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Spillways and Flood Estimation

K.T.BASS,BSc, FICE,FIWES MConsE
Rofe,Kennard & Lapworth
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INTRODUCTION

Since 1930 many old dams have been inspected and the spillway capacities
checked by different engineers using various methods for computing the
design floods and so far as can be assessed at the present time adopting
somewhat different philosophies in regard ro the safe passage of the fleod

water over the dam and back to the river channel.

Every Engineer seems to have had his own method for assessing his design
flood. Although numercus formulae have been published most allowed for
some factor or ¢oefficient to be subject to the engineer's judgement. Thus
different estimates were obtained by different engineers wha followed the
same procedure. Hence no standards developed until the "Flood Studies
Report" (FSR) and the "Floods and reservoir safety — an engineering guide"

: 2
{F and EG) were published (1, (2)-

Despite the individuality of the design flood assessment some methods tended
to become popular. B8efore the 1933 Interim Report of the Committee on floods
in relation to reservoir practice 500 cusees per 1000 acres of catchment

was something of a guide for upland cacchments. The Ianterim Report itself
introduced the Normal Maximum Flood (NMF) and recommended a ‘Catastrophic’
Flood of twice the NMF as the ultimate, This appears to have been accepted
generally subject to factors being applied to adjust for lowland or
mountainous catchments as the case may be. Subsequently the factor of two
was brought into question when the sub-committee on Rainfall and Run-off
proposed an appendix te the Interim Report in 1959. This included a replet
of Figs. 3 and 4 of the Report on a log/log basis to which data gathered since
1932 was added. The figures obtained from the Lynmouth floodéj)featUTEd
prominently and an enveloping line, the slope of which appears to have been
fixed by two points, suggested that for small catchments a 'catastrophic’'
flood could exceed 4 times the NMF. This appendix does not appear to have
been accepted in the same way as the Interim Report but the possibility of

a flood grearer than 2 x NMF was more widely realised.
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My Partner, P.S. Hallas, compared pre 1975 and post 1975 estimates for
design floods (a)and concluded that for small catchments, less than 2,500ha
(approx, 6,000 acrcs) the estimates based on the FSR were likely to be less
than previous estimates (i.e. those made between 1960 and 1975%). Counversely
the FSR estimates are likely to excecd previous estimates for larger
catchments but records are fewer in number, Although over the years the
later estimates have generally shown an increase the latest method often
shows a decrease yet in many cases reservoir owners are now faced with large

expenditures to lmprove the capacity of the overflows.

PRESENT SITUATION

The Flood Studies Report and the engineering guide of the Imstitution of
Civil Engineers have both been produced following very careful investigation
and discussion by experts and are undoubtedly the best recipe for the safety
of dams that exist. Both  ¢laim to allow scope lor coginecring judgement,
lacal knowledge etc. bul is iU possible to really take adventage of this?
The t1we documents were published at o time wien society had little respect
for professional opinion and it 1s therefore extrremely unlikely thar an

¢ngineer could recommend anvthing that differed from the views expressed

in these documents., Alse | have no knowledge of reluctance being shown by

a Water Authority when two or three houses have been reparded as a qommunity
by an engineer and Category A awarded to the reservoir upstream in accordance
with Table 1 of F and [G. Although it was not intended we now have a

standard which is as rigid as any could be.

The older reservoirs which are now presenting problems were probably designed
to pass the estimated flood under a head of about 3fr. with a similar margin
of freeboard up to crest level. The purpose af the margin is not clear for

in a number of reservoirs the spillway channel was restricted to the estimated

flood discharge. Where the spillway channel is not sp restricted the margin
can be used to give an extra head for free discharge over the weir and about
2.8 times the estimated flood could be discharged. In cases where the |
estimated flood was equal to the NMF the margin would allow the EMF based on

the FSR to be safely catered for except possibly for the larger catchmencs.
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The wave surcharge is an additional requirement but where this can be :E
covered by the improvement or provision of a wave wall the cost is not ' ™
exorbitant. Thus the new standards have not, of themselves, introduced ;
drastically increased design floods requiring expenditure on improved

overflows but their apparent rigidity precludes approval of overflows

which have been judged satisfactory in the past.

EXAMPLES

The following examples are reservoirs whose spillway channels either ;
restrict or have a capacity less than the maximum free discharge of :
the overflow weir, Whilst it is accepted that some means of overcoming

the problem is necessary the present 'standards' preclude any solution

except provision to deal with the EMF,

Communities exist below the dams, albeit some distance down the vﬁlley,
and the reservoirs therefore fall within Category A of Table 1.

Computations of the EMF give very little difference between summer and {
winter conditions and for practical purposes they can be regarded as '

the same.

Details of the reservoirs are set out in Table 1. In each case reservoir '

lag is small and has been ignored.

p---—
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Table 1
Beacons Cantref Fernilee Llwyn On
| Total Ca:chTent
{ area km” 7.7 17.5 0.9 43.0
Freeboard above over- |
flow cill
m 1.83 2.13 [.6 1.91
Discharge using half
| - the f;eeboard.
! n”/sec 73 31 93 146
As above
mslseclkm2 9.5 5,2 4.4 A
NMF
m3/scc/km2 7.0 5.1 4.8 3.4
Max. from 1959 approx.
. ~ m.il'scr./kmz i Moo 18.2 16.5 I1.0
EMF
( 7 n’isecin’ 19.6 16.3 14,9 12.6
| EMF )
| n’fsec 151 | 28 264 642
- |' l |
) Records of overflows exist in the Forms F for nearly 50 ycars but in the
- case of Fernilee the overflows are rare and small and do not warrant analysis.
For the three Welsh reservoirs the records are shown in Fig.l in which the
R flaod of 26ch December 1979 show as outliers. The value of the plots has to
be discounted by virtrue of the following:-
1) Floods may occur when the reservoir is drawn down so that
the overflow is no measure of a flood.
2}  The length of record is insufficient to extrapolate to
extreme events.
| 3 the lag effect of the reservair on spates is greater than
1 on larger floods.
— Severtheless the discharge wich a recurn period of 1000 years are worth
comparing with values in
_ Beacons 3.1 mllsec/km:
? Cantref 2.5 mJlsecikm2
i Llwyn On 2.5 mjlsec/km2

Moreover they are substantially less than 0.3 PMF to which it is compared for
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Category B reservoirs in Table 1 of the Engineering Guide.

PARTICULAR RESTRICTION OF THE STANDARD

For all catcgorics of reservoir it is required that the reservoir be

assumed to be full or overflowing at the start of the design storm.

Presumably this is bacause an EMF type storm can otcur at any time of

the year but is this really the case.

In Vol. I1

storms are quoted and they are summarised below:-

of FSR ren extreme

Table 2
Avg.Rainfall

Date Location Rainfall Duration Intensity

o hr mo/hr
11 July 1932 Cranwell, Lines. 126 2 63
8 June 1957 Camelford, Cornwall 138 24 55
4 August 1938 | Torquay 152 30
28 June 1917 Bruton, Somerset 200 8 25
18 July 1955 Weymouth 280 15 15
15 Sept. 1968 | S.E. England 150 20 9.5
26 August 1912 Norfolk 210 24 8.8
25/26 Sept.1915] Inverness 201 40 5.0
2/3 wov. 1931| W. Britain 244 48 5.1
20/23 July 1930| N.Y. Moor 304 96 3.2

In addition the FSR quote other major floods for which rainfall vecords are

not so reliable:-

Table 3
Date Lecation Peak Flow
::13/se<:.'f|::rn2 mm/hr
§ August 1967 | Dunsop Br 10.9 39.5
15 August 1952 | Lynmouth (W.lyn) 9.4 34
5 August 1971 [ Cefn Brwyn 6.1 22
29 May 1920 Louth 2.7 9.8
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0f the 14 major storms over half oceur in July and August and 12 out of 14
occur hetween June and September. The average intensities for Table 2 are
plotted on Fip.2 where the first 5 appear to be more severc than the last

5 by a factor of up to two and the former are all summer storms!

The above suggests that Lf some regard could be taken of a reservoir being
drawn down when an extreme storm ogccurs then some overflows which are about
to be improved may be found to be sdequate or the reservoirs could be operated

so0 as to make them adequare.

Although it is understood research into the seasopnal occurrences of extreme
storms is in-hand the results may not be available uncil substanial and

possibly unnecessary expenditure has been incurred.

PROPOSED REMEDIAL WORKS

The improvempent works proposed at the four reservoirs used as cxamples all
leave iloods of the kind that have occurred in the past unchanged for the
future. In some cases this is the resulr of a policy decision. Allowing

3 reasonable margin over the yxreatest flood to datc the preposed works only
comt into operation if a 1 in 300 year or thereabourts event is cxceeded.

1f an alternative to the expense of such improvement works, which may never
be brought into use, could be found this would surely be in the narional

interest.

Recent floods in 1979 caused damage to property dowastream of Llwyn On. The
return period of this fiood in the lower reaches has been estimated to be of
the order of 200 vears, At the dam the flow was less than one quarter of
the EMF, Should the latter occur there would be a national disaster no

matcer what happened ar the dam.

CUNCLUSIONS

The FSR and F and EG have not introduced a substantially higher design
flooed but the standards set out having regard to the present attitude of our
society have effectively precluded deviation from these standards based on

engineering judgement.
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There appeara to be & strong indication that extreme storms are likely to

occur in the summer. Advantage could be taken of this as the reservoir

would normally be drawn down at this time. I{ necessary it could be drawn

down to provide the required flood storage possibly without reducing the

yield although it may mean foregoing the cheaper source of water in wet years.

Under present circumstances there appears to be a risk of incurring heavy

expenditure which may in future be proved to have been unnecessary. To this

there is no solution other than the intervenrion of the &rate to corry

the insurance for disasters following extreme events,
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Some Aspects of Modelling
Slope Protection

R.M.SHUTTLER,DLC
Hydraulics Research Station Wallingford

SYNOPSIS

The design of riprap slope protection depends upon ewmpirical criteria
obtaincd from smali scale tests, The validity of model tests has often
been questicned. The main criticism has bgen the inability to reproduce
the correct Reynolds number. Recent evidence based on direct comparison
of field results with model experiments reinforces the view that Reynolds
number is unimportant. The work c¢arried out has alse gquantified the
variable nature of damage under apparently identical conditions, highlight-
ing the probabilistic nature ¢f the damage to such a structure, and

indicating the magnitude of the scatter to be expected.

INTRODUCTICON

Earth dams require adequate protection against wind generated wave attack,
This protection is aften in the form of riprap (graded quarry stone) laid
on the upstream face »f the dam, Where the impounded reservoir is large,
high waves may be generated requiring a large stone size and consequently
one or mere sub layers or filter layers to prevent the leaching of the
fine core material. The cost of slope protection is often a substantial
percentage of the total cost of the structure and hence considerahble efforts
have been made to produce design data usually from hydraulic.model studies.
The bulk of such early experimental data came from regular wave tests at
the waterways Experimental Station, Vicksburg and the US Army (oastal

Engineering Research Centre.

In 1962 the Civil Engineering Research Association (CERA) sponsored

laboratory tests at the Hydraulics Research Station (HRS) which resulted
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i giving dasign procedures for determining

in the publication of a report
the riprap size required for a given design wave condition, This CERA work
reprecents one of the first attempts to relate the resulte of tests using

regular waves to those using irregqular waves; in this case generated by

wind,

Research on the subject continued at HRS, in collaboration with the
Construction Industry Research and Information Asgociation {CIRIA; the
successor to CERA), using the then newly developed procedure of paddle

2 which

generated irreqular waves, The work culminated in a publicarion
reviewed current practice under the headings of wave prediction, degign
procedure, design wave height, size, grade and shape of riprap, placing

and thickness, filter design and run up. An extensive series of tests were
made in a random wave flumc in which a model riprap slope was subjected to
wave attack and the resulting erosion damage measured at reguiar intervals.
In all a combination of 4 slopeg, 3 riprap sizes, 3 spectra and at least 4
waveheights were tested. A typical sat of damage histories are showe in
Fig §{(a} for a given slope, spectrum and riprap size. From all such
regults, for a given slope, design curves were produced as shown in Fig
1{b). A number of design procedurcs were suggested., It should be noted
.that some factors were kept conetant throughout the test programme, eq

the riprap and filter gradings and the riprap thicknegs. There is no

definjitive work on the effect of varying these parametsrs.

Two of the factors highlighted in the :eport‘Z) have been the gubject of

subsequent research at HRS and are reported in this paper. They are the

problem of Reynolds scale effects and the repeatabllity of identical tests.

REYNOLDS NUMBER SCALE EFFECTS

In open boundary hydraulics research, phenomena primarily dependent on
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gravitational and inertial effects are modelled according to the Froudian
laws. Secondary forces arise when water is the filuid in both prototype and
model, because, for example, surface tension and fluid viscosity are not
correctly modelled. Scale effects arise when these secondary forces become
significant. For the research under discussion lift and drag on individual
stones could be dependent on Reynolds number, which is & measure of the
relative importance of inertia and viascous forcea, Thus at the low
Reynolds number of a small scale laboratory study the lift and drag forces
may be larger than i the case under strict dynamic similarity. If
significant this would result in the model showing too much damage and

hence lead to overdesigning.

However, the tests at HRS did not indicate any Reynolds scale effect and
consequently no allowance for this was recommended in the design procedures

when using the model data for full scale desiqn‘z). On the other hand,

‘3}. They reviewad

Rey;olda scale effects were claimed by Thomssn et'al
small scale and large scale research in the USA and concluded that only in
the largest scale tests were the results free from Reynolds scale effects.
Their data suggests that in the HRS tents(zJ, which covered a sixfold
variation in Reynolds number, there should be a 30% scale effoct in the
stability number, Nzn' at near zero damage; an effect which should have been
detectable but which wae not found. Their work also suggesta that the
armour size at full scale designed for minimal damage on the basie of the
HRS tests could be up to 608 oversize, Before this potential saving can

(3% ana HRS(Z)

be realized the conflict between the work of Thomsen et al
had tc be resolved. This has been attempted along two lines: first by
retrospectively testing field measured riprap damage and secondly by

extending the eriginal model test programme of reference 2 to higher and

lower Reynolds numbers.

15
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Field Meagured Riprap Damage

Field measurements of riprap damage and the associated wave and tidal

conditions were made by Messrs Binnie and Partners on contract to CIRIA in

conjunction with the trial construction of an offshore embankment in the
wWash estunry‘q). The embankment i trapezoidal in section and circular in
plan with a maximum crest elevation of 14 m OD; the seabad elevaticon being
-0.75 m OD. The outer 1 on 4 slope is armoured up to the 7.5 m OD level
with riprap having a D50 glze of 0.66 m over the seaward facing sector and
with Smaller arpeour over the landward facing sector. Four test panels of
smaller sized riprap, each 6.5 m wide and extending from { = OD to 7.5 m GD
ware laid on a prepared section of the main peaward facing armour, Thig
underlying main armour was blinded with coarme filter and then covered with
an impervious fabric on which the test filter and riprap panels were laid,
The test panels {1-4) had D50 sizes of 0.23, 0.40, 0.50 and 0.56 m
respectively, Two pressure transducers mounted seaward of the toe of the
test panels and recording t¢ paper chart were used to measure the waves.

They were automatically timed to give four recerds over each high tide.

The test riprap panels were completed in November 1975 and panels 1 and 2
surveyed. A stotm then occurred, with a maximum measured value of Es af
1.03 m which destroyed panel [ and slightly damaged panel 2. Surveys wers
then made of the four panels and of an area of the main exnbankient armour
adjacent to the panels and designated panel 5, Thereafter reqgular gite
visits were made, to survey the panels and to collect other data, until
March 1978 when panels 2, 3 and 4 were found to have been destroyed. This
occurred during a severe storm in January 1976 when a maximum E3 of 2,14 m
was measured. Between these two storws E] exceeded 1 m on only twe
occasions. In one a value of 1.01 m was measured and in the other a
value of 1.4 m was hindcast from wind data; both wave recorders being

out of action at the time,
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Comparigson of the field measured damage against that predicted by

reference 2 did not reveal any scale effacts.

The Retrospective Model Tests

There were i03 wave/tide events meagured on the field in which Eﬁ excaeded
0.5 m. Clearly it was impractical to reproduce all on the model. An
examination of the fleld data showed that the test programme could be
limited to four wave/tide events; three covering the first storm and one

covering the second storm(4).

The model was built to a scale of 1:17 giving stone sizes covaring the

range of the original HRS work‘z} and ensuring a range of Reynolds numbers

for which the work of Thomsen et a1(3)

predicted significant scale effacts,
The test panels were laid out as shown echematically in fig 2 ina ém
wide random wave flume, Riprap panels l-4 were teated in a 4 m wide
section of the flume ar an angle to the incident waves whereas panel &,

the main embankment armour, was tested separately in an 0.61 m wide sub-
flume. The modelied riprap panels 1-4 prior to testing are shown in Fig 3.
The field wave/tide events were simulated on the model by a stepped tids;
each tidal step lasting 5 minutes (model) and having the appropriate wave-
heights determined by interpolation from the field data. The field wave
data was analysed spectrally and the model spectrum reproduced using the
HRS wave spectrum syntheaizerts}. The model waves were measux?d at the

surface by twin wire resistance probes and at the scaled depth by a

pressure transducer.

The model riprap was surveyed prior to the teat run and after each wave/

tide event. The resulting damage parameters, ND' are shown in table |\

below together with the corresponding values measured in the field.

17




18

SHUTTLER: MODELLING SLOPE PROTECTION

’ storm 1 Starm 2
Modei Field Model Field
wave/tide i | 2 | 3 4
Panel Measured damage parameter ND
1 80 177 1064 B83%
2 14 14 27 a3 333
3 9 11 12 179 21
4 4 10 14 gl 162
5 4 13 12

Table 1 Measured field and medel damage

Discussion

During storm 1 erosion of panel ! continued steadily and by the end of
wave/tide event 2 the eroded area was well within the field measured

scour hole of sterm 1 and since the final wave/tide event had only slightly
higher waveheights but a lower maximum tidal level a good reproduction of
damage was expected. However, during the third wave/tide event the model
erosion reached the smooth puppert floor and this allowed greater run up
and rapld.erosion cf the riprap higher up slope so that the final erosion
of panel | at the end of storm | exceeded the field measured values both
1n gquantity and extent. In the field the impervicus fabric layer was torn
away 50 that the uprushing and downrushing water was influenced by the
roughness apd permecablility of the underlying main embankment ripraps a
factor not included in the model tests. As a regult the major damage on
the model to panels 2, 3 and 4 during etorm 2 oceurred from cross slope
undermining of the raprap rather than by surface erosion. Unfortunately
no corresponding field observations are available. The results from the
test on panel 5, which was not affected by undermining, and from the first

two wave/tide events on panel ! do not indicare any Reynolds scale effect,
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Retrospective model tests were made by TW¥rum et altv) of the Bilboa break-

water for which simultaneous records of waves and damage were avallable,.
This broakwater is armoured with 65 T concrete blocke. They found the
final damage to the model armour to be in falr agreement with the field
measurements., In particular the model measured damage never exceeded that
measured in the field:; a finding which suggests that scale or model
effects, if any, do not necessarily over estimate the damage, Limited
information about the progress of the field damage precluded any
conclusion being reached by them about the influence of scale and/or

model effects on zero-damage stability, By model effects they mean a
failure to correctly reproduce on the model any of the fleld phenomenon;
for example stone grading, stone shape, wave climate, etc. In addition
they reassessed the work af Thomsen et allJ} and others and concludad that
the apparent Reynolds scale effect could possibly be explained in terms of
model effects or a wave pericd effect. Thus there ls some agreement between

the work of Térum et al and HRS.

Extension of Original HRS Tests

An extension of the previous HRS work(z) was made by taking a particular
tesé from the original series and making two models of it; one as small
as praccxéably pogsible and the other as large as possible within the
limits of the random wave flumes at HRS. Following the procedures of

the eriginal work ensured that only the Reynolds number was changed
hetween the three models. The results, plotted on Fig 4, show no obvicus
trend with Reynolds number at low damage values. At near zero-damage
there was a 13fold range in Reynolds number between the smallest and

(1 should

largest models which on the basie of the work of Thomsen et al
show an B0% Reynolds scale effect in the stability number. This meana

that if on Fig 4 the results from the smallest model tend to zero damage

N
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at H3/D50 = 1.0 then the results from the larger model should tend to zero
damage at EE/DSO = 1,8, Manifestly this is not so and thus the conclusion
of the earlier HRS uork(z’ that no allowance could be made for Reynolds

gcale effect when using the model data for full scale design is confirmed,
There is some indication that at high damage rates the small model may

underestimate the damage.

THE REPEATABILITY OF IDENTICAL TESTS

The earlier work at HRS(Z) on riprap suggested that the scatter of the data
in the proposed design curves was probably due to inherent randomness in
the phenomenon but no significant testing was made. Subsequently a

limited number of tests have been made at HRS both on riprap and on

dolosse armoured slopes.

The repeat rests on riprap were made with the smallest riprap used for
the extended Reynolds number teats described above. Five respeat tests
were made at a value of EJ/DSO = 3; a value giving significant damage.
The resulting damage history curves, shown in Fig 5, show an approximate

twofold spread in the results.

The repeat tests on dolosse armour units were made on a 1:1.5 slope at
three different waveheichts giving minimal, moderate end severe Jdamage,
For each waveheight ten repeat tests were made. The damage history ¢urves
for the highest waveheight are shown in Fig 6, and Fig 7 shows the mean

and standard deviation for each waveheight plotted non-dimensicnally.

The nonrepeatability of identical tests is an important factor in both
model testing and the use of model data for full scale design. For
example it is necessary to ensure that an effect being investigated is
not masked by the inherent scatter of the data. This can be illustrated

by a point recently under investigation at HRS: “does wave directiocnality
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affect the stability of dolosge armoured slopes?" Five repeat testa were
made with both directional and nondirectional waves and the resulting
damage higtories are ghown in Fig 8. The results are well scattered but
cover approximately the same range for both cases guggesting that the
effect of directionality is probably small. However, to establish the
dependancé of damage upon directionality with any degree of confidence
would require a very much larger number Of repeat tests for each condition,
It can readily be seen that the not uncommon procedure of “two quick teste”
could give very misleading conclusiona. In the same way the practice of
“one test of the final design at the design wave height” can also be
mialeading. I% is the authar's conviction that many design assumptions,
based on limited data, need to be reassessed and that provision should be
made in any model test programme for extensive repeat testl.(s)
CONCLUSIONS

There is no evidence to suggest that models do not give adeguate design
information. The most recent work at HRS and Norway has shown, by

comparing model prediction with full scale observations, that the Reynolds

nuber effect is insignificant.

The important question in the design of slope protection is the variable
nature of damage under apparently identical conditions. This added
dimension to the probability of damage is not accounted for in present
dedign methods, However, it is inherently included along with other
probabilistic factors in properly conducted model tests, and can be

idencified.

REFERENCES
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Fig 3 The Modelled Riprap Panels Prior to Teating
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SYNOPSIS

Several methods of dealing with leakage through the puddle clay cores of
reservoirs have been considered and trials made on two reservoirs, namely
Banbury (1972 and !'979) and Lockwood (1979 and 1980) in North London, See
figure 1. This paper presents the alternative renovation options initially
considered for Banbury reservoir and describes the method selected. The
derivation of other options from this method are alsec discussed. An

evaluation of each method is made and conclusions drawn.

IKTRODUCT ION

For many years, leakages have been observed from some of the older storage
reservoire of the Thames Water Authority located in the Lee Valley. These
reservoirs are formed of an encircling embankment with a central puddie
clay core which extends to the London clay stratum, see figure 2. The
puddle clay is a silty alluvial clay which is known to contain fiésures
throughout its full depth. Staining on fissure surfaces has indicated a
seepage of water through them. 1t is also known that,- as a result of
lowering the water level in the reservoirs during the period 193%-45, there
has been some drying out and cracking of the clay core in its upper regions

and for this reascn it was suspected that the major part of the leakage was

[-53}
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Fitg. 1 KEY PLAN OF LEE VALLEY RESERVOIRS
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occurring in the upper regiona of the clay core. However, boreholes in the
core showed penetration at lower levels and in one case there was some
indication that leakage could be occurring at the junction of the clay core
and underlying London clay. For this reason, the trials were directed
towards developing a technique which could be applied throughout the full

depth of the core if neceasary.

The leakage was evidenced by wet patches on the reservoir banka and often
by boggy areas near the toe of the embankment where the ground is poorly
dralned. For many years it has been known that leakngﬁn are significantly
reduced by relatively small reductions in reservoir level from top water.
Consequently several reservoirs have been operating at restricted top water
levels for several years in order to maintain rauervoir‘ safety and to

reduce leskages to acceptable amounts.
RENOVATION OPTIONS

Banbury reservoir, capacity 2700 Ml and inaugurated in 1903, was the first
to undergo substantial remedial works to improve the performance of the
puddle clay core. Prior investiqations into the leakage involved the
excavation of trial pite to examine the condition of the puddle clay core
and the conatructlon of a number of boreholes vertically through the core.
Continuous ‘undisturbed’ samples were obtained and leakages of water into
the boreholes observed., Measurements of moisture content, shear strength
and Atterburg limits were made, along with a very élose visual examination
of the pamplea recovered. In many instances, &standpipe plezometers were
inatalled into the boreholes to monitor leakage, There _have also been

attempts to monitor directly the quantity of leakage through the puddle clay

29
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core but the lack of toe drains arcumnd the reserveir and the problea of

separsting leskage flows from groundwater and rainfall presented

difficulties.

In 1973, a numbher of methods were considered for dealing with the leakage

at Banbury reservoir.

a} A bentonite slurry trench approximately 450mm wide night be excavated
and filled with & bentonite/cement/gravel mixture, This method has the
advantage that a substantial width of acreen is provided of reesonably high
gtrength but the disadvantage of handling large imported gquantities

of gravel and dispoaing of the spoll.

b} A conventional sheet pile wall could be conatructed within the clay
coce. The main disadvantage of this was tho‘uth. tc be the leakage through
the clutches which could be oveccome but vhich would increase the already
very high relative coat. On the other hand, irt waa alac of concern
that the introduction of a totally lmpervious barcier in the puddle clay
could lead to further .dehydrauon and deterioration of the core material

downatream of the barcier.

c) The clay core and/or shoulder materials could be chemically grouted.

The Mjér disadvantage to this method lies in the reliance upon the grout

" to reach and positively fill the open fimsures. Thia contraste with other

methods which involve physically cutting across the flssures.

d} Electrokiheti¢ grouting employing the phenomenon of electro-osmosias was
conaidered but this would have required substantial laboratery work to
develop a suitable technique that could be used economically. This method,

whilet of considerable interest, was felt not to offer sufficient certainty
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of producing & practical solution and the conaequence of fallure wouid
have been unnacceptable delay in tackling the probleme on operational

regervoire.

e) A thin grout screen could be formed in the core wall using a suitably
forpulated sroyt. The advantages of this method are that driving the
pile(s) to place the grout would sever fissures and cause some remoulding
of the clny,‘ The grout itself would also pressnt a phyaical barrier and
some filling of figsurea could be expected. The main disadvantage was the

need tc formulate the grout.

The latter alternative was selected as being the most sultable provided a
grout could pe designed which, ideally, possessed properties as close ap

practicable to those of the puddle clay.

GROUT SCREEN TECHNIQUE

Design

A grout EBcreen installed ae temporary worke during the construction cf
Datchet intake as a means of dealing with ground water had proved
succesaful. An inspection of the screen and consultation with the
speciallat contractor involved had led te the conclusion that & minimum
practical thicknese for the grout acreen to be inatalled in puddle clay
would be 50mm, In order to monitor the effects of the remedial works it was
necegsary to install piezometere in the outer embankment_. In view of the
uncertainty ©f the depth of screen required, 1t was decided to construct
sections of different depthe in the range & ro 7 metree for comparison.

There was also a congtraint on depth whilst operating beneath overhead

power lines.
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In formulating the grout, the aims were that

aj) the grout should develop an early shear strength not less than the
puddle clay, say 35 Rn/mz at 7 dayse

b) it should have a permeability comparable with that of the puddle clay
cof the order of 10-9 m/8 and enaure that the puddle clay on the down-

stream side of the screen ehould not dehydrate

c) it sbould be durable and should not deteriorate due to gain or loss of
moisture to an extent which would cauae it to shrink or become more

perneable
d) it should be flexible and able to withatand ninor ground movements

e] the suspenaion should be pumpable and not subject to amegregation when

standing
t} in service, the grout must be resistant to chemical attack.
An extensive programme of tests was carried out at the Authority's

engineering laboratories and the conclusion of these was the specification

of a grout with the following constituents and proportions:-

Ordinary Portland cement 4.2% by weight
PFA 16.8
Bentonice 5.6
Kaclinite 16.8
Water 56.0
Sodium tripolyphosphate 0.3
Methyl acetate _0.3
100.0
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Construction

A 450 metre length of core wall, in two sectijons, whare leakage had been
identified was selected for the inicial trial uasing the proprietary
vibrated screen process. Construction began in November 1972 with the
plant arrangement pshown disgrammatically 1in fiqure 3{a}). The mixing
and pumping plant were Atationacy at the toe of the embankment while the
power generator for t#e vibrator with integral control pansl was towed by

the crane as grouting progressed,

A high ehear bentonite mixer was used to disperse the bentonite and
kaclinite in the water containing sodium tripolyphoasphate. The suspensjion
was then transferred to a low speed paddle mixer where the remaining
constituents were added. With minimum delay, the mix was pumped by an air
driven double-acting ram pump throuah a 38mm diameter pipeline to the pile
forming the screen. The maximum pumping distance attained was
approximately 250 metres. The screen was formed by vibrating a single
vertical I-section steel pile into the centte of the core wall. Grout was
injected throuch a 25mm diameter tube welded to the pile and discharging at
the bottom through a special shaped shoe into the void formed as the pilas
wap withdrawn as shown in figure 3(b). This process was repeated with an

overlap between guccessive inmsertions of the pile into the clay core.
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It was important that there were no delays whilst delivering the grout teo
the pile because the grout tended to gel very rapidly. The pipeline always
had to be cleared with compreased alr when delays occurred to avoid a
blockage. Weaknessesm in flexible aections of the pipeline gave problenms
initially but once & good working routine was established it waes found

possible to achieve a aatisfactory level of production.

Shortly after construction a proqrhmmu of continuous sampling of the &Crfeen
began, to examine the grout acreen &8 placed. It was revealed that in
driving the pile, the thickness of the grout in the preceding part of the
acresan wags being reduced by clay being displaced by the pile and that the
required thickness of screen was hot therefore being achieved. Some of the
displaced grout was being driven back toc the surface. To remedy this, the
trailing flange of the pile was removed and the web thicknesa of the pile

increared by welding on plates, see figure Jic).

Throughout the construction period, control of the grout mix was achleved
by takinc samples for site tests which inciuded the determination of
moisture content, immediate ahear strength, viscoslty and wet density.
Samples were also sent to the Authority's engineering laboratories for

immediate and long-term permeability tests.

Work on site was completed in February 1973, Durina the course of the

Contract some 2400 mguare metres of grout screen were placed.

Performance and Evaluation

It was recognised that, apart from the formation of the grout screen, the
performance of the puddie core would be improved through the severing of

leakage pathe and remoulding ©f the clay by the wvibrated action of the
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Fig., 4 DIAGRAM SHOWING EFFECT ON WATER LEVELS IN EMBANKMENT BEFGRE

AND AFTER REMEDIAL WORKS
pile. It was alsc observed that large voidsa and fissures away from the
centre of the core wall had been penetrated by the grout. On many
occasions, grout was seen issuing from the ground surface several metres

from the point of injection.

whilst the pumping and mixing plant was being relocated to treat a second
section of the core wall, the reservolr level, which had been loweted 3.3 m
during construction of the screen, was raised to test the effectiveness of
the screen. It was apparent that piezometric levels in the embaanent were
being satisfactorily reduced. In the long-term this situation has been

sustained and is represented diasgrammatically in figure 4.

Samples of the grout have been recovered over an 8 year period to monitor
its durability. There has been no significant change in any of the

properties of the grout.
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REMOULDING TECHNIQUE
Background

A8 mentioned previoualy, the borings made In the completed grout screen
revealed that the specified thickness of grout screen was not belng
achieved with the original pile dealgn. The full scale tests, however,
demonstrated that leakages had effectively been reduced over the entire
lengthe treated. in places there was little more than a trace of grout
following treatmant uaing the unmodified pile section, It was thua
concluded that the action of the pile in severing fissures and remoulding
the clay might, in iceelf, without the introduction of a grout, be

sufficient to reduce leakage through the clay core to an acceptable level,

In 1977, further leskages were detected at Banbury at & different part of

the embankment to that treated {n 1971, A number of pletometers were

installed in the outer embankment over the length concerned and readings’

taken dally whilst the water level in the reservoir was varied. It wag
shown that plezometric levels in the embankment responded clearly to the

changen in reservoir water level.

To reduce the leakages, it was decided to test the conclusion drawn from
the results of the earlier remedial works at this reservoir and then to
extend the works to deal with defective areas of the clay core at Lockwood

ctegervolr which had been under obeervation for eome considerable pericd.

Methods and Construction

Four designs of plle were considered for trial at Banbury resarvoir and

these are shown on figure 5. The method proposed was simply to drive and
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extcract the pile, using a vibrating hammer, to an approxlmate depth of 7 m. , '
along a line through the centre of the core wall. Successive drives, as
with the grout screen, would allow a minimum overlap to ensure continuity

of the treated areas.

In February 1979, a 220 metre length of the core wall was identified for

treatment and a contract was let which provided for teating each of the

four designs. The initial tests showed that the major problem with the +
‘angled plates', figure S(a), and ‘rods', fiqure 5{(b) types was the large
mass of c¢lay which remained on the plle upon extraction. PFor this resson
the 'box-head' type was preferred. Even though a certain amount of clay
had remained on the pile during extraction, it was found that this could be
reduced by lubricating the pile with water and work proceeded on this
basis. However, as work progreseed, appreciable ground settlements were
observed to cccur within the 'box' section as it was belng extracted.
It wag thought that these gettlements were the result of a mobilisation of
the puddle clay, with a consﬁlidation of the clay resulting in relatively
large displacements at the ground purface., It was ohserved that the volume ‘

of the displacement approximated to the volume of the inserted pile. !

Performance and Evaluation

A5 with the earlier works to install a grout screen, a number of boreholes

were made into the clay core across the width treated and continuous

‘undisturbed' samples were recovered. The line of the plle was not easily
identified and consequently, the results of the visual examination of the

samples could not be interpreted with any great confidence. There was an
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indication of a thin band of remoulded clay coincident with the pile web
but no positive evidence that remoulding had occurced within the box
sections or along the line of the upatream and downstream plates of the box

aection.

Water was located in the boreholes made on the upstream side of the pile
which also seemed to indicate that the remoulding was achieved mainly by
the continugus web Of the pile and that the short plates of the box section
were relatively ineffective. Based upon this observation, the work which
followed in November 1979 at Lockwood reservoir to renovate a 250 metre
length of core wall was carried out using the plain I-section pile, as

figure 5i(c}. driven to a depth of 5 m.

At both reservoirs, the effectiveness of the remediél woOrks was teated by
raising the water level in the reserveirs from the temporary restricted
levels to the designed top water levels. In the case of Banbury resetvoir
there was no measurable respense from the piezometers and this sitvation
haé been sustained. However, the test At Lockwood reservoir was delayed
for approximately 12 months while a further method of rencvation, using
sheet piles, was tried at a different section of the embankment. When the
test was eventually made, in November 1980, there was a slight response in
two of the piezometers installed over the length of the remoulded works
which indicated that the treatment was not quite so effective. However,
there were no visible signs of leakage and in practical terms there was a

considerable improvement.
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SHERET PILING TECENIQUE

On the weat side of Lockwood reservoir, a particularly sericus leakage area
had been under cbaervation for some years. During tests prior to the
remoulding works, when the reservoir level '“r raised above its restricted
top water level, a very large ares of ground at the embankpent toe rapidly

flooded, Conseguently, the ressrvolr level was kept lovered.

It was considered, that in this case, a mathod providing a more poaitive
seal against leakage should be tried. It was decided to use 1 nm. wide
corrugated sheet piles made from asbestos cement to a 9.5 m. thicknees

driven into the clay core, see figure 6.

Work began in January 1980, after soms delays in obtaining the mpecified
ashestos sheets. Problems soon arcse during driving when some of the
asbestos aheets 3aplit and subsequently shattered before achieving the
specified depth. Modifications to the piling method falled to provide a
complete solution and eventually a reduced depth of penetration of 2.5
metres had to be accepted., Where this could not be achieved, steel trench
sheets were substituted for the asbestos shesta. For all the difficulties
encounterwsd, the method was shown initially to be affective but due to the
presence ©of other leakage asreas, it has not been poseible to sustain a
higher reservoir water level to make a full evaluation. It had been
thought that there might be an advantage in thia method of being able to
extend and redrive the asbestos sheet piles to a lower level should the
need arise. With the difficulties encountered on the initial drive, it was

apparent that thia would not be feasible.
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Fig. 6 ISOMETRIC VIEW SHOWING QOVERLAPPING ASBESTOS CEMENT SHEETS
CONCLUSIONS
‘ .
| The relative costs {adjuated to 1982 price levels) of the various methods
tried to improve the performance of puddle clay cores are as followsa:-
Date Reservoir Merhod Area treated Cost/m2
‘ —are
lm2] {E)
| - .
| 197273 Banbury Grout &creen 2,300 40.00
| : 1979 Banbury Remoulding 1,72 18.00
3 1979 Lockwood Remoulding 1,500 17.00
1 1980 Lockwood Driven asbestos 950 - 28.00
sheets - )
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By far the wost expensive method has been the installation of & grout
screen. In assessing which mathod is appropriate for a particular case,
consideration must be given to the reason for carrying out the workm)
whether as & matter of reservolr aafety or as a weans of recovering a lost

volume of rav water storags.

A typical cost for providing raw water storsge within Thames Water i3
in the order of ES00/M1 at 1982 price levels . It is therefors a siopls
matter to assess the cost effectiveness of carrying out remedial works
80lely to recover lost atorage, which of course varies with the area to be

trested in relation to the proportions of the reservoir.

An objective of the trials has been to identify the most practical and most
economic method of dealing with leakages at King George's reservolir
inavgurated in 191) and with & maximum capacity of 12,400 Kl. Since 1546,
the reservoir has been maintained at a reatricted top water level resulting
in a lost volume of storago‘ot' approximately 1570 Ml. Areas where leakage
is known to exist have been under survelllance and full scale testa carried
out to provide Information on the natucre and extant of remedlial works

required.

In the short-term, all the 'methods tried have proved effective in
renovating the puddle clay core. However, the sheet piling technigue
enploying asbastos sheets encountered many practical problems and would not
again be considered, The reaculding technique, employing the ‘box-head’

pile has not had such a long period for evaluation but has so far proved
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effective; the plain I-section plle appears to be marginally less
effective. The effectiveness of the grout acreen at Banbury reservoir may

now, after 10 years, be considered proved in the medium term.
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SYNOPRIS

The: eontinuing inerease of computer application within the industry has highlighted
the need for similar aids in the field of instrumentation data aguisition and process-
ing. The first scction of this paper describes how modern technology is being applied

v gatisfy this requirement.

A unique s-ttlement profile measuring device developed for Tarhela Dam, Pakistan

has since undergone several importunt transformations. The second section of

this paper discusses developments from the original manual device through the fully
uutomatic system which has largely replaced it in large dam applicalions to the recently-
developed semi-automatic precision measuring svstem- which has opened new fields

of application.

SECTION 1. AUTOMATIC MONITORING OF SOIL INSTRUMENTS
The: Prohlem

Production of soil instruments is 0 voung industry and is evolving rapidly, These
instruments tre designed to measure suil cunditions and movements so that predict-

ions can be made of the soil stabilit.\; and 11s likely shifts under various forms of

load, for instance road embankments, high rise buildings, dams ete. These instruments
have a relatively hard life. Most of the sensors are either buried or lowered down

water filled borcholes in the earth, 7 Portable recading instruments have to survive
severe jolting in vehicles, dust and vibration at the reading site, ‘mishandling bv in-
cxperienced personnel and must be able to operate in all weathers., Reading instruments
have becn dropped inic the sca, over the sides of (empty) dams and run over by land
Rovers. Survival is marginal in these c;\ses: it is perhaps surprising tl:xat delicate

measurements can be made in these conditions,

Because of the importance of reliabilitv early instruments used simple mechanical

transducers in the sensors and mevnanical reading methods which used such things
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s manomelers and pressure gauges. Inatruments based on these principles still
form a large part of preduction, As the convenience of elcctrical devices was rec-
ognised and conlidence grew in their reljability electrical transducers were developed
to be read by clectronic moans., Because of the higher resolution of electrical units
this development was followed hy a demand for greater accuracy, with which the
industry is coping at the present time, With wider undorstanding of the usefulness
of soil instrumonts ingtallations are now planned and heing built which use not just

a few sensor but (in some cases) hundreds. This brings new problems.

The normal method of taking measurements i to wrile down readings as lh'e_v arc
cisplayed by the gauge or digital display. For analvsis the readings are either waorked
out on a calculator and graphs drawn by hand or, increasingly, they muay he tvped

inlo a computer. Each sensor requires anvthing beiween 2 and 1600 measurements
each time it i read, dependant on the tvpe. It will he appreciated that reading and
analysing the results of even tens of instruments in this way is laborious and takes

d long time,  In addition many of the instruments need oxpert oporation so that low
prade labour gannot he used und useful engineers are occupled for long periods with
repetitive tasks. There may alsu be an appreciable delay between taking and analys-
ing the readings when hours may be important in fast moving conditions. There is a

vlear need for taster and simpler methods of sampling, in other words automalion.

The Solution

As an illustration of what can he done tho following describes the application of
maodern technology to uan Instrument {requently Io.und on consatruction sttes, One of
the most tedious and time-consumning johs on a site is the taking of inclinometer
readings. For the reader who is not familiar with inclinometers this is an instrument
where a probe i8 lowered down a borehole to measure its tilt. The horehole 1a
gzenerally anchored in a stible modium ut fts bottom and as the soll above moves the
wills of tho borehole move with §t, pivoling around the baso and the tilt allara, By
tuking readings at different times the speed of s0il movements can he found, The
probe is fitted with wheels which run in slots moulded into the horehole casing to fix
the direction of measurement. The probe is lowered into the borehole manually using
a cable marked with depths which aleo carries the electical signals from the probe to
the readout unit at the wop of the horehole. Till readings are normally taken at half
metre intervals up the borehole in two planes at right angles. Two sets of readings

are taken for each plane In opposite directions to eliminate offsets. Thus the probe



47
CLEMENTS & DURNLY: INSTRUMENTATION DEVELOPMENTS

is lowered to the bottom of each borehole four times. For a borehole with & depth
of 200 metres there would be 1600 raadings in a normal set, Despite the labour
involved this is a favourite method of measuring soil movements as it is simple and
sengitive; inclinomaoters can detect tilt changes of less than 20 seconds of arc (0. 05
mm in 500), Semi-uuiomatic methods are now avallable which ease the time and
labour problems of aking readings. Attempts have also boen made to automate the
lowering and raising of the probe but no-one has found a safe. easily portable way

of doing this, tinwever microprocoessors can bo installed in the reading units to give

tho followiny tacilities.

The operator no longer needs to write down readings, Theae are recorded automatically
on magnetic tape cassettes. Al each reading position a button is pressed. The record-
ing unit takes 10 samples, computea the mean, converts the rosults into whichever
units are desired thon, wgether with the depth, displays the data and stores them ready
lor Lrmnsler o nugnetic tape.  Alt this (kes loss than a socond. A eimple kevboard s
availuble for the operilor to onter heading information.  An alphanumeric display

tolla him how 1o use the keyhoard step by step and during roeding displays the depth,
Hocording in this way i quick and more than halves tho reading time, In addition it 18
no longor nccessary Lo lowor the probe Into the borehole four ttmes. This is made
possible by fitting two UL trunsducers into ihe probo with their sonsitivo plunes at

right angles, careful conatruction of the prohe and intelligont usoe of the microprocess -
or. This reducos reading time Ly o further {actor 4. Back at the sito hut the operator
can connect a small printer diroctly to the rocording unit so that he can quickly obtain
a hnrd copy of the data for checking. Basgo data are stored permanently in part of

the rocorder memory and can he recalled to tho printer for comparison. The printer
could have hecn incorporated in the recorder hut trade-offs indicated that it would
increase the weight (the battery would have to be larger) and waa not likely 10 be

used much out in the fleld, Incorporation of full scale computing facilities was rejected
for similar reasons and because of the extra complexity. The recording unit can do

a modest amount of data reduction, howaver. without a weight penzlty and can quickly
supply the operator with means, differences, trends etc. There is increasing use of
computers for final analvsis of the data and the recerding unit provides access to a
computer'in three wavs without the need to type data in, Tirst, if a computer is
-noarby, the recording unit can bo connected directiv to 1L and the casaette played back

1o place the readings directly into the computer memory. Secondly, if the computer
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is at a remote gite the cassette or cartridge containing the data may be removed

from the recording unit and sent to the computer by post or courier for replay in

L the computer's own mechanism. The third, and probablv best, method is to tranfer
the data 1o a remote computer over a lelephone line. To do this the recording unit
is attached to a lclephone line socket and the data in serial form shifted down the line

via the recorders own, post-office-approved modem. If the printer remains connect-

cd the data can be recalled from the computer and printed out to verify that it has

bean corroctly receivod,

All these functions are performod by a portable hox sboul the slze of 8 amall suft-
caac woighing aboul 16 Kg and using CMOS components with power~down facility for
minimum battery wclgﬁt. The box is hcrmetically sealod 10 prevent entry of dust or
moisturc inlo the electronle compartment. For raliability the internal clectronica

[ borrow spacecraft tochnigues in their censtruction, there are remarkable similarities

hetween site conditions and the spacecraft launch and space operation environments,

| . The instrument tdescribed above approaches the ideal inclinometer recorder.
Instruments presently available differ only in that two extra units are needed to send
data over a telephone line, otherwise they have the same periormance. [matrumenta
incorporating the modem and terminal functions are feasible and are likely to be

available soon.

Fulure Developments

' The functions of the inclinometer recorder unit are determined totally by the programme
: ' placed in the memory, changing the programme alters the functions. With different

softwarc the identical electironic package can be used for a wide variety of jobs, For

insiance a daia logging system has been designoed where sluve stations autamattcally
control and monitor mixed groups of static soil instruments. 7These stations send
the collected data to u central station which can interface printers, computers ete in
a similar manner to the inclinometer recorder. Only the housings are different, the
- internal electronics of the alave stations, the central station and the inclinometar
recorders are the same. The slave stations need only the addition of a switching
board and scanivalve cascades if pneumatic and hyvdraulic sensors are to be scanned,

Using a standard package in this way eases manufacture, promises to make instruments
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cheaper and more rolizble and will allow units to be tailored to special requirements

rolativoly quickly.

In the near future we are likely to see smaller, lighter instruments with wider
applications. Magnelic tape recorders are likely to be roplaced by the more robust
magnetic bubble recorders. When prices are right the use of fibre optice on sites
presents intriguing communication possibllities as well as immunity to lightning

damage,

SECTION 2. FULL CIRCLE - THE DOUBLE FLUID SETTLEMENT PROFILE
MEASURING TECHNIQUE

Iuring the early stages of construetion of Tarbela Dam, Pakistan, the project engin-
cors deveioped and installed a unique settlement measuring sysiem which was sub~
soquently named the TAMS Double=Fluid Settlement device (DFSD). The svstem was
based on the use of a continuous length of small bore nvlon tubing instalied horizon-
tally in the embankment foundation to 4 maximum length in excess of 1000 metres,
with hoth extremities of the loop terminated at n downstream monitoring point. The

operating sequence essentiallv consisted of the following stages.

i.  Filling the entire tubing length with water by circulation.

ii. Establishing n water/mercury interface at the terminal and, by means of a
mercury head provided to a defined higher elevation, causing the interface and
Lthe following continuous mercury column to advance along the tubing bore to a

pre-determined point.

Hi. Ilelting the intorface at the menpuring point by isulaling the previously opened

distant cnd of the wublng loop and extending it onto a pressuro gauge,

lv. Allowing hydraulic equilibrium to establish, at which time n gauge reading was
taken, '

v, Opening the water end of the system to atmosphere to re- instigate the interface
advance, haiting and reading cyele descrihed nhove, thereby reaching another pre-

selected reading point along the tubing loop.

The basic principle of operation of the svstem is shown in figure -1 as a 'U’ tube
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arrangomont, the horizental limb of which ropresents the length of tubing installed

in tho structure.

L

e —

Figure 1, Operating Principle of the TAMS DFSD

In the equiltbrium state shown the pressure Indicated by the guuge is aquivalant to

the mercury-minus-water heads over the common height h from the mercury surface
and gauge centre to the mercury/water interface level, This is equal to 1. 26 Kg/cm2
per motre of elevatton batween the two polnts. Tpus if h is altered the gauge reading
will change in accordance with this factor. The elevation of the interface may there-
fore be determined relative to the terminal equipment.

Soon after the svstem waa commissioned it became apparent that the practical method,
though capable of providing settlemeant data to an accuracy better than 15 mm of elev-
atton at any measured point, suffered the disadvantage of requiring a high degree of
operator expertise o achieve such resuits, Furthermore a singie test required that
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such effort had to be continuously sustaine€d over hours or even days of horing repet-

ftious activity,

Although this inconvenionce was tolorated ln order to nquire such otherwise unobtain-
able and comprehensive data, the development of a fully automatsd svatem was regarded
as a very attractive prospect. However those same {eatures of the operating sequence
which demanded expertise and judgement rendered the system almost impossible to

automate. The stumbling blocks were as follows.

a. Merecury over-run as the attempt was made to halt the interface at a defined point
cauped by elasticity of tubing and content and volume change within the measuring

gauge.

b. The long and varying time required to achiove hvdraulic equilibhrium hefore each
roading was taken, This effect was magnified by Increase in the line tength, mercury,

/water content ratio and elevation change of the interface at successive reading points.

The above limilations were never completaly eradicated during the construction phase
of the Tarbela Dam project with the result that the manually sperated svstem became
firmly establishod, The device is still providing vaiuable data at the project some 12

vears after the first installation was commisgloned.

Devolopment undertakon by Soll Instruments Limited in the period 1976 to 1978 resuited
in the production of the Automatic Settlement Plotter, & svatem which provides a cont-
inuous profile of tubing elevations over distances up to 1 Km loop length to an accuracy
of 10 mm without need of human assitance. Resulte are presented in the form of a

recorder chart plot scaled in engincering unlte (X axis, digtanoe; Y axis, elevation).

Figure 2 indicates how the operating principle was modified to overcome the limit-
ations inherent in the original manual svstem. The horizontal portion of the 'U' tube
system shown represents the installed tubing length within which an interface delin-
cales continuous mercury and water columns in the respective vertteal limbg, In
preference to the start-siop operating mode emploved in the manual system a continuous
uniform rate of interface progression is.applied. The mercury delivery pump shown

at the top of the mercury-filled limb is connectled to a.pressure gauge which symbolises
an electrical pressure tranaducer in the practical system, Since mercury head to the

interface produces a greater prossure than the opposing water head it is necessary Lo
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apply a back pressure to the water to prevent uncontrollod mercury column advance.
This restraining prossure (K) ia accurately maintained irrespective of water through

flow as the interface ie advanced by the mercury pump, If dynamic losses are ignored

Figure 2. Operating Principle of the Automated DFSD

P, the pressure indicated by the gauge at any instant = K = 1. 26h, where h {5 the

clevation difference hetween the gauge and interface in metres and P & K are express-

ctl in Kg/cmz. In practice this pressure is monitored by an electrical transducer

which sends a signal to the chart recorder cnabling .the elevation profile to be plotted.
Cleuriy the accuracy of such a measurement depends upon how precisely the restraining
pressure {K) is maintained. Pressure stability better than 1 part in 2000 is achieved i
by the arrangement shown in figure 3 which represents a typical element of the back

pressure unit chain. In the neutral condition illusirated the mercury/water interface

levels of both limba oquate. However as water flow is accepted into the small bore

limb from the return line of the installed tubing mercury is forced before it into the
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large bore cylinder thus producing a back presaure proportional to the interface level
difference of tho two limba. This process continues until the emall bore limb is

Figure 3. A Tvpical Element of the Back Pressure Unit Chaln

entirely watar filled. Further inflow resulta in the entry of water into the large bore
cylinder in the form of droplots which float upwards through the mercury column with-
out breaking {4, Thus whilst inflow 15 maintainod a constant pressure equivalent to
mercury-minus-water hewd over the hoight of the mercury column {8 exerted on the
water input poini. In practice four such elements are connected in series to produce

a back pressure of approximately 4 Kg/cmz, sufficient to cater for measured elevation

changes in excess of 3 motras.

The explanation of the operating principle outlined above ignores head loss effects due
to fluid flow through the tubing, hut these must be taken into account in the practical
system. At the commencement of a test cycle the eniire tubing length 18 water filled

$3
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and overall head loss is a function of water flow only, At the end of the test cycle the

tubing is mercury filled and overall head loss {8 a function of mercury flow at the

Lid constant rate. At intermediate pointa total head loss s the sum of marcury and water

losses, each of which is a function of repective column lengths., In a common environ-
ment mercury head loss is greater than that of waler, therefore in the constant flow,
congtant tubing boro practical svstem effective head loss increases llneurly with time
from test commoncoment. Correction 18 therefore stratghtforward and in practice is

upplied electrenically,

I'igure 4 shows the simplified arrangement of the latest device which employa the
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original start/stop inlerface advance and reading method bul incorporates automatic

fluid metering and valve sequencing techniques to 8implify and speed up the measuring
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operation. This method enables the olevation of aach measured point alang the tubing
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langth to be established within ¢ 2 mm. Digtance incroments between reading poinis
aroe sclectable from 0. 25 to 2, 0 m and the atandard system accomodates tubing lengths
up to 120 m. Portability, o high degrooe of measuring accuracy and the abillty to
oporate from self contained pneumatic and hydraulic sources renders the system
uniquelyv suitable for use in hazardoua environments., This feature is of particular
intorest to tho ofl industry in . monitoring settlement helow large storage tanke and
similar structures., Potential applications in dam construction include economic monit-
oring of amall embankments and to determine differential settlement extent and dist-
ribution acrosg interfaces between rigld headwork atructures and contacting embank-~

ment soils.

Referring to figure 4 the operating sequence consists of 4 stages, the selection of
each being controlied by a lever operated ganged valve assembly. Metering Cylinders
A and B employ rolling diaphragms to minimise friction and may be adjusted to accept
or discharge precisely defined fluid volumes in the range 0 to 12 cc (0 to 2m of tubing
length). The sequence is as follows,

Positlon 1, Mercury is fed from the reservolir to Metering Cylinder A.

Position 2. Water is discharged from Metering Cylinder B lo the reservoir, Mercury
is discharged from Melering Cvlinder A to the Interface Vessel causing the water level

to rise in the burette.

Position 3. Mercury flows from the Interface Veasel into the line causing the burstte

water level to fall accordingly., Displaced water from the line is received by Metering

Cylinder B until it 18 full, whereupon inflow ceases.

Position 4. The reading manometer is connected to Metering Cylinder B and the line.

The reading is recorded by the operator,

The ahove process is repeated to the next reading point. In practice the arrangement
minimises the degree of operating expertise necessarv to ensure ncc;urabe data by
automatic control of valve and fiuid delivery functions. The overall effect is to enable
roadings to be oblained at a rate exceeding 60 per hour to a hitherto unobtainahle

millimetre accuracy.
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Operation and Maintenance of Reservoirs
in the Severn-Trent Water Authority Region:
a Perspective

P.G.MACKEY, DLC,BSc,MSc, MICE, MIWES
Severn-Trent Water Authority

SYNOPSIS

The system of operational surveillance is explained for the Severn-Trent
Water Authority Region together with palicy and management objectives for
its 76 large reservoirs.

Four recent case histories are examined whereby investigation utilizing
advanced techniques of TV and materials examination are undertaken
together with conventional methods, and leading to options for decision

making.

INTRODUCTION

The Severn-Trent Water Authority (STWR} Is the second largest Water
Authority in the United Kingdom and has 76 large reservoirs falling
within tne ambit of the Reservoirs Legislation, together with Carsington
Reservoir and Hallgates HKo. 5 Service Reservoir at construction and
design stage respectively. The Authority's reservoirs range in size from
27 ml to 60,000 m}, of aggregate volume 300,000 ml and of up to 135 years
known recorded age.

These reservoirs comprise 25 upland impounding reservoirs, 19 lowland
impounding reserveirs, 9 pumped =srorage, 1B treated wvater service
reservoirs and 5 miscellaneous impounding structures for land drainage or
balancing purposes.

Based on the Institution of Civil Engineers Floods and Reservoir Safety:
an Engtneering Guide(lj the risk category assigned by Table 1 breaks

down the reservoir stock as follows:
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Category A S6% Category B 233
Category C 1% Category D 20%

The following statistics refer:-

(1} Earth gravity embankments with a variety of clay cores,

sheet pile cut off walls or concrete cores 49 no.

(11} Masonry gravity structures 4 no.
[i1i) Mass conCrete gravity structures 12 no.
(iv) Reinforced concrete {(RC} structures (Services Reservoirs) 7 no.
{v) Brick gravity structures 4 no.
Total 76 no.

A histogram depicting the dam pepulation by age appears as Fig. 1 from
which it is of note some 554 are over 65 years old.

Of this latter clasg, some two-thirds are rvepreseated by earch danms
constructed in the Victorian or early Edwardian eras and indicates
emphasis in malntenance priority.

OFPERATION AND MANAGEMENT

Management seeks 0 emphasise multi objective principles, and an
essential part of the operational philosophy is that of reconciling
potentially conflicting requirements. Nowhere is this more apparent than
\n the maintenance and inspection programme. Storage drawdown imposes
constraints on amenicy and public access, these Jlatter necessitating
consultation with interested bodies in devising acceptable guidelines for
undertaking maintenance,

RESERVOIR MONITORING AND SURVEILLANCE

The Water Industry has 4n exceptionally good record in meeting the
requirements of the Reservojrs (Safety Provisions) Act 1930 and, in STWA
there are well established procedures for discharging statutory
obligations through the Ditectot of Operations.

Supervisory provisions of the Reservoirs Act 1975 have been incorporated
1nto Job descriptions of operational staff, as in the majority of Was,
Overall benefits in terms of personal competeénce and management control

have been manifest in the areas of monitoring and surveillance as well as
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management and operstiona.
The Authoarity utilises 15 trained and yualified designated “Supervising
Engineers* to watch the 76 cegervoirs. There are six monthly formal
inspections with an annual report submitted to the Director of Operations.
In the event circumstances dictate more frequent surveillance than normal
operational visits, these ate arranged by the Supervising Engineer,
RECORDS
Recently, the Authority has responded to circulars Erom the Secretary of
State for Wales and the Department of Environment on the functioning of
the 1930 Ace, and submitted evidence to the House of Lords Sub Committee
on Water, based on the Authority's policy and management of this function.
Statutory records are microfilmed and there i3 available a central
tecords system which assists in responding to statutory requests for
information, in addition to expediting information for inspections.
FLOOD STANDARDS
Following publication of the Flood Studies Report in 1975(2] together
with the compiementary Floods and Heservoirs Safety Document of 1978, the
issue of Fload Standards has been the subject of close appraisal bearing
in mind that standards were s$et farmerly by the ICE interim report
'Floods in relation to teservoir practice' - updated in 1960(3].
Each catenment and dam site is subjected to the fullest hydrological
appraisal utilising the above together with local records where these are
avajilable, 1n order that staff responsible are fully aware of operating
margins. Also, Inspecting Engineers have a framework whereby the
respective flood standard can be included as a basic parameter in
evaluating the overall equation of "How safe its this reservoir?®.
The techniques of computer simulation enable the relatively theoretical
concepts of PMF embodied in Table 1 to be translated into such tangible
factors as design rainstorms, flood routing, diversion operation, etc.

More impottantly, there can be derived head over spillways, weirs,
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byewash channels etc., and freeboard in relation to wind/wave propagaticn
i for the dam geometry.
This technigue is particularly helpful when there has been an embankment
slip or crest slump, leakage or mechanical failure of gpillway, drawoff
or scour, as the safe operating level of the reservoir can be fixed to
known criteria when assessing the component of risk associated with flood
operationt4).
INSTRUMENTATION
There has been an increasing move towards installation of fixed location
line and level survey points in dam cores and at other strategic
locations and up to 90% of 'structures now have continuity of record in
this respect.
lnstrumentation is a valuable operational aid  but, widespread
installation of movement gauges, inclinometers, piezometers, etc. is a
relatively new phenomenon. Recent philosophy has been based on providing
instrumentation for monitoring construction or immediate POST
construction behaviour leaving the undertaker to make do with those which

survive, for his operational records! Thus a situation 1is arrived at

: whereby frequently, inadequete instrumenta wronaly located are the obly
4{ basis for assessing operaticnal performance at a critical time.

? MAINTENANCE OF BANKS

Some of the more complex problems involving Victorian earth dams regquire
a protracted period of evaluation following installation of instruments
entailing losses of time and operational capability, both important

factars if the economic value is marginal. In addition to the continuing

problem of earth embankments and the associated limitation of engineering
standards there are incipient weaknesses of certain aspects of Victorian

: water engipeering lucidly explained by Mr. G. M, Binniets,

and which
A most Water Authorities have to some degree inherited., Factors initiating

modifications or extended maintenance work are:
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(i} work arising [rom Statutory Inspection

{ii) Uprating to revised standatds (overflows, spillways etc.)

{iii) Sudden or unexpected failures {(severe weather, mechanical soils

failure etc.}
tiv) Vandalism : a regrettable feature of modern life regquiring special
considerat%ons of security.

INVESTIGATORY TECHNIQUES

Considerable time and money bhas been saved by use of advanced non
destructive and surveillance technigues and the availability of good
guality c¢losed circuwit (CCTV) and underwater TV survey has added a new
dimension to reservoir engineering. No longer is it always necessary to
drawdown reservoirs to inspect upstream faces or dismantle wvalves to
examine f{often inaccessible!) draft or scour tubes, Hardware up to 135
years of age has bpeen radiographically mapped in situ or examined
ultrasonically for ewvidence of graphitization, cavitation damage,
COrrosion or cracking.

The Authority has a Stending List of Contractors for a range of services
relating to dam maintenance, The case histories presented later give an
indicat:on of the scope of these rechniques as an aid to decision maAkinq.
- CONCLUSIONS

in recent years, the question of risk and safety in .;11 structures and
technical developments has generated increasing interest, particularly
with the legal obligations of such as Healtn and Safety at Work Act,
Diving Regulations SI 399 etc.

The safety of dams 15 rarely very far from pubnlic attention and concern,
as indeed are failures or incidents at any "high risk"™ installation.

In considering the operational performance of dams, it'is essential to
analyse past incidents and failures, as a more precise awareness of the
mechanisms at work leads to increasing knowledge of dam behaviour, which
in turn can be related to dest;;n,-modificat.ion and operational c¢riteria.

. Research into the behaviour of banks, concrete, and masonry, have often

been initiated as a result of incidents or failures during construction
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ar in service. By continuing development of the technical principles of
design, conatruction, modification and maintenance of dams together with
an ongoing programme of ingspection and inservice monitoring, significant
contributions <can be made towards maintaining present standards or
improving dam safety,
Four case histories folleow presenting a range of operational and
maintenance problems together with the golutions considered.
CASE HISTORY NGO, 1
DEEP HAYES RESRRVOIR (LEEK) (100 mg CAPACITY, 456 ml)
Constructed in 1848 by the former Staffordshire Potteries Wlo as a
compensation reservoir yielding 5 mld, the dam was an earth embankment
18.3 m high, 25 m long with a puddle cliay core. There was no
underdrainage and a small key trench was let into the natural bed rock to
form a key (Pig. 2). The closure wae at the narrowest part of the valley
into the rock cutcrap,
Investigations confirmed the geology as a synclinal basin of relatively
impermeable shale overlying permeanle sandstones with heavily weathered
autcrops at various points in the reservoir basin. There were up to 3
metre transitions between the bedding planes of the sandstones and shales
congisting of coal and seat earth, and located immediately under the dam
foundations,
Although extensive reservolr records were available, there was no
information on the dam c¢ongtruction. The spillway was reconstructed in
1966 and uprated o the 196D revision of the 1933 ICE Standard and would
have met Category B conditions. Maintenance of the embankment was not to
a high standatd, there being evidence of considerable activity from
springs which subsequentiy complicated ;nalyses during investigation.
Repeorting between June 1372 and March 1976, Mr. T. G, Hammand indicated
the enmbankment conear-cd sound, the gpillway adeguate, but that the

drawoff works wer. porentially hazardous and in view of their age, direct
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access through the core and, there only being one downstream control
valve, a hew drawoff system was recommended in tunnel through the east
abutment from a valve tower.

During the course of investigating piezometric data, it became apparent
there was associated leakage, postulated as high level core rupture or
weathering, and a limit was set on the maximum operating level in view of
the possibility of piping or foundaticn failure. Despite extensive
chemical tests, however, this theory was not positively confirmed. At
this stage, a toe berm was advocated for additional stability.

In the event, economic criteria intervened when costs of remedial works
were set at E650,000, whereas a scheme of lowering the dam and provieion
of alternative compensation water would be achleved for £367,000, and
this decision was implemented (1980 prices).

As a carollary, it was only during the course of the scheme of lowering
that, with the reservoir drained, the full extent of liability became
visibly evident. The piezometers has only given a partial perception of
the whole range of problems as the leakage appearing as a spring was due
Lo core weathering in the top metre, byt additional leakage was apparent
thraugh the east abutment an the line of the new proposed drawoff works.
This completed the pictutre as to why the piezometer results, rationally
though they could be explained, did not tie in with the chemical data of
over 100 samples from springs, relief wells and piezometers.

CASE HISTORY NO, 2

SNITTERPIELD RESERVOIR (RR. STRATFORD ON AVON) (80 m])

The resgrvoir is formed by an earth bank, ccmsr.t.uct:ed on the arc of a
circle, between twd promontories in the hills to the south west of the
village of Snitterfield. It has virtually no catchment, water being led
into the reservoir by agueducts from streams in neighbouring valleys.
Constructed c 1884, to afford supplies to Stratford RDC, it is now

disused, According to original drawings, the embankment is approximately
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180 metres long, with a maximum height of 8.2 m. As designed, the
overflow level was 8B.4 m OD, but earlier this century the bank was
raised by 0.75 m and the overflow lifted to B9.5 m OD.
The upstream face of the embankment lies at a slope of 3 to 1 and 1is
protected by concrete slabbing. The crest has an average width of 4.5 m
and is grassed, as is the downatream 2:1 alope.
The original discharge arrangemants consisted of an 460 mm diameter cast
iron pipe laid directly‘under the embankment taking water from a 610 mm
diamecer standpipe with entry of water controlled by 3 no. 460 mm
diamecer penstocks.
The original overflow waz 1.5 m wide which led into a 305 mm diameter
salt-glazed ware pipe discharging to a stream. The overflow was modifled
to B9.46 m OD with a 3,12 m welir leading to a 600 m diameter concrete
pipe. The minimum height ©f the embankment was also increased in the
19130's.
Furtnermore, the outlet pipe was liined with a 350 mm diameter PVC pipe
and the annulus grouted for at least 1.5 m at either end of the length
passing under the embankment,
The site can be ciasgified for flood purposes under Category C.
Leakage from the north west sector of the bank at 1 - 2 metres above
ground level was noted in November 1980 at a rate of 165 litres/hour.
Evaluation commenced by investigating the core and embankment and taking
samples for chemical and soils testing. Piezometers and standpipes were
installed and the reservoir drawn down and refilled over two cycles in
the intervening 18 month period to observe piezometric and phreatic
conditions (Fig. 3).
Conclusions drawn suggest the dam is basically sound but there is
weathering of the top 1 - 2 metres of core, possibly associated with its
former raising. %ﬁis conpdition suggests the mechanism may continue at

other localities as the process of ageing continues.
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AS the =zite is not used for opecational duties, remedial schemes being -
considered have regard to the economies of either retaining the site as a
reservoir or lowering the bank such that it no longer forms a large . ‘
reservoir under the Act.
Remedial schemes considered:
(i) Cement/bentonite grout locally to leakage * ‘
{ii) Inverted filter drain at location of leakage
{iii) Jet stream grouting technigue (GKN process)
{iv) The wibrating pile technique developed by Thames Water Authority
and reported under Paper 1.

Te date, £15,000 has been spent on additional monitoring and ‘
investigatory duties.
In addition to the above, the Acoustic Emission Technique was set up at |
the site of the leakage to ascertain whether sonic emission of water i
passing through the bank could assist in indicating the extent, scope, N
and source of leakage as, at that s$tage, it was by no means certain water |
was coming through or under the bank, and there were possibilities of r'-
spring activity. The results were, h;ﬁwever, inconclusive.
CASE HISTORY NO. 3 i
NEW POOL RESERVOIR (CHURCH STRETTON) |
This reservoir has a capacity of 44 ml with a dam &1 m long rising to i

L
15,25 m above the valley floor, with diaphragm core and the embankment
sloping at 2:1 being pitched on the upstream side and grassed on the "_"l
downslape {(Fig.5}. |
The dam has leaked significantly since c¢onstruction in 1900 to the extent
of uwp to 68,000 litres per day, as reported (Ref. 7} by the designer |

|

Edward Brough Taylor, but this was attributed to spring activity rather |

than direct leakage. 1Issues to the mitres and draw off tunnel appearad
to confirm this diagnosis and the area of egress was provided with a
rubble drain te prevent erosion of the embankment toe.

The operational history relates dealing with minor soil slips on the

downstream face (put down to the steepness of slope and sSpring activity)
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together with making up "local consolidation® to the core on at least
three recorded occasions separated by 15 yearly intervals.

In November 1977, there was a rapid increase in the recorded leakage and
instructions were given for the reservoir to be drawn down. Leakage was
measured in relation to reservoir head and a correlation obtained {Fig.
4)'indicating the additional leakage commenced at 1ll.8 m to A peak of
25,060 1/h at the maximum permigsible operatiﬁg head.

The reservoir ceased operational duties in early 1978 and decisions were
required. At this stage, evidence came to hand through routine
monitoring of further core depressions and the reservoir was emptied in
1979 for inspection purposes whereupon new evidence came to light., It
became clear there wags a major depression on the crest and ypstream face
on a line of axis to the point of egress on the springs. The extent of
the depression was masked by the arching of the higher level pitching on
the upstream face (which had been hydraulically grouted) thus giving the
impression of an undisturbed water Lline to even the most careful observer.
It has taken zome B2 years tg emerge that the mechanism at work could
well be that known as cOre erosion, and there is a strong probability
that hydraulic fracture has taken place (Ref, &) at the core base of the
dam foundation with the high level leakage as a consequent procegs oOf
tension cracking, Trial holes have indicated that glip planes are
present,

The site can be classified as Category A but the present spillway
{aggesged against the 1933 Standard at its last Statutory Inspection} has
capacity of 7.5 cumec as opposed to 1l.6 reguired for the ICE 1978
Standard, indicating further expenditure is needed,

Remedial schemes conmidered (1982 costs):

{1i) Lowering dam with centre spillway 150,000
[ii) Grouting and new spillway 210,000
{iii) Lowering existing spillway to impound less than 5 mg 250,000

(iv} Remove dam - discounted on amenity grounds
(vl Use of Thames technique plus new Bpillway 200,000
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CASE HISTORY NO. 4
UPPER AND LOWER BLACKSHAWMOOR RESERVOIRS (LEEK)
Upper Blackshawmcor (20 ml c. 1760} and Lower Blackshawmoor {60 ml c.
1848) are in series located in the Upper Churnet valley. Although not
strictly within the terms of the 1930 Act, the Upper Reservoir could
contribute to the failure of the Lower hence they are considered jointly.
The reservoirs were part of the Leek supply until the Leek UDC Act 1525
ceded these reservoirs for compensation purposes, They are Category D
and flow directly to Tittesworth Reservoir some 4 Km distant.
The operational history of both structures is interesting and, although
no drawings have been located, the provisions of the Act have worked well
in providing engineering reports since 1931,
Following the ICE 1933 Report, the first inspection by R. C. 5. Walters
recommended taising of both dams by 2 m and reconstruction of spillways
and pyewash channels to improve free board and flood capacity.
In the intervening period to 1975, there were a succession of reports
requiring attention to bank maintenance, drainage and armouring - but no
serious problems encountered.
The Authority acguired these regervolrs in 1974 and Mr. P, 5. Hallas
ingpected in 197%, commenting upon the need for maintenance and the
requirement to bring up to standard the draw off works of both dams,
there being downstream valves only on each draft tube.
Both dams were cleared of trees and vegetation by mid 1977 and it was
noted that the Upper Reservoir had wet spots at the west mitre and a core
depression ovetr the supposed line of draw off works. V
In order to prepare designs, both reservoirs were amptied and surveyed in
auvtumn 1977 (Fig. 4).
There was a suspicion that the 150 mm dia, pipe through the Upper dam
might have been a contributor to leakage at the west mitre, although

water guality tests had proved surprisingly inconclusive,
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With the Upper reservoir empty, there became wvisible the cast iron draw
i?‘ off pipe in the reservoir basin, and, emerging from the toe of the dam &
o cast iron 150 mm discharge pipe culminating in the conttol valve., The
‘. pipes visible were surveyed by ultrasoni¢ and radiographical Pprocesses
and conclusions reached that material was good, graphetization minimal
and all peointed to satisfactory conditions for installing an upstream
penstock or valve shaft. This left evaluation of potential leakage, and
this was examined by means of a CCTV survey which revealed the section of

. conduit through the dam consisted of various sections of earthen ware and

: elin wood pipes, of some considerably advanced age!

: ; Cement lining was clearly not feasible and it was confitmed lining with
. HPDE was the only option.

[ é Survey of the lower dam revealed a very sound bank but tests on the

[ ! 610 mm dia., cast iron draw off pipes revealed signifjcant graphetization

thus requiring structural support for the upstream valve arrangements.

A CCTV survey revealed some unusual gradients in the line of draw off

pipe with 1ts line passing close to original ground level through the

N Krmprrewas Dy

e

& core at key trench or foundation level. Deapite its 140 vears of age,
=¥ the internal condition was good with jointing excellent and approximately
i 30 mm residual pipe wall thickness presenting no problems by way of
scraping and lining at the proposed operating duties,
From 1974 to date, some £25,000 overall has been spent On maintenance and
investigation, compared to an annual normal site maintenance c¢ost of
£7,500 (1982 prices).
Proposals to date stand as follows:
1} Remedial works

ta) Upper Reservoir : Grout bank, reline draw off

works with upstream valve

: {b} Lawer Reservoir : Scrape/cement line draw off

1 works with upstream control 140,000
:Q' 21 Abandon site by oreaching both dams and restoring valley 256,060

3 Breach Upper Reservoir and lewer the Lower Reservoir 100,000
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Surveillance of an Authority’s Reservoirs

F.G.JOHNSON, MEng, FICE, MIWES \
and G.R.CURTIS,BSc, FICE v

North of Scotland Hydro-Electric Board

SYNOPSIS

|
!

‘tanagement of the Board's many reserveirs is undertaken by Chartered Civil . ‘
Engineers of the Chiet Engineer's Division. with assistance by the local operational
staf{f, Svstematic surveillance commenced about 1960 and was recast in 1971, The
abjectives of this current policy are discussed under the headings of field inspections, . /
leakage measurements, menitoring by instruments and floed studies.  Field
inspections are divided into statutory, supervisorv, operational and special. Flood
management in relation to safety is assessed by the Flood Study Group set up within
the Board whose remit and objectives are reviewed. The FSR and ICE Guide have
introduced new methods of assessing risks and improving reservoir safety. As a result
of these policies and developments there is a trend towards more visual inspections
and fess instrumentation. It is considered that these changes have led to betser

surverllance without anv overall increase in resources deployed.

INTRODUCTION b—

The North of Scotiand Hydro-Electric Board owns and is responsible for 8% dams at 76

reservoirs which come within the requirement; ef the Reservoirs (Safety Provisions)
Act 1930. There is a wide variety of types made up of 33 gravity, 9 buttress, 3 arch, !
pre-stressed concrete, 6 earthfill, 6 rock{ill and 6 combined f{ill and gravity dams. !

Sixteen dams have gates for the release of flood water and {our have siphons. The
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predominance of concrete gravity and buttress dams is due to the good and tight rock
and maoderate depth of overburden generally found in the wide glacial valleys of the

North of Scotiand and the economics at the time of construction.

Nine of the Board's dams are more than 30 years old, the remainder having been
completed as part of the programme of intensive hydro-electric deveiopment carried
out in Scotland between 1945 and 1970, A large majority of dams can therefore be
categorised as modern. incorporating the important advances in technology since

1945,

MANAGEMENT OF RESERVOIRS

Most of the day 0 dav administration of the Board's reservoirs and dams is
undertaken iocally in four Generation Groups, each typically consisting of one or two
major schemes cotnprising up to fifteen reservoirs and twelve power stations. Each
Group is administered by a Generation Engineer with a staff of elecrical and
mechanical engineers stationed in a central location within its area. The Generation
Engincer, in addition to his main duties is responsible for undertaking routine

maintenance of civil and building works with advice from the Civil Division.

The Board's Head Office is located in Edinburgh where responsibiiity for the
surveillance and maintenance of all dams and reservoirs comes under the Chief Civil
Engineer and his Division which is staffed by qualified civil engineers. The Reservoir
Safety Section s run by a Chartered Civil Engineer with a surveyar, clerical staff and
seasonal assistance from vacation staff and supplemented by inspections by six
Supervising Engineers drawn from all Sections of the Division. Six other engineers

are currentiy being trained to carry out Supervisary inspecrions.
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DEVELOPMENT OF SURVEILLANCE POLICY

Atter the Vaiont and Malpasset disasters, the Board commissioned, in the early 1960s,
Panel Engineers and geologists to undertake comprehensive inspections of all their
reservoirs. As a result. facilities for taking settlement and alignment readings were

installed in most dams with heights above 23 m.

By 1571 up to 10 years of readings had been gbtained and the apportunity was taken
to assess the value of inspections and instrumentation (Ref 1.  This review,
undertaken by the Civil Division, ted to the formulation of a dam surveillance policy,

the objectives ol which were:

l To provide a stricter and more Ireguent salety inspection of the Board's

reservoirs by the Board's own civil engineers in anticipation of the requirements of

the Reservoirs Act 1975,

2 To obtain, over the longer term, a better knowledge of the condition and

behaviour of all the Board's dams and 1o identify and monitor any dams where there

were defecis, deficiencies, detertorations or uncertainties with respect to safety.

3 To deploy more efficiently and effectively the limited staff available within

the Board for dam safety work.

In formulating this policy, the Ioliowing aspects were taken into account in defining

the frequency and extent of surveiliance:

al Views on the height of a dam at which instrumentation becomes necessary

ranged {rom 13 o 30 m.
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b) Foundations, including abutments, were of primary importance and the type
and condition of the rock and such features as faults and intrusions were carefully

appraised.

¢)  The type of dam had a major influence on the surveillance considered
necessary to maintain safety standards, with arch and embankment dams calling for

special attention.
d) Significant variations occur in the safety factors adopted for design.

e) The design and construction techniques adopted, and materials used, are all
characterised by the age of the dam and it was considered that there was some merit
in categorising by age, viz up 10 10 years old, 10-35 years old, 35-75 years old and

over 75 years.

1) The function of a reservoir is important. Dams for pumped storage schemes
are subject to much more onerous operating conditions than dams for water supply

and hydro-electric generation.

g The size and distribution of population downstream affect the potential risk
presented by the dam, an aspect subsequently recognised in the Engineering Guide on

Floods and Reservoir Safety.
CURRENT SURVEILLANCE POLICY
The existing surveillance policy which was recast by the Board in the early 1970s is

made up-o! four principal components: field inspections, leakage measurements,

monitoring by instruments and flood studies.
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| FIELD INSPECTIONS

Four types of field inspections are carried out:

A Statutory Inspections are made by Panel Engineers appointed under the
Reservoirs Act. It has been the Board's policy to appoint a Panel Engineer who has
not been responsible for either the design or construction of the dam; one Engineer is

normally appeinted for all the reservoirs in a valley.

The recommendations made and advice given by this Engineer are ¢lassified by the
Board in terms of priority and responsibility for action. !t is normal practice for an
Inspecting Engineer to be accompanied on his site visit by an engineer from the Civil

Division who concurrently undertakes a Supervisory Inspection.

8 Supervisory Inspections are made by Chartered Engineers of the Civil Division,
at intervals of 2 to 5 years, the period varying according to the conditions and
behaviour of the dams and their importance with respect to third party and Beard
interests. More frequent inspections are instituted for dams with abnormal behaviour
or defects. The civil engineers employed on these inspections are all fully qualified
with not less than 10 years' apgrepated dam experience. At the same time as
undertaking a Supervisory Inspection for safety purposes, the engineer assesses the
condition of maintenance of the reservoir works, classifying work into priorities and
defining the department to undertake the work. Standard report forms and checklists

are used to ensure thorough inspection and progressing of subsequent actions.

7
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As far as possible, maintenance work is carried out by the local Civil Squad of each
Generation Graup since this has been found to be the most effective and economic
way. Each squad of six to eight men comprises typically [oremnan. mason or
brickiayer, carpenter, painter(s) and usually three or four labourers/watermen,
Where the tasks are too farge or specialised to be tackied by these squads, the work is
put out to tender to a number of selected contractors. The Civil Division is
responsible for the overall direction of ali this work and, in the case of the larger and
more complicated projects, for the design, preparation of documents and drawings

and supervision of the work.

A maintenance programme of work is drawn up in collaboration with the Groups in
the autumn of each year, cost assessed, budget approved and the design and contract
stage carried out in the winter in readiness for undertaking the work in the following
season (spring through 1o avtumn). The work in the Civil Division is serviced by a
Section comprising a Manager, three Chartered Engineers, one Graduate Engineer,
two Technicians and a travelling inspector, supplemented by effort from a general

pool as work load demands.

C The Generation Engineers are responsible for many routine inspections and
readings. Inspections at 3 to 12 month intervals are made by their staff who are
normally mechanical or electrical engineers. These inspections are mainly connected
with maintenance aspects but any imporiant safety issucs which arise are reported 1o
the Civil Division. These engineers are very important eye witnesses and they can

provide most useful reports on emergencies and other incidents,
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The watermen are responsible for periodic readings, such as reservoir levels, weekly
measurement of leakages and some instrumentation readings, including concrete
strains, pendulum movements and temperatures. A general watch is kept for new
feakages, flood damage, etc which is reported to the Group Maintenance Engineer for

onward transmission to Civil Division if and as necessary.

In addition, Group staif are responsible for the exercising and inspection of all gates
and valves at not more than yearly intervals. These inspections and operations are

required to be recorded In writing.

N Visual inspections have shown that the underdrainage and pressure relief pip(l?
systems at a number of concrete darms built in the 1950s have become less effective
than intended, as a result of their original condition or various processes of
deterioration. Testing of the working of these systems is therefore carried out under
the direction of the Civil Division, whenever doubts arise from Supervisory
Inspections. In all cases where their effectiveness is found to be below standard,
{lushing, scraping or re-drilling of the biocked vents and pressure reiief holes is

undertaken by contract,
2 LEAKAGE MEASUREMENTS

Leakage measurements at a dam and immediately downstream. along with an
observation of the condition of the flow ({ie clear, muddy, etc), are considered to be a
key criterion for detecting short-term detertoration. These measurements are of
first :mportance; it is of course a statutory requirement that they are observed and

recorded weekly under the Reservoirs Act.

19
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3 MONITORING BY INSTRUMENTS

The desirable objective is 1o install instrument stations on all impertant dams and 1o
maintain them in {irst class order so that they provide a continuous record or can be
brought into use immediately if and as the need arises. The reading of instruments,
particularly where the dams are remote and situated in areas of inclement climate,
can be heavy on surveyor's time, and a very strict scrutiny is carried out 0 select
only those dams where instrumentation will be of real value. Full monitoring
comprises the measurement of horizontal movement by electronic distance measuring
equipment or by optical collimator, levelling, pendulums and joint gauges as
appropriate, in parallel with the reading of related parameters (eg temperature and
strain). Only instruments which are reliable, robust, durable and replaceable should

be installed. The Board has 36 dams with one or more systems of instrumentatian.

Regular readings are taken over a sufticiently long period of time (eg 5 years) to gain
confidence in the dam's behaviour. Thereafter if the instrument readings are
consistent and the behaviour predictable, the number of readings is reduced or the
peried between readings increased. Typically, readings would be reduced from an
annual cycle to one cycle every five years or from reading all instruments to reading
selected instruments. The types of instrument and frequency adopted by the Board
are discussed in more detail elsewhere (Ref 2). As a dam becomes older or
ceteriorates, the frequency of the cycle may require 10 be increased. For a dam in
uncertain condition or with abnormal behaviour, more extensive instrumentation may
be installed and readings taken more often. For arch dams and large dams in pumped
storage schemes subject to rapid variations in head, more frequent cycles are carried
out. In addition, extra readings are undertaken after major floods, seismic activity or

abnormal events.
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4 FLOOD STUDIES

The publishing of the Flood Studies Report (FSR)} by the Natural Environment
Research Council in 1975 and the Engineering Guide to Floods and Reservoir Safety
by the Institution of Civil Engineers in 1978 has had a significant impact on the

standards to be appled to the safety of dams and reservairs.

Dy the early 1970s some 20 years' operational experience was available for some of
the Board's schemes and i1 was recognised that there were possibly deficiencies in a
number of them. The opportunity was therefore taken to make an appraisal of the
design of the schemes and to assess the flood management procedures in force. In
1972 a small Flood 5tudy Group was set up under the Chief Civil Engineer comprising
a rmeteorotogist, hydraulic engineer, Reservoir Safety Engineer, and senior hydro

engineer with tne following remit:

| To develop generat methoas of analysing floods using information becoming

available from the impending Filood Studies Report.

2 To re-assess, using this data, the magnitude of {loods in the catchment areas

and river basins developed by the Board.

To establish safety criteria tor each reservoir and river basin.

& To review and revise, as necessary, normal aperating and flood management

procedures.
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The criteria then adopted for safety have largely anticipated those now published in
the ICE Guide. Additional aspects of particular concern ro the Board in respect of

both flood management and safety are:

t Maximum floods in rivers below dams should be no greater than before the-

dams were built.

2 Some material damage 1o Board dams, plant and appurtenant structyres may
have to be accepted in passing maximum floods but the dam itself must remain

structurally safe,

3 Flood management procedures should be compatible with normai operating
regimes and where practicable should be refined 10 give a better utilisation of the

catchment area and reservoir storage for hydro-electric output and flood control.

A teature of the Board's schemes i5 the very extensive diversion of water from
outside catchments into the main reservoirs. A general computer program was
developed by the Board for its schemes which generally follows the recommendations
of the FSR and, although specifically designed for use in the Scottish Highlands, has

been applied to other regions.

As a result of the work of the Flood Study Group the opportunity has arisen to study
such varied problems as reservoirs in cascade, inadequate spiliways, {reeboard, the

ciiects of tloods following a dam breach and the stability of dams.
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It is considered impertant to make a record for posterity - a record which would
allow an experienced Engineer in the future with no knowledge of the Scheme, te
fully comprehend the design and operating philosophies adopted. Flood Management
Reports are therefore prepared on completion of all re-appraisals, and include: an
outline of the original design parameters; the new design criteria; the reasoning
behind the new flood handling procedures; the predicted results of their adoption; the
consequences of plant and equipment {ailures; flood contrel and warning procedures;
instructions for operational purposes: bibliography of related background information;

data, including copies of relevant reports, correspondence, drawings and discharge

curves.

Details of the results of the work by the Poard's Flood Study Group are piven

separately (Ref 3.

RESULTS OF SURVEILLANCE POLICY

The emplovment of Panet Engineers not connected with the design or construction of
the dam for statutory inspections has led to fairly radical appraisals and the bringing

to light of aspects not suspected as being unsatisfactory.

During the past decade there has been a trend towards decreasing instrumentation
and increasing comprehensive visual inspections. This has led to the curtailment of
the use of surveyors, who only take instrument readings, and the expansion of the use
of experienced engineers who, in addition to their normal duties, inspect all aspects
of a reservair and take into full account the previous statutory and supervisory

inspections.  In addition these engineering inspections have included a detailed

83
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maintenance inspection as well as a satety inspection. The result of this change of
cinphasis has heen a much more thorough and rigorous surveillance of the DBoard's

reservoirs with no overall increase in resources committed to reservoir safety.

The F5R has introduced a new facility into the assessment of dam and {laod safety in
Crear Britain by placing analyses on a probabiiity basis and allowing them to be
quantified and thereby also permitting them to be related to equivalent safety

analyses in other fields and industries.

The Board's analvses of storms have resulted in a number of refinements being made

to the FSR specifically for application to Scottish Highiand conditions.

To date the operatianal impact of flood studies has confirmed that the existing {lood
control proceaures, frequently developed from operating experience, are generaliy
satisfactory. In a few cases, particularly those in which long duration storms are
important, the revised maximum reservoir levels were found to exceed design levels
but generally the structures invoived have been shown 1o be capable of accepting the

higher jeveis!

The Board take the view that, provided the structural integrity of a dam is not in
question for the appropriate design flood, major flood damage may be acceptabie leg
the flooding of a power station). [f the position with respect to loss of life is
satisfactory it is primarily a matter of ecomomics. The overall application of the
FSR has given much increased conlidence in these procedures and refined them to

give tmproved operating conditions and flood contral.




JOHNSON & CURTIS: SURVEILLANCE OF RESERVOIRS

It is proposed to present a number of case studies {(Ref 4) in the oral presentation of

this Paper.

THE FUTURE

The Flood Studies Report has introduced a new facility into the assessment of dam
safety in Grear Britain by placing analyses on a probability basis. The method has

already demonstrated defects in previous predictions of maximum design floods from

the larger catchments.

The recommendations of the Guide categorise the risks presented by dams and
indicate new standards to be adopted for reserveirs. The standards are not
tnconsistent with those adopted for other industrial projects, particutarly in respect
of reservoirs which pose a direct threat to communittes. There are likely to result in
requirements tor the discharge of greater f{loods and more extensive protective works

at dams, particulariv older ones.

if and when the Reservoirrs Act 1973 1s introduced it will require more frequent
inspections (supervisory) and will place additional respensibilities on the owner, his
staff and the engineers. The introduction of the new Act should lead to
improvements in reservoir safety and the earlier detection of defects and
detertoration but at the cost of appreciable increases in surveillance and in

requirements for improvements in reservoir works.
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JOHNSON & CURTIS: SURVEILLANCE OF RESERVOIRS

The use of instruments to detect deterioration and incipient failures has expanded
with the years and is likely to increase, particularly with the growing trend towards
carthen embankments and rockfill dams as their performance and behaviour are much
more difficult to predict than those of concrete dams. This increased use is to be
commended with respect to these types of dams but one must balance the added
capital and running costs of monitoring by instruments with the increase in safety
achieved to avoid a state being reached where the former ieads to a false sense of
security. For uncertain or defective dams, one can foresee the increasing use of
automatic ins:?umentation with alarms to give the maximum period of warning of

deteriorating conditions, especially in the light of ever increasing labour costs.

The development of EDM equipment has superseded many optical instruments over
the last decade and its use seems likely to increase. It has led to notable advances in
speed by which dam movements and behaviour can' be measured. As it is less
affected by climatic conditions it has resufted in appreciable savings in surveyor time

on site,

it is the Board's experience over the past ten years that a well balanced combination
of visual inspections, leakage measurements and monitoring by instruments. Coupled
with flood studies and stability analyses, is the most effective means of detecting
deterioration and ensuring dam safety. From a review of these activities it has been
found advantageous to increase field inspections and to reduce the eflort spent on
monitoring by instrurnents. The Board's experience also demonstrates the need for

veappraisal 10 be a continuing procedure in reservoir surveillance.
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Overall the above major developments in surveillance will lead to significant
improvements in dam safety in the coming years but these will not be achieved

without appreciable costs.
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Dam Practice-Good and Bad

M.F. KENNARD,BSc, FICE,FIWES,MASCE,
FGS,MConsE

Rofe,Kennard & Lapworth

SYNOPSIS

Despite considerable developments in the design and practice of dams and
associated works, examples of bad practice exist, even in recent cases,

and the prebability of failure or trouble is increased. The paper gives
examples of good and bad pracrice in dams and embankments with the intention

of stimulating discussion and the airing of further examples.

INTRODUCTION

The continuing sapa of dam failtures, Lncidents and defects, despite consider-
Able developments in theory, practice and expertise in recent decades 1s
{rightening. The lessons from the past are available but are not always
appiied, There are still too manv cxampies of bad practice. and this

papcr attempts te present some views on this subject in order to lead to
discussion of these matters of detail. The examples given have all occurred
in recent years and generally relate to dams, but with reference to some
aighway embankments. The dams referred to are embankment dams, where

despite the tremendous advances made in the teaching, research, development
and application of geortechnical aspects of civil engineering especially in
the iast 30 vears, examples of bad or incorrect applicaticn, or even ignor-
ance, of peotechnical matters are apparent. Many errors, defects, delays,
additional casts, claims, incidents and failures would not have occurred

if better geocechnical design and application occurred. The fragmentisation
of design and construction, with many “specialists” involved can lead to

pad pragtice.
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KENNARD: DAM PRACTICE

BACKGROUND

(1}

In a lecture by Professor Ralph B. Peck , in 1980,.entitled "Where has

all the judgement gone ?" he stated, amongst many other pertinent remarks:

"whether we like it or note, there remain some aspects of geatechnical
engineering in general, apnd of dam design in parricular, that are not
yeU and may never be amenable to theoretical analysis. This dees not
mean that we are powerless to lead effectively with these aspects.

It does imply, however, that we should not neglect the aspects for
which we have no theory while we overemphasize the significance of
those for which we do. There is considerable evidence that moat
failures of modern earth dams, except those due to overtopping have
been the result of exactly these miaspiaced emphases.'

Peck alsc referred to the fact that several reviewa of the history of !

failures of earth dams have led to the conclusion that the probability of

catastrophic failure of a dam during any one year is about one chance in

10,000 (probability of 107 per dam vear).
He stated:

"Would it be possible to reduce the incidence of dam failure by a factor
of sav 10 ? I1s there reason to hope that the historical probability
of failure need not be taken as the base level probability ? 1
think there is. 1 wopuld venture that nine out of 10 recent failures
occurred not because of inadequacies in the scate of the arc, but
because of lack of communication among parties to the design and
construction of the dams, or because of overoptimistic interpretations
of geological conditions. The necessary knowiedge existed; it was
not used.” '

My exsmples are generally casep where bad practice occurred for & variety
of reasons and the probability of failure or an incident was certainly not

reduced.

. , . o =4
Serafxm(z) disputes cthe probability figure of 10 = per dam Year quoted by

Peck and others. Serafim points out that if the useful life of a dam is

" considered to be 100 years, the probability of failure of a dam would be

10-2. i.e. there would be one failure in every 100 dams of any kind built.

He considered this basis to be erronecus and misleading as a deeper study
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of the data indicates that modern dams are puch safer than old ones, but
also, if appropriate site investigations and criteria are used and if
acceptable construction and supervision standards are adopted, dams will
become even more reliable structures than they are at present. The author
agrees with this view, but unfortunately examples continue to occur when

these high standards are not achieved.

EXAMPLES
A few examples are given to illustrate cases of bad practice, under the
following headings:

Remedial and improvement works to existing embankments

Drainage

Slope stability

Instrumentation

Testing

Other examplies

REMEDTIAL AND EMPROVEMENT WORKS TO EXISTING EMBANKMENTS

Re-assessment of spillway capacity and the nced to prevent overtopping
for the design flood conditions, has often led to the construction of a
wave wall, and increasing the height of the embankment. It is unlikely
that the stabilicy of cthe upper part of the embankment has always been

considered.

The upper part of the upstream face on many dams conatructed originally
without adequate slope protection have been eroded to steeper slopea. In
one case, concrete slabbing was added to the steepened slope (at about

1 in 1.7} in the 1930's and a wave wall added. Where the wall settled,
and the embankment fill as well, additional fill was added to reinstate
the top of bank level and additicnal concrete added to the wave wall.

Eventually local slipping occurred.
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Using typical scil parameters and for a factor of safety of 1.2 for a l in 2
slope, it can be shown that for an undrained analysis, the addition of &
0.9m (3 ft.) high concrete wave wall could reduce the F.0.5, to 0.9, For a
drained analysis the F.0.5, would be 1.05 with no pore pressures and lower
with pore pressure, The slip surface would be in the upper 1.5 to 2.0m

from the cresc.

An additional wave wall shouid be as light as possible, and the auchor has
used lightweight aggregate in the concrete, Additional loading to a crest
of a distressed embankment should only be carried out after a full scabiliry
analysis has been underteken even if the fill strength is believed to be

hivguate .

Bad practice in remedial work tould lead to adverse drainage effects,
reducing the shear strength of the fill. Simiiarly, removal of trees and
bushes could reduce the removal of water from the fill, and therefore allow

the increase of pore pressure in the fill, and reduce the factor of safety,

Poor decailing of the end of a new or exrended wave wall, can also be
detrimental. A new wall diverted water from a track on the hillside to
the unprotected downstream mitre from its original route to the protected
upatream mitre. tieavy run—-off causcd erosian of fill adjacent to the

downatream mitre.

Adding a downstream toe berm, or weight block, to an area where displace-
ment has ceccurred, needs to be of adequate extent laterally se that the
adjacent section has an adequate factor of safety. There are cases where

neither cross~sections have been drawn or analyses carried out.
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In one case, wherc a tension crack was observed adjacent to an embankment

surrounding a covered service reservoir, constructed on sloping ground,

an analysis was carried out but the incorrect assumption was made that the
crack was at the toe of the incipient slip surface instead of at the upper
extent of a potential slip. The analysis gave factors of safety of over
1.6, and over 3.0 for different surfaces instead of 1.0. The incerrece
analysis led to no remedial action yet the crack in the tarmacadam access

track continued to extend.

DRAINAGE

Drains can introduce water into embankment fill, and cases of road embank=
ments are known where instability has arisen from this defect. Such cases
somet imes arise from changes in design of drains or changes in use of
differgnt yilis made during consiruction when the full consequential effects

are noet appreciacted.

1n one roml embankment constructed in 1975, chalk material for the 0.9m
depth helow the road formation was permicted te be used and below chis
cohesive siltstone was used. The permeability of the tep layer was about
8 x 10-& 1o 4 x 10_6 em/sec depending on moisture content and compactien,

The permeability of the giltstone was less permeable at § x 10-7 cofsec.

4 french drain was praovided in the central reserve with another french
drain on the north side of the carriageway. Gullies to collect run=off
from the road led water inte cpen jointed ciay pipes in the french drains.
The result was the water passed into the fill and a perched water table

was formed above the giltstone leading to slipping of the topsoil layer

on the outer face. A change in design had taken place in that the original
drain pipe was to be perforated over the top 1260, but open jointed non

perforated pipes were used. Even if the perforated pipe was used, run=off
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water would still have entered the fill., The combined drainage system
combining surface and sub~surface water wag unsuitable for the embankment

fills used, and separate drainage systems should have been designed.

Although this was a road embankment, a similar arrangement could have been

used for the roadway and the upper part of a dam embankment.

Good pracrice relating to drainage could Follow from the Code of Practice

&N

for Earthworks (BS &031: 1981) published recently Typical of its

contencs is this extracrt:

"Open channels should preferably be lined. Unlined channels should not
be used where interceptor drains are sited near the top of & cutting in
a shrinkable clay, since water seeping down snrinkage cracks may cauae
instability. Open channel or piped drains should be provided at the
toe of the alope on both sides gf a cutting, and the formation should
be trimmed to fall towards the drains, Care should be takep that the
construction of the drains dees not weaken the toes of the slopes.
Al! drains sited at the tops of cuttings and designed to carrv surface
water should be lined. Where both surface and subsoil drainage have
to be provided it is desirabie to install separate conduits for each
purpose. Open channeis should not be so deep as to render cleaning
difficult, 1.2m being usually a practicabie maximum.”
The reference to the care needed so that drains do not weaken the toes of
slopes, could have been written because of bad practice on one recent
highway project where the excavation of a toe drain led to local slipping
of the embankment. Open drains at toes need to be constructed before the

cmbarnkment £ill is placed, not aiterwards, unless there is no foundation

problem and the drain is solely for conveying warer from a higher area.

The Code of Practice also refers to the use of perforated drain pipes, but
without stating in which directien the perforations should be placed. It
would appear obvious to many that the perforacions should be upwards, but
cases are known of the perforations being downward, or even alternately up

and down in adjacent pipe lengths.
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(&)

In the 1978 'Clay Fills Conference' °, amongat other examples, Snedker
illustrated several cases of water entering embankment fill from drains or
cracked reads leading to inscability. Such cases could arise wherc

concrete roadways are placed on embankments before an adequate time has

been allowed for consolidation and settlement.

Examples of drains not tunctioning as expected can often be found. Defacts
can include infiltration of fine materials, toc low overall permeability

for flow requirements, failure of pipes, penetration by roots and growth,
open stone drains (french drains) becoming grassed over, etc. In addition,
lack of, or obstruction of, sufficient outlet capacity can ﬁrevenr drainage
aoccurring effectively. In one case thu construction of an outlet drain-
age chamber led to the temporary plugging of a drain pipe from a piezometrer
house, which became flonded. An outlet can become flooded by the increased
tailwarter level at times of overflow thus raising the water levels in the

foundation and embankment .

Inteynal drainage blankets, in clay embankments, which are known 1o be
very effec;ive in dissipatieon of pore pressure nave somerimes been subject—
ed to measures to reduce their cost with adverse effects. In one case, a
comglete blanket was replaced in the design by 300mm square trench drains
ut Im norizontal intervals. Piezometers showed high pore pressurcs with
T, values of 1 or higher and were not dissipating. Invgscigation showed
that trimming of the outer_s]ope had covered the ends of the trench drain
with clay fill thus effectively blocking the drains. With a continuous
blanker, local covering is unlikely to restrict the drainage flow. The
intermediate stage during construction before the desipgned outizt drainage
work has been completed, can often lead to adverse conditions, which may

leave weaker zones in the completed dan.
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Relief wells require special ceonsideration, and should be completely
separate from base blanket or toe drainage systems. Designs have been
seen where water can drain down the well recharging the permeable stratum
below the dam rather than solely allowing upward relief. Wells clear of
the downatream toe enable separate flow measurement or ground water level
observations, when the wells are not overflowing, to be carried out. 1If
the welle are beneath the base drainage system, observations cannct be
made of the performance of the welils. Additional wells could easily be
drilled outside the downatream toe if required, whereas additional wells

on the line covered by the embankment could not readily be undertaken,

A recent article described a road embankment that slipped during construct=-
ion where the slip plane was in wet fill immediately above the base drainage

layer. Insufficient dreinage must have the primary cause.

There are many papers and booka describing good drainage practice, yer still
unsuitable filter grodings may be used. Thirty years ago, column drains of
hand placed stones with open joints, were sometimes vsed in British earth
dams. Despite their lack of finer materisls they may be more effective in
keeping a downstream shoulder drained, than some later designs with thin

tayers, insufficient carrying capacity and restricted outlets.

SLOPE STABILITY

On most large construcﬁion sites, especially for fill dams, local slips
occur due to undercutting of slopes for cemporary and sometimes for perman-
ent worke, Often these could be aveided if crosa-sections were taken and
analyses and studies made, instead of rushing in with unplanned excavation,

and stock-piling of spoil.
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At a dam in Cyprus, i borrow pit in the rescrvoir area was sited at the
toc of a slope, and on impounding an ares of hillside became unstable. The
arca extended to a level of at least 80 metres above top water level, and

large remedial measurcs were necessary.

The design of cencrete service reservoirs on a steep hillside in an area of

possible mining subsidence incorporated several features for stability and
.

involved small tanks on independent foundatiens with flexible pipework.

However, the excavated materinl was stock-piled on the steep hillside

adjatent to the work and the surcharge caused an extensive area of hillside

to become unstable, causing damage to houses at the toe of the slope.

INSTRUMENTATION

There are many cxamples of bad practice in instrumencation where not suffic-
ient consideration is given to the information on performance that will be
available. Two points only Lo establish ground water conditions, or found-
ation or abutment scandpipes tnstalled to a predetermined depth that was not
varicd when the level of the change in strata was found to be different from
the original assumptions.are typical cxamples, Lack of originai datum
nbservaticons before dewarering during construction, or before impounding,
are also known. Sectlement gauges not finally installed and read wuntil the
cmbankment is complete have also been reported. Hearing a piezometer house

Tor years to avoid freezing but without taking any observations has also

happened. Taking observations at a major nverscas dam for four years without

any plotting, consideration or analysis is also known to the author.
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Bad practice in inatrumentation can sometimes arise when too many parties
are involved and responsibili;y is divided, The author's preferred method
is for the consulting engineer to be fully reuponsible,ahd the Resident
Engineer to direet the installation, testing and reading of instrumentation,
and for equipment to be obtained from nominated suppliers, not necessarily
on the basis of least cost., Discussion of the proposed instrumentation
layout and details with advisers is recommended, with ‘the engineer
preparing the final layout, rather than entrusting the inst;umentatioﬁ
programme solely to an outside adviser or speciaiist contractor. The -
tayout should be considered flexible to allow for changes in progress,

materials or even weather during construction.

TESTING

Cole in a discussion in 1979(5) referred to a site in Africa where afcer
each layer within a fill area of a road embankment had been placed and
compacted, the fill was checked for acceptable denéity‘hy at least two sand
replacement tests. It is stated that these took two or more days to
complete, during which time no further layers were allowed to be placed.
The surface of each layer was subject to deaiccation under the generally
fine weather conditions. Large areas of the downstream face of the road
embankment subsequently slipped. Water was found to be seeping from the
slipped zone with the level of seepage being the same as the level of the
catchment area on the uphill side of the embankment, where ponding occurred
after heavy overnight rain. It was concluded that the desiccated top of

each layer had become a more permeable zone.
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The author stated:

"the primary cause of the problem could be held to be over rigid

adherence to a performance specificarion and it is likely that

had the specification been a method specification, the time interval

between placing succeeding layers would have not been sufficient for

the degree of desiecatrion cncountered to have occured.”
Why testing required '"two or more days" is not explained, and would certain-
ly seem to be bad practice. The B.S. drying specification refers to 16 to
24 hours as usually a sufficient time for drying most soils, butr micro-wave
ovens can be used reducing the time to a few hours. 30 years ago, the
author was engaged on control testing on an earth dam, where drying was
carried out adequately on a trayover an electric fire over lunch-time =
resulcs were all available in 2 hours. Rigid adherence to impractical
specifications without on-site checking and consideration have been encount=
ered elsewhere. Placing of clay cores has sometimes been held up because

of one moisture content or density test result falling outside the speci-

ficiation by 0.1%Z.

The method of specifying the suitability of compacted clay in clay cores or
clay shoulders by means of a shear strength specificarion has cerrain
advantages over one based on oprimum water content and relative density

(8)

and nas been discussed in a recent paper .

The method, which would be considered as good practice compared with the
method used in the above case history of the road in Africa, has been used
in recent years on many British carth dam cores. The principal advantages
are chat the measured strengths relate directly to the design fill perform-
ance and that the results, as well as being fairly quick to obtain, are
iadependant of any variation In optimum water conten¢ of the material. The

minimum shear strength can be readily related to a stability analysis of the
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embankment. It is considered that the method is more precise than only a
relative density requirement a8 with modern plant there is usually no
difficulty in achieving satisfactory compaction. In apecifying the range

of strength to be attained, the lower bound is usually governed by the limits
of plant trafficability not stability considerations, and the upper bound

by the need to ensure a plastic core.

AT one site weatheréd clays, from the previous overburden and now lying in
worked out brick pits, were subsequently used in forming enbankments up to
20 metres in height., The natural water content of this materiazl was

10-15%7 in excess of its original water content which was close to Proctor
optimum. It is considered a shear strength specification ensbled selection
of suitable materials whereas a relative density specification would have

shown the material to be outside normally acceptable limits.

It is considered thar a shear strength specification, combined wirh a
compaction requirement, for controlling and placing clay materials,
principally in relled clay cores of embankment dams, alchough not periect,
is considered to be an advance on previous methods based exclusively on
optimum densigy and moisture content, and thus in certain situations can

be a good practice.

OTHER EXAMPLES

A recent articic described remedial measures to a motorway embankment where
a slip had occurred, and which on the face of it, could have been avoided
if good practice had been adopted. The article stated that the original
slope was 1 in 1.4 {sic) and an analysis carried out after the slip using
parameters resulting from samples obtained from boreholes and assuming no

pore water pressure gave a factor of safety of 1.08. The top edge of the
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slip passed through holes which had been dug for tree planting. The holes
had been teft apen over the winter and had allowed surface water to get
into the embankment (Did the drawing state "please slip along the dotted
Line™ 1}, If such conditions exist with recent construction to modern
design standards and specifications, there could be worse conditions in

old dam embankmenis.

Local sceepening of embankments for topographical reasons would require
stronger (ill (e.g. rock {i!l) or improved drainage, having recognised the
probitem and to maintain at least the same factor of safety as for adjacent
Flatter slopes, A suspect area should aiso have suirable displacement
observatiaon points, sa thal ¢arly warning of a potential slip could be
vhserved, although it may still be too late to take cfiective remedial

action.

A small irrigation starage reserveir (of less than 5 m.g. capacity) construct=

cd In 1975 after completion leiaked (n two areas. One leak was found to be
due to the inctusion of a layer of hatdcore under the spillweir channel
roncrece slab, This layer was not shown on the drawings. The other legk
wis Tound to occur under a pipe that had been iaid temporarily for stresm
diversion during c?nsrruction. and with the enpineer's approval had been
left under the embankment provided that a concrete collar was formed around
the pipe and that the upstream end pipe leapth was removed and replaced
with clay. After the leak, it was found that the concrete collar had not
surrounded the pipe and chere was o small void under the pipe. Good
practice for concrete collars around pipes for small irrigation dams is
well covered in text books and in pubticacions of the Ministry of Agric—

ulture, Fisheries and Food.
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Good practice is well documented in books, articles and papers but they

are not always referred to at the right time and in some cases dam work is

designed by those with insufficient experience of good practice.

CONCLUSION

Although further examples could be given under the given headings or others

on the topica of filters, spillways, pipes or concrete, sufficient cases

have been included to stimulate discussion and to show that there is scope

for beccer practice in design to improve safety in the canstruction and

performance of dams and embankments.
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