles by Ferreira de Silva et al. 

( 1991 ), Pedro ct al. ( 1991 ), Florentino ct 8'. ( 1985), Gomes and Matos ( 1985), Ramos and Soares 

de Pinho (1985), Casaca (1984) and Pedro ct al. (1979). 

3.13 SOUTH AFRICA 

The first darn constructed in South Africa (SA) was a large (h = 15 m ) U-shape embankment 

dam in 1652 (Olwage and Oosthui:zcn, 1985). Today, three cenruries 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 Dcparnnent of 

Water Affairs (DWA). Darn safety in SA originated with DWA in 1978 when safety iilspections 

of dams owned by OW A 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 deparnncnt of OW A to develop a dam safety programme 

(Oosthui:zcn, 1984). However, it wd5 not 11ntil 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 arc evaluated every 5 years (ICOLD, 1989). 

The majority oC-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 reponed in this discussion reflect solely the views, 

practices and experiences of DW A. 

There arc no specifications for dam monitorin& in SA. Attempts by DW A to write specifications 

failed due to the multiple restrictions and limitations associated with existing dams and the 

requirements of a monitoring system peculiar to a site with new dams (!COLD, 1989). As an 

alternative to specifications, DW A has developed an underlining philosophy for the design of a 

monitoring system for a panicular site. This philosophy dictates the basic factors which DW A 

believers should be considered when designing an optimum monitoring system. These ~nclude: 

(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 attirude 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 (sec Table 3.20). Furthermore, DW A often refers to 

ICOLD Bulletin N• 41 as a guide for determining the initial parameters to be measured and the 

required frequenci..s of the mcaswcments (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 !COLD, (1989, p. 252)) 

1. Det.enninc 
Function(s) and 
Monitoring Phases 

2. Study Similar 
Systems 

3. Preliminary Design 

4. Intermediate 
Evaluation 

5. Final Design 

6. Installation 

• Determine site conditions 

• Identify aitical and key aspcas 

• Idc:ntify parameter to be measured. 

Study the expected behaviour of 
the saucture by determining: 

• the loads acting on it 
• its capacity to rc:c:ist 1hcsc 

loads 
• other !actors influencing 

the response of the 
structure (design 
redundancies. cu:.) 

• Select location and num'!>cr of instruments. 
• Select J'CMH>u1 frequencies. 
• Detc:rminc required accuracy, measuring range, sensitivity, 

repcalability of the various insirumc:ms. 
• Select typCS of instruments. sensor read~ut units. etc. 
• Tailor lay-ow to acceptable limits. 
• Prepare preliminary drawings and documenwion. 

• Consult Designer, Dam Safety Specialists, Suppliers. Consuuaian 
Team. 

• Perform a cost-bc:Dcfit analysis based on the alt.enWivcs. Aspects such 
as installation cost. and costs (and convenience) for taking readings 
and processing the dala in the long term. should also be included. 

• Prepare scenarios for insttumenwion failures and design and specify 
defensive bade-up S)'Stems. 

• Finalize design (simplest ammgcmcnt of devices suitable for :he 
purpose). 

• Write specifications (tenders, installalion, etc.) 

• Obtain co-opcralion of consauction staff on site. 
• Plan the installation procedure in detail. 
• Make final preparations for installation (logistics, rc<alibration, etc.) 
• Install or sup;rvise installation. 
• Keep gocd photographic rCGOrds. 
• Record design adju.sunentS. 
• Do performance checks. 
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7. Final Repon Prepare an installation repon coruaining: 

• As-built drawings. 
Zero readings. 
Rr.cords (photOgraphs). 
lnsttuctions and manual to the observer and analyst. 

• An evaluation of the installation. 

The monitoring instruments and practices preferred by DW A arc summarized in Table 3.21. SA 

has taken a rather simplistic approach to dam monitoring. In SA, most darns arc situated in 

remote areas 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, DW A prefers 

geodetic methods to monitor external absolute displacements, and gcotechnical/structural 

techniques for relative internal defonnations. Where applicable, in the case of concrete dams. 

traverse methods through galleries and drainage tunnels arc preferred over triangulation of points 

on the external surface of the darn (ICOLD, 1989). This decision was based on the results of 

a case study by Roberts ct al. (1985). Roberts ct al. (1985) compared the triangulation method 

with the traverse method on the bases of accuracy, man power requirements, time and cost 

constraints, and suitability under all operational and weather conditions. The case study 

concluded that the advantages of the traverse method far outweighs those of the triangulation (see 

Roberts, 1985). 
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Dam Type 

Concrete 

Embankment 

All Types of 
Dams 

. ·- . ~~ . 

Table 3.21 
South Africa's Preferred Instrumentation and Methods 

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

Quantity Methods Remarks 
Measured lnstrument.s 

Displacements 

Relative . 3-D displ.acement crack monitoring devjces • lhe ID c:rac1c meter 
(e.g., Wexham aac:k width meter accurate IO was developed by 
± 0.02 mm or ID c:raclc width meter accurate DW A. designed 
IO± 0.1 mm primarily for use . mechanical type pendulwns with optical during inspections 
reading . tiltmeters 

Absolute . geodetic surveys (precise levelling and • for many existing 
aiangulation. traverse in galleries and dams this method is 
drainage numcls) the only practical 

solution 

Internal . along lines in transverse directions a group . (i.e. along c:ross-
Seal. of hydraulic settlement c:ells are used seaions) . along the vertical axis magnetic rings arc 

installed around im:linometer cubes at fixed . these are installed 
levels during constr. 

External (on . levelling 1..nd aiangulation • for measuring 
embank. or sealements and othc 
berm) 

. 
relative movements 

lnc:lin. . inclinometerS with torpedo- shaped semors 
c:omaining sensitive sensors 

Pressure 

. stand pipes and twin cube hydraulic . used IO measure 
pi'!ZOmeters piezomeaic level 

. arc recommended for 
Pore short term 
Pressure • resistance and piezo-electric:al types measurements . hydraulic n.embrane type of piezometers . 

. Bourdontypeofpressuremeters . for use with the 
hydraulic type 

Eanh piezometers 
Pressure . most favoured (can . hydraulic type c:ell with transducers be calibrated in sicu) 

Strain and Sn-ess 
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Dam Type Quantity Methods Remarks 
Measured Instruments 

Suain . sliding micromeiers . preferred over any 
other borehole 
extenso1neiers . tw an accuracy or 
bener than 10·> 
mm/m 

. small diameter uniaxial suess meu:rs . smaller bi-axial version of a similar stress 
meter as the uniaxial one . it was still being 

tested by DW A at 
d::e time this table 

Stress was published 

As pan of the monitoring program, DW A considers site inspection by a trained inspector to be 

indispensable in the process of establishing the complete behaviour of the Jar.'.. DW A conducts 

quanerly inspections in additional to the frequent inspections by local dam 0~~1crs 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. DW A fully recognizes the disadvantages of this method and has take.~ steps to equip 

some of its personnel with programmable poclcet calculators to take the readings and compare 

them with those obtained from the behaviour model at the centtal processing station. In addition, 

DW A's goal is to have a semi-automated system using a microcomputer at the <!am site so that 

-iocai observers can process the readings Md -make 1l 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 OW A professes 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 rype of instrument of unknown perfonnance along side a proven instrument in order 

to gain experience and confidence of the new instrumenL 

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 op.:;rating principles and design of each instruments 

carefully. 

5. It is a good practice to use insttuments with a good perfonnance 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, (e.g., Croucamp 1985; O'Connor 1985; 

Melvill 1985; Van Der Spuy ct al. 1985). 

3.14 SWITZERLAND 

Switzerland has officially listed approximately 144 large dams, 95% of which arc monitored 

using geodetic instrumentation and 100% arc monitored using geodetic and/or 

Ccotechnica]/structural instrumentation (Bischof, 1992). In Swittcrland there arc no detailed 

national S"".iJCCifications defining the monitoring of dams, the types of instruments required and the 

frequency of measurements OCOLD, 1989). The ~;afety 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 arc attached 

. as Appendix 11. The specifications were provided by the Swiss National Committee on Large 

Dams (SNCLD) at the Sixteenth International Congress on Large Dams (Biedermann, 1988). 

As a result of this policy, the safety of dams is the responsibility of their owners. They arc 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 authorities. The Swiss Federal Surveillance Authorities supervise the 

execution of monitoring and ca.ny out critical analysis of repons submitted to them on the 

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 moniwti.ng 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 for evaluating data 

by double-checking and by using alternative measurement methods (e.g., plumb line & traverse, 

alignment&. tiiangtilation. 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 Engineers, Surveying 

Engineers, and Geologists, and that a mutual understanding amongst them is essential (Gilg ct 

al, 1985). All Swiss dams Are monitored using either geodetic or both geodetic and gcotcchnical 

and structural instrumentations. When compared to other countries. Switzerland places more 

imponance on geodetic measurements. Geodetic systems arc 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)) 
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Annually 
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r·-----. 
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alignment. EDM) connected to a vertical network (pendulum, levelling). Geodetic schemes arc 

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

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

specifics how to best coordinate the various geodetic methods. These methods arc used for both 

Shor.- ci.nd long-term monitoring. A new method which is also under consideration for 

determining the absolute cfispraccmcnts is the Globai- Positioning System (GPS) (Egger and­

Schncidcr, 1988). 

Automated monitoring systems are not considered imperative but arc somewhat convenient. 

'lbcy are often used when the dam site is noi readily accessible (e.g., darns located iP high 

mountainous regions which arc 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 

tcliability of the data from an automated measuring system. An automated system must never 

l'Cplace 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 sauctural insaumentation installed in Swiss dams 

are not unlike those installed in darns of other countries. The major difference is that 

Switzerland's Safety Regulations force darn owners and authorities to ensure that the dams are 

monitored and analyz.ed with the most recent equipment and methods available. Examples of the 

types of instrumentation used to monitor and analyze both concrete and embankment darns are 

provided in the sample specifications (see 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 (used when the seasons 

have a much greater influence than reservoir levels); (2) a graphical representation of v:uiables 

such as displacement and seepage as a function of the reservoir levet (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 iest for 

determining upstream-downstream displacements of concrete darn crest and sometimes for other 

points on vertical darn profiles (ICOLD, 1989). For evaluating geodetic schemes with redundant 

observations, mathematical models using the least square adjusonent are used. H 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) m~uds -arc -being in~asingly used to calculate 

the deformations for a standard loading (e.g., water load) or to conven the measured deformations 

into the deformations that would result from a standard loading. In the' first case, the differences 

in the deformations 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 are used as displacement inputs aJld if the darn behaves as expected the same 

deformation values will be obtained (Biedermann et al. eds., 1988). An excellent source whicti 

provides numerous examples of the surveillance of Swiss dams is entitled Swiss Dams: 

Monitorinp and Maimenance (Biedermann et al. eds., 1988). More examples of the Swiss 
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approach to dam monitoring arc given by Gilg ct 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 saingent 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. Furthennore, 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 ct 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 wac; 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 

Department of the Environment (DOE). Within the scope of the act, DOE organizes research 

prograr.imes 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 research has been the development of new types of instruments 

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

S= s 
I lOOO.H.log(t2 /ti> 

(3.1) 

so called settlement index (E.q 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 t, and ti after the completion of the embankment 

construction, and H is the height of the dam in meters. Some of the findings suggested from a 

review oi the settlement indices calculated for a number of British dams, based on the data 

collected over a period of eight to ten years, arc 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 (a ba/y .,h.,) which can be used as an indicator of the susceptibility to 

. 
hydraulic fracture. The numerator of the index ratio, a ba ,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 
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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 example, 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 expens believe that the continuing safety of an embankment dam largely depends 

on visual surveillance supplemented by the installation and monitoring of instrumentation. These 

expens 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. 

Type of Dam 

Arch 

Gravity and 
Buurcss 

Table 3.22 
Types of Monitoring and Frequency 

Adopted by Scotland Hydro-Electric Board (UK) 
(from Johnson et al., (1979, p. 251]) 

Condition and Ageof Type or Monitoring and Frequency 
Behaviour Dam 

Nonna! Fim five Full instrumentation quancrly 
years 

Normal . Ailt':t five Full instrumentation twice a year 
years 

Nonna! Fust five Full' instnmleruation twice a year 
years 

Nonna! A!lt':t five Full instrumenw.ion for one cycle 
years ~ery fifth year 
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Type or Dam Condition and Age of Type or Monitoring and Frequency 
Behaviour Dam 

Nonna! First five Levelling twice a year. Pore pressure 
years monthly (eanhfill only). 

Embanlcmcn1 
(Earth or Normal After five Levelling once a year. Pore pressure 
Rockfall) years twice a year (earthfill only). 

Unexpected or uncenain Fim five Full insttumentation twice a year. 
behaviour or where special years Pcndulwns four times a year (if 
circumstances apply installed). 

Gravi1y and As above Aftt:r five Full insttumentation for one cycle 

BuW'CSs years every 3-5 ye:n or as considered 
necessary. Pcndulwns four times. a 
year (if installed) otherwise insau-
mentation of key stations twice a 
year. 

Embankment As above All ages Levelling twice a year. Pore pres-
(Earth or sures monlhly (eanhfill only) 
Rockfall) 

Noie: (1) As the dam becomes older or deteriorates, the frequency of the measurements may be required IO 

iricrease. 
(2) If the dam is bu.ill in doubtful conditions or with abnormal behaviour, more extensive instrumentation 

is installed and the frequency or lhe readings are increased. 
(3) For arch dams, and large dams subject IO large variations in wau:r levels, more frequem cycles are 

carried OUL 
(4) Supervisory inspections and monitoring are undertaken after major floods, seismic activity or unusual 

everus. 

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

(1992). Gen'!rally, Beak (1992) indicates that the trend in the UK has been to replace the typical 

geodetic, geotcchnical and structural instrumentations (e.g., crest le~elling, alignment using a 

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

into the concrete, 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, thennocuples for concrete temperatures, invar wires to monitor 

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

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 aniclcs are detailed descriptions and drawings of the 

instruments used. as well. the advantages and disadvantages of each insttumenL 

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 panicular. 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 -smvey-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 ct al. (1991). 

Johnson et al. (1979) and Ferguson et al. (1979). 

3.16 USA 

There are as many as 5.469 large darns I"P,gistercd in the USA (Sharma. 1992). According to 

Sharma (1992). current information regarding how many dams listed in the United States 
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Committee on Large Dams (USCOLD) Database are instrumented is not available. However, 

there are a total or 764 dams owned by the Federal Government 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), lnteragency 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 darn largely depends on the dam-type and its interaction with 

foundation and surrounding geological environment). Therefore, there cannot be rigid standards 

that arc applicable to all darns for monitoring their pcrfonnance; 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 Instrumentation Manual, US Bureau of Reclamation (1987), Denver, 

Colorado. 

4. I nstrumentarion for Concrete Structures (September 1980). Engineer Manual, EM 1110-2-

4300, US Corps of Engineers, Washingron, D.C. 

--S. -Instrumentation-of-Earth and-Rockfill-Dams: Pa."t l-0f 2, (;raundwater and Pore Pressw·e 

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 Anny 

Corps of Engineers, Office, Chief nf Engineers, Washington, D.C. 

6. General Considerations on Reservoir Instrumentation, repon by USCOLD Commincc on 

Measurements, 1979/1981. 

7. Seismic Instrumentation in Dams, USCOLD Commincc on Earthquakes, April 1975. 

8. Dunnicliff, J. (1988). Georechnical Instrumentation for Moniloring 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 concerned agencies established a periodic inspection program to evaluate the 

conditions of their dams which has conoibuted to the current active, continuing program of dam 

safety evaluation in the federal department. However it was not until after a number of ttagic 

dam failures that Congress passed legislation in 1972, known as the National Dam I nspecrion Act. 

This act called for the inventory and inspection of all non-federal dams. Furthermore, it was not 

until another ttagic event, the Teton Darn failure in 1976, that funds were actually allotted to 

perform the inspections under the 1972 Act. Immediately following the Teton Darn disaster the 

Federal Government convened a team of specialists to develop guidelines known as the "Federal 

Guidelines for Dam Safety." In 1979 the President 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 Darn, the President directed the COE to up-date the dam 

inventory and inspect about 9,000 r:on-fcdcral large and small dams classified as being hazards 

(Duscha. 1984). To.date the COE National Darn Inspection Program has ba.:n one of the most 

significant development in dam safety efforts. Another survey of a review of state dam safety 

programs conducted in i )82-1984 by the University of Tennessee disclosed that over half (26) 

of the state:: 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 Xl1 of Pl... 99-662) (ASDSO Newsletter, 

1989). 

At the Fourteenth International Congress on Latge Dams in 1982 in Rio de Janeiro, A.W. Wahler 

of the USA expressed that one of the problems in his country is that canh dams are often 

delegated to junior engineers ~ause 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 (IWP & DC, 1982). With approximately 86% '."f the 

5459 large dams in the USA being embankment type dams one may conclude that W.A W.:!h!er'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 eac-h case was not selected, installed, observed, or evaluated in a 

sufficiently timely manner, or with the skill judgment reqWred, to permit adequate forecasts of, 

and offsetting measures against inadequate safety. Leps (1985) suppons 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 piczomcters, no internal settlement or deformation devices and no 

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

Despite these statistics there has been encouraging developments 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.darn 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 rehabilitation projects is presented and exchanged. In addition, organizations 

such as FEMA has supponed several projects aimed at enhancing the state dzm 11 '\f ety programs 

-including-the-development-of a Madel State Program f-0r 4am safety me! the establishment of 

technical groups to consider special issues (Ellam, 1990). Another imponant event that is wonh 

noting is the signing of a Memorandum of Understanding (MOU) i.,i 1989 between COE and 

FEMA to transfer funds authorized in tbe Dam Safety Act of 1986 to update the National 

Inventory of Dams. Under the MOU, FEMA 's goal is to eventually establish a National 

Database consisting o; '>oth federal and non-federal owned dams (ASDSO Newsletter, 1989). 

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

comprehensive darn safety training available. Recognizing this predicament, an ad hoc steering 
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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. Tne newly established darn safety training 

program was given the name Training Aids for Dam Safety (TADS) and obtained the suppon 

of founccn US Federal agencies within ICODS (Vccsacn. 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 darns. Inclu<icd in this component is 

also a module on the instrumentation of embankment and concrete dams. The second 

component, "Dam Safety Awareness, Organization and hnplementation," consists of a series of 

modules on the imponancc of dam safety, dam ownership re:;ponsibilities and liabilities, and how 

to organizing darn safety and operation and maintenance programs, and emergC'ncy action 

planning. The third and last component, "Dara Review, Investigation and Analysis, and Remedial 

Action for Dam Safecy," outlines the dam safety process and, how to evaluate hydrologic and 

hydraulic accuracy, concrete and embankment dam stability, and deformation and seepage 

conditions. These modules are available th.-ough the suppotti.ng GS Federal agencies or through 

USBR (Veesaen. 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 ( 1936) monitoring system. However, for the reasons stated earlier, it is apparent 

that this approach was not applied to the majority of the existing darns in the USA. The need 

for the surveillance of darns and the consideration applicable to monitoring and assessing the 

structural safety of the dam and its foundation are presented iil the USCOLD publication entitled 

"General Considerations on Reservoir Instrumentation", written by the USCOLD Committee on 

Measurements 1979-1981 (IC:OLD, 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 

pan of the Committee's report. The following discussion will outlined some of the major 

considerations of the USCOLD's report. 

Overall, the USCOLD's repon 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 (sec 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 

instruments, and listing the purpose of each instruments). 

4. Recommendations of the monitoring frequencies at the different phases of the project (sec 

Table 3.25 of this repon). 

S. Considerations concerning data acquisition, processing and presentation of results, 

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 Clam. 

The types of instrumentations and monitoring techniques for both embankment and concrete dams 

recommended by USCOLD arc listed in lable 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 instrumentation. Moreover, Tables 3.24a and 3.24b illustrate that a 

number of these instruments have already been installed in some of USA 's existing darns. With 

respect to geodetic metho&., particularly when performing precision measurements with 

Electronic Distance Measuring Equipment (EDME), the USCOLD strengly 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 

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

Quantities Measured 

Horizontal and vertical 
translation 

Rotation 

Relative 

Strain 

Differential between 
zones 

At joints or at cracks 
in concrete 

Table 3.23 
Instrumentation and Monitoring Techniques 

Recommended by USCOLD 
(after ICOLD, (1989, pp. 287-292)) 

Instruments 
E CG RCCG 

1. MOVEMENTS 

Precision theodolite. x x x 
EDM. inclinometer 

Tilaneu:rs x x 
Strain dettaion devices x x x 
including joint meiers. 
exteDSOmeu:r and a variety 
of c:radc monitoring 
c!evices 

Strain meters (e.g .. Car· x x 
Ison elastic ~ type) 

x 

x x 

2.STRF.sS 

Gloeul flat plate. c:atlson x x x 
streSsmeter, Goodman flat 
jack. (strain meterS con· 
vened into stress) 

3.GROUND WATER AND WATER PRESSURE 
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CA CB CIE 

x x 

x x x 
x x x 

.x x 

x x 

x x 
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1 ·· )/ 
/ ; 

Quantities Measured Instruments 
E CG RCCG CA CB C/E 

Pore water pressure Open stand pipes or wells x 
or by piezomete:rs systeins 

Uplift pressure 
of either the open or x x x x x x closed pipe. Closed sys-
tern piczomcters include 

Ground water elev· bydr.wlic or pnewnatic x x x x x 
ation type. 

Seepage Movements Weirs (9<1' V-nou:h. rec-
&angular or IJ'a?CZC)idal 

• Phreaiic surface type). flowmeter, parshall 
flumes. calibrated COD· x 

• Discharge amountS Wncrs. lhcnnatic surveys 
and self poiential measure· 
mcnlS. x x x x x x 

Analysis of Collected 
Seepage 

• For solids 

• For chemical·c:om- x 
pounds 

x x x x 
Detection of seepage x x x x x x 
paths 

4. TEMPERATURE 

or the water (at var- Thermomcr.ets x x x x x 
- ious levels. in the 

reservoir and below 
the dam) 

or concrete at various Carl.son type resistance x x x x 
depths at lhc mass thc:nnomeu:rs., face lher· 

mometcrs 

or aunospherc Tbermomcu"S 
. 

x x x x x x 

or soil or foundal.;on Carl.son type resistance x x x x x 
mass thcnnomcu::rs 

5.sEISMIC EFFECTS 

AcccJcr.u.ions Seismographs and Strong x x x x x x 

Displacement 
motion aceclcrographs 

x x x x x x 
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E = Eanh 
RCCG = Roller Compacted Conactc Gravity 
CB = Conc:rctC Butucss . 

CG = Conaete Gravity 
CA = Conaetc Arch 
C/E = Concrct.C 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. Foamd. Embed. Drain 
Press. def. Instr. Flows 

(strain, 
temp) 

Crystal 98/194 16 - 3 16 28 54 
(1976) 

East 79/133 - - 4 10 - -
Canyon 
(1966) 

Flaming 1531392 24 13 8 - 1.078 -
Gorge 
(1964) 

GraN! SS/351 24 33 11 10 23 37 
Coulee 
Forebay 
(1974) 

Glen 216/476 2S 38 - 12 1.800+ 16 
Canyon 
(1964) 

Hungry 172/645 12 so - - 464 139 
Horse 
(1953) 

. 
Montie· 93/312 6 - - - 162 -
ello (l-
957) 
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Seepage Others 
Meas. 

13 Slide 
meas. 
strain 
gauges 

- Triangul. 

15 16 Therm. 

- Whine-
more ptS; 
deflcctOm-
eters:: 
therm. 

- Triangul; 
climalo-
logical 

- Cima-
tologic:al 

- EDM; tria-
ngul. 
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Name Height/L INSTRUMENT TYPE 
(year) ength 

Uplift Collim. (m) Plumb I. Found. Embed. Drain Seepage Others 
Press. def. Instr. Flows Meas. 

(strain, 
temp) 

Morrow 143/221 26 . s 3 1,118 36 . Power 
Point plant mon-
(1968) uments; 

slide mon-
itoring 

Nambc 46!}8 . 10 6 . 60 21 11 Embedded 
Falls meas: fla1 
(1976) jack press. 

I 
(12) 

Pueb'o S8/3109 6 10 6 6 . 8 . Buttress 
(197S) movement 

(12), 
EDM-20 
embedded 
meas. 

Yellowt 160/4Sl 9 23 3 9 1,650 + . 193 Obs. wells 
ail Cl· 4S 
966) 

Cla· 138/1940 2 42 . - . 47 . . Trilal. 43 
ranee pts 
Canon 
(1984) 

Dwo- 218/1000 2 SS S2 9 790 . 4 Seismo-
', rshak graph (4) 

(1973) 

- .New 193nt6 4 18 . 39 518 . 15 Triangul. 
Bui- 13 pts; 
Lards jointmetcrs 
Bar (1· 172 
969) 
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Name 
(year) 

Calamus 
(1985) 

Choice 
Canyon 
(1982) 

McGee 
Creek(*) 

McPbcc 
(1984) 

Navajo 
(1963) 

Palmeuo 
Bend 
(1980) 

Red Acct 
(1980) 

Table 3.24b 
Dam Monitoring Instrumentation 

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

Height/ INSTRUMENT TYPE 
Length 
(m) Pnuem. Stand· lnclin. Vibr.· Meas. Seepage 

Piez.om. pipe Wire Pt.s Meas. 
Pin.om. Piaom. 

29.3/2195 48 106 3 16 66 25 

. 

43.1/5631.4 none 53 none - 96 none 

50.0/6000 77 41 7· - 57 none 

82.3/3963 96 22 7 . 40 none 

123/1112 none 48 none - 60 7 

21/13,904 none 60 4 - 3 128 

. 
44/S 18 27 38 9 . 70 2 
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Others 

Baseplate 12; 
pneumatic s-
enl. sensors 
.iB; thermistor 
111 

Baseplate 7 

Pneumatic 
senlement 
sensotS 8; total 
press. cells 24 

Pneumatic 
senlernc:nt 
sensotS 64; 
CXlClSOmeters 

2; strong 
motion 5 

Hydraulic 
piezcmetets 
40; internal 
ven. move-
mcits 2; wau:r 
analysis 11; 
horiz.ontal 
drain 3 

Horizontal 
drains 100; 
runnel drains 
30 
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Name Height/ INSTRUMENT TYPE 
(year) Length 

Pnuem. St.and· lnclin. Vibr.· Meas. Sttpage Others (m) 
Pie mm. pipe Wire Pts Meas. 

Piez.om. Piemm. 

Ridgeway 69.2/140.9 68 53 14 8 86 2 Tow pressure 
(*) cells 13; CXlC· 

DSOmeterS 16; 
s1rong motion 
6 

San Justo 43/2.20.1 none 30 23 32 100 15 
(*) 

San Luts 115/5669 none 61 19 70 250 13 Hydrau. .. : 
(1967) piczometers 

I 119; internal 
vcn. move-
mcnts 4; 
baseplalc 3 

Sugar 58/183 21 4 s - 20 1 Hydraulic 
Pinc piezommrs 
(1980) 30; toial pres· 

sure cells 29; 
exr.ensomeu:rs 
12; internal 
vertical move-
ments 1 

Clarence 62 20 9 21 28 - Carlson soil 
Canon pressure cc1J 

1; Carlson 
electrical 
piezometm S 

(•) Signifies that it the dam was under construetion at the time the table was published. 

Although it may seem elementary, a significant point with respect to the instrumentation system 

design is that the pe~onnel selected to be responsible for the instriimentation should be able to . 
answer the question: "ls the instrument functioning 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 pe~ons 

should be thoroughly experienced, and capable of fully understanding the purpose and importance 

of the instrumentation. 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 trying to avoid 

the situation that transpired with the Waco Dam failure in Texas from reoccuning. Waco Darn 

is an example of a failure where significant movements were noted from a review of the 

construction survey data. but at the time was 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, 1985). 

The USCOLD's recommended observation schedule from which a basic framework can be 

formulated for a specific monitoring schedule compatible with the types of instruments installed 

in the project are listed at Table 3.25. The observation schedule indicates the monitoring 

frequencies to be observed over the four basic stages of the life of a darn; during construction, 

first filling, initial holding (if applicable), during the first year and after the dam attains a 

stabilized pattern of behaviour. Also included, as a note, are the measurements that should be 

observed before construction begins (ICOLD, 1989). Fu.· 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 instrument performance and to increase the confidence in the 

readings, USCOLD suggests that the moniroring 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 present~ 

in tabular or graph~cal 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 do not have the expenise to perform the data 

processing and analysis, they are encouraged to seek the guidanc~ of federal agencies such as 

USBR, COE and other larger agencies. GC'nerally, according to the US National Repon (ICOLD, 

1989), these agencies own and operate many dams and have well established in-house 

instrumentation and darn performance evaluation groups staffed with experienced engineering 
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personnel. There is, however, some doubt whether this statement represents the aue situation, 

panicularly in the area of geodetic monitoring. 

Automation of data coJlection 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 softwan: requirements that need to be considered 

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

that can and cannot be easily automated. 

PERIOD 

During Construe· 
ti on 

Table 3.25 
USCOLD Instrument Monitoring Schedule 

(from ICOLD, (1989, p. 325]) 

TYPE OF MEASUREMENT 

DEFl.ECTION & DEFOR· STRESS, STRAIN & 
M.ATION TEMPERATURE 

PL. weekly SS· weekly 

- -SL. imor-ro filling - SM· w~y 

FD- weekly T- weekly 

NP- weekly 
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SEEPAGE, 
PIEZOMETER 

LEVELS 

U - weekly 

D ·weekly 

P-wcekly 
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PERIOD TYPE OF MEASUREMENT 

DEFLECTION & DEFOR· STRESS, STRAIN & 
MATION TEMPERATURE 

First Filling PL· daily during fill or SS - once each specified 
each specified rise rise 

SL- once after reservoir SM- once after rcseTVoir 
reaches level to be reaches level to be 
maintained mairua.ined 

FD - daily during fill or T- once after reservoir 
each specified rise reaches level to be 

maintained 
MP- daily during fill or 

each specified rise 

Initial Holding (if PL· daily for first wee, SS - wcckly 
applicable) wcckly thereafter 

SM- weekly 
SL- monthly 

T- weekly 
FD - weekly 

MP- weekly unless creep 
is indicated 

Subsequent First PL- bi-monthly SS- bi-monthly 
Year's Operation 

SL- quarterly SM- bi-monthly 

FD - monthly T- bi-monthly 

MP- monthly 

After Dam PL- montbl)' SS- monthly 
Attains Stabilized 
Paucrn of Behav· SL· annually at high SM- monthly 
iour reservoir 

T- mon1bly 
FD. monthly 

MP· monthly . 
~Ole: 

Pre-consuuction Observation 
• Geodetic - once before start of construction 
• GroundwaI.Cr levels • once before start of construction 
• Seismic activity • early before construction to establish ref base 

PL - Plwnblines 
SL - Survey Transverse. 

SS - StrcSsmeters 
SM - Scrairunetcrs 
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U - Uplift Pressure 
D - Seepage 

SEEPAGE. 
PIEZOMETER 

LEVELS 

U· following filling 

D- following filling 
unless un-antici-
pated flow is 
cncounter"1 

p. daily during fill 
or once each 
specified rise 

U- daily for first 
wee, weekly 
thereafter 

D- wcckly 

P- daily for fist 
wee, weekly 
thereafter 

U- weekly 

D- weekly 

P- weekly 

U- weekly 

D· weekly 

P- weekly 

156 



Triangulation 
FD - Foundation Deformation 

Meters 
MP - Multiple Position 

ExtensomClCf 

T - ThennomclCrS P - Piezometers 

Table 3.26 
Frequency of Instrument Readings and Dam Surveillance 

Fairfield Pumped Storage Facility 
South Carolina (USA) 

(from ~y, [1982, p. 1155)) 

Instrument Before Filling During Filling After Filling Remarks 

Accelerometer Auiomatic:ally sig-
nals powerhouse 
following earth-
quake larger than 
.004Sg. 

Waier level weekly or within 
recorder ooe hour following 
piezometers lhe triggering of zhe 

accelerometer 

Pcnnancnt bi-weekly twicetweck with bi-weekly: continue 
piezometers and reservoir below E. for 2 months after 
observation Wells 400 reservoir is fim 
(a) tilled 

weekly thereafter 
daily wilh reservoir •(b) 
above E.400 

. -HorizonW drains. bi-weekly daily same frequency as reservoir perimeter 
intake structure, .fabWa&cd .abov~ fur springs & wells are 
vertical pipe drains. permanent read monthly 
springs, flow at all piezomeu:rs (c) 
toe drainage weirs, 
do~mtrcam weirs 
and drains, and ' 
relief wells . 
Turbidity measure- bi-weekly daily monthly 
mCJllS 
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ln.,.trument Before Filling During Filling After Filling Remarks 

Sclllcmenl plalcs bi-weekly lwice/weelc bi-weekly: continue 
and borros anchor for 2 monlhs after 
poinlS reservoir is firsl 

filled 

monthly lhereafter 

Cresl monuments, bi-weekly weekly bi-weekly: continue 
inl.akc monuments. for 2 monlhs after 
and penstodt slopt'! reservoir is first 
monumenlS t.nd w- filled 
gel5 

monthly: ;after 2m1 
full reservoir month 

Slope indicator bi-weekly weekly bi-weekly: continue readings were 
for 2 monlhs after discontinued in 
reservoir is first 1980 because of 
filled damage to pipe 

quarterly lhercafter 

Lake level and daily daily daily 
rainfall 

Slope wgel5 bi-weekly weekly bi-weekly: continue penstodt slope 
for 2 monlhs aft::r targets continued 
reservoir is fim monthly 
filled 

Surveillance of NIA daily quarterly (d) 
reservoir shoreline 

Surveillance of afler completion of weekly: wilh res- conc:uITCnt wilh 
crest. u/s face. dis construction ervoir below El. rc:idings of the 
race and area dis of 400 pennanem 
lOCS piezomcten 

daily: with reservoir 
above El. 400 

General rouline aflCT completion of daily daily 
inspection or all construction 
Monticello Dams 

(a) The number of permanenl piezomelel's being monitored during the life of the facility may change. 
(b) If an earthquake causes the accelerometer to trigger and the permanenl and continuous water level recorders of 

Dam B indicaic a w.ucr level change equal to or ~ than one fool compared with the previous reading, 
frequency of the readings will increase to daily or as requC'lted by the engineer. 

(c) If an eanhqualc.e causes the accelerometer to trigger and the flow or turbidi1y changes arc noticed. frequency of 
readmgs or observations will change to daily or as requested by the engineer. 

(d) Frequer.cy may be adjusted depending on raie of erosion. 
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In addition to the infonnation provided by USCOLD's repon in ICOLD (1989), there are a 

number of anicles related to dam safety and monitoring that have been published by different 

cxpens and members of other organizations in the USA. These include rcpons on the 

implementation of monitoring instruments (Leps, 1985; Lytle, 1985), monicoring 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 ct al., 1991; Fiedler ct al., 1991; Kelly, 1991; Thompson et al., 1991: 

Murray and Browning, 1984; Abraham and Sloan, 1979; Fetz.er, 1979). 

Other excellent sources of infonnation are the aforementioned USBR guides on the instrumenta· 

tion of concrete and embankment dams entitled, "Concrete Dam lnsrrumenlalion Manual" and 

Embankment Dam Instrumentation Manual" (Bartholomew and Haverland, 1987; Bartholomew 

ct al., 1987). The manuals not only provide infonnation on the types of instruments and 

monitoring techniques currently 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 measuremer\ts. These manuals have been 

prepared primarily for USBR personnel to provide them with infonnarion on the installation. 

operation, and analysis of instrumentation systems of USBR darns, however designers, engineers. 

surveillance staff, dam owners, and dam safety personnel within the USA or abroad may also use 

this information (Bartholomew e( 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 Introduction, has been fulfilled and even exceeded due to a 

collection of larger than expected amount of infonnation form various countries. However, one 

has to be very careful in judging the general status of monitoring surveys from the available 

national rcpons and answers to the authors' questionm!.irc. The rcpons very often generalize the 

status on the basis of a few selected examples, perhaps the best instrumented., or best analyzed. 

dams which can create a too optimistic picture i~ comparison with the average situation. The 

lT:iited States is no exception. 

A general conclusion reached from the study is that there is an obvious lack of cooperation, 

exchange of infonnation, and work coordination between various international study groups on 

defonnation surveys. The same situation exists at the national levels in the United States and 

Canada. Generally, the souctural, geotcehnical, and surveying professionals do not exchange 

infonnation on their tcehniques and methods used in defonnation monitoring and analysis. In 

practice, this situation slows down the implementation of new developments. 

The above comments lead to the following recommendation concerning the United States: 

( 1) The results of this repon 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 Committee on Large Dams should place more emphasis than now on the 

exchange of information between the national associations and agencies involved in dam 

defonnarion studies and international bodies, particularly AG and ICOLD. 

(3) The creation of a ouly 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 defonnation 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 countties in the quality of monitoring 

defonnation, there is no one country which can serve as an example for others concerning all the 

three main aspects of dam deformation monitoring, i.e. 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 defonnations. Unfonunately, 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 arc no 

available standards and specifications in any of the reviewed countries which could be 

recommended for direct adaptation to dam defonnation monitoring in the United States. As far 

as the choice of monitoring techni;·~es and recommended uses of various instruments arc 

concerned, the ICOI..D 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 

arc some reputable books on specialized geodetic instrumentation, the~ is no up-to-date manual 

or book which discusses all of the aspects of geodetic monitoring surveys, particularly the design 

and processing of the geodetic monitoring networks. 

The above comments lead to the following recommendations: 

(1) Although it seems to be unrealistic and, practically, impossible, to prepare overall 

detailed standards and specifications for dam monitoring at the national lcvel,ccrtain 
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processes could and, perhaps, should be standardizc.-.d, panicularly: 

(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 

insm1mentation, 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 darn should be established. 

(4) In suppon 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 adjusttnent, 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 virtually 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 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 iniegrat!!d monitoring 

scheme in which the geodetic and geotechnicaVstructural measurements would optimally 

complement each other. 
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As far as the actual accuracy of dcfonnation surveys is concerned, the main limiting factors arc 

not the instrument precision but the environmental influences and negligence by the users, 

namely: 

influence of atmospheric refraction (all optical and eleetro-optical measuring systems), 

th~:mal 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 instrumentation), 

lack of or improper calibration of the instruments, and 

lack of understanding by the users of the sources of errors and of the proper acduction of 

the collected observations. 

Most of the above listed effects could be eliminated or drastically reduced if the monitoring 

surveys were in the hands of qualified professionals. 

ThC' problem of calibration is very often underestimated in practice, not oniy by the users but also 

by the manufacturers. For long-term measurements, the insaument repeatability (precision) may 

be affected by aging of the electronic and mechanical components resulting in a drift of the 

instrument rcadouL Of particular concern arc gcotechnical insauments for which the users, in 

general, do not have sufficient facilities and adequate knowledge for their calibration. The 

permanently installed instruments arc ver1 often left in-situ for several years without checking 

the ~uality 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 dangero~s and, unfortunately, 

the most frequent case in measurements CJf dcfomu iions in North America. The measurements 

and processing of the monitoring data, parricularlf geodetic surveys, arc 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 

tcehnologically 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 arc 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 

repon all the tabulated data had not yet been fully summarized. Strong biases towards either 

geodetic or geotechnical instrumentation have been developed in individual counttics. The biases 

are correlated with the level of educational background in geodetic surveys. For instance, in 

Switz.erland 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 counaies like Italy, France, and U .I(., 

where the education in surveying engineering docs not have a long standing tradition, the 

geotechnical techniques are mostly used. ICOLD seems to be biased towards use of 

gcotechnicaVstructural instrumentation rather than geodetic. This is dictated. perhaps, by the fact 

tha! the members of the !COLD Commincc on Monitoring Dams and their Foundations are 

predominantly specialists in geoctcchnical 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, ie. the concept of the inzegrared 

monitoring surveys developed within the activity of FIG (Federation lnzernalionale des 

Geomerres). The biases towards one or another type of techniques are obviously produced by a 

lack of specialists with full knowledge of both gcotechnical and geodetic measurements. 

The above comments lead to the following recommendations: 

(1) The concept of the integrated monitoring systems, in which the gcotechnical and 

geodetic surveying techniques complement each other should be made known to all the 

owners of large 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 arc concerned, more research is still needed 

in: 

(a) optimal use of GPS, 

(b) automation of data acquisition including the optimal selection of elc~tronic 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 THEffi APPLICATIONS 

Over the past 10 years there has been a significant progress in the development of new methods 

for the geometrical and physical analyses of deform::tion surveys. FIG has been leading in the 

developments, panicularly in the areas of integrated geometrical analysis of structural 

defonnations (Appendices 4 and 5) and combined integrated analysis (Appendix 7). However, 

due to the aforementioned lack of the interdisciplinary cooperation and insufficient exchange of 

infonnation, FIG developments have not yet been widely adapted in practice. Therefore, the 

general worldwide use of the geomeaical 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 shortage of qualified surveying engineers. The authors could cite several 

exa111ples 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 adjusonenL The worldwide situation with the physical analysis is much bcner 

with most countries who utilize both deterministic and st\tistical methods for modelling and , 

interpreting defmmations at various levels-of sophistication. However, most countr.-: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 utilize the observed 

defonnations 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 integrmed geometrical analysis and software FEMMA for the finite clement 

deterministic modelling and prediction of deformations. 

The above commen:s lead to the following recommendations: 

( 1) The analysis of deformation surveys should be in hands of interdisciplinary teams 

consisring of geoetechnical. structural, and surveying engineers specialized in both 

geomeaical and physical analyses. 

(2) More use should be made of the concepts and developed methodologies for the 

geomeaical 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 centralized. 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, panicululy in the areas of data processing and analyses. This 

is evident not only in the third world countries ~'ll 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 af New Brunswic~ and the Univcrsity-ofCalguy, whK:n 

offer a broad specialization in engineering surveys of high precision and teach srudents how to 

optimally use both geodetic anj geotechnical monitoring techniques. Unforrunately, 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 insuumentation, calibration, and analysis of measurements. 

Th~ above commer.ts lead to the following recommendations regarding the situation in Nonh 

America: 

(1) The educational background ol those involved i.1 the design and analysis of defonnation 
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surveys must be reviewed and steps must be undertaken to improve the situation by 

organizing intensive courses and short term tr.lining programs. 

(2) Larger owners of large dams should delegate individuals with engineering degrees to 

specialize at ct master of engineering level in engineering surveys and in the analysis of 

defonnation measurements. The retrained persons should be placed in supervisory and 

quality assurance positions regarding monitoring surveys at the darns belonging to their 

agency. 
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