
MAIN REPORT

•

•

....g._-
la P _.~.::='=="' o.. ms '

•

01 SlItyey amt Dn elopment Projetts
Relafe4 lO tbI New Swedish Guidelines•lor Des - , Determinalion

ELFORSK
<
mm~-, .





VAsa dammkommittes rapport nr 2

Report no2 from the Dam Committee of VA SO,
the Swedish Association of Water Regulation Enterprises

Utrednings- och utvecklingsprojekt
med anledning av Flödeskommittens riktlinjer

MAIN REPORT
of Survey and Development Proiects

Related to the New Swedish Guidelines
for Design Flood Determination

Malte Cederström, Vattenfall AB



malte.cederstrom@generation.vattenfall.se
Vattenfall AB, S-162 R7 Stockholm, Sweden

© Copyright ELFORSK AB
Cover photo: Bengt Johansson, Vattenfall

Graphic design: Fras&Foml
Printed hy: Spånga Tryckeri AB 199R

ISSN l400-7R27



CONTENTS

Summary

1. New Swedish guidelines for design f100d
1.1. General
1.2. Dams in Sweden
1.3. Causes of dam failure
1.4. The work of the Committee
1.4.1. Consequence classification of dams
1.4.2. Design flood
1.4.3. Supplements to the Committee's guidelines
1.4.4. Return time
1.4.5. Methods for calculation of return times

2.
2.1.
2.2.
2.3.
2.4.
2.5.

3.

3.1.
3.2.
3.2.1.
3.2.2.
3.3.
3.4.
3.5.
3.6.
3.6.1.
3.6.2.
3.6.3.
3.6.4

4.
4.1.
4.2.
4.3.
4.4.
4.5.

4.6.

4.7.
4.8.
4.9.
4.10.
4.11.

Approach for implementation of the Committee's guidelines
General
River-oriented design groups
Design methodology
Strategy model as
Legal and economic aspects

Investigations concerning the design tlood
determination for a river system
General
Limiting sections in watercourses
Influence on Consequence Class
Effect on the design
Landslides in river bluffs
Flood mitigation
Flood mitigation during the compliance stage
Dam break and impact calculations
Dam break sequence
Flood wave calculations
Impact calculations
Floating debris in dams

Investigations concerning embankment dams
General
Flood surcharge capacity of embankment dams
The effect of waves
Waves in hydropower reservoirs
Erosion protection of upstream shoulders of
embankment dams
The capacity of embankment dams to resist
overtopping waves
Etfects of a fJood surcharge
Erosion in the crest of the impervious core
The stability of rockfill dams during overflow of the core
Filters in embankment dams
Ageing of embankment dams

1
1
2
2
3
4
5
6
6
7

9
9

10
10
11
12

13
13
13
13
14
17
18
21
21
21
22
22
23

31
31
31
33
33

34

36
38
39
40
41
44



5. Investigations concerning concrete dams 47
5.1. General 47
5.2. The capacity of concrete dams to withstand overtopping 47

6. Investigations concerning the spillway system 49
6.1. General 49
6.2. Real spillway discharge capacity 53
6.3. Functional reliability of spillway gates 56
6.4. Fuse-plug as auxiliary spillway 58
6.5. Discharge through the turbines 60

7. Investigations concerning monitoring and examination of
embankment dams 63

7.1. General 63
7.2. Established methods for monitoring and examination of

embankment dams 65
7.3. More recent methods for monitoring and examination of

embankment dams 67
7.4. Isotopic analysis of seepage from dams 71
7.5. Monitoring of the impervious core by measuring the

self-potential and resistivity 72
7.6. Monitoring of the impervious core by analysing variations

in resistivity 73

8. Investigations concerning the status inspection of
concrete dams 77

8.1. General 77
8.2. Status inspection of concrete in hydropower installations 77

9. Investigations concerning risk analysis 83
9.1. General 83
9.2. Risk analysis in work on dam safety 83
9.3. Incident reporting 86

10. Research and development within the field of dam safety 87

11. Conclusions and recommendations 89

12. References 91
12.1 Reports in VASO's survey and development projects 91
12.2 Other references 94



SUMMARY

Most of the development of hydro powcr and eonstruetion of largo dams in Sweden took
place after World War II. reaching a peak during the 50s and 60s. The principles for the
design and eonstruction of dams during this period of intensive building are still largely
valid.

As in many other countrics. in Sweden we have re-evaluated the methods prcviously used
for deterrnining the design tlows of dam facilities. The power industry and SMHI have. via
the guidelines from the Committee for Design Flood Determination. agreed on new
guidelines for this purpose. which in some respoets has resulted in a new approach. The new
guidelines mean that higher runoffs will have to be coped with than was previously the casc.
and consequently in sevcral cases various kinds of improvements will need to be made to
the dams.

In order to be able to modify the dams to meet the new requirements in a sate and cost­
effecti ve way, 24 of surveys and development projects have been carried out. These projects
were compIeted at the request of the VASa Dam Cornmittcc, which is the power industry's
joint organisation for dealing with questions of dam safety and. among other responsibili­
ties, has the task of eo-ordinating rnodifications of the dams to eomply with the new
guidelirtes. The steering cornmittcc that directed the work consisred of Harald Eriksson ­
SydkraftAB. who was the Chairman, Sten Lasu - the Swedish Power Association, Lennart
Markland - the SwedishAssociation ofWatcr Regulation Enterpriscs. and Malte Cederström
and Urban Norstedt - Vattenfall AB.

The goal of this Main Report is to provide an overview of the contents of the Committee 's
guidelines and routines for implementing thern, and to present the background and contents
of the studies earried out as weil as to brietly sumrnarise the more important conclusions
and recommendations. In addition, this report presents the rcsults of sorne minor studies that
have not been previously presented as reports.

At present. there are more than 10 000 dams in Sweden, sorne I 000 of which are uscd for
generating hydro power. Approximately 200 of these dams are classificd as high dams. i.e.
higherthan 15 ruetres. In general, it can be stated that thcre have been very few dam tailurcs
in Sweden.

The Committee 's guidefines were published in 1990 and are to be used by the Swedish hydro
power industry. The design tlow specifled in the guidelines is based on a consequence
classification of the dams. i.e. the damage that would result from a possible dam failure,
without considering the actuaI Iikelihood of a dam break occurring. The dams are divided
into to two "Consequcnce Classes", the design flows for which are calculatcd in different
ways. There are. however, a large number of dams that do not belong to either category and
are therefore not covered by the guidelines.

The routines for implerncnting the guidelines are quite cornplicated, especially since the
goal is to find the most technically and economically optimal solution. This means that the
dimensioning should be carried out for the entire river system. Dimensioning means rhat a
calculation is made of the design flood and if this cannot be coped with without some sort
of corrective rncasure or by temporary allowing higher water levels and tlood mitigation,



additional rcconstruction mcasurcs must be initiared in order to increase the discharge
capacity, for example by building a new spillway. Alternatively. raising the height of the
dam and thereby permitting increased ternporary higher water levels. i.c, a tlood surcharge
above the normal watcr retention level can increase flood mitigation. The work involvcd in

determining the optimal solution is begun by prelirninary dimensioning the dam locatcd
turthcst upstrcarn and noting any corrective action that needs to be taken. Thcn the next dam
is dimensioned, and this may affcct the dimensioning of the upstream dam. In this manner

the calculations are gradually performed for the cntire river. In order to arrive at the
tcchnically/cconornically optimal solution. cost estirnates of the various possible alterna­
tives are made. These alternatives are also compared in tenns of their benefits and
drawbacks. An optimisation programme has been dcvclopcd so that even with cornplicated

river systems it will be possiblc to find the optimal solution. For each river, a dimensioning
group is responsible for carrying out all dimensioning work.

During the dimcnsioning work for a river it is important not to pay attention solcly to the
spillways. hut also to limiting sections in the watcrcourse, especially since experience has

shown that there are orten other "narrow" sections in the watcrcourse that can becorne
limiting during a high flood situation and this may affect both the Consequence Class and
the dimensioning. Ternporary tlood rnitigation can be eithcr passive or active. Passive tlood

mitigation implics keeping all the spillways fully open; while activc tlood mitigation
involves actively seeking to incrcase the dampening hy having the spillways partially
opened or entirely closed. Active tlood mitigation placcs particularly high demands on the

technical systems and on personnel and organisation. The c1assification process rneans that
the consequences of a dam failurc are analysed, and in this context it may be ncccssary to
culculare what happens in the area immediately below the dam, as well as how the tlood

wavc will move down along the river. Other aspects to be taken into consideration during
the dimensioning work for a river are the effccts of landslides in river bluffs and oftloating

debris.

Each individual dam must be checked to see that it satisfies the requirements imposed as a
result of river dimensioning. In the case of embankrnent dams, this means the ability to

tolerate higher water levels than normal (a tlood surcharge), which among other aspeers
involves issues such as the effects of waves, filters, internaI erosion, leakage and erosion in
the crest of the dam, as well as stability during increased leakage or waves ovcrtlowing the

crest of the dam. In the case of concrete dams. this concerns. arnong other aspects, stability
and in some cases the ability to tolerate overtopping. In general. mcthods for hot h

monitoring and investigations are needed.

The spillway is of fundamental importance with respect to flow adaptation. It is particularly
important that the assumed discharge capacity actually exists and that the spillway gutes can
rcally be opened when needed, or in other words that thcy have a sufficient level of

functional safety. The dimensioning work is expected to result in the indication of a need
for additional discharge capacity at a number of dam sites, which usually means choosing

a conventionaI spillway with gates. A conceivable alternative could be some form ofvIuse­
plug", for exarnple an erodible section of the dam. In the guidelirtes. it is assumed that the

power plant will be shut down during a high tlood situation and that the turbine water will

no longer help to discharge the follow, Through the use of special mcasurcs, however, it may
be possihle in some cases to safely use the turbine waterways to discharge water.

II



In addition to the design Ilood, dam safety dcpends on a great many other factors, It is vital
that all such factors should maintain the proper level of safety. A useful tool in this respeet
is a risk analysis.

In all the above areas, investigations have been earried out, whieh are included in the report
series and are brietly described in this report.

An overall conclusion is that it is very irnportant that the work of eomplying with the new
guidelines is performed in a responsible and competent manner so that the inerease in the
level ofdarn safety, whieh was the airn of the work carried out by the Committee for Design
Flood Determination, is actually attained, It is our hope that the surveys and development
projeets earried out will eontribute to this end.

\/,4.S0 Dam Committee
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1. NEW SWEDISH GUIDELINES FOR DESIGN FLOOD

1.1. General

As in many other countries, in Sweden we have re-evaluated the methods previously used
for determining the design flows of dam facilities, The power industry in Sweden and the
Swedish Meteorological and Hydrological Institute. SMHI have. through the work in the
Committee for Determination of Design Flood (the Committee), agreed on new guidelines
for this purpose. which in same respects has resulted in a new approach.

The new guidelines mean that higherrunoffs will have to be copcd with than was previously
the case, and consequently in several cases various kinds of improvements will need to be
made to the dams. lf thcse improvements and combinations ofmeasures are not planned and
executed in a careful and competent way, major economic resources can be wasted without
having attained the desired increase in safety.

Inorder to cope with this complicated adaptation process, compctence and knowledge are
required within the following areas: hydrology (possible runoff), engineering (including
actual discharge capacity, narrow sections, floating debris, technical capabilities for dealing
with flood surcharge. safety of gate functions. and methods for examination and monitor­
ing). reliable operation interaction, failure impact and preparedness, and risk analysis.
Generally. it can be statcd that an extreme flood situation results in problems that are
difficult to prediet since expericnce is, by the very nature of the event, difficult to come by.

For those facilities where, for exarnple, additional discharge capacity must be created, it is
important that the measures be designed with the greatest possible consideration to the
above conditions. For those facilities deemed not to need reconstruction or conversion. it
is of course necessary when making this determination to take into consideration the
difficulties that may arise during an extreme tlood situation.

After an analysis of requirements, the Dam Committee of VASO, the Swedish Association
of Water Regulation Enterprises, initiated a number of survey and development projects in
order to further clarify and increase know-how within certain areas. A working group for
hydrological development work within VASO, called VASO/HUVAhas conducted similar
studies within the hydrological field.

In this Main Report, the contents of the Committee for Design Flood Determinatiori's
guidelines are briefly described, as is the compliance process, and a summary is given of
the projects included as weil as their background. The report has been divided into a general
section, and a section covering the factors effecting the river dirnensioning, and a section
on the factors and requirements that are applicable for the individual dams. The report also
addresses risk analysis, and briefly the research and development within the area of dam
safety and organisational issues from a dam safety point of view. (Some of the reports
included in the series are not only related to the adaptation of the Committcc's guidelines,
but are of a more general nature and have been deerned to be especially important for
consideration in connection with pending increases in safety Icvels.)
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1.2. Dams in Sweden

Il is estimated that there are probably more than 10 000 dams of varying size and age in
Sweden, some I 000 of which are used for generating hydropower. Of these, after a recent
survey, approximately 200 dams are classified as high dams. i.e. their height exeeeds 15
ruetres. and three of the m are almost 100 metres high. The larger dams belong almost
exelusively to the category of hydropower or regulating dams. However, a few high dams
with other owners also exist, such as mine tailings dams.

The high dams in Sweden are for the most part earth or rock-fill dams and most of the others
are eonerete dams. primarily buttress dams or gravity dams (some with masonry faeing) as
wcll as three arch dams.

The development of hydropower in Sweden began at the tum of the ccntury, with the most
intensive period of building taking place during the 50s. 60s, and 70s. The high dams are
on average 35 years old. and all of them are more than 25 years old.

1.3. Causes of dam failure

In general, it can be said that Sweden has experienced very few dam failures, and when
analysing the eauses ofdam failures we have had to use international statistics, as is the case
with the analysis below.

A common cause of failure among embankment dams. i.e. earth and rock-fill dams. is
overtopping, either as a result of extremely high flood levels eausing an overflow or that the
discharge funetions failed in some way during, for exarnple, a high tlood. (The latter was
the ease when the Noppikoski dam collapscd in 1985. The dam was a 16-metre high earth­
fill dam and this case is the only known failure of a high dam in Sweden.)

Another common cause of dam fai lures is tlood erosion. such as erosion of the downstream
toe of the dam. which has also occurred most often in connection with extremely high
tloods.

Leakage through the dam or foundation as a result of hydraulic fracturing, intemal erosion
or piping, are othercommon eauses ofdam failure. This category offailure is not necessarily
linked direetly with extremely high floods, even though araised water level may have a
contributory effect, Another common reason for dam failures has been the general
instabil ity of the dam.

In the ease of concrete dams. it is possible that a failure will occur as a result of the tilting
or sliding of both gravity and buttrcss dams. Tt is also possible for a loeal failure to occur
in. for cxample, a buttress dam owing to leached conerete or as a result of reinforcement or
anchorage failure. As regards areh dams. it could be possible for failures to oecur at the
springing or because of shearing ncar the foundation, but in general these dams have a very
good capacity to withstand overloads.

International staristics indicate that the likelihood of a dam failure is in the order of 1O'4/yr.­
dam. Similar statistical information gives an idea of the generallikelihood of a dam failure
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in terms of the various types of dams. But the safety of a specific dam cannot be based on
this typc of general data.

The majority of dam failures have occurred during the construction phase, in connection
with the initial impoundment or during the first years irnrnediately after, as indicated in

30 -,------\---,--------r----,--------,------,---r-----,---------,

From 1940 to 1950

From 1970 to 1980

706010O
ot----J~~::::::t_-t_=t===i====i=~
-10 20 30 40 50

Age 01 dam at lailure, years

Figure 1.1. Damfailurefrequency as afunction ofconstruction year and age.

fig.l.l. The figure also shows that the frequency of dam failures has decreased with time.
which may be the result ofan improvernent in the leve! of know-how and technical expertise
during this period.

1.4. The work of the Committee

The Committee for Design Flood Determination was formed in 1985 on the initiative of the
Swedish hydropower industry. Its task was to develop proposed guidelines for determining
the design t100d at power station and regulating dams. In 1990, the Committee presented
a final report with Guidelines for Determining Design Flood for Dams, which has been
approved by the members of the Swedish Power Association. While bringing the dams into
compliance with the new guidelirres it becarne apparent that in sorne cases clarification of
or additions to the guidelines were needed. Therefore, supplements to the guidelines have
been produccd, which are presenred below,

The ealculations are normally assumed to be carried out for one river at a time. Corrective
measures for meeting the requirements of the guidelines rnay include an increase in the
discharge capacity (e.g., by building a new spillway, converting existing spillways or in
some cases by dredging the watcrways) or by mitigating the flood in sorne way, A third
possibility could be to make use of early and reliable precipitation forecasts to release water
and thereby creating spare volume in the reservoir for t100d mitigation. However, the
rncthods offorecasting currently available are not considered to be sufficiently accurate to

be able to use this method to meet the requirements of the guidelines.
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In order to permit flood mitigation in the existing dams (Consequence Classes I and II), the
Committee's guideIincs aIIow departures to be made from the requirernent, to be able to
discharge a flood with a return time of at least 100 years at the normal retention leve!.
Therefore, with respect to dam safety, a design flood may be discharged at a water level
exceeding the retention water level, i.e. asurcharge occurs. On the initiative of the
Comrnittee, the Water Rights Act has been supplemented with the right to make the
surcharge under certain circumstances and make the economic settlements for damages
afterwards.

1.4.1. Consequence c1assification of dams

The Committee was of the opinion that the damage which can be eaused by the failure of
a dam should initiaIIy determine the consequence c1assification (which then was caIIed the
risk c1assification) and thus also the demands govcrning the design of the dam. The design
flood according to thc guidelines is therefore based on what is in the guideIines referred to
as "risk classification" of the dams, but with the terminology that has subsequently been
established, "consequence classification" would be a more accurate term and has been used
in this report. The c!assification is based on the damage which a conceivable dam break at
acertain dam would be able to cause, but does not on the other hand deal with the probability
of a failure taking place in the dam. Tt is thercfore not the probability of a dam break
occurring at a ccrtain dam that determines the class, but only the consequences that would
occur if the dam did fai!. The Committee has defined two Consequence Classes, but there
are also a large number of dams which do not belong to cither of these and which thus are
not affectcd by the new guidelines.

During classification, it is important to nate that the c1assification is based on the marginal
effect of a dam failure, i.e. the inerease in the damage to the surroundings which the collapse
of the dam eauses in addition to the damage that the exceptionally high water flow would
anyway have eaused. even if the dam had not collapsed.

Consequence Class I
- Non-negligible risk to human life or other bodily injury;
or
- Considerable risk of serious damage to important traffic route, dam structure or

other similar installation, or to an important feature of environmental value;
or
- Clear risk of major economic damage.

Consequence Class II
Non-negligible risk of damage to major traffic route, dam structure or equivalent installa­
tion, feature of environmental value or property belonging to a party other than the dam
owner in other cases than those specified for Consequence Class I.

The Committee maintains that the assessment of which Consequence Class a certain dam
structure should belong to must be determined from case to case in the first instance by the
dam owner but ultimately by examination in accordance with the Water Rights Act. Since
it is the consequences of the damage that detcrmine the consequence classification, it is

4



impossible to rcfcr different types of dams (embankment dams, conerete dams ctc.) to a
particular consequence class.

1.4.2. Design flood

The guidelines of the Committee deal with both new and existing dams, between whieh
there are certain differences. The present report deal s in the first instance with existing dams.
As regards the exact content of the guidelines, reference is made to the guidelines in
question.

Design flood for Consequence Class I
The determination of a design tlood for dams in Consequence Class [ sha!! be simulated by
applying an accepted hydrological modeI in the fo!!owing summarised basic steps:

I. The model is calibrated against existing runoff series (at least 10 years).

2. By means of frequency analysis, snow storage with a return time of 30 years are
calculated. This value is entered in the modelon the last date on which the snow cover
culminates during one of the years analysed.

3. The design 14-day precipitation according to the Cornmittee's guidelines is adjusted for
elevation, year and area.

4. Regulation strategies incorporating the Cornmittee's guidelines, storage data discharge
curves and water conservation regulations are entered in the model, In this context.
consideration sha!! be given to the fact that only spillways that can be put into operation
at short notice and with fu!! safety are to be included. The storage is assumed to have
reached the maximum water level by I August and is not assumed to decrease in level
until the critical tlow period is over. Any discharge possibilities through power station
turbines may not be included from and including the 9th day of the precipitation
sequence. The VASa Dam Committee recommend that in those cases where measures
must anyway be carried out in order to cope with the design flood, the dam should be
adapted to and be independent of whether turbine discharge is available or not.

5. The design flood sha!! be determined by simulation in the model for at least 10 years
based on the latest available year 's climatic data. In the simulation, the 14-day
precipitation is advanced one day at a time from the date specified in item 2 above. The
simulation that gives the highest water level in the year series according to the previous
paragraph wi!! be the design tlood occasion.

6. The wind-impact is determined and added to the design water level in aecordance with
item 5 above.

In addition, for dams of Consequence Class I there are supplementary conditions which
mean that the discharge capacity of the dam at the water retention leve I shall normally be
such that a tlow with a return time of at least 100 years can be discharged. Exceptions to this
rnay be permitted after Water Rights Court determination, for example if a permit is granted
for tlood surcharge.
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Design f100d for Consequence Class II
For dams in Consequence Class II, the tlow with a return time of at least 100 years is
determined by means of frequency analysis byexisting hydrological material (runoff,
natural water tlow or regulated water flow),

1.4.3. Supplements to the Committee's guidelines

During the course of the Committec's work, it was predicted that it might be necessary to
supplement or adjust the guidelines, as weil as instructions for the application of the
guidelirres in special cases. The powerindustry had already atthis stage appointed a working
group. the VASa Dam Committec, with the task of preparing and following the con version
works and tlood mitigation measures that could be the consequcncc of the new guidelines
for design.

The continued work on the adaptation of Ilows has warranted the provision of certain
additions and changes to the guidelines, which have been made in consultation between the
Swedish Meteorological and Hydrological Institute, SMHI and the Swedish power indus­
try, represenred by the VASa Dam Committee. The govemrncnt has been notified of the
consultation. The additions decided so far are:

Supplement 1:
The supplement concerns the consequence c1assification with respects to the consequences
of high flows and establishes that the marginal effect (damage) of a possible dam slide is
decisive for the classification.

Supplement 2:
The supplement concerns a change in connection with wind velocity for determining the
required free board.

Supplement 3:
The supplement concerns a change in the instructions for calculating the flow for new dams
in Consequence Class II and involves the deletion of points 2 and 3 in the guidelines.

1.4.4. Return time

When the probability of a certain years maximum (Q",,,,) being exceeded has been
deterrnined, the so-called return time for this value can be calculated:

l
T=

P

where T =return time for Q
IIWX

P =the probability of Q""" being exeeeded

In design calculations reference is often made to l OO-yearflood, lOOO-year Iloodetc. Return
time may, however, be unsuitable to use since it is easy to be tempted to believe that if the
lOO-year tlood occurred last year it will take some 100 years until the next time there is a
similarly high flood. The probability of a 100-year flood during a certain pre-determined
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ycar is of course according to the theory just as high irrespectivc of when it last occurrcd.

Il is also possible to calculatc the probability of a certain year max. Q being exceeded
II1ln

during a certain period, for example a 10, SO or 100-year period.

P" = J -(J-JfT!" = J -(J -p)"

where p = probability that Q is exceedcd durinz an n-year period.
/I II/al ~.

Table I. I below gives the relationship between P", T and n. From this it is possible to see,
for example, that the probability of a IOO-year tlood being exceeded over a 200-year period
is S7o/c.

Tabell 1.1. The prohability o] exceeding a T-yearj7ood over a n-vear period in clr.

Return times interval

T 10 50

Length of period

100 500 1 000

10
50

100
200
500

1000

65

18
10
5
2

1

99
64
40
22
10

5

100
87
63
39
18

10

100
98
87
63
33
18

100
100

99
92
63
39

100
100
100
99
86
63

1.4.5. Methods for calculation of return times

As previously mentioned, different choices of distribution functions give different values
for probabilities and return times. Those parameters used in the analysis are. among others,
the me an value of the series and standard deviation. Determination ofthcse depends on the
length of the time series - the longer the series, the better the estimation. With the
observation series general ly available in Sweden, two-parameter distribution funetions
should be used.
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2. APPROACH FOR IMPLEMENTATION OF THE COMMITTEE'S
GUIDELINES

2.1. General

The Comrnittee's guidelines involve a relatively complicated approach to design work,
especially when the goal is to discover the optimal technical solution. The approach is
described below.

In order for the work in connection with adapting the dams to the requirements of the new
guidclincs to take place in an optimal way with respect both to safety and to econorny, the
design work must be carried out jointly for all installations on a river. This means that it is
possible to Iind a more optimal solution than without further analysis increasing the
discharge capacity in all facilities, where it is insufficient to allow the water to continue
downstrearn, which would involve bot h high costs as weil as scrious damage as a result of
flooding and erosion etc. An optimal solution of this kind may mcan that larger water
reservoirs are used to mitigate the flows, which can be don c either by not fully utilising the
existing total discharge capacity (active flood mitigation) or by deciding not to increase the
discharge capacity. This does not only mcan an optimisation on the part of the power
industry but the flood mitigation may also be desirable for the sake of society since
construction carried out on behalf of society often takes place in such away that extensive
damage has already occurred for flows that are considerably lower than those for which the
dam spillways are currently dimensioned. This in tum depends on shortcomings in
community planning but also on the fact that society in general is designed for considerably
lower Ilows than the dams. At the same time it should be pointed out that active Ilood
mitigation should not be carried out for any purpose other than for securing dam safety and
then in accordance with a plan prepared for the river. since otherwise (e.g. if active tlood
mitigation took place to avoid downstream f1ooding) there would be an encroachment on
the capacity of the dam to cope with high tlows. The margins would in such case already
have been utilised (at least partly) if the extreme case occurred.

If the design f100d cannot be coped with by surcharge and tlood mitigation, reconstruction
measures must be taken to convert the structure in order to increase the discharge capacity,
for example the construction of new spillways. Alternatively, the dam can be raised, which
gives a certain increase in discharge capacity in the existing spillway and at the same time
rnay lead to increased tlood mitigation.

The discharge capacity of a dam referred to in the guidelines docs not merely mean the
release capacity of the spillways; consideration shall also be given to the effect of other
limiting sections and other possible obstacles to water runoff.

In certain cases convertingexisting spillways, often by lowering the spillway thresholds can
create an increase in discharge capacity. By replacing older shut-offdevices that are difficult
to operate and maintain by modern, easily operated gates it is possible at the same time to
increase the functional reliability and permit a quicker increase in discharge. Sornetimes,
dredging or enlargement of the waterways below a dam rnay be a sufficient measure to
increase the discharge capacity. Finally, new spillways can be constructed in or alongside
the existing dam, for example in the form of a free overf1ow weir, surface spillways closed
by gates, erodible dam sections, labyrinth weirs or siphons. A previous investigation on
these issues is presented in the report, "Increased discharge capacity in existing dams" [5].
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optimal solution. a cornparison should be made between alternative solutions. on the basis
of which the most suitablc technical/cconomic measures for the entire river can be finally
based,

2.4. Strategy modeiOS

Active flood mitigation should only be necessary in more complicated watcrcourses, in
which case the pertormance of the calculations will be much more cornplicated and a
simulation mcthod will be needed. An optimising program/a stratcgy modeI referred to as
QS has thcrefore been developcd which can be used as an aid in finding a technical!
econornical solution.

During the design work. sensitivity analyses should be carried out so that a solution is not
ehosen that does not function satisl'actorily if. for examplc, the spillway capacity for the
spillways in a dam is in actual Iact sornewhat greater than assumcd and for the downstream
dam sornewhat lower.

QS model
The model is a pure now regulation model that is fed with local runoff values based
on measurerncnts or hydrologicul model calculations. The basic concept is that the
model shali, in each step in time, use information available on the river to select the
best flow-flood mitigation measure. In those cases where tlood mitigation is not
possible, the model can be equatcd with the regulation section of, for example, the
Swedish "Hb v-model". However, in QS a sub-area can have two outlets with
different addresses,

In the strategy model, critical water levels are specifled for each dam, which should
not be exeeeded. Before a eritieal water leve! is achievcd at any of the dams. release
is controlled completely in a predetermined way with required production releases
and current discharge capacity at the various installations. After each step in time, the
model studies, starting furthest downstream in the river. whether a critical water level
has been reached and thus whether Ilood mitigation needs to be carried out before the
next stage. If so, the model calculates, on the basis of the runoff forecast for the next
stage, the maximum releases that are allowed from installations situated further
upstream. Inthe first instance, the model attempts to mitigate the flow in the reservair
situated immediately upstream. If the critical water level has also been reached here,
the tlood mitigation requirement is moved one stage further upstream etc.

The model not only provides the possibility to analyse suitable flood mitigation
reservoirs in connection with tlow design calculations but may also be a planning aid
in acute tlow situations.

The model and manual have been produeed within the framework of the report series and
are therefore available to the Swedish hydropower industry. They have been prepared
jointly by Vattenfall Utveckling AB and Vattenfall Hydropower AB.
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2.5. Legal and economlc aspects

Once the WUJ 'in" :;roup for" I'h er has 1:0111 111"1<:0 " ' work and the Jl.mcr :11111 I't'gu1:I I,on
cumpanic-, 1:01lel:l'II<:J have acccprcd the , lutlon, il shall norrnally he prevenred and, if
required hy the '"huil111.1", esr.1" 11, heJ in "'Ille f"rll1 b~ the Wal r Ri1!hL, COUI1 , Dercollin):
on the nature 01111<: sulution, Ihl\ i, j udgcd Il' I able In uike 1'1 , C" on a cunuuun ha, js ror
the entirc n v I' nr tor on lI1.h \"ld,,;11dam al . 1 lim e. in which '[1I1te\ L. howcver, the ovc all
, ilU;l1l0 11 vho uld be prescu ted In il suirablc wuy Cc rtnin measnre« , for e "011'1,, Tilising the
heil:' 1I 1nr Ihe 11111 ' 1'\ II'U, corc without the d.rrn o therwi-e being chunged. ma ' invulve a
simplified approuch,

TII"texts Ihil' h" \" e been udded to the \\';11 er I(Ighl ' Act 111 connerrinn \v itllthe rigtu inccrtuitI

ca,c' to ' UJ ,hllrg.: III .1' 1111 with th... uim n' pmlcc tll1 j1 .1,1.m'Il'lre" 1d.uu ur J um.' "nu In
cumpensate for the dumage " fler the evem ' '' PJ"m Ihe UJ";I thut 111"1,, i.• II" ..Ihe' pal1~

L" I ice rneo,

In ccnain ense s. il m:l~ be considere d ratio nal to implcrucnt mc.l>ure, lm Il J am in order 1ll
Il "';cl ~llmC Illh~ r Jl.Ul ~ trum Il lluw, vhich the laner cnnnot wp.' with, Here, of et ur-e il
i, the responvihility n r III owners of the dams 10reach an agrcement on .1, "I Uli llll Df Ihis
I)'I"" :lIld the r; II1lll LlaI cDmpeuxuu un fllr hoth the reconstrucnon mcasures and for v [lCr.l l ion
and rnaintenancc cos r- a, we ll il S produc tiou lu,,,",, connec ted '" uh iI.

The n-vised liabilhy , iluulttll' lhal nC\\ Icgisla[ion ' Ilneerning "stri t linbi lity" Ii.c, the d.un
o wne ha' the full respom ltlllil)', irrc-pecuv . Df", hether he \l " , 11 ').:liJ.:"ru o,' not) involves
ma necd I••tie considered in onncci ion with design

Tbe A 'O L 'gal ornnuuee handle-, legal muners 111 " LJ lIIleCLiu/J with adaptauon t l l the
Cemmittcc's gulde lmes

Figurr 3,1. 711<' photo uuph shows hcad I...u t'.> rtf"/r,'wll [mm Slll.~Jm l'o...rr Plun t iII
hiKizj1011" cond i tious , TI,,' /0 ,' ,"' ,\ <In' " .\llrlit'lIr'rd III/",'r, l /U' bridg» mu] (1Ir1/U'"

111',1'/0 '(11" 1/" "" '" P r/1"1 orI' ;I'II/r,, ).
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3. INVESTIGATIONS CONCERNING THE DESIGN FLOOD
DETERMINATION FOR A RIVER SYSTEM

3.1. General

When designing a river system, consideration must be given both to factors that are
dependent on the river as weil as to the preconditions for each existing dam in the river
system. A presentation is given below of studies that primarily concern the river.

During design work, and particularly when selecting the optimal solution, it is of course
important that the basic assumptions are correct, for cxample that dams which are assumed
to be surcharged can actually withstand this and that the spillways actually have the capacity
assumed. This rueans that oncc a preliminary design has been made a careful check must
be made for each dam to ensure that it meets the requirements imposed on it by the solution,
or that modifications to rneet the requircmcnts imposed are possible and their costs
acceptable. Alternatively. the design work shall be repeated, i.e. a different or modified
solution should be developed.

The design tlood aecording to the Comrnittee has been judged to have a return time of at least
10 000 years, and during check calculations for a tlood of this magnitude there is not the
same need for safety factors conccrning, for exarnple, loads as with a more common load
case. Besides this design flood, a tlow with a return time of 100 years shall be combined with
a higher wind velocity than the Comrnittee's design tlood and it is not necessarily clear
which case will be the decisivc load case, so for example, for an upstream slope, a check
must be made for both cases. AIso cases with a sudden shutdown of the turbines, whereby
the turbine water tlow is to be discharged through the spillway, may be possible and the
dischargc capacity must in such case be sufficient and, depending on the rate at which the
water rises in the reservoir, perhaps rapidly available. In such cases it shall normally be
possible to cope with this by only using one of the gate systems, i.e. AC or DC-operated
gates. An analysis should also be made of the consequences of incorrect operation of gates
in upstream dams. If a critical situation could occur from such gate operation, measures
should perhaps be taken to prevent an unintentional opening of this kind.

A description is given below of certain factors that have proved to be of particular interest
in connection with design work and the studies on these subjects,

3.2. Limiting sections in watercourses

Expcriencc shows that there are often other sections in a watercourse apart from the dams
that serve as hydraulic contral structures for flows generated in a high-tlood situation. This
affects both now design and consequence classification of the dams.

3.2.1. Influence on Consequence Class

A naturally narraw section (or limiting scction, i.e. a section with steep hydraulic gradient,
for instanee a critical section) upstream of a certain dam may, for example, restrict the
volume ofwater released in connection with a dam failure (see fig.3.2) and which continues
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BEFORE CONSTRUCTION

Water level at high flow

Threshold

AFTER CONSTRUCTION

Water level at normal flow

Water level at high flow

I

Water volume
not released at
dam failure

Threshold

Water volume
released at
dam failure

Figure 3.2. Example. The figure illustrates how a thresho Id. if it is a critical section at
high flow, can restrict the water volume released in case ofa dam failure.

to the next downstream dam so much that the latter dam can cope with the situation without
collapsing.

3.2.2. Effect on the design

A natural narrow section upstream of the spillway in the vicinity of a dam means that the
water level will rise more than it would have done if this section had not existed before the
balance is achieved between runoff from upstream of the narrow section and the discharge
through the spillway. This means that flooding may occur upstream of the limiting section
(see fig. 3.2) and it is of course necessary for this to be known when calculating the water
levels that would occur during the design flood. Subsequently, a check must be made that
the system can withstand these water levels (particularly upstream of the narrow section).

A limiting section downstream from the spillway can in certain cases reduce the discharge
capacity by backwater effects, which means that the calculated discharge will not occur until
a higher reservoir level is reached than otherwise.

It is worth noting in this context that flooding upstream of a naturally narrow section does
not normally have any connection with the existence of the dams downstream but depends
on the high flowas such.
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BEFORE CONSTRUCTION

Water level at high Ilow

I~

I...J

AFTER CONSTRUCTION

Water level at normal flow
Water level at high Ilow

SECTION I-I

I~

Water retention level
(normal water level )

Threshold

Figl/re 3.3. Example. Flooding when a threshold is a critical section at high flow.
Section I-I shows how a house by the river can be affected byflooding irrespective of
the existence of the dam.

Which section is the limiting depend s on the flow. In other word s it may be the case that a
certa in natural sec tion does not become the limiting sectio n until a high flow is reached,
which of co urse makes it more difficult to identify (see tig. 3. 1 and 3.4). A study has
therefore been made on the importance of narrow sections and how they can be found. The
study is presented in report 3, "Limning sec tions in watercourses" :

The new Swe dish guide lines on design flood determinat ion provide ampl e reason for
analysing the flood co nditions along the waterco urses . Thi s shouId start with a
co mpilation of maps, existing hydraul ic data, invest igations and other ex perience
from different dam s. The material may be ana lysed in a mathematical rive r model.
Espec ially sensitive reaches should be identified and the accuracy of the predictions,
e.g. rega rding water levels. should be co mpared to existing margins and acceptable
devi ations .
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3.3. Landslides in river bluffs

In general, it can be stated that landslides may incur considerablc risks to society. Normally, the
problem is not specifically related to hydropower but may in certain cases be of importance to
dam safety. Ifa landslide in a river bluff were to occur in connection with a design flood (e.g.
triggcrcd by erosion eaused by the high tlood) it could lead to an impoundment of the river
upstream from the slide and if this were to occur near a spillway section in the dam it could lead
to clogging or impair the runoffto one or several spillways. Inthe event ofa major landslide near
a dam. a large surge wave could occur and be so powerful that it broke over the crest of the dam.
Against this background. a study has been made concerning landslides in river bluffs. The study
on these issues is presented in report 4, "Landslides in river bluffs":

River bluffs are steep slopes formed by erosion in silty and sandy river deposits. They
occur along river valleys in the middle ofSweden in areas below the highest shoreline
formed during the post-glacial period. Duc to the ongoing land elevation the rivers
have eroded terraces formed by their earlier depositions. The formation of high river
bluffs has thus been enabled at the riversides. at some places up to 50 m high and with
an average inclination of 45°. According to a traditional slope stability analysis they
are too steep to be stable. The fact that they remain standing can mainly be explained
by the occurrcnce of negative pore pressures and cementation effects.

Landslides occur occasionally due to river erosion as weIl as other causes. The slides
are shallow and insignificant compared to clay slides. The slide surfaccs are plane and
the action quite slow (see fig. 3.5 and 3.6).

water level
'V

Figure 3.5. Landslide on a river btuffcaused by undermining ojthe slope. Landslides
o/ten takeform ofseveral slides in that the slip surface graduallv works its way
upwards. A/ter the landslide. the slope will have the same gradient as bejore.

water level
'V

Figure 3.6. Landslida in the upper; o/ten steeper part of« bluff. The slide may.for
example, have been initiated by ajracture above the erest.
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The conscqucnccs of xlides in river bluffs are relativelv uninvestigated, No case is
known where masses from a slidc have dammed up a river and it is not likely that even
a large slide could reduce the cross-section in a large river (in Sweden) by more than
IO-IS'ir. The wavcs gcncratcd during such a slide are said to be relatively small. Trces
that fall down with the slide masses and caught by the stream are a grenter risk.
bccause they might jarn in narrow seetioris or under bridges. eausing a rise in water
Ievel and horizontal forccs on structures. Risks to residents and buildings have to be
investigated for each river bluff. suitably by invcntories of the same kind as those
alrcady made for a nurnber of municipallties aJong the river Dalälven at the rcquest
of the Swedish Resene Agency.

Furthcr studies within this field are desirable. The mechanical behaviour and
cementation of silt as weil as failure rncchanisms of ri ver bluffs and their sensitivity
to externa] disturbance should be investigated. Development of slope preservation
programmcs for various vegetation types should be considered. A list of slide
occurrences might increase the knowlcdgc of slides and make it possible to estimate
the prohability and economic consequences of different course ofcvents. All bridges
and narrow seetioris downstrcam from river bluffs oughtto be examined in order to
identify places where trees might jam and cause darnagc to structures or a rise in water
Ievel upstrcaru. luventories of risk zones in inhabited areas are recornrncndcd.

The effects of slides in river bluffs should be considered during design work in connection with

the cffcct on watercourses and the occurrence offloating debris. As regards xlides in rnore general
terms, they are incidents for which society or the individual is responsiblc for providing
protection - not the hydropower industry.This applies in particular where buildings have been

constructed close to a bluff where a slide is bound to happen sooner or later.

3.4. Flood mitigation

A conscquence of exploiting rivers for lumber floating, water milis etc. and more recently
for power purposes is that new, limiting reaches are introduced and that the flow as a
consequence is damped in the reservoirs. The prcvious, oftcn annual, inundations thereby
cease. In the case of very high flows inundations similar to those that occurrcd in the past
may oeeur since the tlood mitigation capacity of the reservoir then may be insufficient. The
natural flood mitigation is obstructed by ditch excavation and deforcstation as weil as by
the construction of permanent or ternporary dykes against flooding, which during recent
years have eaused problems in sevcral European rivers. Such dykes prov ide local proteetjon
but may lcad to worse problems downstream. It is of course important in connection with
community planning to give duc consideration to all these Iactors so that the floodings
during a situation of this kind do not come as a surprisc. In certain cases, camping sites have
been allowed to bc cstablished in areas which in the past were flooded almost annually and
for which the preconditions have not cxistcd to grant building permits for more permanent

buildings. Many years later. when a flood has occurred, these circurnstances have orten been
forgotten.

As has been described above. one way to handle the new design flood according to the new
guidefines may be a combination of increased spillway capacity at some dams and tlood
mitigation by allowing a flood surcharge at others, For society. this solution has the
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3.5. Flood mitigation during the compliance stage

During the period up until when the dams have been entirely adapted to the new guidelines,
it may however, be necessary (and suitable) to use a flood mitigation approach if a flow were
to occur which is greater than the installations are currently designed to withstand. It is
therefore important to have sufficient knowledge of each river in order to be able to judge
the possibi lities of mitigating the t100d during a period of this type. The legal conditions and
division of responsibility for such flood mitigation measures should also have been
clarified.

There may also be good reason when the design work is carried out on the river to analyse
situations that may arise if the turbine water tlow in a station does not stop (i.e. the station does
not trip) at the same time as the stations further downstream have been tripped. This case means
that a higher flow than expected will continue to the next dam. There isof course the opportunity
to shut off the turbine water flow or not fully open a spillway, but this should in such case be
planned and agreed, especially if the rate at which the water level is rising is high. Preparedness
for such actions could be especially important during the compliance stage.

3.6. Dam break and impact calculations

The process of adapting to the Committee's guidelines is one reason for studying the
consequences of a dam break. The consequence classification for a dam is based on the
marginal impacts of a dam break, i.e. dam age over and above the damage, which the
extremely high flood eauses in itself. In some cases this may be easy to judge, but in many
cases a more accurate calculation may be necessary ofwhat the consequences would be both
with and with out a dam break in connection with successively increasing flow, In this
context it is a question of calculating how the body of the dam is successively eroded in an
initial stage and the flow thereby increases, and partIy how the water masses continue
downstream along the river. The study on these issues is presented in report IS, "Methods
for dam break and impact calculations",

3.6.1. Dam break sequence

The question of how adam break is developed varies, of course, from case to case, but there
are often a number of common characteristics. If an embankment dam begins to be
overtopped, this often takes place along a certain limited section of the dam whereby the
dam starts to be eroded in this section so that the depth increases and erosion of the sides
takes place. The knowledge available conceming dam breaks that have occurred in
embankment dams indicates that the dam break is developed relatively rapidly down
towards the faundatian level of the dam and willlaterspread mare slowly to the sides. Adam
break is often developed with surprisingly steep sides and even though major variations
exist depending on the size of the reservair etc., in the final stage the width of the opening
at the toe is often one to two times the height. A study on this subject was presented at
HydroPower '97 in Trondheim [9].

As regards the actual sequence of the dam break, i.e. how the opening widens in the vertical
and horizontal axes with time, several established camputer programs are available, for
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exarnple BREACH. A careful calculation of this development may sornctimcs be ncccssary,
for exarnple, for objeets at risk in the vieinity of the dam. It is deemed possible to dcvclop
a more physically correet description of the dcvcloprncnt time. sizc and form ofa dam break.
Acareful evaluation of the program would be of interest. However, these questions have not
been studied in any greaterdetail within the framework of this report series. Continued work
is planned to be earried out jointly by the Swedish hydropower industry via El fors k AB.

3.6.2. Flood wave calculations

When it comes to the impaet of a partieular dam break. in the past investigations of an
advaneed and less advaneed nature have been performed for a number of dams. However,
the potential for advaneed calculations has rapidly improved with time as a result. among
other things. of advances in computer teehnology. The consequences of extreme floods in
a river valley have in the past not normally been studied. One of the activitics of this report
series has been to look at existing methods to ealeulate how the water rcleascd by a
dambreak will propagate down by the river valley and also to analyse the eonsequences
along a river in whieh the extreme runoff is assumed to flow unmitigated past the dams.

In general, it can be stated that for reservoirs with a large area and volume. the development
time for a dam break is of little importanee to the flood wave. On the other hand. the size
of the fai lure opening is of great importancc. In the ease of high dams with small reservoirs,
as regards both area and volumc, the development time of the dam failure is of great
importanee. The importance of the various dam break parameters decreases. however, with
increasing distance from the dam.

3.6.3. Impact calculations

When analysing the impact of a dam break, the break sequenee and the hydrograph, whieh
is a conscquence of the dam break sequcncc are used as input values for the continued
ealculation of how the flood wave will propagate down the river. When calculating the
impact. a physieally eorreet mathematical model is needed in order to deseribe the unstcady
flow eondition in a dam break wave. A study has been made on this subject, whieh is
preserned in report 18. "Methods for dam break calculations":

A limiting faetor for accuracy when ealculating the impact of a dam failure is the
topographie maps available, usually with a S m eon tour interval. The accuraey could
be improved by a systematic collection of calibration data during high floods and by
improved and more accurate maps with a Im contour interval in narrow river reaches,
Improving maps along a whole river is prohibitively expensive. Mainly one­
dimensional mathematical models for t100d wave calculations are used..for exarnplc
DAMBRK and Mike II. Two-dimensional dam break models or hydraulic model
studies could be useful in very restricted areas. for example downstream from a dam
and where detailed and aceurate results are necdcd.

The mathernatical models utilising dynamic routing methods used today all suffer
more or less from stability problems when ealculating flow conditlons near critical
flow. The elimination of such problems would !cad to lower dam break calculation
costs in the future. A substantiai part of the total cost of dam break calculations
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becoming clogged by trees and other debris that was being swept downstream.
Particularly sensitive objects were spillways, bridges and other structures on and in
the river. In order to aequire tlcxibility and capacity in this work, a mobile crane with
a grab claw was Ieased and put to work. The results were good and it proved to be a
rational way of keeping spillways and other eritiea! passages clear. The clearing
operations were probably decisive in being able to cope with and master the powerful
Ilow, whieh at its peak was running at 80 mvs.

There are also examples of how large trees and islands of floating pcat have been removcd
by boat or helicopter in heavy flooding situations.

The report describes the problem of floating debris and a number of possible solutions. It
states that in norrnally high flood conditlons (with a return time of 40 or 50 years) floating
debris has not poscd a safcty problem for dams ofConsequence Class I or II, bur at the same
time it is ernphasised that the spillways must funetion as planned even at higher tloods (from
a 50 year return time up to the design flood as per the Commiuee 's guidelines) without being
blocked by tloating debris. It should be noted that even if the questions related to tloating
debris are very important for Consequenee Class 1 dams aeeording to the Committees
definition, they should also be considered for Consequenee Class II dams, partly beeause
the safety of these dams shall be able to withstand a lOO-year tlood and partly because the
collapse of a Class II dam eould lead to the eoneentrated release of a large quaritity of
tloating debris which can often constitute an additional risk to downstrearn dams. The report
also recommends eontinued development work within the area.

Questions relatcd to floating debris are important and should be given special consideration
in the continued work involved in adapting dams to the Comrnittee's guidelines and in the
work on common guidelines for dam safety. Inventories should also be made of sourees of
floating debris.
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4. INVESTIGATIONS CONCERNING EMBANKMENT DAMS

4.1. General

River dimensioning is usually based on existing data concerning the power stations or
regulation dams. and includes information on the level ofthe impervious core and discharge
capacities of the spill ways. It is. of coursc, very important for this information to be corrcct
and that the dams mcct the rcquircments for dimensioning in other respects, Checks must
thcrcforc be carried out by carefully analysing each dam. This checking should also cover
the dam Ioundations. fl should be carried out before the selected solution is finally
determined since it would otherwise be possible at a later stage, once the mcasurcs have
been earried out, to find that the preconditions are not met and that the solution adopted
cannot be implemented or can only be implemented at a significantly higher cost. In
addition. sensitivity analyses should be performed so that information is availablc on what
tactors have a particularly strong impact on the course of events.

Checks of the kind outlined above should be made not on ly in connection with the new
design flood but also concerning dam safcty requirernents in general. This applies in
particular. of coursc, 10 cmbankment dams of Consequence Class I but also to dams of
Conscquence Class II.

A review is given below of factors that should be given particular attcntion.

4.2. Flood surcharge capacity of embankment dams

In those cases where the discharge capacity at the retention water level is lower than the
design flood, the Committee 's guidelines permit that tcmporary f100d surcharge. i.e. filling
to a water level higher than the prescribed retention water level, may be employed in
extreme cases in order to prevent dam failures in downstream dams. However, such f100d
surcharge may not be carried out so that the safety ofthc operator 's own dam is jeopardised.
A survey has been carried out to clarify under which conditions a f100d surcharge may be
employed. The study is presented in report 15, "Flood surcharge capacity of embankment
dams":

The following critical points, common to most of the plants, may determine the
maximum allowablc water leve! (see fig. 4.1 ):

- The effect of waves.
~ Intemal erosion in thc body of the dam or the foundation.
- Seepagc/leakage and erosion in the crest of the dam.
- Erosion at the toe of the dam.

The stability of the downstream slope.

The report deals with each of the above points in turn. Exarnples regarding estirna­
tions of erosion rcsistance at the dam toe are also presentcd. Finally, the rep ort
presents examples of reinforcement measures, which may be necessary in order to
secure the dam for a flood surcharge - a water leve! above the normal retention level.
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Retention
level

Sureharge

A) Surfaee erosion in the upstream slope of the dam and the crest

B) Leakage and internai erosion in the erest of the dam
e) Internai erosion in the body of the dam or its faundatian
D) Erosion at the toe of the dam

E) Stability of the downstream slope

Figl/re 4.1.

Expcrience from studying existing dams shows that in many cases there are other
faetors whieh also have an influence on the required freeboard and the possibilities
to allow a f100d sureharge. These critical points and loading conditions are unique for
each indi viduaJ plant and depend on the design and condition of the dam in question.
The following are examples of sueh faetors:

The erosion protection, the level of the erest of the dam and/or the zoning of the
dam may not have been eonstrueted as shown on the construetion drawings, and
in many cases "as builf'-drawings are not available.

- The design wind at the retention water level may require alarger freeboard than
the wind at the t100d surcharge level according to the new Swedish guidefines.

- Existing weaknesses, e.g. unexpeeted high seepage already at the normal retention
level, may require investigation and possibly remediaI measures before additional
loads from water levels above the normal retention water level can be considered.

The above experience shows that an in-depth knowledge of the dam is required before the
maximum allowable water level for t100d surcharge can be determined. This may result in
an extensive seareh in arehives. Field investigations will also be necessary in many eases
to determine how the dam really was eonstrueted and the charaeteristies of the different
materials in the crest of the dam. As further help, the approach described has been applied
at two specific dams.
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4.3. The effect of waves

When designing new dams, as weil as during review of the design of existing ones,
consideration must be given to wave effects. The effect ofwaves on the upstream slopes of
a dam depends on their size, direction and duration as weil as on the capacity of the dam to
withstand them. Whether or not overtlowing occurs depends on the sizc of the waves and
on the level of the water, as weil as on the freeboard of the dam. The effect that overtopping
waves have on the dam depends on the resistance and size of the dam, and the number of
waves that wash over the dam crest. An accurate calculation of the wave size is therefore
an important stage in the work to make the dams comply with the guidelines.

Waves are calculated as a significant wave height, on the basis of which a design wave height
can be detennined. This differs in the determination of erosion protection and of wash-up
height. During calculation, consideration must be given to the wind set-up of the reservoir.
The Committee's guidelines spccify which wind is to be used in combination with the
design flood. In addition, the dam shall also be designed for the case of water at the retention
water level combined with a higher wind (a wind with a longer return time).

A number of methods are available for determining the significant wave height, and a study
has been carried out to decide which one is most suitable for Swedish conditions.
Furthermore, a study has been made of how the upstream slopes of embankment dams
should be designed and a study of the capacity of embankment dams to withstand overtlow.

Thcse reports are presented below.

4.4. Waves in hydropower reservoirs

The studies concerning methods of calculating effective strike length and significant wave
height are presented in report 10, "Waves in hydropower reservoirs":

The calculation of wave heights in reservoirs with limited width and length is often
made according to a method stated by SavilIe (1962) which, for exarnple, is used in
Sweden. An alternative method recommended by the United States Bureau of
Reclamation, USBR (1992) results in 20 - 30% higher waves at wind velocities and
fetehes of practical interest in Sweden than what is obtained with SaviIIe 's method.
A background investigation shows that Savilles method is based on wave and wind
measurements in rcservoirs with approximately the same dimensions (length = 5-15
km and width = 1-3 km) as many Swedish hydropower reservoirs. However, the
method recommended by USBR is based on measurernents in larger reservoirs.
Therefore, it is suggested that wave heights in reservoirs with dimensions as above
be calculated according to SavilIe 's method. In larger reservoirs it is possible that this
method underestimates the wave height.

The selection of design wind is often based on wind records from other sites. A
transfonnation of these data to the reservoir in question can be perfonned by using a
statistical model, ifthere are registered wind measurements covering at least a few storms,

Accurate calculation of wave height is important from the point of view of dam safety since
it is orten a controlling factor in dimensioning the dam's freeboard.
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4.5. Erosion protection of upstream shoulders of embankment dams

An important factor in connection with dam safety is the stability of erosion protection used
in earth or rockfill dams. A study on this subject is presented in report II, "Erosion
protection of upstream shoulders of embankment dams":

All of the 19S0s and the first part of the 1990s has been characterised by efforts to
improve dam safety. The stability of the erosion protection layeron the upstream slope
of an embankment dam is an important factor for this safcty.

In 1988, Vattenfall published a manual called "Earth and rockfill embankment dams"
[3] containing guidelines for the design of erosion protection at embankment dams.
Before that the design followed guidelines used in coastal and harbour engineering.

If adjustrnents have been rcquired and performed according to the new Swedish
guidelines on design flood [1] the need may arisc to allow the watcr level in the
reservoir to rise above the retention level. As a consequence the erosion protection
layer on the upstream slope has to be increased and reinforced (see fig. 4.3, 4.4, 4.5).

The report describes how to design stable protection layers while taking into account
the design values forwave hcight and wave run-up. The design values for wave height
and wave run-up are derived from values for wind velocity, cffective fetch and
significant wave height. When dimensioning, different values are suggested regard­
ing wind velocity depcnding partly on the geographicallocation ofthe dam and partly
on the purpose of the calculations, i.e. whether it is the size of the stones or boulders
in the protection layer or the freeboard of the dam that is to be decided.

The methodology used for calculating the effectivc fctch and significant wave height
has been dealt with separately by the Royal Institute of Technology in Stockholm in
report 10 in this report series.

A cornparison shows that the guidelines for design of erosion protection layers
according to Vattenfall 's manual "Earth and rockfill embankment dams" concur with
the guidelines in the Norwegian "Regulations for dams".

A design with two layers oflong and narrow stones with the longest axis perpendicular
to the upstream surface and with the rockfill arranged in a stable fitting of stones is
an cxample of an excellent type of erosion protection layer. This method has
especially been used on dams in Norway.

There is a great deal ofcxperience in Norway of embankment dams located on a high
lcvcl, which are extremely exposed to high wave forces, Furthermore Norwegian
dams are constructed with steep slopes, often I vertical to 1.5 honzontal. which increases
the risk of damage by erosion. Since I January 1981 "Regulations for dams" is valid in
Norway for the design and construction of erosion protection on embankment dams. In
Norway erosion protection layers on dams have successfully been constructed, recon­
structcd and reconditioned according to the regulations over a period of 20 years.

Experience shows that a review needs to be made of the erosion protection on existing dams.
Consequently, a review of this type is recommended regarding both design and current
status. In addition, the re could be a need for continued development work, for example the
development of methods to strengthen existing erosion protection at dams where suitable
stone blocks. which includes their durability, are not available.
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guidefines for dams of Conscquence Class I are carried out both with the water leve l at the
retention water level and at possible Ilood surcharge leve!. In both cases, the level increases
with a possiblc wind set-up of the reservoir water level. The study is presented in report 12,
"The capacity of embankment dams to resist overtopping waves":

This stud y has been made in order to clarify what is required of the fil! in the crest and
also in the downstream slope and toe ofzoned earth fil! dams in order to resist erosion
duc to overtopping waves. Consequently, the purpose of the study is also to give an
indication of how the fil! material in the crest and shoulders affects the need for
frccboard.

A basis for the assessment ofnecessary minimum frceboard is obtained by calculating
the water Ilow over the dam crest due to overtopping waves, the ability of the dam
crest to resist wave erosion and also the stability of the downstream slope and toe
against the pressure of overtopping waves.

A review of theoretical methods for the calculation of Ilow over the crest of earthfill
dams due to overtopping waves shows that the unreliability of the results from such
calculations is significant. The method that is proposed for such calculations is
assumed to provide information about the magnitude of the Ilow. The tlow increases
rapidly with the size of the attacking waves. Therefore, the accuracy of the results
depends on correct estimations of the wave size.

The method mentioned in the report regarding stone design in dam crests in order to
resist erosion by overtopping waves can be used for rough estimates. However, the
results of the calculations are unreliable.

If the dam shoulder fill is permeable, there wil! be agradual reduction of the surface
Ilow on the downstream slope ofthe dam due to overtopping waves. This should mean
that with the same fill material. the crest or the downstream toe will erode before the
surface material in the downstream shoulder. However, if the shoulder is made up of
more fine-grained material, e.g. sand or sandy gravel, pore pressures may develop in
the downstream slope, which will result in insufficient stability with regard to slides.
Repeated overtopping of the crest can therefore not be permitted if the shoulder fil!
is constructed of such material.

If the shoulder fil I is permeable, the water which has Ilowed over and through the crest
and core of a dam will be led into the fil! and then Ilow out at some low part of the dam
toe, thus forming a water spring. Here, the Ilow rate depends on how the topography
of the terrain leads the water. A mathematical relation is proposed for the assessment
of necessary stone size in order to prevent erosion of the downstream toe.

With the purpose of demonstrating how much water can be conveyed due to
overtopping waves, and the consequential demand for proper stone size, numerical
examples based on the characteristics of a typical zoned earth or rockfill dam are
included in the report. The freeboard of the dam has been assumed to be 2.0 m and
3.0 m, respectively. For the wave predictions an effective fetch of S km has been
assumed.
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4.8. Erosion in the crest of the impervious core

The initial intention of this study was to describe the risks of erosion in the crest of the
impervious core if the water level were to rise so high that there was a tlow of water in the
filter above the corc (overllowing of the core). The study was subsequently extended to
include a more general overview. analysis and review of established criteria for reliable
filter funetion with respect to broadly graded base material such as moraine for tlow paralIeI
with but also at right angles to the interface between base material and filter. The study is
presented in report 14, "Geornechanical filters and erosion in the crest of impervious core",

The report contains a selected review of theoretical and experimental investigations
in the field of granular or geomechanical filters and filtration phenomena. Part of the
purpose has been to distinguish between and prov ide appropriate design criteria for
different types of filter situations with regard to degree of stability, type of hydraulic
load, gradation and effects of eohesion. Consequently, a distinction is made between
now paralIeI and normal to the contact surface between the base (the erodible soil) and
filter material. cohesive and friction material. horizontal and vertical filter surfaces
and geometrical and hydraulic filter criteria.

A geometrical filter criterion ensures that the base material is stable after an initial,
small amount of volume loss irrespective of the hydraulie load applied on the filter
cake. Sherard (1984) found that the equality Di/dR' = 9 corresponds to the geornetrical
filter criterion if the now is perpendieular to the base/filter interface. For cohesive
base soils, the critical grain size ratio can be as high as 60. On the other hand, if the
flow is paralIei to the base/filter interface, erosion is not prevented to the same extent
by rnechanical clogging. Hence, for friction materials the grain size ratio appears to
be somewhere in the range of 6 to 8.

For economical or practical reasons. hydraulic filter design may be utilised. This
method implies that the geometrical filter criterion is not satisfied and, as compensa­
tion for this simplification, the choice ofbase and filter material is related tothe design
hydraulic load. Since the base material in such a case is subjected to a small but finite
erosion rate, the destabilising effect should be considered in the whole life span of the
structure. However, successive clogging of transported base grains. in variable
degree, leads to a decay in erosion with time which is a significant factor to the
capability of the hydraulic filter. Accordingly, the current investigation includes
laboratoryexperiments on filter development of widely graded base soils with tlow
paralIeI to a honzontal interface. This problem is concurrent with the erosion process
induced by tlow over the moraine core in a rockfill dam and erosion in canal bottoms
provided with hydraulic filter material.

On the basis of a known grain size distribution curve for the base soil, the surface area
of the base soil that is exposed to tlow and available to erosion can be described as
a function ofthe filter development and indirectly to the erosion depth in the base soil.
The available area declines with continning erosion and thereby with continuing filter
development. In the evaluation of the experimental results, the statistical relationship
between a dimensioniess parameter representing the transport rate, the available area
and another dimensionIess parameter representing the hydraulic load was determined
from multiple linear regression. Both dimensionless parameters were derived from
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physical principles. The transport relationship is verified by the experimental results
within the ranges:

l.l l < d/()(/d'5< 4.43; O < X /d'5< 30; O < J < 40

and

The proposed rclationship can be used to describe the erosion process induced by water
overtopping the core in an earthtill dam as was done by Wörman & Skoglund (1992).

One conc!usion that can be drawn is that a filter can function even if the filter criteria are
not entirely rnet, but the fact cannot be ignored that material migration will take place in the
long term. Il should, however, be noted that the study prirnarily concerns tlows paralIeI to
the bas e material. During a high tlood situation, a short-term overtlowing of the core is more
likely to occur and the report indicates that in certain circumstances this may be accepted.

4.9. The stability of rockfiII dams during overflowing of the core

An investigation has been made of the behaviour of rockfill dams during increased leakage
and during overtlowing of the core, the filter, the transitional layer or the rockfill. The study
is presented in report \7, "The stability of rockfill dams during overflowing of the core":

Rock-fill dams in Norway and Sweden are generally of similar design - a core of
moraine, protected against erosion by surrounding sand filters downstream as weil as
upstream. Outside the sand filter there is a transitional Iayer with somewhat coarser
materials and then rockfill, usually consisting of stone without any special demands
on assortment. In principle, each layer should function as a filter to the next layer,

A certain amount of water always seeps through the care. A sudden increase in this
seepage (without any connection to variations in the reservoir leveI) may be a sign of
an unstable core. If the seepage water is rnuddy it contains suspended material which
probably originates from the core. This indicates a possible on-going material
transportation from the core, which has to be carefully monitored by those responsible
far the dam. In this situation, among others, it is very useful to know what seepage the
dam can withstand from a stability point of view with regard to damage to the dam
toe and in the rockfill downstream.

Another situation, of particular interest in connection with the reviewing of dams
brought about by the new Swedish guidelines on design flood, is when water tlows
over the care and into the downstream fill. Hypothetically, this can occur at very high
flows, if the spillways are blocked or after a dam failure upstream. The report
discusses different scenarios due to water tlowing over the top of the care, the filter,
the transitionaI layer or the rockfi Il , and also shows how calculations can be
performed. Furthermore, the report shows how to calculate the stability of the crest,
the stones at the dam toe as weil as the rockfill and also to what level the water in the
reservoir can rise before eausing a dam failure.
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Irnportant factors for the ability of a rock fill dam to withstand water flowing through
as weil as over its structure are the size of stones at the toe of the dam and in the rock
fill, and also the water level downstream. During an overflow, the flow ofwater in the
filter is usually considered to be insignificant, and it is therefore important to carefully
establish the true level ofthe filter along the dam. During analysis, consideration must
be given to all the conditions affecting the dam in question, such as how the water
flows sideways.

One way of improving the stability of a dam in connection with water flowing over
and through the structure is to construct a retaining embankment with large stones at
the toe of the dam and in the lower section of the supporting fill.

There is a need for continucd development work in connection with the simulation of the
flow in the downstream fill. whereby the opportunity also cxists to make comparisons with
the experiments being carried out by BC Hydro in Canada in connection with the drainage
capaci ty of rockfill.

[t should be mentioned that, withrespect to rockfill dams founded directly on bedrock. there
are no known cases of a dam failure occurring as a result of internaI erosion.

Section 1-1

Figure 4.7. Rockfil! dam during overflowing ofthe corc.

4.10. Filters in embankment dams

During a tlood surcharge. an embankment dam is subjected to greater loads than under
normal conditions, and it is therefore important for the dam to have adequate safety margins
to withstand this additionalload without failing. One advantage in this context is the fact
that a flood surcharge can only continue for a limited period of time. The velocity at which
the surcharge takes place is also important in the assessment since a slow rise in the water
level is more advantageous than a rapid rise.
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The impervious core IS naturally of decisive importance to the function of the dam, but
impervious corcs are in tum depcndent on there being sufficiently cffcctive filters. The
upstream filter can be said to have the function of preventing material from being
transported out from the impervious core into the rcservoir and, whcn necessary, providing
the impervious core with replaccment material, for example if fines for sorne reason have
moved from the impcrvious core. The principal task of the downstream filter is to prevent
the transporration of fines from the impervious corc,

The downstream filter can therefore be extremelv important to the function of the dam
during a surcharge. A poor quality downstream filter may involve a risk of the impervious
COlT having alrcady lost fines. and thcrcfore having an impaired function, and a risk that the
increascd water pressure during a Ilood surcharge will initiate the washing out of fines.

In view of what is stated above, an inventory has been made of the downstream filters in
Swedish embankment dams as weil as an analysis ofhow much importance can be attributed
to the results of the inventory with regard to the function of the dam. The inventory of the
grain size distribution in the downstream filters of embankment dams and the analysis are
presented report 13, "Filters - inventory and functional analysis":

An inventory of grain size distribution of the downstrcam filters in earth and rockfill
dams constructed after 1950 has been produced through studies ofthe VBB Anläggning
and Vattenfall archives. Most of the data has been collected when testing filters in
connection with construction. but in some cases therc is also data from suhsequent
tests carried out in connection with investigations of obscrved deterioration.

Changes in the filter regulations since the first spccifications wcre introduced,
following Terzaghi's studies in the 1940s. have been revicwcd, The regulations
described in Vattenfalls "Earth Dam Manual" of 1958 (in Swedish) were applied
during the principal construction period of Swedish dams. However, there were same
uncertainties in the regulations and no instructions on the maximum grain sizc for the
filter materials were included. This led to significant variations in the particle sizc
distribution of the filters and in many cases the filters were allowed to have an
unspecificd, relatively largc, content of cobbles.

The current specifications for the design of filters are presenred in the handbook
"Earth and Rockfilt Dams", Vattenfall 1988 131. In general. inipermeable cores of
rnoraine now require fincr filters than specified in the previous regulations. A limit for
the maximum grain size of the filter material is also specified in order to avoid large
accumulations of cobbles in connection with construction,

The inventory compriscs data on the particle size distribution of downstrcarn filters
in a total of 44 earth and rockfill dams. The results show that at most of the plants the
particle size distribution D 15 does not comply with the currcnt filter criteria. At sorne
of the dams it can also be obscrved that the maximum grain size for the filter material
exceeds 60 mm, which is the upper limit in the current specifications. However, many
dams have records that do not contain any data on maximum grain size.

This study has not included any systematic review of which dams have experienced
problems such as seepage or sink hales. However, the inventory does indicate that
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Figl/re 4.9. Reinforcement ojdownstream slum/der and toe with a retaining hank.

dams where such damage has occurred have downstream filters, which are among the
coarsest of those listed (see fig. 4.8). There is also information from the examination
of some dams with such damage, that the filters had both agenerally coarse level of
large Dl) and a large content of cobbles, leading to separation with accumulations of
cobbles.

In those cases where the requirements made in the new filter regulations are not met, greater
attention should be given during scheduled and routine inspections to detecting the onset
of internaI erosion or seepage at an early stage. In addition, increased instrumentation can
in many cases be recommended - in the first instance for seepage measurement. For
cmbankment dams in which the stability is not secured in connection with major seepage,
reinforcement of the dam toe or the construction of a retaining bank of riprap on the
downstream side of the dam may be considered in order to increase stability. (See fig. 4.9)

It should be pointed out that the quality of the filter is very important also at normal water
leveIs.

Experience also shows that restrictions should be applied in addition to those specified in
Vattenfall's manual from 1988.

4.11. Ageing of embankment dams

When analysing the capacity of embankment dams to with stand new loads, it is of course
important to consider the changes that may have taken place since the dam was built which
may be attributable to age. This applies to the dam as a whole, but since changes in the
shoulders are easier to discover during inspections, etc. it is largely changes in the
impervious core and filters that are of particular interest since changes here are difficult to
detect. Ageing is defined as the kind of changes that have a negative effect on dam safety
and which occur more than S years after the dam was completed.
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Consequcntly, these quesrions have been investigated in a study by rueans of an inventory,
which was carried out by sending a questionnaire to those people responsible for the safety
of dams higher than 15 m and to those who are ~nemhers of the Swedish Power Association.
Subsequently, a eompilation was made of all the answers received, which were then
analysed, An inventory and analysis of changes due to age are presented in report 16.
"Ageing of embankment dams":

The effects of ageing on Swedish earth and rockfill dams have been studied hy
compiling the answers to an inquiry sent to owners of dams higher than 15 m.

In Sweden there are 119 earth and rockfiIl dams higher than 15 m. However, if
deterioration was observed in lower dams, this information was also collectcd and
included in the result.

The result of the inventory show that a total of 84 earth and rockfiIl dams, of which
68 were higher than 15 m, had experienced sorne kind of ageing. The degree of
deterioration varied to a great extent. In sorne cases erosion had been observed in
riprap protection on the upstrcam slope of the dam. These types of deterioration have
little, if any. influcnce upon the safety of the dam.

The ageing cases were grouped into 13 different types. Surface erosion was found to
be the most common type of deterioration. After that came sinkholes at the crest or
shoulders of the dam. Sinkholes were in many cases reported to occur in cornbination
with other types of ageing, e.g. seepage in the foundation or in the dam body.

Internai erosion is, aceording to statistics reported by ICOLD, the cause of a large
portion of the total number offailures in earth and rock-fill dams. InternaI erosion is
linked to the cases of sinkholes and seepage reported in the inventory. Attention
should be drawn to the se types of deterioration, since these in some cases eould
seriously affect the safety of the dams in question. The amount of seepage and the
erosion resistance of the materials involved are factors that affect the development of
a possible failure.

The deterioration cases were almost all detected by "direct observations" in connec­
tion with plan ned inspections by operators or engineers. Thus, the surveillance of the
dams is very important from a dam safety point of view. However, additional
instrumentation should be considered in order to discover the ageing at an earlier
stage. As a first step more dams should have a system installed for continuous seepage
measurcmcnts.

Finally, the necessity of research regarding the ageing of embankment dams is
discussed. It is proposed that the ageing phenornenon, which is difficult to detect,
should be studied in order to reach a better understanding as weIl as obtaining
appropriate methods for detection. Details from where the problems have occurred,
e.g. the quaIity of the downstream filters in existing dams, especiaIly in the vicinity
of eoncrete structures, should be studied.

45



The report confinns that with time. certain changes take place that may be of importancc
to dam safety, which means that in general it is important to considor changes in
embankment dams and in particular in connection with investigations inta the capacity of
a dam to withstand a flood surcharge. Il is also stated that the inspections by operators and
engineers are important for the detection of damage and that increased instrumentation can
in many cases be recommended.
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5. INVESTIGATIONS CONCERNING CONCRETE DAMS

5.1. General

Concrctc dams, like embankment dams, shall be checked to ensure that they can withstand
the loads that are imposed on thcrn with the particular river dirncnsioning solution ehosen.
To begin with, it is oftcn assumed in the dimensioning work that concrete dams will be able

to eope with both a tlood surcharge and overtopping, and that new spillways are thereforc
unnecessarv, The calculations are often intended to determinc the water level that mav, .
oecur. This is often true, but not always. so a check calculation and status assessment must
naturally be made in each individual case, and in some cases it may also be important to
check the function of thcsc dams under normal condition. Consideration may in particular
need to be given to the ageing phenomenon, e.g. with respect to the corrosion ofanchorings,
both prostressed and not prestressed. Thcrc is also good reason to make a review of the
original calculation and assumptions, The dam Ioundations should also be checked.

5.2. The capacity of concrete dams to with stand overtopping

A study has been made to dcterrnine if, and under what conditlons. it is possible to handle
design floods according to the Commiuees guidclines by allowing ternporary tlood
surcharge or even overflowing of eoneretc dams. The study on these issucs is presented in
report 19, "The capacity of eoneretc dams to withstand overtopping":

The study shows that it is impossiblc to give a simple general answer. It is necessary
to perform new and more thorough examinations before it can be decided whether it
is advantagcous to overrop the eoneretc dam or to build more spillways,

Some of the examinations concern the connection to the existing embankment dam.
This very sensitive area must be given particular attention, since it easily crodes
without the necessary precautions.

Qucstions regarding what happens to an embankment dam when thc water level
renehes above maximum retention water lcvcl are reported in a separate project
(report 15).

In the report. stability calculations for the new loads are described. The general status
otthc concrete structures should also be checked with regard to new loads and the risk
of cavitaiion in spillways,

The report also shows that it may be necessary to perform geological investigations
downstream from the concrete dam as well as along the new waterway, For instance,
therc may be a number of eraeks in the bedrock downstream and close to the dam. If
sorne of this rock is torn up when overtopped, it could jeopardise the stabil ity of the
dam. Thercfore the bedrock may need to be strengthened with concrcte, which is
anchored and drained.

The geological investigation of the soil also gives the answer to the question of
whcthcr there are some parts along the new waterway that are more sensitive to
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6. INVESTIGA,nONSCONCERNING THE SPIU WA,V SYSTEM
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this context. gates also exist for other purposes. e.g, bottom outler gates for releasing the last
water remaining in the rcscrvoir, but which are not intended to be opened at full water
pressute and for this reason cannot be uscd during a high Ilood. Therc are also skimmer
gutes, i.e.log floating gates, which are (or were) used for logging operations, but which have
a limited discharge capacity.

Watcrways downstream from spillways must of eourse also be ablc to withstand the effects
of the flowing water throughout the period in question.

The Committee 's guidelines specify that only discharge from spillway devices, which can
be used with full rcliability and at short notice may be included in the discharge capacity.
Thcy shall of course also have the capacity assumed in the dimensioning work.

The expression "with full reliability and at short notice" has been discussed, and the
interpretation that has been made can, with respect to dams in Conscquence Class l, be
summarised to rnean that there should be redundancy with rcspect to for example power
supply in order to open the gates and thai "short noticc" should be seen in relation to the rate
at which the water level in the reservoir rises and the capacity of the dam to withstand a
ternporary surcharge. The requirements will be formulated in guidelines that are workcd out
jointly within the power industry.

The rate ofwatcr rise is normally (during river dimensioning) calculated on the basis of the
design scqucnce. If the rate is low, there is a chance for certain mensures to be taken for
cxarnple the connection of mobile power supply. Il should be notcd that according to the
Cornrnittee, the design flood has a certain charging period and that there is thereforc a
chancc to take certain action. such as incrcascd manning of the stations. At the same time,
there are restrictions in the resources with respect, among other aspeers. to personnel, since
a design tlood concerns several or sornetimcs all the power stations and regulation storages
in the river in question.

Furthcrmorc, in certain cases redundant power supply (or some other system) is required
in order to open gates which can cope with discharging turbine drive water when a station
is sudden ly switchcd off. In this case the rate ofwatcr risc, ofcourse, is the important factor,
The redundancy requirernent has often been solved by installing two separate power supply
systems - one bascd on direct CUITent and the other on alternating current - which normally
opcrate on different gates.

As regards the demands for availability of the gates, therc are also differenees as a result of
geographicallocation and thus associatcd temperature conditions. The probability of a high
flood concurrent with conditions, which mean that gates may be frozen in place, requires
analysis from case to case. This type of event may be rnore likely to occur in the southern
parts of the country.

In connection with work on spillways and waterways, it is important to take dam safety into
consideration by making a careful analysis before the work is started. Examples of such
mcasurcs could be not to work on several spillways at the same time, to have a standby
power uni t available at the gate, to have extra personnel on duty for the event of an
ernergency, etc. Carefully considered planning eould also significantly reduce the risks. For
example. when rcplacing the wires on a gate. the new oncs should be on the site and checked
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in t a l l e d . forc t h e n ex t Ll nl'l~ r c m oved. CK' . l'IlIC des i u u otthe~lI1C ha, iL' a r u l e been made

such. that one wir' " c noug h In n pcn il).

II il n,'. Ihe intention 01 thi s report serie. to determ ine J m;Lnd, in conncction WIth
rcdundancy, for cxamplc. fur darn-, in diff erent consequence d asscs. This will he done a,
,"' 11 nI' a seeond prnjcct. klO S 1111 1. which il in progress wirhin the power industry ami
I r which the reports of this P'Oj" I , erve as inpul.

' I h-c ICJ1<l1l le ne, mctudcs reports 0 11 how the uClUlIJ dischal}:c cap"c i l~' " r xpillway» is
dcrcrrn lncd,on rhe fu nct ionnl safery Of lhc <p lllway !!:l1C~ ,1I1U on the precond irio ns CI~ , f",
the u-c of fusc-pluas 10 merense the disca,u e capaciry, The DCI artment ur Hydra nlic
Enginccring at the Royal In ritute (1 Tcehrmlogy in Sh..:lo.hultll h.IS. with sUJ1 111 from the
!",wer i nd ll s, ~'. s1U lied the r ossioilil) 01 uslng siphon vpillw öl}" 101' lhi.' same plIrpose.
\\ lnch al,,, could be nf interest 111 1.

A sumrnnry j, given below oI' Ihc report- wrinen on the subjec: and al,o a 'IUJ~' "r the
tcchnicnl potential fnr di.<charging rhrouph turnines. "'h ich has been earned 0 11 1within this
i ll\'e"iligalinll wnrk
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6.2, Real spillway dls charge capacity

111 connccuun "' llh the work on :luapu nj1 the dam s lO ne w desrg n l100tls In :I C~ord;1I1 e with
the Comminee' s uuidel lu . • 11 i, imponam to usc mo CO/Te [ vulucs for the discharge
cap:! Il)' of~pillways , Discharge wiII nunual ly lake pla c al a hiehe r wuter le, d (and hieher
t lnw I than was o rigina ll}' a. SU1I1ctl, ' 111i 1101'11lally 1I1<':1I1S that the e ' i' lillg di,charge curve
has lo be exr rapola ted . Revi w of rhc spil lway capoci ty ca lc ulations have iII lIIany cases
shown il to have been o vercsn mared ami pillwuy l e , ts with hi uh di. cha rtics hav e often
revenled design and con, rrucri n mi lakes. 1\ stu dy has rhe rcforc bee n made on how the
act ual discharge e"l)ad'y .hnukl be de termined. which is prc -eutcd in report 5. " ReOl I

spillwuy discharge capacity":

T he report defi ne» I",U kindv uf 'pi llway Jisch.lrge ...a pac itie s 11'0 hyd ru ul lc
Spill\\llY· cnpuci ty is in Ihis report de fi ned as II~ theoretical discha ree capac it orthe
srruc turc wuh no regard lO res tn erlons iruposed by crosion. utundation, vibrntions e tc.
o n [h" " ii i",a)' " r i l , -urrouruhnes. The tech nlca l s pllhu I) L~I It;ldt) is here defined
a, the disc harge l~l l'aC i lY \\ illl reganl Iu suc lt lt!slr icl iug rad llr' .
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Figure 6.6. A spillwas at Älvkarlebv Power Plant. Thefonn ofthe water surface
througli the middle of' the spillway.

With the aim of developing an alternative to physical modelling for determination of
hydraulic spillway capacity and to some extent also technical spillway capacity,
mathematical models have been made of surface spillways in the hydropower plants
Trängslet and Älvkarleby. Moreover, a mathematical model of a bollom outlet at the
Holmen power plant is presented. Mathematical modelling is a technique with
considcrable potential but the initial difficulties should not be underestimated. It will
be sorne time beforc sufficient experience has been gained for an aceurate and reliable
engineering tool.

The available expericnce from protoiype discharge tests indicates that such tests are
of great value for the determination of technical spillway capacities, On several
occasions such tests have initiated reeonstruction and strengthening of spillways and
adjacent structures.

Flow measurements have proved to be difficult during prototype discharge tests and
the traditional rnethod. using current meters, has given inaccurate results, New
acoustic tcchniques are recommended. However, where the eonditions are favour­
ablc, nearby hydro turbines can be used for now measurements,

The documentation of performed prototype discharge tests has in several cases been
insufficient. A designated test leader should be responsible for the provision of an
adequate documentation.

It is sometimes difficult to perform prototype discharge tests bccause of the risk of
eausing damage along the river downstream. In such cases, other methods are
required to deterrnine discharge capacity. Physical modelling is the most accurate
(and expensive) method available, followed by mathernatical modelling and theoreti­
cal calculations.

In the first inslance those spillways should be investigated where a mistake in the
determination of the discharge capacity can Iead to serious repercussions or where the
discharge capacity is unusually difficult to estimate. Spillways meeting both these
criteria are of course especially important to check.
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Figur 6.7. Spi /IIL 'uy ...here the ....el \IYI.\ Ilamt/g,'d drt r ; l l j? «t«. 1.

-111<" iIlVC'lig;Ilillll , hll"'" Irull , .1 il ru,', nor alre uly h'~llm'll l~, '1 review : noulJ~ earned (11.11 u l
the li 'chll l'J.l ~ ' ''P'' ily01the spillwuys In Ihi> context. ensideration should be given 10 thosc
fa~lors th"l mc specifled in rh • rcpOI1 This ,Ipph~s .lb(, lo <1.1111< nf Cl' Il' C'l lICIK'C' el.ls, II •
•dlhllugh dum, 01COIl"'tI" mce 'Iu" I should be given pnurny, espcc mlly thovc th.u are
dilf ·ul. Il a,scs~ correctly,

6.3, FunCllonal relIabIlIly of splllway gales

lC Conuniucc's euiucllnc- P'C ' Upp"'c. a pcciflcd ubove. lhllt " li ly lhu-e <.lis ' Iliug"
dc viccs ,, 11Ich 1::111 be: used with lull rcliahiluy and III short notice rnay be: in luded in
calculationvofdischarge cap, uv.A stud)' ha, thcreforc been made rcgardinp the tun nunal
rcliabrlily III g.lt.:-" " hich b presenred iII Icpou 7. "Fuuctiunul i el iuhi litY•'[s pilI\l ny ~ lIle ,""

The ii rvI slllge 01 the illlcsri!!:llio!l consistcd III' collccnng iuformat ion on Iault
trcqucncy, tbc most common taults and also possible breakdowilSofCXlstilll!spillwa~

~lIle' il ' .10 inqutry covennp major hydropower an I watcr r ~\l l a.ion enrcrprisc in
Sweden. The inquiry was tullowed l ~. pcrsoual visil" and rclephonc intervicw to
ensure n 1110 1 derai led comprlarion of ra IS. TIll' In \' CS" rat ion was subsequem ly
extend LI ini" :1 ,c.und sia 'e which pmp.. -ed TOe.IS UTe ' ••md luter 'll,n inc luded sorne
el cnl "ee, atul s,afe.)' .U1ul)',j ,

The mvc ntnrie» ..r tIll Ils and "rnhlern, , hu""...1 tluu mo re xerinu 1116 ent' lir
ilreaktluwns d ue I" the I.IL: or ,'ale lunc nuns are very rare. The p,'",e r intillSIl)' Wllrk,
on. 1:11111 ' i11m:llnlailling and impmvinp il high IC\'dufd iw harge ,afel~ , _tal"d bclow

are l tew urea! of specral importance or where pmhkms have proved ... hc
comparativel ' u, ulI l and thu» shouhl bc ~' I\cn special auc rnio n.
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Figur 6.8. Radial gate. Figure 6.9. Sector gate (oscillating gate).

Shortfalls in the function of limit switches are a common problem, which can cause
serious disturbances, perhaps even a breakdown of a gate or the machinery. Problems
with the lubrication ofbearings in segment and sector gates wire fracture, freezing and
loss of communication links can also cause disturbance or absence of a function.
Other, not unessential, eauses ofdisturbances are shortfalls in the organisation and the
division of responsibility.

Attention should be drawn to limit switch functions and system design, and especially
to back-up power, monitoring and the "KAS-system", a protection system, which
automatically opens gates if the water leve I becomes too high. Recommendations for
the entire hydropower industry (in Sweden) should be established.

Designs and methods foreffective bearing lubrication on new as weil as existing gates
should be devcloped. Equipment for heating and anti-icing should be monitored in
order to discover faults as earlyas possible and to avoid being surprised by a
malfunctional gate. loint design guidelines on gates and lifting devices should be
established for the hydropower industry.

Ahomogeneous marking of spillway gates within a plant should be introduced to
ensure manoeuvring of the correct gates. A schedule outlining the mai n data for the
entire discharge apparatus (gauges, gates etc.) should be available at every plant.

Similar instructions regarding inspections, condition controi and monitoring of gates
and lifting devices should be followed by the entire Swedish hydropower industry.
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The frequency of training should be increased for extreme situations such as long­
term power failures and large floods acting simu1taneously on several power stations
along a river. Improved routines regarding the reporting of incidents should be
esrablished within the power industry.

The aim of the work has been to provide basic input for analysing the safety and reliability
of common types of gate system. The report provides reliability assessments and proposals
fortechnical designs and equiprnent, and points out the irnportance ofdetailed operation and
maintenance procedures as wcll as training, practice and preparedness for extreme situa­
tions. The report also disensses requirements for the organisation needed to maintain a high
level of discharge reliability. The views may be of value in more general terms. but there
rnay also be other acceptable solutions.

On the basis of questionnaires and intervicws held with operational stall at a number of
power stations as part of the project. fault tree analyses have been performed for different
types of gates. These are presented briefly in an appendix to the report. Fault tree analyses
have been carried out for the spillway gates in Yngeredfors Powcr Plant by Sydkraft and
earlier by Vattenfall for Stadsforsen Power Plant.

The report will also be used as a basis for the joint work that is being carried out within the
power industry in Sweden conceming common guidelines for dam safety among power
companies, which also includes a common incident reporting system.

6.4. Fuse-plug as auxiliary spillway

The new guidelines for design floods are expected to involve the need for increased
discharge capaeity at a number of dams and same form of fuse-plug eould then be a good
solution. A study has therefore been made of when this type of spillway can be suitable and
how the design can be effected.

The Committee's guidelines indicating that only those discharge devices which can be used
with full reliability and at short notice may be included in calculations of discharge capacity
can, depending on the conditions at the dam in question, be solved with various technical
systems or by a high leve! of preparedness. One alternative could be to have an ernergency
spillway that opens if the normal spillway fails to open as intended. This spillway could be
of the fuse-plug type, the activation of which could be either autornatic or manual.

A study on the question of fuse-plugs is presenred in report 8,"Fuse-plug as auxiliary
spillway at existing Swedish dams":

The stud y consists of a general analysis of the fuse-plug spillway and of its potential
as an auxiliary spillway at existing Swedish dams in connection with the application
of the new Swedish guidelines tegarding design Hoads. Erodible dams as a particular
type of fuse-plug have been considered as being most appropriate for use under
Swedish conditions and are therefore described in more detail in the report.

The repan gives recornmendations on the design of fuse-plugs that are to be built at
existing dams. The repan also shows how to conduct the analysis and the choice of
which type of spillway is most appropriate for use as an auxiliary spillway. Problems
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that have been less studied and which are specific for Swedish conditions, e.g.
freezing of the material. as weil as new problems appearing when a fuse-plug is
introduced at an existing dam are also mentioned.
Some of the recommendations and conclusions of the repor! are as follows:

As a result of the ongoing river dimensioning review based on the new Swedish
guidelines regarding design flood, sorne of the dams may be used for f100d mitigation
and othcrs may need to be provided with an increased discharge capacity.

In cases where the discharge capacity has to be increased, the choice of a Iuse-plug
as an auxiliary spillway may be advantageous if the floeds passing over it have a
return period of more than 100 years. The advantages are a generally lower cost as
weil as the fact that the fuse-plug activation system is independent of the mam
spillway activation system and usually automatic (self-acting).

The required discharge capacity during design t100d has to be unconditionally
available at all times. To guarantee this. redundant systems may be used for activating
the opening systems for gates. An alternative solution could be to build an emergency
spillway, for instance a fuse-plug with an automatic activation system, independent
of the activation system of the mai n spillway.

Many parameters and circumstances deterrnine the choice of solution, especially
when building auxiliary spillways at existing dams, and therefore each case has to be
studied individually. Besides the technical and economical aspects there are also legal
problems that have to be clarified as weil as psychological effects on the population
living in the vicinity of the dams. The fact that the expericnce of building and
exploiting fuse-plugs is lirnited makes the analysis of this solution more difficult
compared to others.

When adapting existing Swedish dams to the Cornrnittee's guidelines, increased spillway
capacity or emergency spillways may be required at some dams. Inthese cases, a fusc-plug,
for example an erodible section of the dam, may be an alternative. The report analyses the
preconditions for this solution as weil as its advantages and disadvantages. Various types
of problems and solutions that are covered in the investigation in connection with fuse-plugs
(e.g. downstream erosion proteetion) mayaIso be of interest for other types of spillway or
in order to study flows through dams. Studies of the function of an erodible section of dam
may also be of value for dam safety analyses in general.

When ehoosing solutions, it is important also to deal with problems that occur in connection
with unintentional activation and, as far as emergency spillways are concerned, the case in
which not only the normal spillway but also the auxiliary spillway opens by mistake. A risk
study of the alternatives is recommended.

6.5. Discharge through the turbines

During the coursc of the Cornmittee's work, it was discussed how to view the question of
water release through the turbines, and the Committee decided, with the justification that
it would be reduced owing to a high tailwater level, that it should not be counted in the
discharge capacity (during the calculation work it is (according to the guidelines) assumed
that the turbine drive flow will stop from and including the ninth day of the t100d sequence,
when the extreme rain occurs). Another reason for not counting turbine drive flow is the risk
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of a station being sh ut down (tripped). the prohability ofwhich is greaterduring a high flood

situation than under normal conditions. There rnay be stations, howevcr, where the tailwater
level has little or no effect, and at which it is thus possible to use discharge through the

turbines as an alternative to building a new spillway. For this reason. a case study has been
made concerning the possibilities of using the turbine waterways.

In order to gain an overview of the potential and problems involved, data from a real hydro
power station with Kaplan-type turbines has been used and alternative ways, in a high tlood
situation. of dischargirig through the turbines without connection to the grid have been

studied, i.e. without the braking effect of the generators. A shutdown of power plants
following a loss of the grid must be assumed to be likely during a high flood situation.

The main alternatives idcntificd are:

- the runner blades on the unit are rcrnoved
- the unit is locked to prevent rotation

- the unit is allowed to race at high speed without being braked

(There may also be alternatives incorporating house turbine operation and wrongly combined
(over-opened) turbincs which, however, have not been studied in any greater detail).

As abasic focus for the study, a discharge (min 220 mvs) of the same size as the turbine drive

water tlow was selected. At a tlow that is so high for a measure of this type to be necessary,
large head Iosses occur downstream in the case studied (a tailwater level 2-m higher than

normal). The upstream level isjudged in this case todepend also on the Iact that this increase
is nccded in order (togethcr with discharge through the turbine) to obtain a sufficiently high
discharge capacity at the spillways.

If the runner blades are rernoved, the now through the turbines wi II only be controlled by
the guide vane openings. It has not been possible to find any model tests that show the tlow

as a function of the guide vane openings, but it is judged purely theoretically to be possible
to diseharge 250 m'/s at the heads in question. In this case too, there will probably be
vibrations and a risk of damage to bcarings, runner charnbcr, tailrace tunnel, etc. Whichever
rncthod is used to rernove the runner blades depcnds on how much time is available, but the

fastest and at the same time most drastic way would be to cut away the blades by earbon are
cutting. The method rnay be judged as being Ieasiblc and realistic. but owing to the cost of
replacing the runner blades and the risks involved in the dismantling operation, which is

expected to take place under watcr, the remainder of the study was focuscd on the other
al ternati ves.

In the alternative involving a permanently braked unit and runner blades opened to the
maximum extent (and lockcd), the tlow is estirnatcd to be approximatcly l30m'/s according
to mode! tests. Bcfore adopting this mcthod, further studies are required, for exarnple
concerning locking methods for the shaft, load cascs, etc.

In the alternative involving racing without braking, two cascs can be identified:

racing with combined turbine

- uncombined racing

Following contacts with the manufacturer, it is decmed that long-term racing in excess of

twice the synchronous speed should not be allowed, which in the case studied means a
restriction to 150 rpm. A reservation is, however, made regarding the possible harmful

vibrations and that the bearing temperature does not become too high.
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In the casc of racing with uncombined turbine. the study showcd that in the most
untavourable case the maximum speed would be rcachcd at a hcad of somewhat below 5
m and the discharge would be approx. 240 rnvs. At a head of 7 m, the speed would be 190
rpm and the flow approx. 290 rnvs. The runner blades and guide vanes are assumed to be
lockcd. The assessment made was that even if the dcsircd flow could be aehieved in this
case. harm ful vibrations would be likely to occur, which could shake the benrings. runncr
charnbcr, tailrace, etc. apart. A limitation of the speed could be achievcd by throttling the
tlow with, for exarnple, a tailrace gate,

In the case of racing with a combined turbine, it is decmed theoretically possible to
achieve a now of 250 mvs, and up to a net head of 7 m a speed of 150 rpm should not be
exceeded. In order to determine the now (i,e, how large a guide vane opcning can be
permitted), which can be released through the uni t without serious problems occurring. a
plant test was deemed to be the most suitable solution, The continued work on the unit
stuelied is being focused on this,

During contacts with turbine manufaoturers. it has been discovered thai model tests were
carried out for several French power stations during the 60s with regard to the possibility
of allowing the unit to race for a longer period and determining the now thai could then be
acceptable, Several tests were also carried out on installations. The results of the tests
indicated that cavitation problems and instability in connection with uncombined units are
the lirniting factors and that large runner angles are Iavourable in order to allow through
large tlows. A certain number of trials were carried out in cornbination with a throttling
tailrace gate, which gave very good results (quict and smooth operation even when racing).
Flows up to maximum operating tlow were tested in this way,

The possibilities ofusing turbine waterways in combination with high tlows appeal' to exist
and can, at stations with favourable conditions, have a valuc both as part of the future
solution for how to discharge the design tlood and to provide the chance to improve the
possibilities for coping with a very high tlood that occurs before the facilities have been
reconstructed, in which the discharge capacity shall be increased. Furtherrnore, the method
eould in certain cases provide standby capacity if one of the ordinary spillways is not
working. In order to avoid blocking of intakes, ongoing efforts will probably be necdcd to
clean them throughout the period in question.

If it beeomes necessary to avcrt a dam failure with serious consequences, exceptional
damage to turbines and generators can of course be accepted. A precondition for being ablc
to usc this option is that a comprehensive review and documentation be made of how it can
be effected at the station in question and that the authority exists for making a rapid deeision
on action to be taken.

According to the assignmcnt, an analysis of the discharge possibilities through the turbine
has been conducted in the form of a short Ieasibility study and is not reported in any way
other than that outlined above. The work has been carried out by Vattenfall Vattenkraft in
cc-operation with Vattenfall Utveckling AB and Vattenfall Hydropower AB.

Il should be emphasised that the inclusion of discharge through the turbine waterways in the
dimensioning work involves a departure from the Comrnittee's guidelines and should
therefore be approved by the VASa Dam Committee.
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7. INVESTIGATIONS CONCERNING MONITORING
AND EXAMINATION OF EMBANKMENT DAMS

7.1. General

During adaptation to the Cornmittees guidelincs, the solutions in certain cases are judged
to involve mitigation by ternporary flood surcharge of certain dams. In order to be able to
usc this possibility, a determination must be made of what technically the dam can actually
withstand - on the one hand more theoretically with respect to the structure of the dam, etc ..
as weil as on the basis of what conditron the dam is in. Furthermorc, it is important to be able
to assess the real cross-seetioris of the dam, in particular the levels of the impermeable care
and the overlying filter as weil as any low points for these along the dam.

Status inspection is also important in the future in order to be able to detect and, where
ncccssury. repair changes that may affcct the function of the dam both generally and
specifically in conjunction with a temporary tlood surcharge. Dams are also affected by
changes due to ageing, which means that the development of methods for monitoring and
examination that can at an early stage detect small changes is also of interest from the point
of view of general dam safety. The inspection of dams is earried out in different ways and
with somcwhat different aims throughout the lifetime of the dam.

During the construction stage, construction inspection is carried out and, in connection
with the Iirst impoundment, functional inspection that then continues for several years after
cornmi sSlomng.

Following this, dams are monitored during the operational stage in various ways as part of
the work on dam safery by means of operational inspections that are carried out at various
intervals, Ifdarnage is discovered, it is subjected to special examination. Simi larly, a special
investigation may be necessary if a study needs to be made of the capacity of the dam to
withstand some form of new load, for example a l100d surcharge. Monitoring aims, at an
earl y stage, at detecting damage so that repairs or same other suitable action can be carried
out at the right time. Monitoring also includes, for example, obsetving seepage through the
dam and discovering settlements or abnormal rnovcments. Monitoring can with certain
mcthods take place continuously in terms ofboth time and along the entire length of the dam
by instrumentation of the dam for e.g. leakage measurcment, whereby the water that seeps
through the dam is collected at a number of rneasuring points. With other methods, the
monitoring is carried out at certain intervals in time or at certain selected points along the
dam.

If damage is discovered, there willnormally be an examination to determine the reason.
extent and suitable mcasures in which context both well-tried, traditional as weil as new
investigation methods can be used. Once the damage has been repaired, a new examination
can be made of the area in question to check that the results intended have been achieved.

Certain methods can be uscd for both monitoring and examination. When selecting
methods, one iniportant factor is whether the investigation can be carried out continuously
along the entire length of the dam, for a plane through the dam, along a line or only give a
local random sample or a mean value for, for example, a certain part of the dam. Another
factor is what the method primarily investigates and what connection it has with the

63



condition of the dam. The more indirect factors are studied, the greater the risk can be of
other factors, irrelevant to the safety of the dam, having an influence on the results and
giving wrong indications or diffuse results that are difficult to interpret. In the same way,
it is, of course, desirable that natural variations in the dam, for example regarding the level
ofcompaction or water content, can be separated from Iaults and changes in the dam. During
repair work, it may also be of interest to be able to follow how, for exarnple, grout is
dispersed and the effects of the repairs on, for exarnple, seepage. Tt is also of interest in
certain cases to know how long it takes to obtain the results.

Of particular interest are certain methods that make it possible, after damage has been
discovered, to compare a measurement over the area damaged with an earlier measurement
(fingerprint) and preferably. by for example computer tomography, obtaining a picture of
the change. It is important in this context for the mcasurements to be corrected for different
water levels in the dam on the measurement occasions,

Costs and time expenditure are other important factors in connection with choice of method
and are strongly influenced by what measures need to be taken in the dam in order to carry
out measurements. It is of course preferable that little or no measures need to be taken, for
example ground-penetrating radar measurement from the top surface of the dam or that
already installed equipment can be used, e.g. water level tubes. Methods that require
measures such as sampling by drilling or the installation of new tubes for measurement
always involve undesirable encroachment on the dam structure and often high costs, which
may limit their use to limited areas where damage is indicated in other ways.

During more recent years, the power industry in co-operation with the Swedish Council for
Building Research and the Royal Institute of Technology have carried out a number of
projects in connection with the status inspection of embankment dams, including ground­
penetrating radar measurements for checking the crest level of the impervious core and the
impervious core from both the dam crest and between boreholes, which has made it possible
to carry out tomographic analysis of the measurement area. Furthermore, automatic systems
for seepage measurement by the collection of leachate have been further developed and
methods for seepage measurement by the analysis oftemperature variations in the dam have
been developed.

Within the framework of the present report series connected with the Committee's
guidelines, a study and compilation have been made oftraditional methods for checking the
status of embankment dams and several studies concerning more recent methods.

International experience and the fact that the installations are growing older have shown that
there may also be a need for a more detailed evaluation of the safety of the facilities.
Vattenfall has started a successive safety review of its most important facilities. The
evaluations comprise for example a review of design data and comparisons with current
guidelines for construction and operational safety, but also an evaluation of information
gained in connection with status inspection. The studies carried out in connection with
status inspection may also be of value in this context.

The investigations are presented below:
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7.2. Established methods for monitoring and examination
of embankment dams

The aim of this study is to describe established methods and it is presented in report 20,
"Established methods for monitoring and examination of embankment dams";

The practice has been to design dams in order to provide a certain degree of safety
when the water leveIlies at the retention level of the dam and tloods occur which have

Heavy drilling
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~
~ B

Water intrusion m
in rock ~ S B l' ,

amp Ing In
(1) Internai erosion, hydraulic fracturing hard soils
(2) Erosion, frost heave in upper surface of impervious core
(3) Filter, blocked or separated
(4) Leakage with a risk of erosion at toe of dam
(5) Grout curtain seal impaired

Example of methods available for monitoring and investigation:
(A) Probing
(B) Sampling
(e) Drilling, infiltration tests in soil and water intrusion tests in rock
(D) Test pit excavation
(E) Water level pipes
(F) Measuring studs for deformation measurement
(G) Seapage/leakage measurement

Manual drilling

Figl/re 7./. Examples ofdamag« and methodsfor monitoring and investigation.
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a return time of approximatcly 100 years. According to ncw guidelines for design
flood determination, dams should be able to cope with design tlows with a much lower
level of prohability than the leve I traditionally applied without suffcring scrious
damage, which could jeopardise the retention of the reservoir, This means that we
must determine the ability of dams to withstand loads, C.g. levels higher than the
normal retention level, which it was previously assumed they would nevcr be exposed
to. Consequenily, it is of interest to investigate how high the reservoir can rise above
the normal retention lcvel during tlood everus. without the dam collapsing. The aim
of this study is to describe the methods available for investigation and survcillance of
earth and rock-Iill dams. The development of "new" mcthods is discussed in a parallel
project in this series of reports.

Dam owners have establishcd routines for the surveillancc of dam plants. Scheduled
checks comprisc regular inspections by the operarors (weekly as weil as a yearly
reported inspection), and an engineering examination once every four years.lnterna­
tional experiences, and the fact that the dams are ageing, have also shown that a more
extensi ve evaluation of the safety of the plants is required. Vattenfall has initiated such
a successive safety evaluation of its most important plants. This evaluation includes,
for example, a review of the design data and cornparisons with current guidelines for
construction and operational safety.

Instrumentation in the form of devices for measuring seepage. surface deformation
and pore prcssure is, where practically possible, to be regarded as "basic instrumcn­
tation" for all important earth and rock-fill dams. Reductions in the amount of
personnel at the plants, in combination with the rapid tcchnical development of signal
transmission and computer rnonitoring, have resulted in the fact that dam instrumen­
tation has become increasingly autornated.

When selecting an examination method for detecting and recording the extent of an
area in the impermeablc core of a dam where internaI erosion darnage is suspected,
knowledge of normal variations in the parameters to be examined is required, as weil
as the accuracy of the examination method.

Construction specifications, for exarnple, permit maximum variations in the porosity
of the moraine of approximately 8o/c. The examination of one dam has rcvcaled that
the moraine, which is very loose in some areas and has interna] erosion darnage, has
an approximately 4% higher porosity than permitted in connection with construction.

The report describes the most common geotechnical methods, i.e. test excavation,
sounding and drilling. The Swedish weight sounding method, static cone penetration
testing and ram penetration testing are those sounding methods described. Field
investigations that can be carried out in boreholes and examples of laboratory tests
that can be performed on extractcd soil samples are also mentioned.

An indication of the resolution of the Swedish weight sounding method can be
obtained from the example mentioned above, where sounding in combination with
sampling provided a clcar picture of the damaged section. The exarnple shows that
this mcthod was able to register differcnces in porosity of ± 4 %.

Field investigation methods necessary to investigate how high a reservoir may rise
above the normal retention level during a flood surcharge may comprise a test
excavation in the crest of the dam in order to determine leve Is of different materials
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Figure 7.5. Temperature variations in a water leve' pipe at defined leve/s.

as hydraulic conductivity, are more sensitive than parameters dependent on changes
of the soil rnatrix, for example density and resistivity. The evaluation model also
includes an assessment of accuracy and resolution. The methods have been divided
into Non-Destructive Testing rnethods, Borehole methods and Other methods. Major
conc!usions regarding the most appropriate methods are summarised below.

Non-Destructive Testing
Ground-penetrating radar measures differences in electric conductivity or in radio
wave velocity in the soil. These parameters depend on grain size and porosity. The
potential for the method is examination, if possible by repeated measurements.

The resisti vitYin embankment dams is mainly dependent on water content. At present
resistivity measurements are quick but the accuracy is presently not so high. However.
the method can be further developed.

Different rates of leakage water will cause anomalies in the self-potential along the
dam. These variations can be used for leakage detection. Measurements of resistivity
and self-potential are suitable bot h for regular monitoring and for more detailed
examinations of dams.

Borehole methods
The basic principle for borehole radar and ground penetrating radar is the same. By
using tomographic analyses on measurements between two boreholes, the accuracy
can be increased. The method is appropriate for single examinations of dams.

The sonic cross-hole and the borehole radar methods use a similar technique, but
instead of analysing electromagnetic waves the Sonic Cross-Hole method analyses
sound waves. The methods are very much the same regarding accuracy and applica­
tions.
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TEMPERATURE acts as a tracer in the leakage flow and is therefore dependant on
the flow. Measurements are easy to perform. The best result will be obtained with
regular measurements for monitoring of dams.

Other methods
By continuous HYDRO-CHEMICAL analyses. varratrons in the quality of the
leakage water can be dctected and used as an indication of changes inside the dam.
With increasing Icakage, the TURBIDITY (ie. the content of particles in the water)
can also indicate internai erosion. Ifthc leakage or movements inside the dam cause
noise, these can be detected by ACOUSTIC measurements.

Result
Today, there are some new methods availablc for regular monitoring and for single
detailcd examination in embankment dams. At the moment these new methods cannot
replace conventionaI ones. Since the experiences from old measurements are also
considered to be valuable, an interruption of existing measurements is not to
recommend.

Monitoring of dams can be made by measuring SELF-POTENTIAL RESISTIVITY
and TEMPERATURE. The first two methods are Non-Destructive and can be
installed for measurements covering the whole dam. Temperature measurements are
made in boreholes or in some cases from the surface using infrared cameras. Hydro­
chemical and turbidity measurements in the leakage water can also be used for
monitoring. However, the accuracy of these methods is strongly affected by the way
in which the leakage water is collected. Ifflow measurements are made for the entire
dam, the local increased flow (due to internai erosion) must be relatively large before
it becomes significant. All these methods can be installed permanently. They can also
be controlled by a computer for storage and evaluation of data.
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None of these new methods are generally recomrnended for examination of the
capacity to allow watcr level above reservoir water level. Howcver, georadar
measurernents can be useful to identify scctions with low levels of the core crest.

The location of the leakage must be known before a detailed investigation. 'I'hus.
quick and non-destructive methods such as SELF-POTENTIAL GEORADAR and
RESISTIVITY measurcments are recornmended, dcspite little or no expericncc of
the methods in Sweden. After localization of the leakage, more detailed measure­
ments can be made using boreholc rnethods, such as BOREHOLE RADAR and
SONIC CROSS-HOLE measurements. In many cascs TEMPERATURE measure­
ments can be usefu!.

The investigation summarises and compares the suitability of more recent methods for
different purposes in the present situation and for the typcs of darnage that may occur in
ernbankment dams, and also comments on the potential of the methods for dcvclopment.

In connection with the above, pilot projects have been conducted for several different
methods, narnely one project that aims at determining where the seepage comes from by
means of isotopic analysis of the water and two projects which aim at detecting deviations
in the water tlows in dams by means of electrical methods.

7.4. Isotopic analysis of seepage from dams

The project aims at testing a method in order to determine whether the water found
downstream from a dam is seepage from the reservoir or local runoff from the downstrearn
side of the dam. The investigation is presented in report 22, "Isotopic analys is of seepage
from dams":

Analyses of the stable isotope oxygen-IS were uscd to determine if water, found
downstream from a reservoir, was seepage or local runoff generated from an area
downstream from the dam. The concentration of the stable isotope was analysed in
samples from the reservoir, the groundwater and also the suspected seepage. The
reservoir level, the seepage hydrograph and precipitation were also analysed to study
their interaction. The method was applied to the Grundsjö dam in the River Ljusnan
and the Flåsjö dam in the River Ljungan. It was shown that the water found
downstrearn of the Flåsjö dam probably origmates from the reservoir, while the
suspected leakage at the Grundsjö dam is probably locally generared runoff down­
stream of the dam.

An assessment of the potentialoffered by the rnethod, however, is that the results of the pilot
tests were not entirely unanimous and that a certain amount of support must be accepted in
order to verify the interpretation. Furthermore, the isotope analysis has to be carried out in
the laboratory, which exeludes methods in those cases where an automatie monitoring is
required.
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7.5. Monitoring of the impervious core by measuring
the self-potential and resistivity

The project is presented in report 23, "Monitoring the function of the impervious core by
measuring the self-potential and resistivity'':

InternaI erosion in embankment dams is a common cause of dam failures. The use of
geophysics in the mapping of electrical phenomena and also the monitoring of
changes in parameters addressing geo-electrical methods is considered to be a
technique with high potential for detecting inhomogeneities at the dam core which
may later lead to fatal internai erosion.

A project was started in 1992 with the principal aim of devcloping a prototype for a
dam monitoring system based on frequent measurements at many point s of the
apparent resistivity and self-potential of a dam.

I PEGE~HUSE:T

(Water level gauge area)

Figure 7.6. Basic diagram ofmeasurement system.

The system was developed and installed in the Suorva dam in 1993, where measure­
ments have been carried out since August 1993.

The system performs these measurements automatically. Communication with the
system is maintained via modem. For example this allows the remote setting of
parameters for data acquisition as well as remote error diagnosis.

In general, the data quality has been satisfaotory. During the period with unfrozen
ground (May-October) the data quality has been very good. However, frozen ground
during the winter has prevented the injection of a current strong enough to maintain
good signal to noise ratios, hampering effective resistivity surveys.
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Self-potential measurements show that a streaming potential is developed within the
dam, thus enabling studies of the homogeneity in seepage and changes in zeta­
potential with time.

The results indicate four (possibly five) sections in the dam where anomalous
behaviour in the self-potential is recognised and interpreted as inhornogeneous
seepage.

The resistivity data from this dam are difficult to interpret as several different sources for
resistivity variations probably interact. The problems are emphasised due to lack of
resistivity monitoring of a closed cycle in water levels where there is a hiatus of 10m.

The results of the self-potential measurements appear to be particularly promising. In the
following related project, a study has been made which includes, among other things, the
cffect of temperature on resistivity reaction.

7.6. Monitoring of the impervious core by analysing
variations in resistivity

The project is presented in report 24,"Monitoring of the function of the impervious core by
analysing variations in resistivity":

International experience has shown that there is a need of developing methods and
methodology for seepage monitoring in embankment dams, which is the background
and motive for this project. Of particuIar interest are methods able to register small
seepage changes in the dam, i.e. in an early stage before internaI erosion starts to affect
the security of the dam.
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Since temperature affccts the resistivity, the basic hypothesis orthis project is that the
seasonal resistivity variation, as well as the temperature variation, can be used for
deteeting increased seepage. The aim is also to atternpt to quantify the water tlow by
studying the resistivity variation and further develop the interpretation methodology
developed for temperature measurernents.

The data aequisition system uscd is computer controlled and includes a rcsisiivity
meter. a switch box and multi-core cables, In this application mensurements are
carried out by using permanently iristalled electrodes, which each time are connected
to the multi-core cables, The clectrodes consist of stainless steel plates buried in
shallow pits which were back-filled with fine-grained material. Only a cable end is
visible at each elcetrode arter the back-fill.

Resistivity measurernents were earried out in the ernbankment dams at Lövön and
Moforsen with approximately two months interva!. In total. eight measurernents were
earried out at Lövön and six at Motorsen. Wenner configuration was uscd both al
Lövön and Motorsen. In addition, pole-pole configuration was used at Moforsen to
inerease the depth penetration on the relatively short dam.

Qualitative interpretation of resistivity data was made by plotting data in pseudo­
seetioris. Quantitative interpretation was carried out by using two-dimcnsional
numerical inversion, where the software autornatically adjusts the interpreted model
resistivities to fit the field data.

The quantitative interpretation of water flow through the dam is based on the Iact that
a variation in resistivity in the reservoir watcr will propagate into the dam with the
seepage water, The variation due to variations in ion content will travel with pore
velecity. whereas the variation due to temperature will move with the thermal
veloeity. The time variation in the resistivity in the dam can be mortitored by means
of repeated resistivity measurernents.

The simplest way of evaluating consists ofcomparing extreme values ror the absolute
resistivity in the reservoir and the interpreted resistivity in the ernbankment dam. The
diagrams are used to calculate phase shifts for the highest and lowest values,

Evaluation of the amplitude can be made on the assurnption that observed resistivity
variations in the ernbankment dam emanates from the temperature variation in the
reservoir, The attenuation thus arising can be attributed primarily to heat conduction
perpendicularto the flow direction. An independent evaluation can thus be made with
the two methods. which allows some controi of the result.

The measurernents from Lövön showa significant variation along the profile. The
Wenner measurements gave very stable results. Comparisons with temperature
rneasurements were made in one section in a standpipe located in the filter down­
stream. Evaluation of the resistivity data aceording to the amplitude method gave
approximately the same result as the phase shift method. However. the temperature
measurements gave a higher llow concentrated to a smaller zone, whereas the results
correlate better at depth. The ditferences are reasonable considering the higher
vertical resolution of the temperature data compared to the resistivity data.
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The rcsistivity mensurements at Motorsen wcrc earried out along three lines: along
the dam crest and the two tcrraccs. The variation in measurcd data is smaller than for
l.övön, but the interpretation resulted in significant variations with time. The pole­
pole configuration gives alarger depth penetration than Wcnner, but poorer vertical
resolution. In addition, pole-pole data is more susceptible to noise, duc to the long
referencc cables.

At Molorsen temperature mcusuremcnts were carried out in three standpipes. where
the result can be used for comparison betwecn the methods. EvaIuation of the
rcsistivity mcasurernents gavc results in rather good accordance with the temperature
mensurements.

SP-measuremcnts at Lövön gave stable results, with a small variation. However, at
Mo-forsen the SP-result is considered unreliable.

In conclusion. the water see page can be detccted and to some extent quantified by the
interpretation of resistivity data. The method can be further improved in all parts of
the system, as in installations, resistivity interpretation, seepage evaluation and
presentation of results. By using new numerical models. the inlluence of 3D-effects
and other various sources of disturbance can also be assessed.

At present the method is most suitable for longer dams. Both measurement and
interpretation are rnore complicated for short and high dams, and a different
rncthodology necds to be used. Thus there is a need for lurther developrnent for such
dams. The potentially low detection levels me an a possihility of detecting internaI
erosion at an earl y stage. Since the rnethod is non-destructi ve the development in time
can also be monitored.

The rnethod appears to be prornising for the rnonitoring of'dams, particularly in combination
with temperature measurernents.

75



76



8. INVESTIGATIONS CONCERNING THE STATUS INSPECTION
OF CONCRETE DAMS

8.1. General

When adapting to the Committces guidefines. the solution is deemed in certain cases to
involve mitigation by the temporary flood surcharge of certain dams, In order to be able to
utilise the possibilities for surcharge. checks must be made to ascertain what the dam in
question can actually technically withstand. on the one hand more theoretically with respect
to the dam structure and on the other on the current status of the dam. This applies, ofcourse.
not only to earth-fil] dams but to a large extent also to eoneretc dams. Conscquently, an
investigation has been made on these questions together with a compilation and evaluation
ofrnethods for status inspection in connection with concrete dams. Traditional methods and
possible non-destructive testing methods are described. The emphasis has been placed on
more recent methods.

International expericnce and the fact that the installations are increasing in age have shown
that there mayaIso be a need for a more detailed evaluation of the safety of the facilities.
Vattenfall has started a successive safety review of its most important facilities, in tenns of
both embankment and eoneretc dams. The evaluation cornprises, for exarnple, not only a
review of the design data and comparisons with present guidelines for construction and
operational safety, but also an evaluation of the information gathered in connection with
status inspection. The studies carried out in connection with status inspection may also be
of value in this context.

8.2. Status inspection of concrete in hydro power installations

The study is presented in report 25. "Status inspection of concrete in hydro power
installations":

A condition assessment of concrete structures in hydro power stations is described in
the report. The traditional methods and the possibilities of using non-destructive
methods for the testing of concrete are reviewed.

Various forms and signs ofageing processcs in concrete are described. The description
includes both outer signs of darnage, which can be viewed on the surface of the
structure and the actual damage to the concrete on the surface or in the interior of the
structure. The state of damage in concrete structures in hydro power stations is
described, and it can be concluded that anything from material degradation to large
dcfects can be found. The damage can be discovered in structural parts of various sizes
and shapes. However, in many cases the damage doc s not affect the load-bearing
capacity and is relevant only when it comes to durability.

The current procedures for surveying concrete structures are described. A review of
traditional methods and procedures when inspecting concrete shows that a good
knowledge about the material degradation is received from destructive methods. A
satisfactory estimation of the physical condition ofthc structure can be achieved with
traditional methods. However, a need for supplementary information is identified

77



"



" '"' , "" 01" . .....1," ...,o ol<'c......."'"jUd~....."" ~ ,'h.., • ~ ',...,u," .. • • 11
.. I". , dn ,.'" ,( ,""'.....1ol<l'"<l' Il., I'~" "'I" ",, .~ ,,~<'On. 'h.. _ h
., S IJT........ I-,,,'''',.I<..,..,, .... .. ,.........,.. """"" .....hm...." ..'''l!

110< '"" , "".. ..., "'."'..,.. '" ,h< ma I,." ' ....... ,"'"
'"" arf'l>< '" «__ .., TIo< ...... ,( I •• , 1> 1' -,...._

1"'_) '. """ ~ ""'I"F. .... ""..- "' _'" •••~ -'
~_ .....,.- \-"._.J<~ \ ..)...... , ' )
aM _'"'__ lO<.....,.- ,... "' .-",._ ,. 1,._ ...
'""--- 110< """".L "'" " ~ -' __ _-_<#""' "" , , -....S_ 110:"....-"'_ : ""._ _, ..
"" _1 1 •__ 4 _ .._I"-.I~_<# _ __ __._\ .r~ .._'_ i4 ~._----..__........-.-...., ..
--"k"'_ ..__ loiJ< _ .-. • .-. '" -. l.oJI<r



Jcfn-'s_ II c. I"",I, 1",_",J uII e lect rom.rgne tic ".I\'cs and h", frequen ) stcc" " .1\ c, cun

h • II'C'J.

The rn"'t"thm" h.I'c,I ..n 'OT." hrch an be uved f....r evalu.uing the rencral s,..te " f
u vt ru tun: . •m; di'clIs cd uch an l S'iC"nJ n i of the g e l roll ' tal "n m. I ' on the
h."I' ..f In.:al dciccuon nf de fect u mg fnr e ample srre v wuve -hoc, nr r.1br
ech..,.. , '\ nnlhe'l,u"lhi h.~ i, 'uu", an auuunnted restin •p ",..dure v urh as "':.111 mil '

"-i,~II"" .J, ·lIm"li tlf./ witl) II ,"', ' drit t gi""\ an id<'IJ I) //Je 'tJlII rrtr III thr strnrture.

BO



r > cv.iluuuun will benefi t Irnm thtvSin c rncnsurcd dm" reprosent a ccrtam locauon
on the -tructure- ho ' il' relauon In other m casurcd value-, Overull -trurtural i rll ~~ril }

can a lso I~ cvaluuted u,ing rh dyna nn response a, in C! perimenral modul anal i.

II " "rp.Jrenl Ihl l onI)' .1 lim" Ii number of methods ur • inllllt.''I.l ialcl) a' arlahle fn r
c.. neretc mspecuon, and Ih:ll thcir ca p: II1C' l r dc tcct dciection in strucrurev are not
full} C!' alu ated, There are "I ..., man)' ini :f,' slin!! po sihi lll.C' lo / funher deveh pmenl
.1IIJ te sun..l .

The report devcribe-,both IraJi lioo.llllle lh v ; 'weil OI-s 11011 ..strucu ve lC,U II" Il lClho d , for
in'l CIIn!! conc 'le , I'he d'" lopmc nt 01new m thods is in progrc" .... ithin borh the pnwer
inJu'll) und in other are.iv, e.g fo r II • srarus inspectiou uf bridp ·s. A. the in. lalbl illll
ber. une older, the importart 'C 01.:1 ccuvc mcthods ot monno nng and '1.IIU' invpection
incrcas l , Conscqucmly. Ihis typc of d -velopmem Vo·(lrJ.. Ls importunr.

Figur 8.5. Typical damagc ir, concret« 11 irir alkall-rra rtiv« 1IJ: ·"'.liar".

81



82



9. INVESTIGATIONS CONCERNING RISK ANALYSIS

9.1. General

It was the task of the Committee to submit proposals for design floods, and the process of
adaptation to these floods is under way. The hydrological safety can thus be regarded as
satisfactory. Dam safcty in general. however, depends also on a number of other factors and
it is. of course, important to have a well-adapted safcty level in connection with these
fäetors. and in those cases where sorne fonn of reconstruction or modification is to take
place il is perhaps advisable to review the whole situation in order to avoid lurther changes
perhaps having to be made a few years later which, for practical and finaneial reasons.
should have been co-ordinated with the first change.

One step in this direction is the introduction of a programme for systematic dam safety
evaluatrons of existing dams.

In order to deal with the risks in a systematic way, use is made of risk analyses. for example
within the aircraft and power industries. A similar approach would also be suitable for usc,
as an aid in work on dam safety and a number of studies have been carried out.

In 1990, Vattenfall conducted a risk study in connection with the discharge capacity at
Stadsforsen [8], which indicated potential risks attached to the simultaneous automatic
opening of all gates in the power station located immediately upstream and at the same time
shed light on the irnportance of redundancy for the discharge system power supply during
maintenance work on the DC systern and that functional inspcction of the KAS system
involves the entire chain of functions.

As part ofthe project on the functional safety ofgates, a fault tree analysis and an operaticmal
safety assessment of spillway gates were carried out hy Sydkraft Konsult AB, which are
briefly described in report 7, "The functional safety of spillway gates",

At the Hydraulic Engineering Department of the Royal Institute of Technology, two
licentiate theses have been performed with the support of the power industry, which were
published in 1995. The reports describe the systems and certain conclusions that were
drawn, among others the importance of the filter function and the risk of the spillways
becoming clogged with tloating debris.

Within the framework of the present report series, a study has been made of risk analysis
issues within the field of dam safety, which is largely based on the documents produced in
connection with the two Institute of Technology the ses mentioned above.

9.2. Risk analysis in work on dam safety

The study concerning risk analysis is presented in report 26, "Risk analysis in work on dam
safety":

The objective of this report is to spread knowledge about how risk analysis could be
applied on assessment and management of dam safety in Sweden. Il is based on
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international experience of risk analysis of dam installations, and describes the
pUI'pose, possibilities and principal steps of the methodology.

Of about 900 hydropower dams currently existing in Sweden, 143 are classified as
high dams (i.e. dam height over 15 m). This dam population is ageing, placing more
and more ernphasis on the need for maintaining proper safety at these installations.
Although dam failures are infrcqucnt, the consequences of a single failure may be
severe and should by all practical rneans be avoided. It is imperative that the risks
placed on society by these structures are systematically evaluated and assessed in
terms of improving overall safcty and minimising the impacts of possible failure. In
this. risk analysis can be an effieient tool.

The use of risk analysis is weil ostablished in performing safety assessment analyses
of many different technical systems, but has only to a limited extcnt been uscd for the
assessment of dam safety in Sweden. Since the 1970s researchers in several eountries
have tried to make risk analysis an effeetive means of dam safety evaluation. In recent
years the work has been intensified. and today risk analysis is actively being used in
this field.

Risk analysis is defined as any number of means or methods to identify and evaluate
risks. Simply put, risk analysis for the assessmentofdam safety involves identification
of all series of events that may cause dam Iailure, estimation of the probability of the se
events. the eonsequenees eaused by thern, and cvaluation of the effeet of remediaI
measures. The objeetive of a risk analysis safety assessment of a dam installation is
to identify the major eontributing risk factors of the system and cvaluate how the y may
be minimised in an effective way, Ultirnately, the aim is to reduce the residual risk to
an acceptable levcl.

The purpose is not to determine an absolute measure ofthe safety of a dam installation.
The real utility of the approach lies in assessing dam safety on a relative basis. That
is, when one has determined the risk at a certain dam, one should evaluate the effects
of alternative risk reducing measures.

A proper start-up of a risk analysis is a workshop where a projeet group, eonsisting of
experts in all relevant areas, screens failure modes and derives failure probabilities.
An appropriate application of risk analysis for Swedish eonditions would best be
accornplished by the use of both event trees and fault trees, Event trees can be used
to analyse complete sequenees of dam failure, whereas the analysis of sub-systems is
better suited to fault tree analyxis.

Today, the use of expertjudgement for estimation of failure probabilities is essential.
This is, among other things, due to the fact that the available documentation of dam
installations and the database on historical incidents is commonly insufficient. The
establishment of an adequate system for the reporting of incident data would be of
considerable benefit for future risk analyses.

Risk analysis safety assessments are heavily dependent on the quality of the available
data. Throughout the analysts all assumptions and reasoning. and the documentation
they are based upon, should be carefully documented. This cnables future up-dating
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or the analysis. ror cxample if lurther documentation and data becornes available or
if the level or detail should be increased.

Risk analysts is decmed to be a valuabIe tooI in connection with dam safety, primarily in
order to give insight into where the wcakest links are to be found and how resources for dam
safety can best be apportioncd. The method, which so far has only been tested to a limited
extern in this country, is attracting considetable attention and can be expccted to be used a
lot morc in the Iuture. This is one ofthe areas being given priori ty by the power industry for
continued development work. Work is in progress within the industry on introducing a
common system for incident reporting. which is expccted to give better input for Iuturc risk
analyses.

9.3. Incident reporting

The feedback of expcrience from evcnts and incidents that have taken place is an extrernely
valuable way of increasing safcty. During the developrnent of the power industry, the
emphasis lay on transferring experiencc within the design and construction areas. and how
systematic this process was varics from company to company and probably also in time.

During the operatiorull stage there has also been a feedback of experience, which can be
illustrated by several of the reports in the series. However, it has not been systematic in the
operational stage, which means that a considerable amount of data on safety is missing.

Other areas have had effective systems of incident reporting for many years, particularly the
nuclear power and aircraft industries, and experience from this has been extremely good.

As a step in the work on improving the safety, a system ofincident reporting shouId therefore
be introduced within the dam safety area, and in order to make it as effective as possible it
should be adopted for common use throughout the hydropower sector. It is of course aIso
important for the system to be uscd in order to reach conc!usions and spread information on
them. In report 7 "The functional safety of spillway gatcs", it was also proposed that the
system for incident reporting should be improved by establishing routines for circulation
within the power industry, which could lead to improved designs and safety procedures. The
international exchange of experience with in the field of dam safety is aIso of significant
value in this context. A comparison can be made with en-operation within the nuclear power
area between different owners concerning the registration and proeossing of component
faults.

Work is at present in progress within the RIDAS project on developing a common incident
reporting system for the hydropower area. During Spring 1997, work started on the testing
of a proposal for a reporting system at a certain number ofplants and the intention is, as soon
as certain adjustments have been made, to apply the system within the entire hydro power
seeter.
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10. RESEARCH AND DEVELOPMENT WITHIN THE FIELD
OF DAM SAFETY

The power industry has in recent years conducted extremely active research and development
work within the field of dam safety through the Association of Swedish Water Regulation
Enterprises, VASO and the power industry s organisation for energy-related research,
ELFORSK. The present series of reports is an example of this. The research within the area
has also been supported by both project assignments and more general support to, above all,
the Department of Hydraulic Engineering at the Royal Institute ofTechnology, Stockholm
but also to the Institutes of Technology in Luleå (now Luleå University) and Lund.

This has meant that the universitieslinstitutes have in recent years been able to run doctorate
and licentiate courses closely connected with dam safety issues, some of which have been
completed.

Among the development projects carried out, mention can be made of methods for the status
inspection of dams, in which the results of certain projects have been so good that the
methods have been used for the investigation of sinkholes at the Bennett Dam in Canada,
which is one of the largest embankment dams in the world.

In addition to recommendations and what is otherwise stated in reports included in this
series, there is good reason to continue working on questions such as organisation, man­
machine interfaces, preparedness and a continued investment in research and development
efforts both nationally and internationally within both traditional dam safety issues and in
connection with those mentioned above.
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11. CONCLUSIONS AND RECOMMENDATIONS

The consequence classification and dimensioning guidelines proposed by the Committee
for Design Flood Determination (the Committee) involves a significant tightening of the
requirements for Consequence Class I dams with respect to design tlood. A dam failure can
have serious consequences. and the principal responsibility for the safety of a dam rests with
the owners.

Whcn they were issued in 1989, the Committee's guidelines were regarded by man y as
involving exceptionally high flows, but as calculations were successively completed for
different rivers, and following the experience gained in connection with floods that
occurred in Sweden in both 1993 and 1995 coupled with the heavy flooding that took place
in Norway and Germany in 1995 and later, this view has changed and thcre has been a
general acceptance of the level applied in the guidelines.

In addition to the recommendations and the other statements made in the reports inc!uded
in this series, therc is every reason to continue working on questions such as organisation,
man-machine interfaces and preparedness, and to make further research and development
efforts both nationally and intemationally on traditional questions connected with dam
safety as weil as on those specified above. This work has already started.

It is important that the work which has already started on adaptation to the Committee 's
guidelines should be carried out in a responsible and competent way, and suitable that in this
context an extensive overview should be made of the safety level so that the increase in the
dam safety Icvel aimed at in the Comrnittee's work will really be achieved, even where
factors other than high floods involve significant risk factors. This could, for exarnple,
concern the design ofthe dam or its current status. It is particularly important, of course, that
consideration be given to other similar factors in time where rebuilding is to be carried out
so that major resources are not wasted without achieving the required increase in safety
level, Risk analysis is deemed to be a valuable tool in work connected with dam safety,
inC!uding this particular aspect.

An incident reporting system is judged to give the preconditions necessary to continue
working systematically on finding ways of improving dam safety. A system of this kind is
at present being devcloped for the purpose of dam safety.

In certain cases, there may be uncertainty concerning the effects of certain factors. Should
this be so, sensitivity analysis is recommended in order to shed further light on the matter.
Consideration can be given to uncertainty regarding the real discharge capacity of a
spillway. for exarnplc, by analysing which water levels in the reservoir will be the
consequence of different assumptions. If there is considerable uncertainty, wherever
possible testing should be carried out. A systematic way of analysing and evaluating the
safety of existing dams is the so-called SEED analysis (Safety Evaluation of Existing
Dams), which has been developed by the Bureau of Rec!amation and is applied in the USA
and various other parts of the world. Similar detailed evaluations of dam safety have been
carricd out for a number of dams in Sweden and are recommended in the power sector
guidelines for dam safety, RIDAS.

During the adaptation or compliance process for existing dams, it is also important to
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carefully review conceivable occurrences and thus learn the way the system functions while
at the same time acquiring a mental preparedness for entirely unanticipated combinations
of events in connection with high floods. For this reason. it is also important for personnel
with positions of responsibility for the rivers to take part in or follow the work. It is also
important to clarify instructions and areas of authority so that the measures assumed in
connection with the dimensioning work are really adopted if the need arises. The same
applies to agreements between different companies, which in a critical situation must co­
operate in an effective way. It is also important for attention to be given to questions
conceming dam safety, for example in connection with the increased use of contractors or
where the manning situation changes, which may have an influence on call-out response
times and thereby mean that the need for and demands on the reliability of systems for
automatic monitoring and control increase in connection, for example, with spillway gates.
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AsInmany other eounlrles, inSWBdenwe have re­
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dams.
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Ihe more Importanl concluslons and recommen·
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