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MONITORING OF CONCRETE GRAVITY DANMS
T by
F.J. Carter B.E., B.Sc., M.I.E, Aust.

SUMMARY

Monitoring dams as an essential part of their
operation is discussed. The major phenomena that are monitored
viz. movements, uplift, lcakage, stress, strain, chemical
analysis of seepage waters, water table, seismic activity and
cracks are described. An account is given of the Sydney
Metropolitan Water Sewerage and Drainage Board's system of
reporting monitored data. Case nistories are described showing
how recorded data indicated action was required and what
remedial work ensued. Opinions expressed by the author in
relation to the case histories are not nccessarily supported by
other members of the Board's engineering staff.

1. INTRODUCTION

It is doubtful whether any other branch of
engincering carries responsibilities to the public equal to
those involved in the design and supervision of dams that impound
large bodies of water.

0f the phases of engineering effort associated
with dams i.e. investigation, design, construction, testing of
appurtenant works and operation, increasing attention is being
paid in the operational phase to monitoring those phenomena which
serve as indicators of the condition and stability of the damn.

Monitoring of dams will become more important in
the future as larger dams are built and it becomes necessary to
build dams on less favourable sites.

2. WHAT TS5 TO BE MONITORSD AND WHY

This section will deal only with measurements of
the behaviour of a dam primarily in its operational phase and
will not include monitoring uniquely associated with the
construction of a dam or testing of appurtenant works.




Observations can be broadly grouped intc six. categories
according to the function each is intended to perform:-

Group A. Checking of Dam and Foundation Movements
. precise survey of dam and abutments

o clinometers

. collimator shafts

. gap gauges

measurement of relative movement across inter-

-

monolith joints

Group B. Observation of Dam and Foundation Leakage
and Uplift ;

flow from foundation drainholes drilled from

galleries

. uplift pressure gauges

. flow from wall of dam and past seals

. flow under dam measured by V-notch weirs
situated just downstream of dam

. assessment of abutment seepage with water table
tell tale holes

Group C. Measurements for Comparison with Design
Figures
. stress and strain meters
. uplift pressure gauges

Group D. Analyses to Indicate Long Term Integrity of
Dam Concrete and Foundation Materials
. chemical analyses of drainage water

Group E Recording of Earthquakes
. seismographs

Group F. Crack Observations
. measurement of crack widths and lengths

BEach of these groups will now be considered separately.
Details of instruments will not be discussed as these change
continually and information can be obtained from manufacturers.
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2.1 Dam and Foundation Movements

All concrete gravity dams move in response %o
varying heights of water ponded behind them or in response to
seasonal temperature variations in exposed concrete or rock.
Movements can also occur in response to tectonic movements. A
typical plot of precise survey data is shown in Figure 1. in
which some of the results of the last seven years surveys done
on Nepean Dam are shown.

In general, so long as the movements of both dam
and surrounding rock can be seen to be consistent with the
loading and recover satisfactorily when the load is removed
they do not constitute any cause for concern. Recovery after
removal of load is often slow i.e. there is a 'delayed elastic!'
effect rather than a simple 'elastic' one.

If however, movements are progressive and do not
recover the dam could be in an early stage of failure and
drastic measures such as - -immediate lowering of the water level
or if this is not possible evacuation of people downstream of
the dam may be necessary, while permanent solutions are sought.

Alternatively, movements may not recover but
still be in the category of initial adjustment of the foundations
to the newly imposed dam and water loads. After initial
ad justment has taken place the site may be subsequently stable.

Thus interpretation of this data is often
extremely difficult with the real magnitude of +the movements
clouded with doubts about the accuracy of the survey itself and
the stability of reference points. A case in point was the
failure of the Malpasset Dam in France in 1959. TIn hindsight
it seems incredible that survey data was available that showed
the progressive and almost inevitable process of failure taking
place over some considerable time before collapse and no
effective action was taken. |
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Precise survey involves survey of fixed targets
on the dam and foundations in relation to taigets remote from the
dam by precise triangulation and/or direct measurements. At
Warragamba Dam this survey system has. targets three miles from
the dam and has an accuracy of one part in 200,000 (1). Precise
survey is expensive and time consuming but still its results are
possibly the best indicators of the dams stability. The
importance of monitoring movements becomes obvious when it is
recognised firstly that 40% of all dam failures are foundation
failure (2) and secondly that experience of underground
excavations and open pit mining show that nature’ frequently
gives warnings in the form of minor yielding and cracking in
advance of a major failure,

Vertical deflections are measured by precise
levelling from bench marks situated remote from the dam.

Tilt-meters or clinometers are essentially
extremely sensitive spirit bubbles coupled to g micrometer and a
reading representing the angle of tilt is recorded.

Collimator shafts may be constructed in a dam to
allow precise survey measurements to be taken from top to bottom
within the dam, This can be a check on the precise triangulation.

Gap gauges can be installed in joints for reasons
other than indicators to assist in intermonolith grouting. For
example the apron at Warragambe, Dam is not designed to absorb
direct thrusts from the main wall. Gap gauges were installed
between dam and apron and between apron and rock at the down-
stream end of the apron. Gap gauges between apron and dam
monitored movements during the early stages of filling before
this gap was sealed.

Relative movements across intermonolith joints
are generally done by direct measurements (e.g. mechanical strain
gauge) on to pins set in either side of the joint.
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2.2 Leakage and Uplift -

Variations in leakage and uplift can be the first
sensitive indicators of any alteration in foundation conditions.

Drainage holes relieve the foundations of some
uplift and uplift pressure gauges monitor the residual hydrostatic
pressures under the dam and apron and hence the adequacy of the
drainage system. | |

Uplift measuring piezometers generally intercept
the rock/concrete junction under a dam.. These can be installed
either during construction or drilled subsequently from galleries
or the downstream face. | |

Drainage holes are generally drilled from the
drainage gallery into the foundations after grouting is
complete. :

When a gravity dam is designed with a drainage
system an assumption is made regarding the magnitude of the
- uplift. When the recorded uplift is in excess of that assumed
- in design additional drainage must be provided until actual
uplift is within design limits. Since drain holes and uplift
holes tend to block up with time their reaming or replacement is
a continuing maintenance problem.,

Flows from cracks in the dam wall or past seals
as well as foundation flows emerging from rock just downstream
of the dam can be monitored by reéding suitably located V-notch
weirs. 1In the case of weirs situated outside the dam due
allowance must be made for the influence of rainfall that has
fallen just prior to readings being taken.

Possibly the highest concrete gravity dam to have
failed was the 205 ft. high St, Francis Dam in California, U.3.A.
The dam was founded partly on schist and partly on conglomerate
and was completed in 1926. The failure took place about two
years after completion of the dam and was due to disintegration
of the conglomerate when saturated. Seepage was noticed from
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the conglomerate when the dam first filléd about a year before
the collapse on 12th March, 1928 (3). A proper gppraisal of all
implications of this leakage may have averted the disaster,

Monitoring of the water table by measuring the
height of water in boreholes can indicate the adequacy of wing
curtain grouting and drainage. A high water table can induce
instability of rock in the abutments due to the introduction of
unbalanced water pressures into joints paralleling the gorge
downstream of the dam.

2.3 Measurements to compare with Design Figures

All dam analyses are idealised to some extent and
it is ususually difficult to make accurate assumptions about such
basic quantities as modular ratio of rock and concrete and what
residual regional stresses if any exist in the area. Rosettes
of stress and/or strain meters placed in the concrete in key
locations will provide data for comparison of actual and computed
stresses and strains. Such locations are often areas of
maximum beam or arch action or areas of main cantilever or
torsion stresses. '

At Warrggamba Dam a total of 164 strain meters in
groups of 10 to 12 were cast into the dam wall. These were
Carlson meters of the oil sealed electrical resistance type (11).
Some stress meters were installed in pairs close to several strain
‘meters to enable checks to be made. Resolution of readings was
difficult. After extremely divergent readings were discarded
some correlation of results‘was achieved during the first ten
years but generally results were disappointing. After this ~
period progressive failure of many of the gauges made further
readings useless.

Experience at Warragamba has shown that the whole
process of installation reading and interpretation of results can
be extremely complex and must be undertaken only by very skilled
personnel.
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Uplift pressures are read regularly and compared
with design assumptions. Due to the interdependence of uplift
pressure and drainage, uplift pressures have been discussed
above in 2.2.

2.4 Chemical Analyses of Drainage Waters

Chemical analyses of drainage waters indicate
whether materials are being washed or leached out of the
foundations or concrete and whether this constitutes significant
short or long term deterioration of foundation or dam.

In some older dams constructed of poor concrete
and ponding waters with a high capability to dissolve lime,
leaching of lime will lead to disintegration of the concrete.

It is important to widen the investigations to give some idea of
the extent of the affected areas and the amount of lime being -
removed to ascertain whether remedial action is required or
alternatively is not required within the foreseeable life of the
dam; " Such expansioh of the investigation programme could
include chemical analyses'qf cores extracted from the dam.

Washing out of clay seams or faulted zones in the
foundation could lead to collapse of foundations and failure
of the dam if this phenomenon is not detected.

In cases #here significent removal of material
is occurring a grouting programme of either cement or chemical
grouts or both may be required. Such a solution, however, must
be approached with extreme caution to ensure that the stability
of the dam is not jeopardised during the period of foundation -
treatment.

2.5 Seismic Activitx

In an area where the crust of the earth is loaded
with a large dam and the lake behind it the consequential build
up of stress is generally concentrated around structural weak-
nesses such as faults, joints and fold axes. These stress
concentrations can either:-
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(a) cause tremors and therefore relieve the
stress or, 7 ' . :
(b) be relieved by tremors originating else-
where. '
In addition the presence of water lubricates and weakens the
joints and movement can be initiated in this way to relieve

the stress.

Normally when the lake fills especially for the
first time, there is a sharp increase in the frequency of
earth tremors in the area. A plot of epicentres in the area
is extremely valuablc to co-ordinate with the geological
knowledge of the area and give an indication as to the faults .
or weaknesses that are liable to "move" during future earth-
quakes. An assessment can then be made as to whether this
constitutes a danger to the dam or lake.

2.6 Measurement and Recording of Cracks

Most gravity dams contain a large number of
cracks usually of minor extent. Cracks can range from minor
dry surface shrinkage cracks to larger cracks with water
flowing from them. Generally cracks that are random and small
are not significant while larger cracks and cracks that leak
water and reflect the stress pattern of the structure are
signifioant.

It is desirable to know whether cracks considered
significant are extending or widening. At regular intervals
crack lengths can be recorded and movement checked by either a
mortar pad or a direct measurement across the crack at selected
points.

Cracks may be identified from inspections of
boreholes and cores in addition to surface inspections. One
of the most alarming cases quoted in recent years must be that
of Bhandardara Dam constructed between 1910 and 1926 in India
(4). The dam is a 270-ft. high mass gravity structure.
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Immediately after the 1969 monsoon, excessive seepage and cracks
were observed at the toe of the dam. Subsequent drilling

showed a crack extensively developed 'as shown in Figure 2.

This crack appears to follow partly the type of failure envisaged
in the crack propogation analysis of the U.S.B.R. (6) and
discussed by Leliavski (7) and partly the stage construction of
the dam (5). It is difficult to imagine a dam closer to failure
and the margin between the dam standing or falling was probably
only inches of water height at the previous peak flood level.

The dam was post—tensioned in 1970.

—

3.  M.W.S. & D.B'S PROCEDURE FOR REPORTING AND ASSESSING
DATA RECORDED

At each of the Board's dams is a Resident
Officer responsible for a large amount of the day to day
operation of the dam and one who pfovides a’continuity of
detailed knowledge in carrying out those sections of the
monitoring entrustéd to him, »

3.1 Leakage and Uplift

Leakage and uplift for each dam is read monthly.
The readings are processed, recorded and results scanned for
deviant values or deviant trends etec. A continuous plot of
uplift co-efficients and leakages is kept for each dam. A
simplified versibn of this plot is shown in Figure 3. Results
are compiled into a quarterly report for each dam and are
submitted to Deputy Engineer-in-Chief level for review.

3.2 Precise Surveys

Precise surveys are carried out every six months
on Warragamba Dam and annually on all other major.dams and the
results comprehensively reported and’compared with previoﬁs
surveys. An effort is made to seek explanatidns for all types
of movement e.g. responses to seasonal effects and changes in
water level, and to evaluate any danger and need for remedial
action.
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These reports are submitted to the Engineer-in-
Chief after referral to all Branch Heads involved.

3.3 Annual Inspectiohs

The annual 1nspectlon of dams is the responsibility
of the Resident Engineer Headworks, the senior site engineer
responsible for the operation of all the Board's dams, His
report is submitted through Branch Heads’ihﬁolved to the
Engineer-in-Chief. At any stage these officers may request
further investigation of any aspect of the report.

Reports of annual inspections are presented partly
as a completed standard sheet (Figure 4) and 'partly as a written
report.

Annual inspections are intended to cover more than
simply a physical inspection of the dam as the reports act
as the main source of initiative leading to such things as re-~
appraisal of the design of the dam or spillway capa01ty should
such things be considered necessary.

4. CASE HISTORIES

The following examples are cases in the Board's
experience where recorded data has demanded attention and an
outline will be given of how remedial action was taken.

4.1 Nepean Dam

Nepean Dam is a curved mass gravity wall of
cyclopean masonry. Its maximum height is 247-ft. and it was
comvleted in 193%5. ‘

As part of a general re-appraisal of Nepean Dam
in February 1965 a study was made of the uplift under the dam.
Although the dam was not considered unsafe it was considered
prudent to further increase its factor of safety by reducing
the existing high uplift profile.
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A typical profile of recent uplift co-efficients
under Nepean Dam was plotted and compared with a corresponding
profile recorded before 1942, The resultant profiles are shown
on Figure 5. At first sight it appeared that considerablé
deterioration had taken place in the drainage system resulting
in large increases in uplift.

When studied in greater detail it was found that
the variation in uplift co-efficients had occurred primarily
during the period 1936 to 1942,

(Uplift co-efficient = uplift pressure head on
foundation divided by head
between foundation and
reservoir level.)

During this period very great variations in water level ponded
behind the dam had occurred but since 1942 the stored water level
has for the most part remained close to Full Supply Level and
uplift co-efficients have stabilised.

It is probable that the increase in uplift co-
efficients was due more to a prolonged initial adjustment of
foundations than to any significant deterioration of the
drainage system.

Since leakage flows were small and there was no
evidence of rempVal of foundation material it was decided that
additional drainage but no grouting would be provided. Reaming
of existing drain holes was not possible since these were in
the form of vertical pipes with horizontal connectors to the
gallery.

To date additional drainage holes drilled have
given some reduction of uplift and further drainage holes
drilled from the lower gallery will be provided as required at
sufficiently close spacing to reduce the uplift profile to that
assumed in the design, or lower.
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4.2 Avon Dam

Prior to strengthening Avon bam was a curved
mass gravity dam constructed of cyclopean masonry. Its
maximum height is 235-ft. and it was completed in 1927.

When Avon Dam filled for the first time in
1929 considerable leaks developed in the eastern abutment,
These were plugged by dropping bags of wet sawdust into the
water each day until the leakage subsided. In 1930 a quantity
of clayey material was extruded from a foundatipn drain.
Extensive amounts of lime were leached from the concrete and
deposited in'galleries in the form of calcium carbonate,
Relative movement between two monoliths was clearly shown by
shearing of calcium carbonate deposits and then crystallisation
as calcite across the joint. The crystallisation was in the
form of oblique parallel crystals spanning the joint.
Extensive cracking and some spalling had occurred on the down-
stream face. Records showed that both uplift and foundation
leakage had increased. '

A full scale re-appraisal of the dam was under-
taken (8) which included:-

. examination of records including uplift and
leakage

. structural analysis of the dam

. re-assessment of the design flood

. detailed study of deterioration of concrete
strength due to lime leaching

. chemical analysis of drainage water

. geological survey

. fluorescein dye tests to establish leakage paths

R exploratory diamond drilling and core testing.

These studies led to the expenditure of nearly
$4M on the following remedial work (9):-

. provision of new foundation grout curtain
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. provision of new foundation drainage curtain
. strengthening of the dam by placing rock fill
against the downstream face

. reconstruction of original spillway to give
greater capacity

4.2.1 Avon Dam Tarth Pressure Cells

An aspect of the strengthening of Avon Dam that
was of particular interest was the monitoring of the earth
pressures exerted by the heavily compacted sloping earth fill
on the downstream face of the existing dam. Details of design
loadings, earth pressure cells and initial readings are
described in. (9).

In the initial designs values of earth pressure
coefficients ranging from 0.2 (active) to 0.82 (at rest) were
considered. Although not designed for, it was assumed that
Passive values of éarth pressure coefficient would be higher
than these values. It was considered that passive earth
pressures would not develop over the range of deflections
anticipated from the concrete wall. The earth pressure cell
readings showed clearly when arching in the fill developed and
that a X factor of the order of 0.85 appeared to best fit the
readings obtained. |

In discussion on this point (10) Professor ILee
has pointed out that in a lower bound solution for an a88001ated
flow rule material a K factor of the order of 0.8 would
correspond to the passive earth pressure coefficient for an
embankment f£ill of this shape. Thus the monltored reuults
together with the dlscu581on that followed the publlshlng of
the paper on Avon Dam gave further confidence that the embankment
was adequately loading the concrete dam for stabllity purposes°

|

B
2
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The monitored results of .the earth pressure
cells are shown plotted in Figure 6. Since completion of the
embankment there appears to have been little movement of the
fill. A number of gauges appear to have failed and now give
zero readings although there is always the possibility that
these gauges have become unweighted due to local movements
of the fill. |

4.3 Warragamba Dam - Leakage into Asphalt Well Drains

Warragamba Dam is a straight gravity dam with a
central overfall spillway and an overall height of about
450-ft. completed in 1960 (11). i

In September 1963 a sudden large increase of
leakage into some of the asphalt well drains was reported.
The location of these drains is shown in Figure 7. Flows from
individual drains increased from zero to a maximum of 1029
gallons per hour. Investigation with a closed circuit T.V.
camera lowered down the drainhole showed the leakage to be
coming from a horizontal crack at approximately R.L. 175.

A review of stress analyses showed theoretical
compressive stresses at that elevation on the upstream face and
it was evident that stress calculations could not show the
cause of the cracking.

However, studies of foundation deflection showed
that settlement had occurred over the spillway section while the
abutment sections showed smaller settlement. Figure 7. also
shows a pronouﬁced change in the foundation slope at R.L. 175
on both sides of the gorge which could cause arching of the'
upper part of the dam tending to cause separation of the upper
and lower parts of the dam when considered in relation to the
rock movement mentioned above.

Another cause could have been the fact that a
three months' delay in pouring concrete occurred in a number of
monoliths at this level. It is possible that the lapse of
time may have prevented an effective bond forming between
successive concrete pours.

1 ! X ] ] 1 X X . : 4 . .
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Although consideration was given to grouting the
cracks it was concluded that this should not be attempted until
the crack had reached maximum opening and it could be ensured
that grouting would not propogate the crack.

It was finally decided that action would be
deferred and the leakages read and forwarded fortnightly to
Design Branch. Possible remedial action was to grout the drains
and then re-drill them. ’ |

Over the next 18 months probably due to further
foundation adjustments the crack graduvally closed, leakage
became very small, and the need for remedial action lapsed.
Monthly reading and'reporting of flows from each of the asphalt
well drains is now a permanent part of the monitoring of the
dam.

4.4 Warragamba Dam -~ Crack in Downstream Wall of Hydro-
Electric Power Station (H.E.P.S.)

In April 1966 a diagonal crack (0.01" average
width) was reported extending for some 50-ft. in the downstream
wall of the H.E.P.S. as shown in Figure 8. The cracked section
of wall is 10-ft. thick and heavily reinforced with 134" or 14"
diameter bars at 9" or 12" centres both ways on both faces.
Checking found this reinforcement adequate for the normal loads
that might be exbected on the wall.

It was considered that the causes of the cracking
are probably related to the dam and foundation movements that
had taken place prior to April 1966. Investigation of these
movements suggested three effects which may have given rise to
the cracking.

4.4.1 Effect 1. Gorge Contraction

Recorded measurements of dam movements had shown
that the vWarragamba gorge was contracting in width. This could
have been due to swelling of rocks due to saturation in the

upper parts of the gorge and/or a regional compressive state of
stress in the rocks,
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A regional compression gives'rise to a stress
picture as shown in Figure 8 with the crack following the line
of maximum shear.

4,4,2 Effect 2. Foundation Movements

Consideration of measured upward and downward
foundation movements in the vicinity of the dam also indicated
that the crack may have been due to shear effects. Contours
of foundation movements and the local effect at the downstream
wall of the H.E.P.S. are shown in Figure 9.

4.4,3 Effect 3. The Three Dimensional Effect - Qracking
Occurs Inside the Wall and Not OQutside

The strutting effect of the dam wall across the
gorge would tend to modify the regional stress picture in the
vicinity of the dam itself. Instead of acting directly across
the gorge in a 3.E.-N.W. direction the principal compressive
stress in the region of the H.E.P.S. would act in a more E - W
direction as shown in Figure 8. This would tend to open up a
crack on the inside of the wall and not ¢6n the outside.

4.4,4 Action Taken

Since the cracks have occurred only on the inside
wall of the H.E.P.S, deterioration due to corrosion of steel is
not expected to occur. In its present state the crack is not
considered to be serious but should it continue to open then
remedial measures such as prestressing the wall etc. may have to
be considered.

Eight measuring points were set out across the
crack and these were monitored monthly for a period of two years.
During this period the crack remained stable and no further
action was taken other than to include its inspection in the
annual report. -
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5. Conclusions

5.1 Although a concrete grav1ty dam is generally
considered to be a static structure composed of and built on
~stable materials it nevertheless can deteriorate and its
foundations can deteriorate. It moves and there are a number
of physical and chemical properties that should be regularly
measured and assessed to ensure its continued stability.

5.2 The proper reporting of monitored data of existing
dams and its reference to senior and experienced engineers is
probably the most important safeguard that can be implemented

to ensure that dam failures will not occur. The Board's system
of reporting leakage and uplift, precise survey and annual
inspections is comprehensive and to date has been successful

in pointing to the need for remedial works as they occur.

5.3 . History has shown that despite the ever
increasing advances in technology, dam failures continue to occur
-and loss of life and damage to property appear to be increasing.
In addition since bigger dams are now being built and it some-
times becomes necessary to develop poorer sites than have been
chogen in the past, proper'monitoring of dams becomes
increasingly important.

5.4 As the case histories described above have shown
some problems do not yield obvious solutions., Courses of
remedial action based on insufficient data could be detrimental
and it is often nécessary to defer action while more data is
assembled. Considerable judgement and experience is required
in these circumstances.

5.5 ‘Perhaps a lesson to be learned from the disasters
of the Malpasset and Vaiont dams, which were being monitored,

is that with their great size dams tend to mesmerise us into
believing them invulnerable. Properly monitored and appraised
data are the sensitive indicators of a dam's true condition
rather than its external appearance,
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DEFORMATION SCALE
“{INCHES)

® TARGET LOCATIONS.
INDICATED MOVEMENTS
CENTRED OVER TARGETS.

HEIGHT OF DAM:
‘247 FEET.

SURVEY POINTS 1,2,3,4,5,6 &7

ARE RESULTS OF ANNUAL

SURVEYS BETWEEN 1966 AND

1972 AND SHOW MOVEMENTS

OF DAM OVER THIS PERIOD.
LARGE MOVEMENT 1703

' CORRESPONDS TO LARGE

INCREASE IN STORED WATER
LEVEL.

HORIZ. DEFORMATIONS :NEPEAN DAM
FIGURE 1
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INSPECTION OF GRAVITY MASOURY DAMS

Quality of Foundations.
Effect of water on nature of foundations. ... .
Condition of Upstream face.

. Condition of concrete in downstream face. ...

Deposits on Downstream face -

(i) Nature
(ii) Extent e e vee e .

Cracks on Downstream face -

(i) Nature
(ii) Extent e ‘oo ces ‘e

Deposits in Inspection Gallery -

(i) Nature
(ii) Extent .o ce O v .

Cracks in Inspection Gallery -

(i) Nature
(ii) Extent . ces e e

Effect of any cracks on the stability of the Dam.

Leakage through downstream face... ‘e . ..

Leakage through contraction joints in Inspection
‘Gallery.

Leakage through cracks in Inspection Gallery .

Flow through drains in Inspection Gallery -

(i) Foundation drains.
(ii) Drains from body of dam e el

Erosion at toe of dam.

Leakage round sides of dam (nature and quantity) -

(a) Through pores in foundation.
(b) Through seams in foundation ‘e .
(c) Through fissures in foundation.

Leakage under dam (nature and quantity) -

(a) Through pores in foundation.
(b) Through seams in foundation... ... .
(c) Through fissures in foundation.

Effect of leakage on foundations. cse  eese .

Genera1 1ocation relative to dam
History of flooding. cee  ees .
Condition of spillway.

" (a) Invert.

(b) Wwalls. e eae ..

Effect of any erosion on dam.

History e e cee  se  sees  see .
Condition
Adequacy ces oo vee  ee  eew  ses .

5. SCOUR PIPES

(1)
(2)
(3)

History.
Condition. - - - ts Ese =ws .
Adequacy

FIGURE 4

NAME OF DAM
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iNTRODUCTION

The design procedure for arch daﬁs is now well
established and involves extensive analytical and model studies in which
many simplifying assumptions are made to enable the real and coﬁplex
structure to be treated as a méthematical or structural model, Despite

these simplifications there is substantial evidence indicating that the

" design methods used result in structures whose stresses and deflections

agree well with caleculated values, The evidence has been obtained by
extensive instrumentation and observation on a number of dams with

varying valley shape and foundation conditions, the results showing clearly
tha%Areasonable agreement existsvﬁetween prototype behaviour and that
predicted in the design. Most of the important contributions in this
field héve come from ﬁhe United States Bureau of-Reclamation (U.S.B.R,),
the“Laboratorio,Nacionalde Fngenbaria Civil (L.N.E.C.), Portugual, and

the Istituto Sperimentale Modelli ® Strutture (I.5.M,T.S.), Italy..

. In view of this advanced state of the art it is considered '
thatrinsﬁrumentation to check in detail the stressed state of the dam is
not warranted in the case of a structure whose size is well within the
iimit of intermational experience. Not only are such studies costly
involving as'they must complementary studies of the elastic, creep and
shrinkage properties of the concrete but considerable resources are

required for their proper and thorough execution.

VWhere the safety control of the dem is the prime objective
it is considered sufficient to monitor only the overall pattern of
deformation of the dam and foundation, which, to some extent at least,

Porms 2 gross check on its stressed state.

The Hydro-Electric Commission, Tasmania, has 28 dans in

gervice or under construction all of which have been built since 1945,
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The number of each type is as follows:=

Farth L (including one under conéfruction)
Rockfill 8 (either central or sloping éore)
-Gravity , 3 '
Prestressed 2

Buttress 1

Faced Rockfill 6 (inoluding one under construction)
Arch L (including one under construction)

Monitoring of all these dams is carried out, the extent,
and frequency being dependent on the size and type of dam and the length

and history of service behaviour,

Because-of the fairly rapid increase in the number of dams
belng monitored (18 since 1960) the Commission considered it necegsary to.
centralise all records on its dams and for this purpose formed the Safety
of Dams Unit within the Civil Design Division in.1971. This Unit is now
responsible for collating and documenting in detail the complete history
of -each dam and for éo-orﬂinatingg'assessing and presenting the results

of all monitoring observations on dams in service.

This paper describes the types and methods of measurement
made on three arch dams and presents the results of some observations.
The instrumentation which will be installed in Gordon Dam, now under

construction, is also given,

TYPES OF MEASURRMENT

A very good reference on what measurements should be made

on an arch dam is the I.C.0.L.D. publication entitled

"General Considerations Applicable to Instrumentation

for Concrete Dams” |
written by the Committee on Observation of Dams and Models under chairmah,
Professor G. Oberti, This paper not only describes the types and methods
of measurement and the purpose for which they are made but also gives an
indicative list of the instruments available commercially and the companies

which manufacture them.
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The type of measurements made on. the Commission's arch

dams are 7
(i) absolute horizontal and vertical displacement of points on

the dam and ‘foundation.
(i1) aifferential displacement of the dam and foundation with

|
§

respect to a vertical line consisting of a pendulum (or

plumb bob) wire.

m

(iii) differential displacement of points in the foundation with
reference to a simple alignment provided by a tensioned

tape or a steel rod anchored at oné end.

(iv) rotation with reference to a horizontal plane S

(v) strain deformation

(vi) contraction joint gap

i
¥

(vii) temperature
(viii) uplift or pore pressure
(ix) 1leakage

MUTHODS OF MEASUREMENT AND INSTRUMENT DETATLS
1) Surveying - . A
Detailed description of thé survey procedures used in
the Commission in obtaining both absolute and relative displacements have
been deseribed by Jenkins and Funnell = ref (1)
They include:=-
Base Line measurement using 200ft. long invar tapes
standardised at the Nationai Standards Laboratory, Sydney, every 2 or 3
 yearss
Triangulation observations for which a Wild T3
centesimal theodolite is used having an absolute accuracy of approximately
£ 3 centesimal seconds (or 9 sexagismal second).  The overall accuracy
of deflection measurements is considered to be = 0,002 ft. '

. Collimation survey using Galileo adjustable targets and
the Wild T3 theodolite as the collimating instrument. The absolute error
in the measured deflections is approximately : 0,005 ft. per 1000 ft,
length of obsérvation distance.

Precise levelling for which a Zeiss Ni 2 automatic level

is normally used, A Zeiss Ni 1 is used for work of very high precision.
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For lengths of run from 600 to 10,000 £, and the number of set-ups from
8 to 80 per run the average misclose from an analysis of 9l runs was 0,004
ft. with a maximum of 0,015 £t |

Co=ordinometer measurements using a Galileo optical
co-ordinometer to measure the movement of a suspended or inverted pendulum
wire with reference to the-cbmordinometer bases Itlprovides direct
measurement of the x and y componehts of movement to an accuracy of
2 0,02 mm, although the actuel error is influenced by the stability of
the pendulum wire at the time of measurement.
. Rdtgtion'wiﬁh respeet to a horizontal plane is measured
with‘an‘instrument'called a clinometer. With a base length of 1 m the
accuracy is %2 seconds of are. Both Huggenberger and Galileo clinometers
are used, . ) )

An electrical clinometer produced by.Ryowa (CKE-33A) has
a least reading of L 8 seconds. . This instrument may be used if telemetering
of the measurement is required. ‘ '

L

2) Messurement of Differentisl Displacement of Points in the Foundation
Two methods are used, The first involves measuring the
change in length between the dead end of a drill hole and its collar by

means of a rock compressien gauge which consists of a steel rod anchored

at the dead end and free to move relative to the rock at the collar. The
movement is measured either by vernier callipers relative to a reference
point anchored to the rock or by a Kyowa (CJ=126) joint meter fixed to

the rock at one end and attached to the steel rod at the other end,
Accuracy is approximately £ 0.001 inch,

In the second méﬁhod the change in length along an’adit-
is measured by a tensioned tape anchored at one end and supported at
intermediate measuring stations spaced at 10 to 20 ft. intervals. Accuracy
is approximately £ 0,02 inch, .

3) Measurement of Strain, Joint Gap and Temperature

Strain is measured by a Carlson type strain meter (Kyowa

CS=25%) which has a gauge length of 250mm and a least reading of L4 x 10-6
units of strain.

Contraction joint gap movements are measured by the Kyowe
CI=12G joint meter, Gauge length is 260mm; range is 12mm for tension and
O.7mm for compression; 1least reading is O,OlLmm, '
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Both the above meters also provide measurement of
temperature to an accuracy of = 1°C, ~ Greater accuracy (£ 0.3%) is
obtained from the Kyowa CTS-100N resistance thermometer.

The electrical conductors for these instruments are
embedded directly in the concrete and are routed to multiple switeh boxes
('Kyowa NS-F series) located in the dam galleries. The maximum number of
channels is 66 per box.

L) Measurement of Pore Pressure

" Pore pressures (or uplift pressures) have not been measured
at any of the 3 existing arch dams. However, at Gordon Dam the effectiveness
of the grout and drainage curtains in the steep, high abutments will be
measured by monitoring pore pressures within the foundations, The Kyowa
pore bressure meter (CP=N series) will be used by sealing them within
specially located drill holes. - This is an elestrical instrument which
measures the defermatiest of & diaphram due to change in pore pressure by
means of a strain meter. - |

5) Measurement of Leakage

This is done either by chamnelling the water from a
number of drain holes to a V-notch weir or by timing the discharge from a
single hole into a calibrated container,

RESULTS OF MEASUREMENTS

1) Clark Dam
a) Descrigﬁion

Clark Dam is a constant radius structure located in the
central part of the state on the Derwent River. Originally, when completed
in 1949, the dam had a heighf of 200 ft, and a crest length of 1100 ft,
Base thickness is 75 ft. In 1966 its height was increased to 221 ft. by
the construction of a prestressed concrete cantilever wall on the original

crest, Storage volume was thereby increased by some 70%.

b) Instrumentation

The location of survey targets is shown in fig 1.




if . .
_

IO YO LN LU ATD By
BRGNS BRff 25 JO BRI O SO
PRGOS pecirlopt o

yoobiay S mousr0

| TR D W Wy it G PAUF S RS
[IN] JORLD 4O B
%Ci.a}ig

A M o

43

-
Bngt, NLOD 45N OO
Q&%‘Wﬂ}ﬂ&i&\nﬂ
LD WQEN PIO
o 20 78 38 Sorate BN
NN TN I FT T 9O

+ + i
. 420Gy
' SG worapln e
dn . Y o brnd 75 0 SR TR
4 o oA o $515 ST g |
wrod, § T —1
Frunod g0 op xow - ) TS ¥ i Tn L
e Plarhegrs Sk ”w

o | P
Wy g IO T ¥ o NN a7 winv ofo | o aviay
Praly .&ﬂ_r ~% iy o %u. .«....x .&ﬁ_. .

A
\

T €
WO NO SHIVIN DNILHOIS

dI0E GODP A0 & 20 E

E x T 1Y
[ 00067 00253 oors3 0963 00853 ho_ou\h oveor7
!
! i
'
WY
\O ORI — ' oogiin
~ |
o~ |
'
COFIIN \IIT ! oornn
& Ul
WO\ &
W . t
\ I
X,
3
Nsypid
DO 5O D6V Y BdC W[OS Y N BINOYE TSI H 2 v ‘ cozim
d
DBp O yS .
AIANLLAET Ly [POIION] DD LesD YN
LR OIEZD £O BET) LY DD P fID fy RRPOIET '
x ol
SO0, Kip EERTLY
. ApNE YT P2y 18R K
_ Fo 7y _\ ocorn
N Y
v ¥3
TET o
A
'
—_ ooRwy o006 ocoxms cored Lwnh Q%087 ocovas o005

1

Fige



2/7

Angular Distance from Crown
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Fig. 2 - CLARK DAM - Radlial Deflection of Crest Arch
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Fig.3 ~ CLARK O0AM - Radial Deflection ot Centre of Crest.
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Also shown are the locations of the pendulum shafts = howevér, due to -
poor installation of the pipes forming the shafts resulting in deviations
from the vertical of almost half the pipe diameter the pendulums were.
not installed. 1In addition a number of resistance thermometers were
embedded in L blocks of the dam and gap gauges were installed across

contraction joints to control Joint grouting operatibnso

¢) Results N
. The reservoir (lake King William) was filled between 1949
and 1952, Deflectien surveys carried out in July 1952 and September 1953,
have been described by Thomas (2). The measured radial deflections
pbtained from those two surveys, the survey in September, 1971 and the

caleulated deflection curves are shown in fig 2, The asymmetry of the
measured deflection curve was ascribed to differential temperature between
the two abutments. : ’ |

Fo further measurements were made until the dam haight
was increased, At that time it was found neceséamy'to modify the
triangulation scheme used in the original surveys.

The new datum survey:Was carried out in November, 1567
when the lake wasat SL 2315, Since then two surveys have been done each
yeare Figlj'shows the radial deflection at the centre of the crest for
the various surveyn;the corresponding water level and the plot of mean monthly
air temperature. The correlation with temperature is obvious and

masks any influence of varying water load.

2) Repulse Dem

a) Deseription
Repulse is a cupola shaped dam, 139 ft. high, 679 ft.

crest length and with thickness varying from 30 ft. at the base to 20 ft.
at the crest,. The dam is located on the Derwent River about 50 miles
north west of Hobart. It was completed in 1968,

b) Instrumentation

The general arrangement of the instrumentation is shown

in £ig L
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mhe system consists of:t= _
) survey targets for triangulation observatlons
collimation targets = one at the crest centre

and one on each thrust block

-~

N

1 suspended and 2 inverted pendulums located in
G block
122  joint meters + 58 dial guage measuring stations
also used tovmeasure joint gaps
%6 strain meters ’

27 thermometers -

¢) Results _

The strain meters were installed as singleAinstruments
and not in rosettes; Their purpose was to obtain some indication of
vertical stresses around the base and of vertical and horizontal stresses
near crest level. No results of any real value were obtained from them,

The datum survey was carried out in Pebruary, 1968 just
prior to filling the dam in early March, 1968. Radial deflection at the
centre of the dam 10 f£t. below crest level, is shown in fig 5 together with
mean monthly air temperature and the mean temperature of the croﬁn cantilever.
Tt may be seen that very little change in mean temperature occurred
durine filling so that the corresponding deflection is due almost entirely
. to the water load.

| In fig 6 the deflection due to the first fillihg is
compared with the caleulated deflection due to water load only for the
crest arch, the crown cantilever and the G block cantilever, The calculated
deflection was obtained by trial load analysis using a value of 5 for the
ratio of elastic modulus of concrete to foundation and an elastic modulus
for concrete of 3 x 106 1b/in2. The measured deflection was only LO7 of
. that caloulated indicating a considerably greater foundation modulus than
that adopted.

Also shown in fig 6 are the calculated defleétion gurves
for water load plus a 9°F temperature rise and water load plus an g%
temperature fall, the range in deflection for the 17OF change in temperature
being 0,59 ihghes. The measured ranged in deflection for a 12%m change
in mean tempsreture of the crown cantilever has been 0,37 inches,

Compmarison between the co=ordinometer measurements on
1#¢ pendulums and the triangulation surveys shows a maximum differencc of

inches in the radial direction = fig 7.
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3)'_Q§vilslGa£e Dam -

a). Descrintion
; ,-—-————-Lq--_-r‘-, .
’ Dov1ls Gate is a thin cupola sghaped dwm 275 £l h;v\

~and 440 “t. cr@st length, with thiclmess vamylng from 17 £t. at ihe

to 9 o at the crests - The dam is located on the Forth- River in the

north of ths state 20 miles south of Devonport. Tt ﬁas_cdmple*eﬂ in 1969,

b). Ingtrum«ntatlon

Because of the’ pronounced vertical gurvature of the dam
it was only possible to grout the lower one tblru of the confraction joints

© and +hlu 1im1tatlon introduced a hlbh temperagure 1Qad on the dam.. ‘Under

the comb1ned loadlnt of own wp1ght plus water load plus temperature lo~d
the analysis indicated that Qanlflcant tensile stresses would oceur in
several locatlons.l‘ These were the . extrano foundation region whero bo!h
arch @n& cantilever stresses were in the range 150 to 300 1b/in an’ fhe
‘cantilever extrados at the ton af the grovted zone whers caﬂculateq
cdntilever tensions were in the range 150 o 200 1b/in2. It wég depidad
to ecoept these tensions and to instrument the dam with strgin meters bo
obtain an indication of whether the distribution of stresses was generally
in geeord with the design. ,
. Fig & shows the instrumentation system installed cnd
donsisﬁing of:~ . |

. 12 survey targets for triangulation dbsefvations‘
70. strain meter rosettes of 3 meters each
61 joint meters (plus 22 dial gauge measurﬁn6
stations for joint gap meanuremﬁnfs)

v No pendulums were installed because of e nronounoed
vertical curvature, In addition to the above and not shown 1n fig & two
adi ts in a low modulus zone in the left abutment were 1nstvununu96 to
meas urn foundation deformation. In the adit at SL 250 there sre a3 rock
compression gauges of 50 ft, length, one in the radial Adirection end two
in the tzngential dlreotlon, and tape gauges along the 115 %ﬁ, lengih of

adit which is approzimately in the radial direction, In the adlt at

SL 28 there are 5 rock compression gauges each 5O ft, louge  Mwro.0f thege

e

are.

n the vertical direction two are in the horizontal tensentisl Airsctios
s HAsta Dial

il . and one in the hopizontal radisl direction,
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The reservoir (Lake Barrington) was filled between
26th July and L4th September, 1969.

Strain measurements were converted to étresses using
a single value of Young's modulus and without any allowance for‘creep and
shrinkage,  The pieSence of the tension zones in tﬁe‘exﬁrados foundation
region and across the extrados at the top of the grbuted zone was confirmed,
The results glso indicated that the whole of the downstream face is in
compression. 4 ' \
. The deflection at the centre of the crest is shown in fig 9
together with a correlated mean monthly air temperature. It will be
noted that there is virtually no 1ag‘between the mean mohthly tempefature'

and the temperature movement of the dam and this is to be expected in such

a thin structure.

The calculated deflections, due to water.load, of the arch
at SL 400 (crest) end SL 310 are shown in fig 10 together with the maximum
and minimum measurs@ deflections obtained to date, The same information
for the crown cantilever is shown in fig 11. The mean temperature and
temperature gradients in the crown caﬁfileVer ére shown in fig 12 for the
date of the datum survey and 3 subsequent dates. Becéuse of the temperature
changes that taok place during filling it is not possible at this stage |
to determine the deflection due to the water load alone. Vhen a few moré
Jeflection surveys have heen carried out with simultaneous measurement )
of temperature'distribution it will be possiblé to determine the separate
gontribution of water and temperature loading stafisticallyo

The tangential deflection of both point 5 on the right

abutment and point 6 on the left abutment has gradually increased to about

ith ineh in the 3 years since filling. Smaller foundation deformation
was obtained from the rock compression gauges in the leéft abutment at 2bout

the same level as point 6, results being in the range zero to 1/16 inch,

GORDON DAY
1) Desoription

Gordon Dam will be a double curvature structure 460 f£t.
high with a thickness of SOnff. at the Basé re&ﬁcing to 9 ft. at the érest.
The crest length will be 625 f£t.
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Correlated rmean monthly
air fernperature

Possible fluctuation

N
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The dam 1o under construction at the present time in the south west

region of the state., Concrete construction is in progress and approximately

fOﬂ of-ﬁheVQOO,OOO’ydB‘of concrete has been placed.

2) General

Design studies for the dam were extensive and included:-

" trial load anaiysis with radial and tangential adjustment

strudtural model tests at the Commission's Civil

ngineering Laboratbﬁy and at L.MN.%,C., Portugual

3 dimensional finite element analysis by Professor

Zienkiewicz at University of Swansea

The agresment between all studies was in general excellent
and showed that no tensions were present for the combined loading of own
weight plus water load and that with temperature load added tensile stresses
greater than 150 1b/in2 were present @n only three very localised areas.

The reservoir, lake Gordon, and the adjacent Lake Pedder

with 2 combined storage of 12 million acre feet will constitute a very
large crustal load of 1.4 x 1010 tons. The possibility of increased
seismic activity in the region due to this load was considered real and
various seismic and related projects have been undertaken to monitor

seismic events, These inelude:-

Ixtension of the 12 years old state seismic net into the

south=west area

Installation of several micro-earthquake stations in

the region
Precise repeat levelling and trilateration

In addition several strong motion instruments will he

located alr the dame
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.3) Inzt rumentatlon

"As mentioned above considerable woﬁk is involved in flrsf

1ns+rumpnt1ng to measure strains and then in calculatlng stress from

measured strainAlp concrete, In-addition to the cost of instrumentation

there is the'cost'of'ﬂhe necegsary creep studlgs and of applylng the

 laboratory data to measured strains in order to compute stress, Work on
‘Repulse and Devils Gate showed that credible stress values would not be

obtained without making ﬁhé'oorréct allowance for creep. In view of the

cpst and resources required for this work and because of the satisfactory

state of calculated stress under all loading conditions it was decided

not to install any strain meters but simply to monltor the deformations

of. the dam and foundatlon as a whole.

-The instrumentationiwhlch will be installed in the dam

is shown in figs 13 to*18 and. cons:.sts of

23

3 .

150

30

32
.18

éurvey targets (fig 15) -

suspended and 3 inverted pen&ulums (£ig 15). The
suspended pendulums will hang from a suspension polnt
st SL 905, pess through intermediate measuring chambers
at SL 760 and tgnminate near fhe base of the dam. '
The - inverted pendulums will be anchored 50 to 80 ft.'

: below the- foundation surrace in cased 7 in. dia. dr111
holes and extend to the same chambers in which the
o suspended pendulums’ are terminated.
18
- generallyvin,orﬁhogonalnpairs to measure rotation
in the radial and tangential directions.

elinometer positione fig 13 of 1 1n. base length

joint meters, fig 13 and 16
resistance thermometers fig 17
plezometors fig 14 - '

rock compression meters £ig 14 and 18

’MOZ,accelefograph fig 13

Wilmot seismoscopes fig 13

In order %o incréase the accuracy of triangulation

deflection surveys and reduce the time required to carry out each survey

the Commission has placed on order a Kern Mekometer,
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This is a direct distance measuring instrument of a high order of accuracy.

3 or 4 1nstruments which exist in Fngland and Switzerland

-

Rxperisnce with the
shows 1he accuracy to be within £ 0,1 mm : 3 parts per million of the
s1to distance, Thus over a 51te distance of 300m the accuracy would be
L1y,

Also under investigation at the present time is the
possibility of obtaining measurements from the pendulums by means of
electrical transducers, This is part of an overall proposal to telemeter
measurenents from a selected group of instruments either to Hobart or to
the Gordon underground powerstation. e object of the proposal is %o
provide a more effective séfety control procedure at considerably reduced

cost during the life of the dam,

L) Assessment of Results
As stated above monitoring 'of Clark, Repulse and Devils

Gate Dams is carried out two times per year. Assessment of the results

consists of comparison with calculated values to see that measuréd'deflections

are of the right order and comparison of the seasonal observations to see

that the expected temperature dependent fluctuations occur, The assessment

is qualitative and is not capable of detectihg whether an apparent anomaly

is due to the particular loading conditions at the time of measurement or

whether it is due to some uhexpected phenomenom. -
For Gordon Dam it is intended to use the measurements

to establish empirically, by statistical methods, the response of the dam

to the fluctuations of load, both water and thermal. Vhen a correlation .

has been established detection of an abnormality will be an easier task,

and the assessment of the safety of the structure will be soundly based on

a variation from an observed repeatable pattern, This method of safety

control is used extensively in Portugual = (3) and (&) ana Italy (5).

CCNCLUDING REMARKS

The monitoring of an arch dam for safety control requires
systematic observation of the deflections of the structure and its foundation
during construction and reservoir f£illing and throughout its 1life, Vhere
possible two or three different methods of measurement should be employed

to give greater overall confidence in the results,

eee/270e
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Only by compariéon between parallel sets of measurements can a systematic
error in any one method be detected. .

The deflcctnon of the dam during flll:ng is dependent on
the increase in water load, the change in temperaturé and also creep, if
the #illing rate is slow. Subsequently, if the lake level remains
essentially unchanged, deflection will fluctuate with temperature and
increase =2symptotically due to creep. Determination of the separate

components of deflection due to water load, temperature and creep is of

importance in assessing the results in order to find out whether an

apparent anomally is due to the specific loading conditions at the time

or whether it is due to some unexpected phenomenom. The separate
contribution of the various load parameters may be found simply by
statistical methods. It is proposed to carry out this form of quantitative

assessment on observations of Gordon Dam.

, I W
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MONITORING ELECTRICITY COMMISSION OF NEW
SOUTH WALES' DAMNS

1., INTRODUCTION

The Electricity Commission of New South Wales owns and
operates eleven dams. The purpose and some salient details of these struct-
ures and the instruments installed to monitor performance are given in Table

1A and 1B.

It is standard Commission practice for the dam designers to
be responsible for obtaining and interpreting performance data during the
construction and contract maintenance periods. At the end of the maintenance
periods, responsibility for this work is transferred.to the Power Development

Division and it is this phase of the work which is covered in this paper.

Each dam is inspected at least once a year an& a formal
inspection report prepared. Depending upon conditions of the structures
and their past performances, additional inspections are made at more frequent

intervals of those features of a dam which may be causing concern.

With the exception of Tallawarra No.1 Ash Dam, Wangi Ash Dam
anid Ulan Water Supply Dam,aeach daq has been instrumented to some extent
with ground water level observation pipes, piezometers, settlement cross arm
ingtallations, as well as survey monuments to observe horizontal and vertical
movements and weirs to measure seepage rates. The numbers and types of
instruments installed have been determined having regard for the sige,
importance and condition of the structure, and to some extent the consequences

of failure.

Immediately after construction, surveys to determine settle-

-ments and deformations are usually made at three monthly intervals, but this

is reduced progressively to six monthly and yearly intervals once the

reservoir has been filled and the pattern of movements has been established,
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Tn the case of the critical section of Tallawarra No.2 Ash Dam (See.Section
3 below), surveys were taken as frequently as once weekly during the

period near the end of construction and immediately thereafter and, for this
structure, the time intervals between surveys are now still assessed hav1ng

regard for the previous results.

Ground water levels, piezometers and seepage flows are
usually observed at monthly intervals during filling periods and this is
reduced to three or six monthly intervals after seepage conditions have

stablllsed or when the observations show that changes are occurring slowly.

Piezometer, ground water level and seepage observations are
made by a Technical Officer working under the supervision of a senior
engineer, The Technical Officer is also responsible for plotting and
recording results. He has developed some eﬁpertise in the field and now

makes the annual routine inspectionsof the minor structures.

Surveys to determine horizontal and vertical movements are
made by officers from the Commission's Survey Branch.

Interpretation and assessment of the observations are made by
senior engineers, .This usually amounts to an examination of the trends in the
rates of change of seepage, settlement, horizontal movement and pore pressures.
The piezometer and ground water level readings are checked for high pore ‘
preésures in areas protected by filters and near the downstream toes. For
recently constructed dams the piezometer readings are further examined to
check whether steady state seepage conditions are being reached and to ensure

that filters are effective.

To illustrate this work, further details are given hereunder
of the Liddell Cooling Pond Dam and Tallawarra No.2 Ash Dam. These two
examples represent extreme cases of our experience., The cooling pond dam is

the largest structure monitored. Its performance has been satisfactory and
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the major monitoring difficulty has been the establishment of survey proced—
ures to measure settlement and deformation. By comparison, the Tallawarra
ash dam is a relatively low structure which has been deliberately built to

a low factor of safety. In this case, the performance observations have
been used to assess the limits of safe construction and operating levels,

and thus the need for augmentation.

2. LIDDELL COOLING POND DAM

Liddell Cooling Pond Dam is shown in plan on Figure 1 and
cross section on Figure 3. Details of the structure have been published

previously in Reference 1 and some behaviour data in Reference 2.

A total of sixty-eight hydraulic piezometers were installed
in the dam at the two sections shown on Figure 1. Twenty-nine ground 'water
observation holes were installed in abutments and downstream of the dam.
Four cross arm settlement installations were installed near the piezometer
installations. A total of twenty three survey monuments were installed on
the dam crest and on the downstream face of the dam to check settlement and

horizontal movements.

The drainage system from the inclined drain and filter under
the downstream part of the dam is collected at a point adjacent to the
original creek and is measured with a weir. A number of weep holes in the
diversion tunnel downstream of the plug have discharged a considerable
quantity of water and provision has been made for fitting a temporary weir
in the drainage channel in the floor of the tunnel to measure this flow. The
coal seam which outcrops within the storage near the left abutment has been
worked and the tunnels extend to within about 10 chains of the reservoir.
Seepage into these tunnels flows to the current working sections of Liddell

Colliery. The tunnels are inspected annually and seepage rates estimated.




3/

Details of the survey net and procedures warrant special
mention because of the difficulties which have been experienced in obtaining
satisfactory results. The control stations and observation points are shown

on Figure 1.

I+t was originally planned to observe the settlement and
deformation points on the crest and downstream slope of the dam from survey
gstations located on the dam abutments. The stations were established but it
was found that relationships between them were not being maintained. Four
additional key control stations were therefore established downstream of the
dam at the locations shown on Figure 1. Selection of the sites for these
stations was made having regard for underground coal mining operations down-
stream of the dam and possible earth movements caused by subsidence. The
sites were finally located on mining barriers where the effects of subsidence

could be éxpected to be minimal.

There has been a history of instability with survey reference
marks in the Liddell area. Measurements on 1 cubic foot concrete survey
monuments have shown vertical movements of up to 0.1 feet and horizontal
displacements of 0.03 feet. In order to limit such movements the key control
stations were constructed of 8 cubic yard blocks of concrete cast in place

below ground level.

Special precautions have been taken to ensure that the survey
net provided by the key control stations is secure and that the net can be
re-established even after the loss of two stations. The net has been defined
by high accuracy distance measurements using an electro-optical machine
combined with high precision triangulation. Instruments and targets are

fixed with position locating pins cast into the blocks.

i
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Refraction problems generally requlre that surveys be

carried out at night,

At the start of each settlement and deflection survey,
the levels of the corners of the key control stations are levelled to ensure
that tilting has not occurred. It has been found that the large reference
marks have tilted up to 0.01 feet. The control net is then surveyed to
ensure that the interrelationship between marks has been maintained. The
positions of the observing survey stations on the dam abutments are observed
and these stations are then used to fix settlement point positions. Adjust-
ments of the triangulation nets and determination of the correct settlement
point positions are calculated using a computer. The program also determines

the error probability of the position fix.

In the absence of changes in the position of the key control
statlons, it is estimated that the positions of the settlement points are
defined to an accuracy of about 0.01 feet in the transverse direction and

to about 0.02 feet in the longitudinal direction,

Difficulties have been experienced in providing a secure base
for level measurements and a station remote from the dam is used for this
purpose. The relative levels between the reference station and settlement
points is determined to an accuracy of * 0.005 feet but the absolute level

accuracy is probably of the order of T 0.02 feet,

Surveys are taken annually and the results of the recent
survey are shown on Figure 2, Post—construction settlements and movements
have been small and give no rise for concern for the stability of the

structure,

The pore pressures measured at cross section chainage 11 + 72
are shown on Figure 3, Examination of these show that as of March, 1972,

construction pore pressures have not completely dissipated and that steady
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state seepage conditions have not been reached. The piezometer readings
upstream and downstream of the chimney drain indicate that it is working
effectively and piezometer readings in the foundation under the downstream
slope indicate that the blanket drainage facilities are performing

satisfactorily.

Since the dam was filled in 1969, seepage from the dam
drainage system and from the diversion tunnel has remained sensibly constant

at about 0.1 and 0.2 cusecs respectively.

High ground water levels have developed in the left abutment
near the zone of high seepage into the diversion tunnel. The ground water
levels in this area increased at a rate corresponding to the pond water
level. There has been no noticeable increase in seepage into the coal mine

gsince the pond was filled.

3. TALLAWARRA NO.2 ASH DAM

The Tallawarra ash dams are ring dams as shdwn on Figure 4.
The dams have a maximum height of about 30 feet, and average about 20 feet.
No.1 pond, of approximately 400 acre feet storage, was filled in 1961, No.2
pond has a capacity of about 2,400 acre feet of which about 1,800 acre feet
has been filled by mid 1972.

Between chainages 1200 and 4400, the No.2 dam is founded on
soft marine clays up to 60 feet thick, which have given difficult foundation
conditions. Elsewhere, the dam is founded on stiff residual soils which have

given satisfactory foundations.

The deepest section of soft foundation material is located
between chainages 2800 to 4400 and the remainder of this discussion will be

concerned with this part of the dam.
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The section of the dam of interest was built in stages as

shown on Figure 5, The stages of construction were:

1st Stage: November, 1961 To R.L. 12 with 90 feet crest width
2nd Stage: Early 1963 To ReLe 20 with 15 feet crest width
3rd Stage: Feb.-May, 1965 To R.L. 30 with 20 feet crest width

The factor of safety for the third stage of construction
was assessed to be unity when constructed to R.L. 30. Consideration was
given (in 1965) to constructing the dam to a safer lower level but there were
a number of impelling reasons for building the dam as high as possible at
that time, To achieve this, it was decided to use lightweight fly ash fill
(85 1b./cu.ft. bulk density compared with 130 1b./cu.ft. for the alternative
clay fill available), to measure settlements and horizontal movements of
reference marks installed on the downstream side of the dam and to assess
from the deformation observations when an unsafe condition was being reached
so that construction could be stopped. The layout of the reference marks is
shown on Figure 6, Observation survey stations were located on the stable
sections of the dam at chainages 2850 and 4000 and these are checked against

key reference survey stations located away from the dam.

Figure 5 also shows the settlement and deformation observa-
tions obtained during the construction period (ending May, 1965) and through
to the end of 1966,

‘ The fill was placed in about 2 foot lifts during discrete
time intervals and each period of fill placement was followed by a rest
period of about a week., It was found that the addition of fill caused the
settlement points on the lower berm and at the toe of the dam to rise (see
Figure 5 — settlement point 12 and pipe). During the rest period, the level
of these marks fell, Figuge 5 clearly shows three periods of fill placement
followed by rest periods., It was planned during construction, that if the

reference marks did not fall during any rest period to cut down the previously
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placed 1lift and to finish off the dam at the lower level. This did not
occur and the dam was finished off at the target level of R.L. 30.

Figure 6 shows the total settlements and lateral movements
recorded between 1965 and 1972, Settlements have been reasonably uniform.
There is a rapid increase in settlement (O to 2 feet) over the 200 feet
length of dam between settlement points 25 and 24 and this severe deformation
has caused the dam to crack transversely at the location shown on Figure 6,
The differential settlements in this area are caused by‘steeply dipping base-
rock surface and a corresponding rapid change in the thickness of the

compressible clay layer.

Horizontal movements have been much less uniform along the
length of the dam shown on Figure 6, These range from 0.05 feet on survey
mark No, 27 to 0.7 feet on mark No, 16, The small displacements at the bend
in the dam are probably related to the spread (three dimensional) support
provided at corner and also by the reduced thickness of soft material in this
area., The effect of differences in thickness of the soft stratum has ﬁot
been reflected in settlements at this stage of consolidation.

To the east of the corner (settlement point No. 27) the dam

has moved generally about 0.6 feet laterally and the movements have been
reasonably uniform throughout the cross section. To the west of the corner
the transverse horizontal movements have been greater at the toe of the dam

than at the centreline.

Approximately one half of the total recorded horizontal
movements occurredwithin two years of completing Stage 3. The movements are

gtill continuing at a slow rate.
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A total of 31 piezometers (stand pipe type) have been
installed in the soft clay foundations. Figure 7.shows typical piezometer
records plotted against height of dam, ponding level and tailwater level.
Piezometer tip No. 18 was located at chainage 3450 near the centre of the
clay stratum and approximately under the centre line of the 2nd Stage west.
Piegometer tip No. 33B2 is located in the same relative position at chainage
3350, The example shown is typical of our experience with these instruments.
Ithas been found that the standpipes are readily damaged despite all reasonable
precautions taken to protect them, and if replaced by new instruments located

at virtually identical positions, the two records are often inconsistent.

As shown on Figure 7, pore pressures are still high in the
centre of the clay layer but they have fallen in the upper and lower parts
of the clay stratum. The increase in pore pressure reading observed by tip
No. 33B2 from 1968 to 1972 is undoubtedly related to the increase in pond
level. However, the relatively rapid increase during 1970 cannot be explained

with any certainty.

The factor of safety of the structure against a slip circle
failure has been estimated recently using soil strength data and a pore
pressure field based on the piezometer observations. The computed values

ranged from 0.7 to 1.3 depending upon the method of analysis used. The wide

.range in values appears to be typical of this situation where the angle sub-

tended by the critical slip circle is large and foundation pore pressures are
high,

The future stability of the structure depends on the rate
of pore pressure dissipation and the rate of increase in storage level with

further ponding of ash. It is considered that calculated factors of safety

-are not precise and cannot be used for deciding whether the overall stability

of the structure is improving or deteriorating. In this situation, recourse
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must continue to be made to the procedure which has been evolved for observ-
ing trends in settlements and movements in order to decide when stability is
deteriorating and if left unchecked would lead to failure. When it is con-

sidered that such a situation has been reached, construction will be started

on the fourth stage embankment located on the ash deposits upstream of the

exigting dam.

4. DISCUSSIONS

The case histories which have been briefly described above
highlight the different approaches which have been taken to monitor and }
assess the performance of two widely different types of structures. The
Liddell cooling pond dam is a major structure which has been designed and
built to high standards, Failure of this structure would have far-reaching
consequences and all precautibns must be taken to ensure that its future
operation is satisfactory. The Tallawarra ash dam on the other hand is a
relatively minor structure which has deliberately been built to a low factor
of safety. This has been done having regard for the purpose of the structure
(which ponds ash and not water against the weak section of the embankment),
the minimal consequences of a slip and the real incentives for making best

use of the storage provided at the site.

It has been our experience that it is not possible to have
standard instrumentation systems and procedures for monitoring the performance
of dams. FEach structure must be treated differently according to its
particular features. Having obtained the field data, the engineer responsible
for the safety of the structure has to decide on the criteria he will adopt to
assess whether a structure is safe, unsafe, or whether he should defer a
decision to implement maintenance works until further performance data is
available., The decision is often difficult and must be made having regard for
all the performance data available, the large sums of money which may be
involved in strengthening a structure and the consequences which would occur

if failure took place. The literature is of little value in this work as

-
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there are few fully documented cases of dam or embankment performance
immediately prior to failure, and what is available is usually only relevant

to the situations described.

In ourrwork, considerable emphasis has been placed on the
measurement of seepage flows and the settlements and movements of reference
marks because it is considered that the best indication of deteriorating
conditions will show up by increased seepage or as accelerating movements.

As the criteria are based on changes or trends, it is most important that the
measurements be taken accurately so as to ensure that slow changes are not

marked by errors in the observations.
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OMISSION

Mr. A. D. Hosking's paper on "Earth and Rock Dams" was
not received in time for printing. An addendum will be

issued at the Symposium.
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MONITORING OF FACE DAMS

M.De Fitzpatrick
Section Engineer, Civil Design Division
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TN'RCDUC TION

The term Face Dam is used to meaﬁ,a_fill dam having an

impervious membrane on the upstream face. The membrane may be of reinforced

concrete, bituminous concrete, timber, steel or any other suitable material.
The overall performance of this type of‘dam depends

2lmost entirely on the compressibility of the embankment material and the

ability of the membrane and its joints to withstand the deformation to which

: , . ] 1 : n— . ‘ .
] |
h A i [ J i

they are subjecteds The fill material will normally be non-cohesive and
relatively pervious and may be a sandy gravel or, more commonly, a quarried
rockfill, If the £ill is highly compressible large deflections of the

membrane will result leading to large strains in the membrane and the likelihocd,

in the case of a high dam, of rupture and consequent leakage. This is
what occurred at such dams as Dix River (275 Pt. - 1925), Salt Springs
(328 £t. = 1931), Paradela (355 ft. - 1958), Wishon (290 ft. - 1958) and
Courtright (310 ft, ~ 1959). Leakage flow at these dams has been in the
range 20 to 130 cusecs. All were constructed of gquarried rockfill placed
by dumping it in high lifts.

In recent years the trend has been towards iﬁproving
the deformation properties of the f£ill and this has been achieved by placing
rockfill in thin layers and compacting with heavy vibratory rollers.

3 This paper presents details of various types of
ins%;ﬁmentation used to monitor the behaviour of éeveral rolled rockfill
face dems recently completed by the Hydro-Electric Commission, Tasmania,
Measurements from different types of instrument.are compared and the results

of some observations are given.

DATA ON TACT DAMS COMPLETE

The Commission has completed the construction of 5 face
dams in the last 3 years. A sixth dam, Scotts Peak, is also very nearly
complete, the final phase cohsisting of the construction of a 12 ft., high
wave wall along the 3500 ft. length of crest. The dams are listed in
Table 1 below together with other relevant details.

In all cases the membrane was constructed after the

rockfill had reached virtual crest level this being done to preclude

3 i B : i & :
! 3 i Y 4
S . r 4 : g

deformation of the membrane due to construction settlement, The reinforced
cencrete membranes were constructed by slipforming 40 ft. wide slabs from
toe to crest. forizontal contraction joints were almost entirely

eliminated.
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Table 1 DETATIS OF FACE DAMS
Vol. of Rockfill Details
Neme of | Ht |Igth| os:.%" |Type of .
Dem (ft) (ft) lel 3 Membrane Type of Zone 2 |Zone 3AlZone 3B
’ 10~ yds " Rock '
Wilnot 110 |450 | 0.160 r.c. |Greywacke |1'=6"% [4tep" |l tep
=QgtE% =2l ! 24"
Cethana 360 | 700 | 1,800 rece |Quartzite [1'-6" [3'-0" [L'-p"
) _9" _36" _51+"
Paloona 130 |560 | 0,180 r.c. |Chert and 1'=6" [2'-0" |Lt-p"
Argillaceous| -9" and =241
Chert A =241
Serpentine |130 450. 0.170 reCe |Quartzite thin 30" | 30N
and schist |layer =-36" -36"
on face
-6"
Mackenzie | 50 |3200| 0.230 bece |Dolerite thin  [4'-6" [L'-6"
. ' 1ayer =541 =51
on face
4"
Scotts Peak|150 § 3500( 0,765 b.ce [Argillite gravel |3'-0" |3'=O"
’ 1 |_6n -36" -36"
-3
rece = reinforced concrete
bece = Dbituminous concrete

* layer thickness
**  maximum particle size

Information of the design, instrumentation and performance
of some of these dams has already been published - ref (1), (2) and (3).
Two companion papers on Cethana Dam have been submitted to the 1973 ICOLD
Congress in Madrid - ref (4) and (5).

INSTRUMENTATION
' Measurement is made of:-
a) vertical settlement within the embankment
b) deflection in 3 co-ordinate directions of crest and downstream
face targets
¢c) deflection of the membrane in the vertical, slope and normal directions
d) movement between the membrane and the plinth in the plane of the

membrane and normal to it
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sl

e) opening and closing movement of joints in the slope

direction above full supply level
£) strain in the membrane
g) leakage

Not all of these measurements have been carried out on

each of the dams., The most comprehensive instrumentation system was
provided at Cethana Dam as it is a high dam and one of the first of its
type and size to be constructed of rolled rockfill, The general arrangement
of Cethana instrumentation is shown in fig 1. TInstrumentation of the
other dams is shown in fig 2 - Wilmot; fig 3 - Paloona; fig L - Serpentine;
and fig 5 -~ Scotts Peak. There are no embedded instruments in Mackenzie
Dem on which monitoring is minimal and limited to settlement observétions

on a few crest targets and leakage measurement,

METHODS OF MEASUREMENT AND INSTRUMENT DRTAILS

a) General

The operation of the reservoir behind each of the dams is
such that the level is controlled close to full supply level at all times.
Measurements on the upstream face therefore are carried out under water.

Where possible 2 different methods of measurement are

made to provide a check on the results of observations.

b) Measurement of Vertical Settlement

The hydrostatic settlement cell is the instrument used to
measure settlement at points within the rockfill,

The conventional vertical cross-arm settlement installatioh
is not particularly suitable in rockfill because of the difficulty of
digging back each time a vertical extension is reqﬁired. Cross=arms were
installed in Rowallan Dam (6) without digging back but were unsuccessful
due to disturbénce from vibratory roller compaction,

The settlement cell used is similar to that developed by
Russel (7) and contains 2 independent weirs connected by + in., dia. rigid
polyvinyl chloride tubing to a gauge board at the downstream toe. In
addition to the 2 levelling tubes there is an air tube to maintain
atmospheric pressure in the cell and a fourth tube to drain off excess
water, The accuracy of measurement is -+ 0,01 f£t,

Conventional survey methods are used to measure settlement

and deflection of crest and downstream face targets,
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¢) Measurement of Membrane Deflection

Above lake level vertical and horizontal deflection is ¥
measured by conventional survey methods. '

Vertical deflection is measured belbw-water level by what
ss termed a float wire system and by hydrostatic settlement cells installed
in the rockfill just beneath the membrane.

Slope deflection (that is, deflection up or down the slope
of the face) is measured by a system of fixed wires from points on the face
to the creste Vhen strain meters are installed the slope deflections'are
calculated by integration of strain. At the upstream toe the slope defiection
of the membrane relative to the plinth is measured by a Carlson type joint
meter.

Normal deflection is measured by surveying along the inside
of a2 3 in. dia. pipe attached to the membrane ﬁsing a portable inclinometer
which is a bore hole survey type of instrument. At the upstream toe the
normal deflection of the membrane relative to the plinth is also measured
by a Jjoint meter. Instrument details are as follows:-

(i) TFloat Wire System

At each poinf where measureménf of vertical deflection

is required, a stainless steel non-fouling swivel anchor was fixed to the
membrane and its elevation determined., A single straﬁd stainless steel
wire, 1 mm diameter and“graduateﬁ with tags at 5 ft. intervals, is attached
to the anchor and extended up the slépe to the crest. When a measurement
is to be made, the wire is detached from the crest and taken by boat to a
position above the anchor. A special float carrying a survey staff is then
attached to the wire and the immersion of the float is adjusted to obtain a
specified tension in the wire. The float brings the wire to a vertiéal
position in the same manner as an inverted plumb bob. The new elevation

of the anchor on the membrane is determined by reading the survey staff with
a level from the reservoir bank and measuring from the staff reading to

the closest wire graduation. This work has to be carried out in very calm
conditions. Corrections are made for the effect of tension and temperature
. on the wire.. '

(i) TFixed Wire System

At each point where measurement of slope deflection is
required, a single strand stainless steel wire 1 mm diameter is attached to
an anchor and extended up the membrane, through nylon guides at 40 ft.

spacing, to a fixing on the parapet wall,
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The wire passes over a datum consisting of a seribed line on a metal plate
fixed to the parapet walle Measurement of slope deflection is made by
tensioning the wire and measuring the distance between a tag graduation
attached to the wire and the scribed line, The measurement is corrected
for movement of the datum and for the effect of tension and temperature on
the wire.

(iii) Inclinometer

The instrument was designed and constructed by Mr. P.A. Watt

of the University of Tasmania and is called the Watt Inclinometer. It
comprises a multi-wheeled 2% in diameter by 5 ft long probe, a power supply
and digital display unit - fig 8. The probe contains two force balanced
servo - accelerometers and associated electronic equlpment. The mounting
containing the accelerometers is automatically rotated so that the axis of
one of the accelerometers is maintained normal to a vertical plane through
the probe, This accelerometer measures the inclination of the probe axis
and its output is digitised and telemetered to the display unit at the
crest of the dam. The prdbe is lowered down the pipe by 5 ft long steel
rods and readings are taken at rod length intervals.

The instrument accuracy of the inclinometer over the
measuring range of 370 . 11*0 is = 5 seconds of arce ‘The accuracy of a
closed survey on & 500 £t long plpe is ¥ % in, at the mid point.

The pipe extends from a hinged mounting on the pllnth to
the crest and is attached to the fade by galvanized steel brackets providing
full restraint normal to the pipe axis and no restraint in the axial
direction. To minimise corrosion, galvanize&Apipes coated externally with
high density polyethylene, end filled with a 0.2% solution of calcium
hydroxide giving a pH of 12, were used.

In use the procedure adopted is as follows:-

The inclinometer is traversed down the ﬁipe in a constant
orientation and readings taken at 5 ft intervals. At the bottom it is
turned through 180° and traversed up the pipe again wifh a constant
orientation and readings at 5 ft intervals.

The two readings for each 5 £t interval are averaged and
the change in inclination from the datum position determined.

The normal deflection at the crest is found from
conventional survey measurements and the pipe hinge point on the plinth is

assumed to be Pixed,

!
i

i

i
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necorrected normal deflections and the misclose at the hinge point are
calculnted by surnmation of the angular chan ange times the distance traversed
(5 ft)e  The adopted deflections are obtained by a linear correction “or
the misclose, '

(iv) Joint Meters

The instrument used to measure deflection ¢® the membrane
relative to the plinth is a 360 mm long Carlson type joint meter (Kyowa
CJ-AOG). The meter is attached to an anchor on the membrane and is connectod
to an anchor on the plinth b a 2 £t long by 2 in. dia. stainless steel rod.
This arrangement, shown in fig 6, was designed to avoid shear on the neter

due to movement normal to its axis,

d) Measurement of Strain and Temperature in the Haﬁﬁrane

The strain meters were designed and manufactured by the
1@dro—“lectrlc Commission and consist of a 5 mm range Carleon type joint
meter (Kyowa Model CJ-SG) an extension rod, a thin walled steel tube 2 in.
dia., and two end flanges 23 in. dia. The 260 mm long Joint meter is
fixed to one end flange and is connected to the other end flange by uhe
extension rod which is held centrally in the tube by blocks of polyurethanc
foam. = The tube is filled with grease. Bach strain meter was adgueted to
half the total extension of the joint meter so that egual tensile and
compressive strains could be measured. The long gauge 1ennth vias chouen
tc minimise any local affects caused by reinforcement or tens1le cracblnv

The strain meters are installed in 45 and 90 rosettes
in the centre of the membrane and mid-way between contraction joints in
the slope direction. All electrical conductors are embedded in the membrans
and routed to the terminal installation in the crest parapet.

In addltlon to providing strain readings Qhe meters also

provide temperature readings.

RACULTS O MEASURTHINTS

a) Crest Settlement with Time

Crest settlement since the end of construction of 7 denms
is shown in fig 7. Settlement is expressed as a percentage of the heipght
of the dam.  Two central core dams, Rowallan and Parangana, have been

included because they are representative of rolled f£ill construction.
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The cores of both dams are compesed of non-ﬁlasfic material - a well graded
glncial till in the core of Rowallan and a decomposed granodiorite at
Parangana - and the rockfill zones were placed and compacted in layers.

As the results are from the end of cbhstruction the
reservoir fiiling period is included. In the case of Cethana this took
place midway through the 2nd year and is the reason for the increased rate
measured at that time,

It is too early yet to obtain any indication of the rate
of long term settlement at Serpentine and Scotts Peak. The indicated rate
of long term settlement for the other 5 dams varies from 0,006 per year for
Parangana to 0,015% per year for Rowallan. This is to be compared with the
long term settlement of dumped rockfill which has been measured at Dix River
and Salt Spring Dams for over 30 years and has averaged 0.0337 per year -
ref (7)s In addition the primary settlement occurriné in the first year is
only about one quarter of that for dumped rockfill., The rather larger
settlement at Scotts Peak is due to the relatively weak argillite used as
rockfill, '

b) Membrane Deflections
(i) Cethana Dam

The slope deflections at Cethana are measured by conventional -

survey at the crest,by fixed wire survey and integrated strains for points
on the meﬁbrane and by Joint meters at the toe. The results for 3 slabs -
are shown in fig 9 vhere it may be seen that the wire survey and integratéd
strain methods are not even in approximate agreement. ,

There is reasonable agreement, however, between the total
shortening of the slab from strain integration and the total change in length
as measured at the crest and toe of the slab., TFor this reason it is
considered that the fixed wire survey is the more 1ike1y to be in error.

‘ The vertical deflections at Cethana are measured by
conventional survey at the crest and by float wire survey for points on the
membrane., Where the slope deflection is small compared with the vertical
deflection, as is the case at Cethana, the normal deflection is obtained with
quite acceptable accuracy from the vertical deflection by neglecting the
slope deflection. 'The normal deflections calculated from the float wire

survey are showm in fig 10,
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SLOPE DEFLECTION FROM
FIXED WIRE SURVEY ‘SL.755

SLOPE DEFLECTION FROM
INTEGRATED STRAINS o

SIGN CONVENTION
DEFLECTION DOWN THE
SLOPE IS +VE

SLOPE DEFLECTION FROM
JOINT METER

> |
"‘%\9 FIG.9 CETHANA ODAM

SLOPE DEFLECTIONS OF MEMBRANE (SLAB 9F)
(8-12-71) | -




30vd WV3YLISNMOQ 4O SNOILD3T430 ONV
30vd4d Wv3Ylsdn 4O SNOILD3143d TVYWYON 0! '9id

SINIWIUNSYIN YILIWONITIONI 3dY S3INIT d3IHSVQA
i SINIANNSYIW JHIM 3dV SINIT 1IN

§ S3IHONI o
e A 31vIS NOILOIT43d * 1£'S'8

ool L334 o
, [ IIVIS ONIMVHA

_3ei avis
1v NOILD3S 76S71S

L= = M= AP ——N IV ——N IV ——-X =, £ faa, o f— —

R s@i Sov
%\ “B9ps

Vo

AN _—
36 avis Z66S
1v NOILO3S

< P6S1S

ke y . Tu

Cere, 1M
A N e
o P>

|
44 8vIs
1v 'NOILD3S

5/15




5/16.

Also shown in fig 10 are the normal deflections obtained from the inclinometer
survey. Vhile in reasonable agreement over the upper two thirds of the
membrane there is considerable disagreement in the'iover one-third. The
float wire survey shows the greater deflections in the lower region.
The maximum normal deflection at the centre of Slab 9F is
_about 4.5 in. by both methods. -
(ii) Wilmot
Slope deflections from the fixed wire survey are all less
than % in. and have been neglected in calculating.the normal deflections.
Vertical deflections are measured by float wire survey
and by hydrostatic settlement cells. The normal deflections calculated
from the two sets of vertical deflection measurements are shown in fig 11,
There is quite a significant difference in the results from
the two methods, the wire survey indicating the larger deflections, with a
maximuﬁ of less than 1 inch. = The hydrostatic cells are not located directly

on the underside of the membrane but within the rockfill at a depth of 3 or

L £t from the face. Some of the difference is therefore due to the compre551on

of this small depth of fill but it is considered likely that this could
account for only a small fraction of the difference. '
(ii1) Paloona . ‘
Fig 12a shows the normal deflections of the central section
of the membrane as calculated from the float wire survey. The one
hydrostatlc cell very close to the underside of the membrane at SL 160 is
in good agreement, However, at the toe the wire surveys: give quite a
different result from that measured by the joint meters - see fig 12b.

(iv) Comments on Methods of Deflection Measurement .

. The results presented above show that the deflections

obtained from the float and fixed wire systems are generally greater than

those: obtained by the other methods,

There is not a great deal of evidence on whlch to base a
judgement but it is considered by the author that the wire measurements are
likely to be the less reliable. This view is based mainly on the proven
realiability, both in the leboratory and in the field, of hydrostatic
settlement cells and electrical resistance joint meters.

If the wire measurements are in error the reasons for
this are not easy to ascertain or determine and as yet no answer has been
found. The system is a simple one but does rely on corrections for

temperature and tension for accuracy.

o K. 3 - k& E ; E 3
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Tn order for the corrections to be accurate the coefficient of linear
expansion and Young's modulus must be unfiormm and the changes in temperature
and ten51on must be measured with little error. A

With regard to the fixed wires it is thought that the
Efassessment of temperature distribution along the wire, firstly in air at
{athe’tiﬁe of datum measurements and subsequently in water and air at the time
’-bf each survey, has not been sufficiently accurate to calculate the true ,
temperature correction which is equal to or larger than the measurement itself.
In retrospect this could have been overcome by having two wires of different 7
‘ coefficients of linear expansion attached to each point and using the two
1readings to calculate the temperature change.

For the float wire measurements the temperature corrections
are small compared with the deflections measured so that a small error in
the correction could not account for the apparent discrepancies. That the
wire 1s vertical when the measurement is made has been checked by triangulation
on the float which was found to be well within any significant radius of error.
- A remote possibility is that the non-fouling swivel correction to the
membrane may not be fool proof, What has nbt been done, and in hindsight
" should have been done, is a proper check on the validity of the method by
~anchoring awire onto the plinth which couldAbe considered to have negligible

movement,

STRATN AND STRESS IN CETHANA MEMBRANE

Cethana Dam is the only one in which membrane strains have

been measured. The patterns of strain and stress developed in the membrane
between the start of reservoir filling, 4th February 1971, and the 8th
December 1971 are shown in figs 13, 14, 15 and 16.

, The pattern of strain in the slope direction, fig 13, is
reasonably symmetrical about slabs 9F and 10F in the centre of the membrane.
Over a fairly large area the strain is greater than 150 x 10';6 units and
in a much smaller region within this central area it is a little greater
than 200 x 10 ~6 units.

. Stress in the slope direction, fig 14, reflects the
strain pattern with maximum stress in the central region being about
350.1b/3n2. Tensile stresses exist in the lower one third of the membrane,
in a narrow region up each abutment and across the top portion of the

membrane, The maximum tension is 250 lb/inz near the toe in slab 9P,
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Stresses were calculated using values of the elastic
constants of 3 x 106 1h/in2 for Young's Modulus and 0.2 for Poisson Ratio,

Strain in the horizontal direction,;fig 15, appears to
reflect the influence of the boundary shape of the left abutment. - Abouék
one third of the way up slab 9F there is a local depression in the strain
pattern where the magnitude drops to 150 x ‘lO"6 units in an area which is
generally above 250 x 10-6 units. This appears a little anomalous.

The corresponding stress pattern in the horizontal
direction, fig 16, shows this anomalous looking result more clearly.
Maximum compressive stress is 500 1b/in2 in the central region.

The overall pattern of stress and strain is indeed very
satisfactory and reflects the uniformity of lodading and support of the
membrane.  The maximum compressions of 350 1b/in~ (slope direction) and
500 lb/in2 (horizontal) are very moderate.

It may be shown that under the action of the normal water
load the friction on the underside of the membrane is quite sufficient to
provide full restraint against membrane movement relative to the rockfill
except close to a free boundary. Conversely, the strain in the membrane
will be that imposed on it by the movement of the rockfill., As the strains
developed in the Cethana membrane due to water load are all compressive there
is little. doubt that the tensile stresses are due to the tempefature drop
of 20 to 25°F that occurred during and after £illing.

LEAKAGE

The discharge measured at the downstream toe of a face
dam includes seepage through the membrane and joints in the membrane, éeepage’
through the foundation rock beneath the plinth, and local run-off from the
dam and the abutments between the dam crest and the neasuring weir.

At Cethana the discharge increased as the reservoir level
rose during the initial filling,. After the reservoir level reached full
supply level in April, 1971 the weir discharge remained reasonably constanf
at 1.7 cusecs throughout the winter. Fluctuations above this occurred
during periods of high rainfall, After March, 1972 the discharge reduced
slowly to just under one cusec at which it has remained constant for several
months.

The leakage at Paloona Dam is O.1 cusecs. - No figure is
available for Wilmot as the measuring weir was covered with eroded bed

material during spillway discharge which occurred straight after f£illing,
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CONCLUSIONS
Monitoring of several face dams constructed of rolled

rockflll has been carried out to chesck their performance and to obtain data

on which studies of behaviour could be based.
That this type of dam is highly successful has been shown

by the small magnitude of the deflections and the leakage.
The importance of duplicating the measurements where

possible with different types of instrumentation has also been demonstrated.
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