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APPENDIX C : NATIONAL DAM DATABASE (NDD)

C.1.
General

Appendix C supplements Section 3 of the main report. being structured as follows

· description of structure of database

· codes used for defining data input (and searches)

· an example of the data held for a specific dam where the data is considered to be complete

· presentation and discussion of searches not given in main report

· the future for NDD

C.2
Description of structure of database

The database has evolved over the years, at the time of this project being mounted on an Oracle database, with input/output via Microsoft Access.

Basic details on dams such as name, location, height, capacity, and type of construction are recorded together with information on problems, investigations and remedial works.

The database consists of a number of linked tables, each of which stores information of a given type about each dam, for example details about the size and ownership of the dam or published references. Each dam has a unique reference number which is used to link the information stored in each table to the dam.  The type of information stored about each dam in the tables can be subdivided into three groups as shown on Table C1.

Table C.1 : Structure of NDD

Group 1       (114)

Group 2
Group 3

Details

 

Purpose



Dam type 



Sealant


Foundation



Cut‑off
      

Spillway


Outlet


Upstream protection
Problems  (59)

Investigations (33)

Remedial works (79)

References 



() number of entries within group;  Can include text description with each entry.

Group 1: Basic information
Within this group, the details table contains the dam name and unique reference number as well as basic information such as height, date completed and capacity of the reservoir.  The other tables within this group are in sets of two for each set of information stored; one contains the unique reference number together with a category number and explanatory text, and the other contains the meanings of the category numbers.  For example, the purpose Table contains the unique reference number, category number and text describing the purpose.  In this case there are 20 category numbers and associated meanings.

Group 2: Problems, Investigations and Remedial Works
The three tables in this group have been arranged in sets of  two as for the purpose tables. The current list of 58 categories in the problems (indicators) table covers most aspects of deterioration of dams including incidents such as overtopping, internal erosion and slope instability.  Difficulties have arisen in selecting categories in the problems (indicators) table that cover all aspects of deterioration.  Some categories are possible indicators of problems e.g. wet patches on the downstream slope, whereas others are serious incidents such as a breach.  Performance indicators such as leakage and settlement also pose certain difficulties in their interpretation.  Whilst leakage is a possible indicator of a malfunction of the dam, it is also likely that some reports of leakage could be the result of poor drainage on the downstream slopes of a dam and be unconnected with the water from the reservoir. Similarly, settlement of an embankment dam generally only becomes a problem if it is caused by some serious malfunction of the dam such as internal erosion or slope instability or if freeboard has been seriously reduced. 

Failures and incidents can be classified by type or mechanism and severity.  Problems and remedial works have been classified in the NDD and RMUKR according to their seriousness as shown in Table C.2.  The definition of the severity of a given problem is necessarily subjective and the study of the remedial works can give a further indication of the severity of the original incident.  In general, the more serious a problem or remedial works, the more likely it will be in the public domain. 

A major difference relates to the classification of failure where RMUKR classifies it as a failure when of “sufficient severity and emergency remedial works were undertaken”, whilst the NDD would include it only if the dam failed resulting in an uncontrolled release of water.

The 33 categories currently within the investigation table include instrumentation and monitoring as well as investigation techniques such as the use of tracers (category 14). The 79 remedial works categories include works that could be considered as maintenance (Vegetation cleared, category 41) through to major works (Reconstruction, category 21).  

Group 3: Published information
There are currently 740 published references in the database referring to British dams.  In this table, each reference is identified by a number followed by a full description of the reference starting with the authors names, title and publisher.  The references are generally papers on dams in Great Britain that have been published in journals and conferences although a number of books are also included.  Unpublished reports and short news items in magazines have not been included.  Published references relevant to a particular dam are listed by the number in the reference table.  An important facility of the database is the ability to search the references. 

Data retrieval  
There are a number of ways in which to interrogate the database in order to retrieve subsets of information.  Simple sorts and filters allow information which originates from one table to be viewed, whereas queries can search for subsets of data from one or more tables.  A report can be generated for a particular dam giving information from one or more tables.

Table C.2 : Definitions of Problem and Remedial Works used in Existing Databases


NDD

RMUKR   Sections 2.1.1 & A5.2



Problem classification:
Remedial works classification:
Incident classification


1
Failure: Uncontrolled release of water resulting in death or damage downstream.
 Total reconstruction following major incident


Failure
An incident that would have led to a major uncontrolled release of a significant proportion of the retained water, or an event that immediately rendered the dam unfit to retain water safely due to a total loss of integrity.  If emergency remedial

2
Serious incident involving emergency action or drawdown: Large settlement or leakage involving emergency action to draw down the reservoir.
Major works following serious incident

work has been undertaken to prevent failure the incident itself remains of sufficient severity to be classed as a failure.





A category incident
A serious incident involving immediate emergency action or drawdown.  An "A" classification was given if the incident was "serious" but did not critically threaten the integrity of the dam.

3
Incident causing concern, major investigation and remedial works: Incident or change in previously observed behaviour to cause major investigations and remedial works.
Minor works

Works carried out in the interests of safety, following an incident or reported problem
B category incident
An incident causing serious concern and/or involving significant investigation and remedial action.

4
Symptoms causing concern: Symptoms causing sufficient concern to involve an inspecting engineer and an increase in surveillance and monitoring of instrumentation.
General maintenance
C category incident
The observation of indicators causing sufficient concern to warrant a visit by an inspecting engineer and an increase in surveillance and monitoring.

5
Design limitation: Inadequate flood capacity, scour capacity, emergency drawdown capacity, slope stability based on reassessment.
Upgrading 

Works in the interest of safety due to design reassessment such as overflow works or seismic stability
Not used in A5.2, ‘preventative works’ in 2.1.1
Major works carried out with a view to correcting identified deficiencies in design or construction, or works carried out to remedy less urgent but potentially serious problems.  Examples might include reconstruction and uprating of spillways, a major increase in or restoration of freeboard, or the provision of new drawoff works.

C.3
Tables Summarising Data Fields

Inventory report
example of report included in C.4


codes

Incident report
example of report (completed)


codes for incidents (2 sheets)

Remedial works 
code
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[image: image1.wmf]Problem/incident type

Investigation/instrumentation

Remedial methods

Code

Description

Code

Description

Code

Description

0

Not known

0

Investigation

0

Not known

1

Leakage

1

Comprehensive construction 

instrumentation

1

Core grouted

2

Turbid leakage

2

Borehole sampling

2

Diaphragm wall to replace core

3

Wet patches downstream slope

3

Laboratory testing

3

Sheet piling

4

Upstream slip in service

4

Pore water pressures in core

4

Membrane repaired

5

Downstream slip in service

5

Pore water pressures in fill

5

Extended cut-off

6

Natural ground slip

6

Pore water pressures in natural 

ground

6

Wave wall repaired

7

Embankment deformation

7

Earth pressures in core

7

Crest restored to original

8

Localised settlement

8

Earth pressures in fill

8

Valve tower repaired

9

Wave damage upstream pitching

9

Permeability

9

Outlet tunnel repaired

10

Wave damage on wall

10

Reservoir level

10

Outlet pipes repaired-replaced

11

Animal activity

11

Crest settlement

11

Foundations grouted

12

Inadequate spillway capacity

12

Crest lateral movements

12

Downstream slope flattened

13

Over topped

13

Leakage - infra-red

13

Downstream slope drainage

14

Breached

14

Leakage - tracers

14

Toe drain

15

Internal erosion

15

Leakage - flow

15

Upstream slope flattened

16

Fractures in discharge pipe

16

Geophysics

16

Downstream berm constructed

17

Leak by pipe or culvert

17

Trial pits

17

Upstream pitching repaired

18

Culvert damaged by settlement

18

CCTV

18

Spillway repaired

19

Trees or vegetation

19

Piezometers

19

Spillway enlarged

20

Seismic

20

Diving surveys

20

Demolished

21

Mining

21

Internal movement monitoring

21

Total reconstruction

22

Upstream slip during construction

22

Slope movements

22

Raised

23

Downstream slip during construction

23

Reservoir drawn down

23

Lowered

24

Natural ground slip during construction

24

Flood studies

24

Core raised

25

Leak into culvert

25

Overflow model

25

Core repaired with clay

26

Culvert damage

26

Slope stability analyses

26

TWL raised

27

Scour blocked

27

Pore pressures in concrete

27

TWL lowered

28

No draw-off arrangements

28

ASR investigations

28

Discontinued

29

Spillway damaged

29

Finite element studies

29

Spillway re-constructed

30

Inadequate freeboard

30

Monitoring

30

Abandoned

31

Inadequate flood capacity

31

Drilling using Enpasol equipment

31

Downstream face repaired

32

No upstream controls

32

Cone penetrometer

32

Valves repaired/replaced

33

Uplift pressures beneath foundation

33

Visual surveillance

33

Upstream face repaired

34

Tower damaged

99

Other

34

Additional spillway

35

Valves inoperable

35

Completely new draw-off works

36

Leak into valve tower

36

Upstream valve control

37

ASR and concrete deterioration

37

Buttressing of concrete dam with rockfll

38

Local scour

38

New wave wall built

39

Erosion by abrasion

39

Partial reconstruction

40

Erosion by cavitation and energy 

dissipation

40

Upstream blanket

41

Obstruction by solids carried by flow

41

Vegetation cleared

42

Problems with gates and other discharge 

equipment

42

Watertightening

43

Excessive flow

43

Drain construction or repair

44

Loss of strength under permanent and 

repeated actions

44

Thermal protection

45

Erosion and solution

45

Facing

46

Ageing of grout curtains

46

Reconstruction of deteriorated zones

47

Shrinkage, creep reactions leading to 

contraction

47

Execution of joints

48

Degradation due to chemical reactions of 

materials

48

Strengthening by grouting

49

Loss of strength under permanent and 

repeated actions

49

Strengthening by anchoring

50

Poor resistance to freezing and thawing

50

Strengthening by shape correction

51

Ageing of structural joints

51

Foundation watertightening treatment

52

Ageing of upstream facing, concrete dams

52

Drain and filter reconstruction or repair 

Foundation

53

Ageing of prestressed structures

53

Strengthening by grouting or other 

methods (ex anchoring)

54

Deformation of foundation

54

Foundation filling in fractures or cavities

55

Loss of strength of foundation

55

Anchoring in foundation

56

Internal erosion of foundation

56

Discharge increased
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Internal erosion of embankment dams

Slope stability of embankment dams

Code

Description

Code

Description

1

Leakage

4

Upstream slip in service

2

Turbid leakage

5

Downstream slip in service

3

Wet patches downstream slope

6

Natural ground slip, abutments and valley sides

14

Breached

22

Upstream slip during construction

16

Fractures in discharge pipe

23

Downstream slip during construction

17

Leak by pipe or culvert

24

Natural ground slip during construction

15

Internal erosion

External erosion

Settlement of embankment dams

Code

Description

Code

Description

12

Inadequate spillway capacity

7

Embankment deformation

13

Over topped

8

Localised settlement

14

Breached

18

Culvert damaged by settlement

29

Spillway damaged

21

Mining settlement

30

Inadequate freeboard

31

Inadequate flood capacity

58

Upstream watertight deterioration of 

embankments

Outlet works

Wave damage

Code

Description

Code

Description

25

Leak into culvert

9

Wave damage upstream pitching

26

Culvert damage

10

Wave damage on wall

27

Scour blocked

28

No draw-off arrangements

Other appurtenant works problems

17

Leak by pipe or culvert

Code

Description

32

No upstream controls

38

Local scour

34

Tower damaged

39

Erosion by abrasion

35

Valves inoperable

40

Erosion by cavitation and energy dissipation

36

Leak into valve tower

41

Obstruction by solids carried by flow

42

Problems with gates and other discharge equipment

Foundation problems

Code

Description

Dam body of concrete and masonry dams

Concrete and masonry dams

Code

Description

33

Uplift pressures beneath 

foundation

37

ASR and concrete deterioration

44

Loss of strength under permanent 

and repeated actions

47

Shrinkage, creep reactions leading to contraction

45

Erosion and solution

48

Degradation due to chemical reactions of materials

46

Ageing of grout curtains

49

Loss of strength under permanent and repeated actions

Earth and rockfill dams

50

Poor resistance to freezing and thawing

54

Deformation of foundation

51

Ageing of structural joints

55

Loss of strength of foundation

52

Ageing of upstream facing, concrete dams

56

Internal erosion of foundation or 

abutment

53

Ageing of prestressed structures

57

Foundation degradation

Other problems/incidents

Code

Description

11

Animal activity

19

Trees or vegetation

20

Seismic damage/ reassessment


Dam Remedial Works Codes 
[image: image6.wmf]Dam inventory codes

Purpose

Reservoir type

Spillway type

Code

Description

1

Impounding

Code

Description

0

Not known

2

Non-impounding

0

Not known

1

Irrigation

3

Service

1

Uncontrolled

2

Hydroelectric

2

Gated

3

Flood control

3

Bellmouth

4

Navigation

Flood risk category

4

Siphon

5

Water supply

0

Not known

5

None

6

Recreation

1

A

99

other

7

Compensation

2

B

8

Ornamental lake

3

C

9

Industrial process

4

D

Dam type

Watertight element position

Cut-off

Code

Description

Code

Description

Code

Description

0

Not known

0

Not known

0

Not known

1

TE Earthfill

1

Upstream face

1

Concrete

2

ER Rockfill

2

Internal

2

Puddle clay

3

PG Concrete gravity

3

Homogeneous

3

Grout

4

CB Concrete buttress

4

Not applicable

4

None

5

VA Concrete arch

99

Other

5

Cement-bentonite slurry wall

6

Multiarch

6

Concrete slurry wall

7

Concrete service

Upstream protection

99

Other

8

Brick service

Code

Description

9

Tailings

0

not known

Outlet type

10

Roller compacted concrete

1

Masonry blocks

Code

Description

11

Gravity & arch

2

Brickwork

0

Not known

12

Gravity & earthfill

3

Asphaltic membrane

1

Pipe through core

13

Earthfill & rockfill

4

Concrete

2

Pipes in tunnel through core

14

Buttress & earthfill

5

Riprap

3

Tunnel through abutment

15

Gravity & buttress

6

Concrete Blocks

4

Siphon

16

Concrete & brick service

7

Pitching

5

Pipes through fill

17

Prestressed concrete

8

Beaching

6

Culvert in foundation

18

Gravity & rockfill

99

other

7

None

19

PG(M) Masonry gravity

99

Other

20

CB(M) Masonry buttress

Foundation type

21

VA(M) Masonry arch

Code

Description

Position of controls on outlet

99

Other

0

Not known

0

Not known

1

Competent rock

1

Upstream control

2

Fissured rock

2

Downstream control

Code

Description

3

Soft clay

3

Upstream and downstream

0

Not known

4

Firm clay

4

None

1

Concrete

5

Stiff clay

99

Other

2

Asphaltic

6

Ballast

3

Puddle clay

7

Gravel

4

Rolled clay

8

Sand

5

Plastic

99

Other

6

Metal

7

Earthfill

8

Not applicable

99

Other

Part 1

Watertight element type

Part 2


C.4.
Example of an entry on the NDD dam (Entry for Coombs dam)


Dam Name

Combs


River
Heverill Brook

Reservoir Name
Nearest Town
Chapel-en-le-Frith

Ref Number
123
County
Derbyshire

Date Completed
1806
Country
England

Grid Reference
SK 037796

Undertaker
British Waterways Board

Engineer
Benjamin Outram

Contractor

Reservoir type
IR
Surface Area, 1000 sq m
267

Capacity 1000 cu m
1484
Crest length m
304

Structure Vol. 1000 cu m
Draw-off Cap cu m/s

Spillway capacity cu m/s
Altitude m
215

Flood Risk Category
A
Height m
18

Spillway Type
Uncontrolled
Catchment Area km2

Dam Type
Code
Description
1
TE Earthfill

Details of fill in reference 1 Near surface the fill was generally a firm brown or yellow brown very 

sandy, silty clay with some gravel sized mudstone and sandstone fragments.         

Foundations
Code
Description
4
Firm clay

Glacial till overlying a thick sequence of shales and sandstones belonging to the Middle Grit Group of 

the Millstone Grit Series          

Cut-off
Code
Description
4
None

Outlets
Code
Type

Control
1
Pipe through core
Downstream control

30cm dia. cast iron pipe with valve at downstream end.            
1
Pipe through core
Downstream control

When the reservoir is full or nearly full, water can be released through a 60cm dia. culvert which is 

controlled by a sluice with invert level 2.14m below TWL.          
Sealant

Code
Description
Position
7
Earthfill
Homogeneous

US Protection
Code
Description
5 Riprap
Investigation Type

Code
Description

3
Laboratory testing

1976. Comprehensive SI prior to remedial works following downstream slip.           

26
Slope stability analyses

1986.            

2
Borehole sampling

1976. Comprehensive SI prior to remedial works following downstream slip. 1984. One 150mm dia. 

borehole drilled from crest. Samples taken for moisture content and visual examination.         

5
Pore water pressures in fill

Piezos installed 1977.            

6
Pore water pressures in natural ground

Piezos installed 1977.            

Problems / Incidents

Code     Description
Date Identified

30
Inadequate freeboard
1944

1944 inspection. Top of dam irregular and gave inadequate freeboard at lowest point.           
29
Spillway damaged
1944
Incident



1944 inspection. Leakages observed in shaft of swallow hole overflow, recommended shaft be relined.           
10
Wave damage on wall
1964
Incident
1964. 

Scouring of wave wall reported. At time wall was a masonry structure varying from 0.3-1.2m  high.           
12    
Inadequate spillway capacity
1959
Design limitation
1959. 

Reported that flood discharge arrangements inadequate.            
1
Leakage
1991
Incident
1991 report. 

Seepage noted on upper part of embankment towards right hand end.           
5
         Downstream slip in service
1976
Serious incident

Local failure in the upper part of the downstream face in the early morning of 29-1-1976 during a 

storm in very cold windy weather. Saturation of the fill occurred due to wave action and wind 

blown spray, causing excess pore pressures in the saturated fill which led to a slip and flow slide. 

Slip - 10m wide, 12m slope length, 2m slump.       
19
Trees or vegetation
1933
Incident

1933 inspection. Fairly tall trees growing on dam should be removed.           
1
Leakage
1958
Concern

1958 inspection. Leak at northern end and a few other damp patches. 1969 report. Small leakage 

noted when reservoir close to TWL 1982. Various seepages exposed on downstream face during 

remedial works.        
Remedial Works
Code   Description
Date 
Undertaken
41
Vegetation cleared
1935
Minor works c.1935.            
18
Spillway repaired
1948
Minor works 1948. Overflow shaft relined.            
19
Spillway enlarged
1953
Design reassessment 1963. Main spillway lengthened from 151' to 241' and channel downstream modified.           
6
Wave wall repaired
1967
Minor works 1967. Wave wall grouted and upstream pitching repaired.            
27
TWL lowered
1976
Major works 1976. 6.1m long cut 2.5m deep made in main spillweir following downstream slip.           
15
Upstream slope flattened
1982
Minor works 1982. New fill placed on upstream face.            
17
Upstream pitching repaired
1982
Minor works 1982. New rip-rap protection placed.            
18
Spillway repaired
1982
Minor works 1982. Reinstatement of cut in main spillweir.            
3
Sheet piling
1982
Minor works 1982. Line of sheet piles along crest.            
7
Crest restored to original
1948
Minor works 1948. Crest restored to uniform freeboard of 3'6".            
17
Upstream pitching repaired
1967
Minor works 1967.            
18
Spillway repaired
1982
Minor works 1971. Main spillway repaired and a major downstream part reconstructed.           
12
Downstream slope flattened
1982
Major works 1982. Buttressing of downstream face with new fill.            
38
New wave wall built
1982
Major works
1982. New concrete wave wall built with curved face to dissipate wave energy.           
18
Spillway repaired
1982
Minor works 1982. New cascade built for swallow hole spillway.            

References
30
FERGUSON P A S, LE MASURIER M and STEAD A (1979). Combs reservoir: measures taken  

following an embankment slip. Transactions of 13th International Congress on Large Dams, New 

Delhi, vol 2, pp 233-245.
52
BINNIE G M (1976). The evolution of British dams. 12th Dickinson Memorial Lecture. Transactions of 

Newcomen Society, vol. 47, pp 207-224.
120
CHARLES J A (1986). The significance of problems and remedial works at British earth dams. 

Proceedings of BNCOLD/IWES Conference on Reservoirs 1986, Edinburgh, pp 123-141.
438
SKEMPTON A W (1989). Historical development of British embankment dams to 1960. Clay Barriers 

for Embankment Dams. Proceedings of Institution of Civil Engineers Conference, October 1989, pp 

15-52. Thomas Telford, London.
C.5
Limitations and constraints on use of data



C.5.1
Structure and content of database

Important issues to consider when assessing the results of searches on the NDD include:

a) only a proportion of dams have data on incidents and preventative works, and the proportion for which data are available is unlikely to be representative of the whole population of UK dams

b) there is often a degree of judgement in deciding what the cause of the incident was, as the only information may be a single sentence or other form of brief description.  This is particularly true for dams that have failed, as the resulting breach often removes evidence of the cause of failure

c) some incidents are entered as having more than one cause

d) whether a remedial works classification is consistent with the classification ascribed to the incident.  Sometimes records of remedial works are the only record of a problem (i.e. there is no corresponding separate entry for an incident)

e) step changes in the condition of UK dams occurred due to inspection and upgrading associated with both the implementation of legislation (1930, 1986) and technical guidance (ICE 1933 Flood Committee, FSR (1975)) and to a lesser extent engineering guides (1978 onwards). This will have had an effect on the frequency of failure

f) the type of embankment or outlet works may have changed during the period concerned due to upgrading works, for example a homogenous embankment dam becoming a dam with filters where filters were added to the downstream face as part of the addition of a berm.  This information is generally not recorded, and where recorded is not in a format to easily enter into calculations of frequency of an incident for that type of dam/ outlet

g) failures and incidents due to ‘wear-in’ (i.e. failure in first 5 years) are excluded when looking at the frequency of failure of existing dams

h) the frequency of failure depends significantly on reservoir level; although for most historic failures, it can be assumed that the reservoir is full at the time the threat occurred, this is not necessarily true for incidents, or for earthquake.  The NDD does not record reservoir level at the time the incident/failure occurred

i) the performance of a dam has only been systematically recorded for all dams since 1985 when the Reservoirs Act 1975 introduced the requirement for a systematic record.  Although water authority dams will have had reasonable records before this; a reasonable proportion of the dams on the database were only identified as coming under the Act in the 1980’s when enforcement authorities carried out searches to determine which reservoirs should be regulated under the Act.  Thus for many dams data on events prior to 1985 would have been anecdotal, rather than recorded as they happened

j) the date on which the data for a particular dam was last updated is not recorded.  For many dams this will have been when the database was set up in the late 1980s, such that incidents since then may not have been recorded 

k) there is no data on whether the reservoir is part of a cascade, which would increase the consequences if the failure of one dam triggered the failure of other dams downstream

C.5.2
Inferring the probability distribution of dam condition

Use of historical data on the performance of dams to infer future performance requires that some relationship be established between the condition of a specific dam and its probability of failure.  This in turn requires assumptions about the distribution of dam condition within a specific dam type or period of construction.  This is discussed in Sections 5.3.5 of the main report, in terms of inferring anchor points for the extremes of this distribution.

This subsection considers the work to date on some of the issues relating to proposing and verifying the distribution of condition between these anchor points.

The use of average annual probability inferred from historical data has the limitations that the probability distributions for the various parameters considered may well be skew rather than symmetrical distribution(s).  An average (or mean) in the sense of defining a baseline dam would then be inappropriate and the mode (highest probability for a discrete distribution) of more interest.  Unfortunately analysis of historical data only provides an average.

The other limitation with average annual probability is that when considering a distribution of parameters which range over many orders of magnitude (e.g. from 10-1 to 10-8 say), the average will be dominated by the large values i.e. the average of 10-1, 10-3 and 10-5 is 3.4 x 10–2, some 34 times greater than the median. Thus

a) in engineering terms, it may be appropriate to average the power of the parameter, rather than the value of the parameter itself.  

b) in terms of postulating, and testing, distributions of the annual probability of failure in respect of a particular threat, the average is a poor test of the validity (or otherwise) of any hypothesis.  

Nevertheless the average is indicative of the part of the annual probability curve of interest, i.e. the part of the distribution with the greatest probability of failure.  Nevertheless it should be recognised that that this may introduce errors which should be evaluated by use of sensitivity studies.

C6
Output from NDD

C.6.1
General

The basis of searches and results of searches by dam type are presented in Section 2 of the main report.  Results of searches by other subsets are presented here as follows, with discussion given below

Search by
Results of searches presented in
Inferred probabilities given in


Tables
Figures
table

Number of dams in existence and dam life years
C4



Distribution of age, height and reservoir capacity of embankment and outlet subsets
C5



Incidents and remedial works

C1, C2, C3


Wave damage

C4, C5


Embankment dam – type of impervious element 
C6

C7

Outlet type
C8

C9

The approach adopted for calculating probabilities is identical to that used for Table 2.8 of the main report, and reference should be made to the main report for the assumptions made.

C.6.2
Assumptions made in searches

There are a number of practical issues regarding interpretation of entry and searches of data, as shown in Table C.3.

Table C.3 : Common queries and problems in entering data and searching NDD

Issue
Assumption made in NDD

Date of construction not known for all dams in a subset, which makes calculation of total life years difficult
The median date of construction of the particular type of construction is then taken as the median for those dams where it is known.  The exception is ‘other earthfill dams’, where the median date of construction is taken as the median for all UK dams.

Where an incident occurs over several years, is it entered once for every year?
a) For floods, it should be a separate incident every time a flood overtops a dam.  

b) For internal erosion which is a continuing process it is more difficult – historically counted as a separate incident each time internal erosion is flagged as of concern (in principle for a stable situation being monitored this would degrade to being flagged every Inspection (10 years)?)

Leaks at several places along long dam
Enter as separate incidents

Calculation of dam life allows for dams that have failed or are discontinued i.e. no longer under Act
Approx. 80 in this category?

Multi type dams 
These count twice i.e. concrete with earth wing embankments is shown as 2 dams

C.6.3
Incidents and remedial works 

Figure C.1 indicates the distribution of all incidents that have been recorded for embankment dams over a 200 year period, whilst Figure C2 records the remedial works over the same period.  The severity of the problems recorded includes the full range listed in Table C.2 i.e. Incidents 1 to 4 as well as design limitation (Incident category 5).  

Most of the problems specified as inadequate overflow relate to a design limitation and not to an overtopping failure or incident.  Although ageing may cause some increase in problems with time, it is considered unlikely that the proportion of problems has significantly increased with time as a percentage of dams in existence.  It is therefore inferred from this figure that it is more likely that the percentage of problems reported and documented has increased.  This is an important effect, and has significant implications for any statistical analysis of historic data.  

Figure C1 also provides information on the relative proportions of incidents and shows that in the period since 1951 internal erosion was the major problem, inadequate overflow was second with slope stability and drawoff works being less important.  For the period since 1951, the proportions of a particular failure mode to all problems are internal erosion 47%, spillway 26%, drawoff works 15% and shear failure 12%.  It is of interest to note that for remedial works since 1951 the proportions of spillway and shear failure to all remedial works are the same (spillway 26%, shear failure 12%), but internal erosion reduces to 24%, whilst drawoff works increase to 38% of all remedial works.

Comparison of incidents to remedial works/ upgrades

Figure C3 shows the number of incidents and remedial works for each mode of failure.  It is of interest to note that although works have focussed on spillways and drawoff works, most of the incidents have related to internal erosion.

C.6.4
Type of impervious element

Recorded events and inferred annual probabilities of incidents are given in Table C6 and C7. The ratio of the annual probability of incidents category 2 and 3 of a specific type of impervious element to the average for all UK dams is included at the base of Table C7.  These may be compared with both the average probability for all UK dams given in Table 2.8, and also published probabilities by dam type given in Table D.7.  

The subset of upstream asphaltic membrane is not included, as there are only 9 dams of this type in the UK dam population.  The relatively limited numbers in the subsets of rolled clay cores and concrete cores should also be noted.

The main points arising from this search of the NDD are

a) probabilities for rolled clay and concrete core wall are much higher than for the average before 1975, but much lower after 1975,

b) probabilities of incidents at puddle clay dams is about 50% higher than the average for all UK dams, both before and after 1975

c) homogenous earthfill dams are approximately half the average  for all UK dams, both before and after 1975

Comparison with data from Foster et al (2000) in Table D7 shows that the Foster data show the opposite from that inferred for UK dams, i.e. the Foster data shows puddle clay and concrete core wall are safer than the average, whilst homogenous dams are less safe than the average.

On balance it is considered that the results from the NDD are more likely to reflect the relative probabilities of failure of UK dams.

C.6.5
Wave/wind action.

The upper part of the upstream slope of earth dams needs protection to prevent erosion with potential of breaching of the dam.  The performance of upstream protection, pitching, blockwork and in situ concrete slabbing is described in the HR Wallingford report SR345 by Herbert et al (1995) (with recommended design practice in the companion volume SR459, Yarde et al, 1996).  Stone or rough dressed masonry pitching has traditionally been used for dams in the UK with over 80% using this method.  Since 1945 other measures such as precast concrete blocks, insitu concrete slabbing and rip rap have been used.  Earliest incidents recorded date back to 1934, but it is very likely many occurred before then.  Many of the incidents relate to a particular extreme storm and particular set of circumstances whereas others are a result of continuing deterioration.  Most incidents have been described as class 3 incidents although some will be verging on class 2 incident where emergency action is involved.  None have led to failure of the dam and uncontrolled release of water although if remedial works are not carried out following damage, wave induced overtopping could occur.  Unlike internal processes where deterioration can not always be seen, damage following a storm or gradual deterioration of the upstream protection can easily be observed and rectified.

Figure C4 shows the number of incidents for different types of upstream protection. Although there have been many more recorded for pitching and rip rap due to their greater use, many problems occurred with in-situ concrete slabbing due to inadequate design.  Design is addressed in SR345 and summarised by Besley et al 1999. 

Figure C5 shows that there were few cases of wave damage reported prior to the mid 1960’s.  Between 1960 and 1975 problems were generally either occurring within the first few years of construction or with older dams.  After 1975, the age of the dam at which the incident or problem occurred is far more widespread and more were reported but a significant number were still occurring in the first few years after construction using newer methods of slope protection. 

C.6.6
Outlet type

A preliminary search by outlet type has been carried out with the results given in Tables C8 and C9.  The searches are too incomplete to draw any conclusions, other than the expected one that dams with pipes through the core/ fill have higher probability of failure than the average for all embankment dams.

Table C.4 : Number of dams in existence and dam life years

Table C.5 : Distribution of age, height and reservoir capacity of embankment and outlet subsets

Table C.6 : Results of interrogation of NDD for  embankment dams by type of impervious element and failure mode

Table C.7 : Inferred probabilities and relative proportion of failure modes from Table C.6

Table C.8 : Results of interrogation of NDD by outlet type and failure mode

Table C.9 : Inferred probabilities and relative proportion of failure modes from Table C.8

C.7
Discussion 

At present the NDD is only of limited value for comprehensive research into dam incidents.  The principal deficiencies are as follows:

· incomplete reporting of dam incidents; there is no requirement for reporting of dam incidents to NDD nor a general awareness amongst panel engineers of the NDD as a repository for data in dam incidents. (it is noted that although the Act requires that works in the interests of safety are reported to Enforcement Authorities through the Section 10(6) certificate, such that a significant proportion of Incident Categories 1 to 3 should be recorded, this data is not collected in a systematic manner) 

· database structure; the database grew as additional facilities have been added and was focussed at storage of data.  With the better understanding now available of how it might be used the structure could be greatly improved to both facilitate searches by non expert users, and to provide repeatability of the results of these searches

· control of data entry; there is a lack of uniformity in how incidents are recorded, uncertainty over multiple entries for a single incident and when the entry was made.

· It is not usable by non-expert users, such that in practice it can only be interrogated by the manager of the database who has to make manual corrections to the data output to eliminate duplication and other problems

With the increasing use of the internet it would be feasible to establish a National Dam Database on-line with access available to all.  This availability would generally increase the interest of panel engineers in submitting data on incidents.

It terms of the detailed structure of the NDD it is suggested that future development of the NDD would include the following additional data

a) the date the entries for a particular dam were last reviewed for completeness (and updated where necessary)

b) % of time full, or reservoir level less than say 90, or 80% of retained height

c) whether the dam is part of a cascade, and if so the names and reservoir capacity of other reservoirs in cascade (including reservoirs too small to come under the Act)

d) an assessment of the completeness and quality of data for a particular dam

e) a single primary mechanism of deterioration would be assigned as the cause of failure, with secondary mechanisms as appropriate, rather than having several mechanisms

f) differentiate incidents resulting from the failure of a dam in cascade upstream separately from incidents relating to runoff from an uncontrolled upstream catchment (UK dams failures are often associated with cascade events)

g) the population at risk for each dam, whether an emergency evacuation plan (EEP) exists and is maintained, and the estimated LLOL both with the EEP activated and not activated

An important issue is the confidentiality of reporting incidents; on one hand there could be a separate incident database which would be separate from an ‘enforcement’ database of physical characteristics.  On the other hand one of the aspects of value is to have the physical characteristics and incidents retained in the same database.  It is considered that it is preferable to have incidents and physical characteristics in one database, which suggests that this database should be maintained by other than the enforcement authority.

Another important issue is the definition of the level of an incident, and further consideration and consideration would be necessary to resolve this.  However, this research contract has identified the following issues regarding definitions of Incidents

Incident level
Current definition (summary of that in table C.2)
Comments

2
Emergency action or drawdown
a) Unclear whether this would include a precautionary drawdown; 

b) could be redefined along the lines of reservoir operation dictated by dam safety issues, rather than normal operational requirements?

3
Incident leading to works
a) Need to differentiate works arising from Section 10 Inspection from those initiated by a change in condition at the dam (although it is reasonable for both to be considered as category 3 incident)

b) Incidents that may lead to failure (release of water) need to be differentiated from incidents that may lead to operational failure

4
Symptom causing concern/ Involvement of Inspecting Engineer
Clarify “Involvement” – perhaps as Visit to site by Inspecting Engineer?

C.8
Conclusions

Although the NDD has provided some useful data to this research contract, its value for future comprehensive research into dam safety issues is limited.  This is partly inevitable as it was set-up about 18 years ago and there have been considerable advances in understanding how the data could be used since then.  It is therefore recommended that the database be changed to provide more value to dam safety issues in the UK.  This should be carried out initially by carrying out a scoping study for improving the database, comprising a review of the following issues

i. purpose of the database

ii. what data could be entered

iii. what data would be of value in terms of enhancing reservoir safety in the UK, both in the short time and in the long term

iv. likely future developments in quantitative risk assessment and other techniques, and what data may be required for these

v. who could have access to the database

vi. who would enter data

vii. how would veracity and date of last update of data be managed

viii. roles and responsibilities of the manager and users of the database, 

ix. where dam owners wish their data to be kept confidential, how is this best ensured

x. what options currently exist for software on which the database could be mounted 

xi. how should software and management of the database should be procured

xii. options for improving the value of the database, including budget costs for setting it up and maintaining it

Figure C.1
Reported Problems

Figure C.2 
Analysis of Remedial Works based on the BE Database

Figure C.3
Comparison of incidents to remedial works/ upgrades 

Figure C.4
Wave damage : Number of incidents versus type of wave protection 

Figure C.5
Wave damage : Date of incident versus age of dam

APPENDIX D : Characteristics of Dams World-wide 

D.1
General

In assessing the probabilistic risk of failures of dams, it is important to understand the characteristics of the dam population on which the assessment is carried out.  This section summarises available information on dam populations other than UK, to allow the assessment of the value of any world-wide probability data to the population of dams under the UK Reservoirs Act 1975.

Summaries of the physical characteristics of European dams are given in the report by Le Delliou (1998, Barcelona) on the European Working Group on Legislation.

A description of the characteristics of UK dams is given in Section D.3.  Comparison of UK dams with dams in other countries include Charles (1998) and Charles & Wright (1996).

In broad terms the differences between the UK population and the populations of dams in other countries include the fact that the UK has:

· a smaller qualifying size of reservoir (UK dams are included where above 25,000m³, whilst overseas in general have a larger minimum size, as Table D.1. For example only 20% of UK dams are large enough to qualify as a large dam under the ICOLD criteria)

· temperate climate

· a significant proportion of older dams

· less variety of embankment type

· use of puddle clay as a core, commonly without filters

· different soils e.g. in UK we do not have permafrost, tropical residual soils or highly dispersive soils

· older UK dams are commonly in cascade, which introduces the risk of the failure of an upstream dam initiating the failure of downstream dams

· UK amenity dams are full almost all the time, whilst overseas dams in arid countries rarely reach their maximum reservoir level

D.2
Overseas Dams

D.2.1
Databases of dam characteristics and incidents

Table D.1 shows the databases that are known to exist on dam characteristics and dam incidents and failures respectively. 

Surveys of dam incidents have been carried out and reported by ICOLD in Bulletin (1974), CDDR (1983) and Bulletin 99 (1995).  Other surveys are summarised in Foster et al (2000) and include the US, UK and Australia.

A formal live database (NDD) was set up in UK in 1985, whilst in the US the National Inventory of dams for USA (NID) was set-up in 1975 and the National programme for Dam performance (NPDP) was set up in 1994.  Various national agencies also maintain databases on the dams they monitor.

In UK prior to the 1975 UK reservoir safety legislation there was no Enforcement Authority, so a considerable number of reservoirs were only identified as being covered by legislation once the 1975 Act was implemented in 1985.  Thus the NDD of dams has significant omissions until that date in terms of records of failures and serious incidents.  It is also known that there are still significant omissions in terms of failures and serious incidents, as there is no requirement for the reporting of incidents and works to dams.

In principle tailings dams could be used as a way of extending the database; however, it is considered that the characteristics of tailings dam design and construction are sufficiently different from water retaining dams that this would not be useful and so has been discounted.

D.2.2
Surveillance and incidents

Dam failures on a world-wide basis include:

· in the USA 350 killed since 1970 (Parr & Cullen, 1988),

· the Stava dam failure in Italy which killed 250 (HSE, 1992, Tolerability of risk from nuclear power stations), and

· Vaimont in Italy in 1963 which killed 2500 (HSE, op cit).

The method of surveillance varies, often being by government employed staff.

Table D.1 : Summary of Characteristics of Dam Populations world-wide

Country
Number of dams in database


Qualifying national criteria (Viseau & Martins, 1998)

National database
Information in database on incidents
Remarks


Large (ICOLD definition1)
National criteria2
Papers on legislation and safety practice
Height (m)
Reservoir volume m3

Failures
Incidents













World-wide
45,000
na

15m
1,000,000

177
1105
ICOLD CDDR (1983) and ICOLD Bulletin 99 (failure, 1995) include incidents in first 5 years.  Bulletin 93 (ageing) excludes first five years. Foster et al (2000) also present statistics.

Europe
3,287
-

-


(34)

Charles & Wright (1996); Lemperiere (2001) describes 34 failures

France
569
569
Delliou, 2001, p217
20m
15,000,000
EDF, CEMA-GREF


Dam safety responsibility of 3 organisations, EDF (BETCGB, Hydropower), Min. Environment (CEMAGREF; water supply & irrigation) and VNF (CETMEF, waterways)

Germany
311

Rettemeir et al, 2001 p303
5m
100,000



Each of 15 states has own legislation, see Rettemeir & Kongeter (2001), Nilkens et al (2001)

Norway
330
2,500
Molkersrod, 2001, p259
4m
500,000



2001 European Conf; Skoglund for embankment dams (p. 337-342) and Jensen for concrete (p. 201-208) give results of questionnaire on condition and incidents.

Portugal
103

da Silva, 2001, p121, p263







Spain
1187
1300
Azanedo, 2001, p115







UK
517
2,600

No limit
25,000
NDD
40
120/ 500
Incidents subdivided into serious/ causing concern

Elsewhere
41,700









Australia
486







Although ANCOLD produces guidelines, each of 6 states varies this to different degrees

Canada
793


2.5m
30,000
NDPD




China
24,670









US
6,375
74,000

7.6m
62,000
NDPD 


Several different federal agencies i.e. USACE, USBR, FREC, FEMA plus each of 62 state has responsibilities

1) Definition given in Terminology; data for Europe taken from Law (1992)

2) Data as presented by working party at Geiranger, Norway 2001

D.3
Characteristics of UK reservoirs

D.3.1
Legislation

Dam failures with loss of life in 1925 led to the passing of the Reservoirs (Safety Provisions) Act 1930.  This was replaced by the current legislation, Reservoirs Act 1975, which was implemented in 1986-1987.  The Act applies to all reservoirs designed to hold, or capable of holding, more than 25 000m3.  

Other legislation that may impact on the way reservoir owners operate and maintain their reservoir, although not mandatory, are:

· Health and Safety at Work Act, 1974 

· Security and Emergency Measures Direction (DETR, 1998)

· COMAH regulations 1 April 1999 (which supersede CIMAH) - control of major accident hazard this requires  operators in certain industries to provide information to the public on the storage of dangerous goods 

To date there has been no universal European legislation that impacts directly on dam safety.

D.3.2
Physical characteristics, age & ownership

Brief details of the characteristics of the 2600 reservoirs which fall within the ambit of the Reservoirs Act 1975 are given in Section 1.4.4 of the main report, with further information provided here.  The distribution of British dams in terms of the date of construction, height of dam and reservoir capacity are illustrated in Tables 1.3 and 1.4 of the main report and Figure D.1 to D.4.  Figure D.2 shows that older dams were generally of small reservoir capacity.  British dams range from small earth embankments whose reservoirs hold just over 25,000 cubic metres to large dams such as Quoich with a reservoir capacity of 382 x 106 cubic metres. 

Approximately half the dams are owned by water companies, however approximately 600 (25% of the total stock) are owned by owners with one dam and limited financial resources; these undertakers tend to be country landowners and fishing clubs.  A significant number of farm irrigation and flood retention dams have been built in recent years.

D.3.3
Impact of Dam Failures – Historical Record in UK

Table D.2 summarises the historical record of dam failures in the UK in which there has been loss of life.  Only two of these were large dams as defined by ICOLD, with the remainder too small to be included in the ICOLD register, but large enough to come under UK legislation.  Only internal erosion and overtopping have resulted in the uncontrolled release of water and loss of life.  

Based on Table D.2, Figure D.5 (Charles et al 1998) shows a comparison of British dam failure during the period 1831 –1930 with risk tolerability for ports as given by Health and Safety Commission Advisory Committee on Dangerous substances (1991).  Although this information is of historical interest, it is of little relevance to assessing the probability of failure of the present stock of UK dams.  At all the dams there were gross engineering deficiencies (particularly in spillway capacity) and poor communication.   

Table D.2 : British Dam Failures Involving Loss of Life 

(after Charles (1993) and Binnie & Partners (1986))

Dam
Height m
Res. cap 1000m3
Date Built
Date Failed
Cause
Deaths

Tunnel End (Marsden)
9

1799
1799
Overtopped
1

Diggle Moss (Black Moss)


1810
1810
Internal erosion
5

Whinhill
12
262
1821
1835
Overtopped
31

Welsh Harp (Brent)
7

1835
1841
Overtopped
2

Glanderston



1842
Overtopped
8

Darwen



1848
Overtopped
12

Bilberry
20
310
1845
1852
Internal erosion
81

Dale Dyke
29
3240
1863
1864
Internal erosion
244

Rishton



1870

3

Cwm Carne
12
90
1792
1875
Internal erosion
12

Castle Malgwyn



1875
Overtopped
2

Clydach Vale



1910
Overtopped
5

Skelmorlie
5
24
1878
1925
Overtopped
5

Coedty
11
320
1924
1925
Overtopped
16

Examples of the rate of progression of internal erosion at some UK dams are shown in Table D.3.

Table D.3 : Rate of progression of internal erosion at some UK dams

Dam (reference)
Condition when first noticed
Rate of progression
Actions taken to prevent failure

Balderhead – 48m high rolled clay

(Vaughan et al 1970)
On first filling depression noticed over core
Over 10 weeks extended to 3m wide x 2.5m deep hole
Reservoir lowered 9m (which increased crest settlement), grouting and diaphragm wall in core

Lluest Wen – 24m high puddle clay core constructed in 1896

(Twort 1977)
Horse fell into 2m deep hole on 23 Dec 1969
Inspected on 7th Jan when suspended clay present in cracked drain pipe 
Temporary evacuation of people downstream 12th Jan; grouting of tower and cut through spillway started 19th Jan; reservoir had been lowered 9m by 29th Jan

Green Booth – 35m high Pennine dam

(Flemming et al 1985)
Depression on crest noticed by public in 1983, some 20 years after construction
Over 3 days extended to 3m x 1m in plan, 0.04m settlement
Reservoir lowered from 1.65m below TWL by further 9.3m over 8 days. Core grouted, 4% by volume

Warmwithens – 10m high dam built in 1860, 1.5m dia. outlet tunnel driven through embankment in 1965 to contain new outlet pipes 

(Wickham, 1992; Charles & Boden 1985, para 21;

Moffat, 1975 BNCOLD, p5/7)
Chart recorder shows increased leakage started 1700 on 23rd Nov 1970, with rapid increase at 0500 am on 24th Nov. Escape of water first noticed 0730 am on 24th 
Maximum outflow 0900 on 24th Nov, with 115,000m3 reservoir discharged by 13.30.
Dam failed by erosion along ‘new culvert’.  Breaching sufficiently slow that two reservoirs in cascade downstream could cope with inflows with only minor damage

Wright (1994) includes a list of 10 dams that experienced catastrophic failure between 1960 and 1971.  Although there has been no loss of life since 1925 and the introduction of the Reservoirs (Safety Provisions) Act 1930, once a failure occurs, public trust will be compromised, even if just a few lives are lost.

D.3.4
Hazard Classification of UK Dams

The hazard posed by reservoirs to the area downstream can be currently assessed using one of three systems:-

a) the four dam flood categories, A, B, C and D, defined in the third edition of Floods and Reservoir Safety published by ICE in 1996. 

b) the four seismic categories, which are based on ICOLD Bulletin 72, 1989

c) the three consequence classes in RMUKR

These are summarised in Table 4.3 of the main report, whilst the proportion of dams in each category is plotted on Figure 4.1. 
An important point is that to date the assessment of the class of dam has, for small dams, often been based on visual inspection and judgement of the Inspecting Engineer, rather than carrying out a dam break analysis and predicting depths of inundation.  Thus there has probably been some differences between different Panel Engineers.  The rapid method of dam break in RMUKR should allow a greater consistency in assessing the class, such that the above may be modified.

D.3.5
Upgrading Works on UK Dams

Analysis needs to allow for the ‘improvement’ in the condition of the UK dam stock that has occurred since the 1930 Act was implemented.  There has been a significant increase in the reported remedial works since 1930, before which there was little or no work reported (see Figure C.2).  In part this may be due to the changes that have taken place in dam ownership – with many large dams owned by large water supply companies with a greater public awareness.  Also, this is likely to reflect changes in the way in which dams have been managed and supervised – from a reservoir keeper with a gang of workmen making repairs on a regular but unreported basis to a more structured system of supervision and reporting.  Even taking into account the increase in publication of information, the dramatic increase in reported remedial works may indicate that our knowledge of the risks posed by incidents has increased during this time, and our willingness to accept risk has reduced.
Slope Stability

There is no recorded case of failure in service resulting in an uncontrolled release of water which has been attributed primarily to slope instability.  Whilst the rate at which major problems are reported seems almost constant or reducing since legislation has been introduced, the reported incidence of more minor problems is increasing.  This may be as a result of improved surveillance and reporting and a greater understanding of geotechnics.  There has been an increasing number of remedial works involving slope improvements in the last decade.

Draw-off Works

As might be expected with an ageing population of dams, the reported problems and remedial works associated with draw-off systems has increased.  Most reported remedial works have been carried out on dams over 50 years old and 60% of these are associated with repairs to the valves or pipework.  The most common recent repairs has been relining of the old outlet pipes which were often cast iron and may have become corroded, as well as replacement of valves.

Internal Erosion

It can be seen that  the reported problems attributed to internal erosion and the remedial works associated with them have been increasing since 1950. This may be due to an improvement in monitoring and reporting but is also likely to be a result of the ageing population of dams.

Overflow Works

The remedial works associated with the overflow works can be seen to follow the trend in legislation and guidance on floods which were introduced in the 1930s and revised in the 1970s (Figure D.6).  Some 77% of the reported problems have been categorised as ‘design limitation’, such as a calculated inability to survive a PMF, and 19% of the remedial works are known to have been associated with improvements in safety of this kind.  This has had an impact on the instances of failure due to overtopping, which have decreased over the same period.  Since 1981, Yorkshire Water Services has spent almost £25m on improving reservoir flood capacity to meet FSR design standards. This has involved work on some 50 of Yorkshire Water’s 140 impounding Reservoirs (Robertshaw, 2001).

A similar example is Woodhead dam, built in 1847-1876, the highest dam in the cascade in the Longdendale Valley supplying Manchester, where the design floods have increased as shown in Table D.4. 

Table D.4 : Example of upgrading of spillway capacity with time for a UK dam (Chalmer, 1990)

Date
Design Flood Inflow (m³/s)
Results

1847
28.3 (1000 ft3/s)
Highest flood of record

1848
42.5 (1500 ft3/s)
Large flood in nearby Blackburn

1874-80
?
Heavy rainfall showed spillway inadequate, so level of reservoir held down by 1.52m to provide flood storage

1938
204
Follow recommendations of ICE 1933 Flood Committee

1986
550 (PMF)
Further upgrading, following FSR

after 1986
*
Further works to downstream reservoir, following issue of FSR Supplementary Report No 10 for reservoir in cascade

D.4
Published data on probability and annual probability of failure and incidents

D.4.1
General

A summary and comparison of the characteristics of UK dams with overseas dams is given in Section D.1; this is relevant to the interpretation of the statistics for the performance of overseas dams for their relevance to UK dams.

ICOLD Bulletin 99 (1995) reports that 

· since the definition of failure varies between countries, the Bulletin adopted the definition of “collapse or movement of part of a dam or its foundation so that the dam cannot retain water. In general a failure results in the release of large quantities of water” (this definition varied from that in ICOLD CDDR (1983, page 31) which related to major damage to the dam)

· the failure rate for large dams built before 1950 (5,268 number), after the first five years of life, was approximately 2.2% and for those built after 1950 (12,138 number) was 0.5%.

· for dams which failed the timing was as follows (Figures 7 and 8 of the Bulletin):-


Years after construction
Total


Construction/ first year
2, 3
4, 5 
6  - 10
> 10


Number of failures
59
21
13
16
56
165**

% of those known
36%
13%
8%
10%
23%


** age at date of failure not known for 12 of these dams

ICOLD Bulletin 109 (1997) provides useful information on failures of dams less than 30m high, including both embankment and concrete dams; the main points being summarised below.

D.4.2
Embankment dams

Table D.5 summarises published data on the probability of failure of embankment dams.  It can be seen that the probability of failure due to internal erosion is similar to that of floods.  The annual probability of failure of pre and post 1930 dams is not directly comparable to whole life probability, as the older dams have been in place longer.  Nevertheless assuming that the pre 1930 dams have a typical age of 100 years and the post 1930 say 30 years it can be seen that the probability of failure has reduced significantly.

Table D.5 : Whole life probability of failure of embankment dams (from ICOLD Bulletin 109)

Dam/reservoir size
Threat
Whole life probability of failure 10-5



built before 1930
built after 1930 

(industrialised countries)

Dams >30m
piping
2,000
200


floods (operation)
3,000
50

dams 15-30m, 
piping
6,000
400

storage > 10Mm3
floods (operation)
8,000
100

dams 15-30m, 
piping
>2,000
200

storage < 10Mm3
floods (operation)
>1,000
100

Table D.6 summarises published information on the relative annual probability of the different failure modes, which includes failure both in the wear-in period and subsequently.  It can be seen that overall the proportion of failure by internal erosion is similar to that by external erosion, with sliding being relatively uncommon. Failure initiated by the appurtenant works is not differentiated as a separate failure mode; presumably fractures in pipes are therefore classified as internal erosion although the primary cause of failure was the pipe.  For flood dykes overtopping is reported as the major cause of failure, presumably because the short term infrequent loading rarely allows steady state seepage and degradation to occur.

There are a number of papers by Foster, Fell and others which present the results of studies on internal erosion and slope stability using statistics to analyse historical performance.  The data was primarily from ICOLD being entered into the ERDATA1 database, and then extended by obtaining more detail on embankment fills and zoning and foundation geology.  They managed to get this detailed information on 1462 dams, or 13% of the ICOLD database.  The most accessible summary is that in the Canadian Geotechnical Journal (Foster, Fell & Spangle, 2000).  A sample of the data available is summarised in Tables D.7 and D.8.  

It is important to note that in their paper at the 1998 ANCOLD conference Foster et al include proposed correction factors to obtain a dam specific annual probability of failure, from the average for a given type of dam.  Similar corrections for dam specific features are also believed to be suggested from the 1985 work at Stanford University, reproduced with the dam specific features to be considered (but without the corrections!) as Figure 4 in Dise (1998).

They state definitions of failure and accidents are as the ICOLD CDDR (1983), however, it should be noted that the definition of failure varies from the later ICOLD Bulletin 99 (see above) and we have been unable to locate a definition of accident in CDDR. Nevertheless Foster & Fell  (1998) describe three types of accident, reported as based on ICOLD (1974); these all involve immediate remedial measures and are differentiated by timing (i.e. during construction, during first filling or during operation) rather than severity of accident.  It would therefore be expected that their figures for accidents are proportionally lower than UK incidents, as the Foster data appears to only include a Type 2 (serious) incident under the UK definition. 

Table D.7 indicates that the failure rate for dams after 5 years of operation is typically about 10% of that during the first five years.  Over the life of the dam the rate of accidents to failures varies with failure mode, typically between unity and four; although the ratio is 12 for piping from the embankment into the foundation. Unfortunately the accident rates after 5 years of operation are not differentiated from the average lifetime accident rate for each dam.  They also note that the failure rate for dams prior to 1950 is about 7 times higher than for dams constructed after 1950.

Published predictions of the probability of failure of existing dams during operation are less common, with data identified by mode of failure being summarised in Table D.9.  It can be seen that the predicted probabilities of failure in operation for  US  dams  of  13  x  10-5/annum are 50% higher than the world-wide historical value of 9 x 10-5/annum (as given in Table D.7); whilst the predicted UK figure (Cullen, 1990) of 64 x 10-5/a is approximately 7 times the historical value. These values are for observed performance over different time periods, and thus are not strictly comparable, as they should be adjusted for the upgrading of dams in recent years in reducing the probability of failure.  A description of this early work by Cullen on risk based methods is given in Section E.7.2; the output being considered unreliable.

Data presented by threat is summarised in Table D.10.  Attewill and Spasic-Gril (2001), in their study of Lake Sarez have assigned probabilities to a number of threats; external erosion, internal erosion and dam stability.  The work accepted that all the probabilities were subjective.  It was claimed that the probabilities of the separate hazards have been combined to derive the overall probability of failure by means of event trees.  It was concluded the method of risk analysis used was of value in 

· establishing the sensitivity of the overall risk to the variation in probability of the individual hazards

· ranking alternative structural measures to reduce risk

Funnemark et al, 2000 use event trees to assign probabilities to dam failure modes for the Valldalen dam in Norway.  The dam is a 93m high rockfill dam with central moraine core, built in 1965.  The low probability of failure by internal erosion is probably partly due to the inference that the use of modern concepts in the design of filters should reduce the risk of this mode of failure.  The overall probability of failure appears to be a similar order of magnitude to the results from the ICOLD database given in Table D.7.

Table D.6 : Published information on relative annual probability of different failure modes for embankment dams based on historic performance (wear-in period and subsequently)


Middlebrooks 1953
Charles & Boden 1985, (Table 2.5)
ICOLD Bulletin 99, 1995 

(Fig  11 in Bulletin)

Note : below only includes primary cause of failure
Laszlo, 2001

Location, number of dams, and period of sample
US dams, known failures
British dams, known failures
World-wide, 17,400 number, all known failures prior to 1995
Flood levees in Hungary


%
%
No
Code
% of failures, exc. ‘unknown’
%

Mode of failure







External erosion (Overtopping)
30
24
36
2.3.8
51%
19.5 overtopping + 0.6 wave scour

Rupture of upstream dam 
Not differentiated
4
2.3.9
6%


Internal erosion (dam body)
38
55
19
2.4.12
27%
1.3

Internal erosion (foundation)


12
2.1.5
17%
2.2

Shear failure
15
14
0 
2.1.3, 2.1.17
0%
1.8

Appurtenant works
Not differentiated

Excluded

na

Other causes.
17
7





Unknown cause
-
-
46


74.6



Total
117




Table D.7 : Published information on historic failure statistics of embankment dams, primarily from ICOLD database

Mode of failure
Average Probability x10-5

(i.e. over  life of dam)
Proportions of all
Ratio accidents/
Average annual probability x10-5


Failure in operation


Failure

(whole life)
Accident  

(whole life)
failure in operation
failures  (whole life)
Failure in first five years
Failure after 5 years of operation
Table in

Column
1
2
3
4
5
6
7
8
9

Source
Table 2 of  Note 1 and Table 5.1 of  Note 2
As Columns 8, 9
Col 1
Col.3/ Col. 2 
As Columns 8, 9
Note 1 
 Note 2

External erosion (Overtopping)
490
550
?
44%
?
?
?
not given
not given

Internal erosion (dam body)
340
350
670
31%
1.9
45.3
5.6
5
6.3

Internal erosion (foundation)
160
170
620
14%
3.6
25.5
1.9
103
7.2

Internal erosion (embankment into foundation)
18
18
210
2%
11.7
1.9
0.4
14
8.1

Shear failure
45
63
22
4%
0.3
4
1.5
17 + 20
9.1,  10.2

Other causes/ unknown.
57


69
?
5%
?
?
?
not given
not given

Total
1,110

(1.1%)
1220

(1.2%)
1,312

1.2
74

(148)4
9.4

(18)4



1. Foster, Fell & Spangle, 2000. The statistics of embankment dam failures and accidents. . Population of 11,192 dams, up to 1986, of which after 5 years of operation there are 124 failures and 279 accidents

2. Foster , Fell & Spannagle, 1998. Report by Univ. New South Wales.

3. Typographic error in their Table 2.10, such that last two columns should be 10-6, not 10-3
4. Adjusted assuming overtopping and other causes have same percentages as column 4

Table D.8 : Average annual probability of failure due to piping through embankment dams by dam zoning category (as Table 5 of Foster, Fell & Spangle, 2000)

Zoning Category 
No. of failures
No. of accidents
Average probability  (x10-5)

(i.e. over whole life of dam)
Average annual probability of failure (x10-5)1
Probability of Failure after 5 years : Ratio of dam type to average




Failure
Accident
First 5 years of operation
After 5 years of operation


Homogenous earthfill

Earthfill with filter

Earthfill with rock toe

Zoned earthfill
14

2

5

4
9

1

5

9
1600

150

890

120
920

60

800

240
209

19

116

19
19

4

16

2.5
3.4

0.7

2.8

0.4

Zoned earth and rock fill

Central core earth and rockfill

Concrete (or other) face earthfill

Concrete (or other) face rockfill
1

0 (1)

2

0
7

19

1

1(11)3
120

(<110)2
530

(<100)4
730

2200

240

350
15

(<14)2
69

(<13)4
2.4

(<3.4)2
8

(<1.7)4
0.4

0.6

1.3

0.3

Puddle core earthfill

Concrete corewall, earthfill

Concrete corewall, rockfill

Hydraulic Fill

Zoning type unknown
4

0

0

0

7
10

2

2

3

6
930

(<100)

(<100)4
(<100)4

2070

810

2160

3240


121

(<13)

(<13)4
(<13)4

4

(<0.8)4
(<1.3)4
(<0.5)4

0.6

0.1

0.2

0.08

All dams
39
75
350
670
45
5.6


Notes

1. The percentages of failures by piping through the embankment occurring at the different times after construction are as follows: 49% during first filling, 16% during the first 5 years operation, and 35% after 5 years operation. Calculations of annual frequencies of failure are made as follows: 

· average annual probability of failure (all years) = (average annual probability of failure)/(average age); 

· annual probability of failure (first 5 years)) = (average annual probability of failure) x 0.65/ 5; and 

· annual probability of failure (after 5 years) = (average annual probability of failure)x 0.35/ (average age – 5).

2. Upper bound value of the average annual probability of failure determined by assuming one dam failure
3. Eleven accidents to concrete face rockfill dams involving leakages through the concrete face (not included in % statistics).
4. Assume average annual probability of failure of < 1 x 10-3 

Table D.9 : Published information on predicted annual probability of failure for dams in operation, by mode of failure

Mode of failure
Average annual probability x10-6

Dam 
Typical US dam 
UK (NWW) ‘typical dam’

Ref.
Stanford University (as Table 3.6 in Cullen, 1990)
Table 3.5 of Cullen, 1990, 

External erosion (Over topping)
?
210

Internal erosion (dam body)
65
70

Internal erosion (foundation)
?
21

Shear failure
11
?

Other causes/ unknown.
47
?

Total
130
640

Table D.10 : Published information on predicted probability of failure, by threat

Threat
Average annual probability x10-6

dam
Lake Sarez natural landslide dam
Valldalen, Norway
Venemo, Norway


Attewill and Spasic-Gril 2001
Funnemark et al, 2000, Table 10
Amdal & Riise, 2000


Low range
High range



Flood
160
360
54
7

Earthquake
270
2160
0.3
0.5

Internal geotechnical
Not incl.
Not incl.
3
Not incl.

Electromechanical
Not incl.
Not incl.
Not incl.
10

Sediment blockage
770
3120
Not incl.
Not incl.

Cascade failure of u-s dam
Not incl.
Not incl.
Not incl.
230

Other
Not incl.
Not incl.
Not incl.
Not incl.

Total
1,200
5,640
57
248

D.4.3
Concrete dams

Table D.11 summarises published information on the relative annual probability of the different failure modes, which includes failure both in the wear-in period and subsequently.  It can be seen that overtopping, sliding, and internal erosion of the foundation are broadly similar in annual probability.  

In parallel with the work on embankment dams there was research on historical performance on concrete dams, reported in a University of New South Wales research report (Douglas, Spannagle & Fell, 1998) and in summary form in Hydropower & dams (Douglas, Spannagle & Fell, 1999).  However, this had a relatively limited population of 487 dams, comprising 46 failures, 176 accidents and 265 major repairs.  The results of the statistical analysis are therefore considered less reliable than for embankment dams.

ICOLD Bulletin 109 (1997) notes in relation to concrete dams (pages 35 to 39)

a) “the safety record of gravity dams built before 1930 was in fact worse than for embankment dams. The probability of failure was similar, but for gravity dams sudden failures caused more victims

b) overturning of blocks or sliding on the foundation (was) the most frequent cause

c) forty per cent of failures occurred on first filling 

d) masonry dams built since 1930 have displayed similar safety performance as concrete dams

e) although arch dam experience trails gravity dams by 50 years, today’s safety appears equivalent, 

f) buttress and multiple arch dams therefore appear to be less safe than gravity and arch dams”

Table D.11 : Published information on relative annual probability of different failure modes for concrete dams based on historic performance (wear-in period and subsequently)


ICOLD  Bulletin 99, 1995 (Fig 10 & 12 in Bulletin)  Note : below only includes primary cause of failure
Douglas, Spannagle & Fell, 1999

(Table 4)

Location, number of dams, and period of sample
World-wide, 17,400 number, all known failures prior to 1995
world-wide, 487 number


No
Code
% of failures, exc. ‘unknown’


Mode of failure





External erosion (Overtopping)
8
1.3.7, 3.4.6
33%
32%

Rupture of upstream dam 
-
not 
differentiated


Internal erosion (foundation)
7
1.1.5, 3.1.5
29%
19%

Shear failure – foundation
9
1.1.3, 1.3.2, 3.1.3, 3.4.2
38%
22%

shear failure – dam body



19%

Appurtenant works

Excluded



Other causes.



16%

Unknown cause
5





29




D.4.4
Service Reservoirs

Service Reservoirs are too small to come under the ICOLD definition of a “large dam” and are therefore not considered by ICOLD.  This is therefore no data on historical performance from the ICOLD Bulletins.  Although their safety is actively managed in Hong Kong, because of their proximity to potentially unstable slopes above dense concentrations of population, we have been unable to find any published information on the historical performance of service reservoirs.

D.4.5
Cascades

Amdal & Riise (2000) report an assessment of the overall probability of failure of a 64m high rockfill dam in Norway.  The probability of failure of the subject dam resulting from a breach of an upstream dam was 2.3 x 10-4/a, whilst the overall probability of failure of the subject dam due to all other causes was only 0.18 x 10-4/a, showing the importance of considering cascade failure as a failure mode.

D.4.6
Miscellaneous threats

The probability of an aircraft strike is given by Smith (1988) as follows:



Crash rate x 10-5 years per square mile

Background, randomly distributed 
Private aircraft
7.5

across the UK
Helicopters
2.5


Small transport
0.25


Airline transport
1.3


Combat military
3.8


Total (all aircraft)
15.0

Additional where close to Airfield
Take-off
0.22/r  e-r/2 e –t/80

r – distance in miles to runway, t is the angle in degrees
Landing
0.31/r  e-r/2.5 e –t/43

For the critical element of a dam having a footprint of 100m by 20m and no nearby airfield, this would give a probability of 1 x 10-7/annum.  This may be compared with the figures quoted by Thompson et al (2001) for the probability for an individual of death due to impact from a crashing aeroplane of 1.2 x 10-8/ annum.

The failure of gates and valves is discussed by Pohl (2000), who carried out a  questionnaire survey in Germany, Austria and Switzerland. Based on this data he concluded that the average annual probability of total failure to open was 0.3% of the times it was used.  This seems relatively high, for a well maintained regularly used gate or valve, and presumably reflects the preponderance of gates and valves that were used infrequently.  No data is given on the effect on dam safety.

D.4.7
Summary

This published data indicates that

· the likelihood of failure reduces significantly after the first few years of operation

· the probability of an accident/incident is greater than a failure (incidents could be used as a measure of the likelihood of failure, similar to near miss reporting in H&S)

· internal erosion is broadly similar to overtopping in terms of annual probability of failure, with sliding much less common and electromechanical failure rarely differentiated as a separate failure mode.

D.4.8
Other types of installations

It is of interest to compare the probabilities of failure of dams with failures of other types of earthworks, available data being summarised in Table D.12.  It can be seen that the failure rate is much higher than for dams.

Table D.12 : Published values of probability of failure for installations other than dams


Probability of failure
Remarks

Infrastructure embankments (CIRIA, 2001, Section 3.5.2)



Rail embankment (LUL)
0.5 failures/ annum


Motorway embankment
3% had failed to 1989
Annual probability/ year varied from 0.1% to 8.3%

Research is ongoing in relation to other types of installation. An example is work on the probability of failure of flood dikes in Holland.  An unsuccessful attempt was  made to obtain information on this; through Prof. Vrijling who is chairman of a state committee that works on these problems, devises new methods, supervises the (trial) applications etc.

D.5
Materials used in dams

D.5.1
General

It is important to realise that as 50% of UK dams are over 100 years old, the materials likely to have been used in the construction of these dams would have been very different from those used today.  This section therefore summarises briefly how the materials likely to have been used in dam construction in the UK will have changed with time.  

D.5.2
Impervious elements

Description of the historical development of impervious elements in UK embankment dams are given in Binnie (1981, 1987), Johnston (1999), and Skempton (1989).

D.5.3
Outlet works

Table D.13 gives a description of the chronological introduction of materials likely to have been used on outlet works construction, taken from Brown (1996).

Table D.13 : Dates of introduction of materials likely to have been used in dam construction

Date
Material
Remarks

1200BC
Iron
Took over from copper

1783 AD
Puddling process to produce Wrought Iron
Wrought iron originally produced by removing carbon and other impurities from cast (pig) iron by repeated hammering; however Henry Cort patented puddling process which heated the pig-iron with haematite whilst stirring (puddling) with long iron rods

1824
Portland cement
Joseph Aspdin patented process for making cement by heating powered limestone  with selected clays

1850’s
Steel
Lower iron carbon content of pig iron to below 1.5% and controlling other impurities.  Bessemer process invented. Replaced in mid 1950’s by oxygen process.  Carbon content of mild steels 0.1 to 0.25%, medium (0.25 to 0.6%) and hard steels (0.6 to 1.5%).

1854
Reinforced concrete
Patent by Wilkinson recognising use of iron in concrete (Bussel, 1996).  However, wide use only started in 1892 with Hennebique system.  See also other papers on the Special Issue : Historic concrete in Proc ICE Structs & Buildings Aug/Nov 1996.


Precast Concrete pipes
Date of introduction not available

1920’s
Spun grey iron pipes
see Reader et al, 1997, Section 2.4

1960’s
Ductile iron pipes


Figure D.1
Distribution of Date Completed for Dams in BRE Register

Figure D.2
Distribution of Age and Reservoir Capacity of British Reservoirs

Figure D.3
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Figure D.4
Distribution of Dam Height with Date Built

Figure D.5
Comparison of British Dam Failures During the Period 1831-1930 with Risk Tolerability for Ports (after Charles 1997)

Figure D.6
Upgrading of Spillways with Time

APPENDIX e : METHODS CURRENTLY USED FOR RISK ASSESSMENT OF DAM SAFETY WORLD-WIDE

E.1
General

There is relevant recent and ongoing work going on in most European countries, as well as USA, Canada and Australia.  It is noted that in several countries, notably Australia, USA and South Africa, the use of systematic risk analysis has been considered for longer than here in the UK and this project has endeavoured to benefit from their experience.  Sources of publicly available information for dams include:

(a)
International Workshop on “risk-based dam safety evaluation”, Trondheim, Norway, June 1997.  Organised by NNCOLD and International Centre for Hydropower (ICH) with assistance from CANCOLD.

(b) ICOLD European Symposium: 

· 4th Barcelona (1998) entitled Dam Safety and including sessions on legislation and guidelines on dam safety, structural and hydrological safety; 

· 5th Gerainger, Norway, (2001) which included a session on operational safety of dams; and 

· associated European Working Groups on Risk, Internal Erosion and Dam Safety (progress reports published in 1998, 2001).

(c) ICOLD Congress 

· Q 76 at Beijing, (2000) entitled “The use of risk analysis to support dam safety decisions and management”, including a general report by Kreuzer (2000)

· draft Bulletin on Risk assessment (versions of Aug 2000 and Aug 2001 available)

(d) USCOLD lecture series (conferences)

(e) Risk analysis, the journal of the Society for Risk analysis (published 6 times a year)

(f)
RMUKR, 2000

Other relevant non-dams work is given in Lees (1996).

Key relevant work is summarised briefly below, in chronological order within each country, and is intended to be an overview of the current “state of the art” of risk analysis for dams.  

The terms risk analysis, risk assessment and risk management are used in different ways by different authors.  The terms used here are as defined in the terminology section and illustrated on Figure E.1, and follow Figure 1 of Kreuzer (2000).

The uncertainties and range of opinions regarding use of risk assessment are typified by the difficulties the ICOLD committee on risk assessment have had at reaching an acceptable Bulletin, for example the differences between the August 2000 and August 2001 version being as follows

Subsection
Length
of draft at 


Aug 2000
Aug 2001

Benefits of risk assessment (incl. historical development)
8
4

Principles
36
39

Discussion of current & potential roles
21
not incl.

Current applications
not incl.
38 pages

Terminology
3
2

Glossary
10
11

It is noteworthy that the Bulletin does not mention use of historical data as being  a technique for risk analysis.

E.2
Australia

E2.1
ANCOLD

ANCOLD first published its “Guidelines to Risk Assessment” in 1994, with a commentary in 1998.  A second edition is currently under preparation, an interim draft having been obtained.  This and other relevant ANCOLD guidelines are summarised in Table E.1.

It should be noted that each of the six States within Australia may have its own variations from these procedures, for example New South Wales has 16 technical Information Sheets, some of which vary the ANCOLD guidelines (see website damsafety.nsw.gov.au).

Table E.1 : List of ANCOLD Guidelines
ANCOLD GUIDELINE


PURPOSE

Dam Safety Management (1994).
An approach to dam safety management which includes investigation, design,  construction, surveillance, safety reviews, remedial action and emergency planning.

Risk Assessment (1994) RA94

· Also refer to the Position Paper, ANCOLD 1998

· 2nd Edition under development at July 2001 
A framework for the risk assessment of issues relating to dams.

Assessment of the Consequences of Dam Failure (2000) CDF2000
Identify priorities and/or make a first level consequence assessment, and thus assess Hazard Category.  (see Stojmirovic, 2001, for application to Tasmania)

Selection of an Acceptable Flood Capacity for Dams, 2000 AFC2000
The basis for the provision of flood capacity at dams.

Design of Dams for Earthquake, 1998
The basis for the capability of dams to withstand earthquakes.

Environmental Assessment and Management, being prepared
Guidance of the natural environment social and economic assessment and evaluation process necessary to establish the feasibility of proposed dams and the management of existing dams and water conservation storages.  

Business Planning and Performance Management, being prepared
An approach to dams asset management. 



Guidelines on other physical aspects such as:

· Concrete Faced Rockfill Dams (1991)

· Design Criteria for Concrete Gravity Dams (1991)

· Strengthening and Raising Concrete Gravity Dams (1992)

· Guidelines Supplement to ICOLD Bulletin 75-Roller Compacted Concrete for Gravity Dams (1991)
Guidelines on design and construction requirements for specific dams.

Some of the main points relevant to a “possible integrated system” may be summarised as:

a) There are seven hazard classes, obtained from a matrix of five ranges of population at risk and four classes of damage and loss (Table 3, p.13, of CDF, 2000, reproduced in this report as Table F.3).  For full risk analysis they revert to F-N curves. 

b) The return period of the design flood is obtained from a risk study. However, a “deterministic fallback alternative” is given in Table 8.1 (p.21 of Floods, 2000. reproduced here as Table F.4). 

c) In regard to probability of adverse events, Section 5.3.3 (p.77) of Risk (1994) states: “it must be concluded that at this stage there is no comprehensive methodology for assessing the probability of static failure for a dam on the basis of visual observations of a dam’s condition”.  However, Appendix 3 (Risk Supplement) of Floods (2000) gives examples of risk assessment for 2 dams, which includes probability of 6 “failure modes” (overall probabilities of failure 5x10-4, 2x-10-3 AP).  This appendix is qualified as “Indicative, pending revision of RA94 Guidelines.”

d) They consider joint probability of the design flood and a full reservoir, but not wind and flood

e) Initiating events, mechanisms and modes of failure are listed in Appendix B of Consequences.

Table E.2 : Extract of recommended methods for estimating the probability of failure for embankment dams (Table 6.1 in ANCOLD, July 2001 draft under development)

Load

Condition
Failure Mode
Recommended Methods



Preliminary and Portfolio Assessments
Detailed Assessment

Normal operating
Embankment instability and loss of freeboard
Historic performance plus judgement
Historic performance plus judgement, probabilistic analysis if sufficient data is available


Internal erosion and piping in the embankment, foundation, and embankment to foundation
Historic performance with detailed failure paths; or event trees for all critical failure paths
Event trees for all failure paths


Spillway wall instability
Analysis plus judgement
Analysis plus judgement

Flood
Embankment overtopping
Flood level AP usually estimated without modelling prior water level. Historic performance plus judgement to assess depth of overtopping giving failure
Flood level AP modelled with prior reservoir water level.  Historic performance plus judgement to assess depth of overtopping vs probability of failure


Embankment instability and loss of freeboard
Covered in normal operating load calculation
Historic performance plus judgement; probabilistic analysis if sufficient data available


Internal erosion and piping in the embankment, foundation and embankment to foundation
Covered in normal operating load calculation if using historic performance; or event trees for all critical failure paths
Event trees for all failure paths


Spillway and spillway energy dissipator scour and overtopping of spillway chute walls
Analysis, results of modelling if available, and judgement
Analysis, results of modelling if available, and judgement

Earthquake
Embankment instability and loss of freeboard

for dams not subject to liquefaction
Earthquake AP of peak ground acceleration.  Simplified deformation analysis, or judgement.  Reservoir assumed at full supply level
Earthquake AP of peak ground acceleration.  Simplified deformation analysis, unless critical, where advanced numerical modelling may be used.  Prior reservoir level modelled


For dams subject to liquefaction
Earthquake AP of peak ground acceleration, single design magnitude.

Simplified liquefaction analysis
Earthquake AP of peak ground acceleration, with magnitude contributions.

Detailed liquefaction analysis.  Prior reservoir level modelled


Internal erosion and piping in the embankment, foundation and embankment to foundation


Earthquake AP of peak ground acceleration, with detailed failure paths and judgement.  Reservoir assumed at full supply level
Earthquake AP of peak ground acceleration, with event trees for all failure paths.  Prior reservoir level modelled.


Spillway wall instability
Earthquake spectral analysis, pseudo static analysis plus judgement
Earthquake spectral analysis, pseudo static analysis plus judgement

Reservoir Rim Instability
Overtopping of dam by flood induced by landslide in the reservoir
Judgement based on topography, geomorphological mapping and historic landsliding
Landslide hazard assessed by air photo interpretation, inspection, and geomorphological mapping, and history and mechanics of sliding.  Wave heights calculation from volume and velocity of slide.

Table E.3 : Extract of recommended methods for estimating the probability of failure for concrete and masonry dams (Table 6.2 in ANCOLD, July 2001 draft under development)

Load

Condition
Failure Mode 
Recommended Methods



Preliminary and Portfolio Assessments
Detailed Assessment

Normal Operating
Dam instability by sliding or overturning
Covered in the flood load calculation
Covered in the flood load calculation


Internal erosion and piping in the foundation
Historic performance with detailed failure paths or event trees for all critical failure paths
Event trees for all failure paths


Spillway wall instability
Analysis plus judgement
Analysis plus judgement

Flood
Dam instability by sliding or overturning
Flood level AP usually estimated without modelling prior reservoir water level.  Stability analysis using conventional design strengths and uplift
Flood level AP modelled with prior reservoir water level.  Reliability analysis by Monte Carlo simulation of stability analysis modelling uncertainty in strength of the concrete and foundation, and uplift pressures


Dam overtopping – scour of the foundations


Flood level AP usually estimated without modelling prior reservoir water level.  Judgement to assess depth of overtopping giving failure
Flood level AP modelled with prior reservoir water level.  Judgement, possibly augmented with modelling and calculation


Internal erosion and piping in the foundation
Covered in normal operating load calculation


Event trees for all failure paths


Spillway and spillway energy dissipator or scour, and overtopping of spillway chute walls
Analysis results of modelling if available, and judgement
Analysis, results of modelling if available, and judgement

Earthquake
Dam instability by sliding or overturning
Earthquake spectral analysis.  Pseudo static analysis to assess AP of instability


Minimum of 3 accelerograms tested.  The most critical of these appropriately scaled to peak ground accelerations representing earthquake partitions.  Dynamic analysis coupled with Newmark type analysis to estimate permanent displacements and consequently probability of failure. These analyses may be coupled with Monte Carlo simulation to model uncertainties. Post earthquake analysis of stability to estimate probability of failure immediately after the earthquake. Analyses to estimate probability of failure of a damaged dam under subsequent flood or earthquake event before repairs can be effected.


Internal erosion and piping in the foundation
Covered in the normal operating load calculation
Usually covered in the normal operating load calculation


Spillway wall instability
Earthquake spectral analysis.  Pseudo static analysis
Earthquake spectral analysis.  Pseudo static analysis plus judgement.

Reservoir Rim Instability
Overtopping of dam by flood induced by landslide in the reservoir
Assessed when there is a known landslide problem; or judgement based on topography and geomorphological mapping
Landslide hazard assessed by air photo interpretation, inspection, and geomorphological mapping, and history and mechanics of sliding.  Wave heights calculation from volume and velocity of slide.

E2.2
Portfolio Risk assessment for SA water

Bowles et al (1998) describes the outcome of a portfolio risk assessment for SA Water (previously South Australian Water Corporation) of 17 major dams with a median age of 75 years old, as reproduced in Table E4.  The reason for the high life loss risk from internal (static) threats is ascribed to a lack of warning time needed for evacuation.

Table E.4 : Outcome of portfolio risk assessment for SA Water (after Bowles et al, 1998)


Flood
Earthquake
Static

Probability of failure
91%
1%
8%

Incremental loss of life
31%
1%
68%

Owner’s Risk cost
80%
1%
19%

Total Risk cost
97%
0%
3%

As well as QRA the system assesses the various aspects of a dam against conventional engineering standards, assigning ‘Pass/ No Pass or Apparent Pass/No Pass; the latter where there is insufficient information to make a firm conclusion. The portfolio assessment included ALARP analysis of options to reduce risk presented as reductions in probability of failure and other ranking criteria in the above table, relative to the existing condition rather than as absolute values.

E.3
Canada

The Canadian Dam Association (CDA) has strong links with various US organisations, and will be significantly influenced by the major Canadian dam owners, such as BC Hydro.  CDA has published the Canadian dam Safety Guidelines in 1999, which retain traditional analysis of safety factors as the method of assessing dam safety.

E.4
Germany

Germany is a federal country, such that dam safety is controlled separately within each state.  Nevertheless there have been two useful recent papers by Rettemeir (1998, 2001) describing dam safety in one of these states, including the current state of risk assessment and use of FN curves.

E.5
Portugal

The Portuguese Risk Index Evaluation (da Silveira et al, 1993) was produced by the Chairman of the ICOLD committee which produced the bulletin on ageing, and is part of a Portuguese Code of Practice for Inspection of dams in Portugal.  It is of interest as an early attempt to form an integrated system for assessing risks, the assessment table being reproduced here as Table E.5.  Monteiro et al (2001) describe safety studies of four dams in Portugal which included calculating the global risk index, although it is unclear how this index related to subsequent works.

The main points are

(a)
11 aspects of the dam are considered, grouped under the external dam condition and the impact on failure

(b)
there are six possible levels of condition/ risk for each aspect, some being quantitative (e.g. probability of exceedance of a flood) whilst others are qualitative

Table E.5 : Portuguese Evaluation  (reproduced from Da Silveira & Gomes, 1993)


External, or environmental conditions

(factor E)
Dam condition/reliability

(factor F)
Human/Economic hazard

(factor R)

[image: image7.wmf]REMEDIAL WORKS

Embankment - Repair to watertight element in dam

Embankment - slope stability

Code

Description

Code

Description

1

Core grouted

12

Downstream slope flattened

2

Slurry trench wall in embankment

13

Downstream slope drainage

3

Sheet piling

14

Toe drain

4

Upstream membrane repaired

15

Upstream slope flattened

24

Core raised

16

Downstream berm constructed

25

Core repaired with clay

31

Downstream face repaired

40

Upstream blanket

39

Partial reconstruction

Overflow works

Settlement

Code

Description

Code

Description

18

Spillway repaired

6

Wave wall repaired

19

Spillway enlarged or modified

7

Crest restored to original

27

TWL lowered

24

Core raised

29

Spillway re-constructed

34

Additional spillway

Wave damage

Code

Description

Draw-off works

33

Upstream face repaired

Code

Description

6

Wave wall repaired

8

Valve tower repaired

38

New wave wall built

9

Outlet tunnel repaired

17

Upstream pitching repaired

10

Outlet pipes repaired-replaced

32

Valves repaired/replaced

Foundation repairs embankment /concrete

35

Completely new draw-off works

Code

Description

36

Upstream valve control

11

Foundations grouted

5

Extended cut-off

51

Foundation watertightening treatment

Concrete and masonry dams

52

Drain/ filter reconstruction or repair Foundation

Code

Description

53

Strengthening by grouting  (ex anchoring)

42

Watertightening

54

Slurry trench wall in foundation

43

Drain construction or repair

55

Anchoring in foundation

44

Thermal protection

45

Facing

Reservoir

46

Reconstruction of deteriorated zones

Code

Description

47

Execution of joints (slot cutting)

71

Reforestation

48

Strengthening by grouting

72

Torrent training

49

Strengthening by anchoring

73

Sediment discharge diversion

50

Strengthening by shape correction

74

Slope regularisation, protection and 

strengthening

37

Buttressing of concrete dam with rockfll

75

Draining

76

Watertightening

Appurtenant works ICOLD categories

77

Dredging

56

Discharge increased

78

Draining

57

Construction of additional appurtenant work

79

Slope regularisation, potection and 

strengthening

58

Overall reconstruction of appurtenant work

59

Partial reconstruction with strengthening

60

Shape correction of surface contact flow

61

Aeration devices: construction or increased 

capacity

62

Repair of surfaces contacting flow

Others

63

Joint tightening treatment

20

Demolished

64

Construction and repair of drains

21

Total reconstruction

65

Slope protection and stabilisation

22

Raised

66

Sediment discharge removal from surfaces 

contacting flow

23

Lowered

67

Construction, modification and repair of valves 

and gates

26

TWL raised

68

Establish or update rules for gate/valve operation

28

Discontinued

69

Reconstruction of deteriorated zones

30

Abandoned

70

Appurtenant works abandoned

Partial

Index
Seismicity
Reservoir

Bank

Slides
Floods

Higher than

Design

Floods
Type of

Reservoir

Management
Aggressive

Environment

action 

(climate, water)
Structural

Quality
Foundations
Flood

Outlet

Equipment
Maintenance

Conditions
Reservoir

Storage

Volume (m3)
Downstream

installations

i
1
2
3
4
5
6
7
8
9
10
11

u












1
Minimal

Or zero

A<0.05g
Minimal

Or zero
Very low probability (concrete dam)
Multi-annual, annual or seasonal storage
Very weak
Adequate
Very good
Reliable
Very good
<105
Non-inhabited zones without economic value

2
Low 

0.05g<a< 0.1g
Low
-
-
Weak
-
Good
-
Good
105 to 106
Isolated areas agriculture

3
Middle 

0.1g<a< 0.2g
-
Very low probability (fill dams)
Weekly

storage
Medium
Acceptable
Acceptable
-
Satisfactory
106 to 107
Small towns agriculture craftsmanship

4
Strong

0.2g<a< 0.4g
-
-
Daily storage
Strong
-
-
-
-
107 to 109
Medium sized towns, small industries

5
Very strong

a>0.4g
-
-
Pumped storage
Very strong
-
Poor
-
-
>109
Large towns, industries, nuclear inst.

6 (*)
-
Big slides
High probability
-
-
Inadequate
Poor or bad
Insufficient not operational
Unsatisfactory
-
-

(*) Abnormal conditions; technically unavoidable intervention
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British Waterways 
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123
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SK 037796

Date Completed
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Derbyshire
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18
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1944

3

1944 inspection. Leakages observed in shaft of swallow hole overflow, recommended shaft be repaired

Remedial works
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Date undetaken

Severity

18 spillway repaired

1944

3

Overflow shaft relined
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Problems / Incidents

a = peak ground acceleration at bedrock level
E.6
United States  

E.6.1
General

A series of dam failures occurred in the USA in the 1970’s and early 1980’s as indicated below:

Year
Name
Location
Deaths
Damage

1972
Buffalo Creek Dam
West Virginia
125
$400 million

1972
Canyon Lake Dam
South Dakota
139
$60 million

1976
Teton Dam
Idaho
11
$400 million

1977
Taccoa Falls Dam
Georgia
39
$30 million

1982
Lawn Lake Dam
Colorado
3
$21 million

Dam failures continued to occur in the USA with at least 23 between 1960 and 1997 with one or more fatalities.  In one storm alone in 1994, 230 dams failed in Georgia resulting in three deaths (FEMA, 2000).

In response, the following legislation has been enacted and safety reviews carried out (a good summary of current practice in the US is given in the biennial report by FEMA to Congress, and other information on their website)

1972
National Dam Inspection Act
Authorising the USACE to inspect all non-federal dams.  This inspection identified some 2,900 unsafe dams of which 2,350 had inadequate spillways


Review of federal dam safety activities
Committee on dam safety produced its first set of guidelines in 1979 and later version in 1985 (NRC, 1985).

1996
National Dam Safety Program Act 

(will require re-authorisation in 2002)
The inter-agency committee on dam safety (ICODS) was reorganised and federal guidelines for dam safety were updated under a new Guidelines Development Sub-committee.

A summary of risk practice in the USA was given by DS Bowles at Trondheim in 1997.  The impetus for development came from the failure of Teton dam in 1976.  Risk assessment was formally adopted by the BOR in 1995 and the US Army Corps in 1997.

As the US is a federal country, there is not a single body responsible for dam safety, with responsibility split between the following

· 23 federal agencies (e.g. USBR, Army Corps of Engineers, FERC), under 9 different departments

· 52 states 

E.6.2
National Performance of Dams Programme (NPDP)

This was set up in 1994, to create an information resource on the performance of existing and retired dams in the US and Canada.  It is located at Stanford University, and can be searched via the Internet.  It is based on the US National Inventory of dams (NID, maintained by the USACE), Canadian provincial records and NPDP records of historic records that predate the USNID.  The latest summary reports available on the Internet are to 1997. 

E.6.3
Federal Emergency Management Agency (FEMA)

The actions by this Federal Agency have included commissioning various research projects, one of particular interest to this project being the reports by McCann et al in 1985 to prepare a system for preliminary safety evaluation of existing dams. As well as analytical techniques it included tables for 

· assigning a condition score to four elements of embankment dam condition and three elements of concrete dam condition (example in Table E.6)

· the probability of failure, depending on what the ‘evaluation scores’ was (reproduced in Figure E.2)

It is presumed there would be a separate report giving the basis of these probabilities, but unfortunate it has not yet been possible to locate a copy.  

Table E.6 : Earth, Rockfill Dams – Evaluation Scale for Piping

Evaluation Scale
Description
Correction relative to ‘prior’ probability

1
Good embankment, with no signs of defects or distress.  Any seepage which exists is in agreement with design expectations 

(if available).
0.13

2
Generally good embankment, but evidence of minor defects, such as a few burrow holes, organic matter in embankment, etc
0.17

3
Embankment in good condition, minor seepage observed.
0.19

4
Localised vegetative growth which may indicate slight seepage free of soluble contents or suspended solids. Inadequate filter system.
0.39

5
Numerous burrow holes or tree growth along downstream slope only.  Evidence of rotting debris in embankment, foundation, or abutments.
0.60

6
Numerous burrow holes along both sides of embankment.  Brush and tree growth along both slopes.
1.00

7
Evidence of poor compaction and inadequate bond to foundation and abutments, which may lead to excessive seepage.
1.5

8
Evidence of only one of the following: Excessive seepage localised at joints, transverse cracking in embankment, foundations, or abutments, sand boils.
3.0

9
Excessive seepage at one or more of the locations listed in 8, and indication of embankment cracking and subsidence.
11.0

10
Distressed embankment, foundations and abutments evidenced by excessive seepage at joints, crack in embankment, fractures in foundation and abutment structure, sand boils etc.
18.0

There appear to have been other associated reports on work on probabilities of failure, but again it has not been possible to obtain copies, other than an early report of 1986. This was in effect the first assessment of the practicality of setting up a national database on dam performance (McCann & Hatem, 1986, Progress Report No 2 to FEMA, purchased through NPDP web site).

E.6.4
Bureau of Reclamation (BOR)

The BOR manages 362 dams in the 17 western states of the US.  The BOR safety programme was officially implemented in 1978. 

A technical priority (TPR) system was developed in 1986 to rank dams.  Following a review of the dam safety program in 1997 this is now being superseded by a Risk Based Profile System (RBPS, 2001).  The RBPS is available on the Internet, the main points being:-

a) Instructions and forms issued  11th Jan 2001, the RBPA being assessed as requiring about  a day or less by an experienced engineer

b) Risk defined as (probability of load) x (probability of adverse response given load) x (consequence given adverse response)

c) loads are considered under four categories namely, static, hydrologic, seismic, operation and maintenance, 30% of the marks being assigned to each of the first three and 10% to the last category

d) it appears to be a qualitative ranking system, rather than relating to absolute probabilities

For more detailed risk analysis there is a dam safety risk analysis methodology, the current version being 3.3 (USBR, Sept 1999).  Eventually there will be 22 subsections to assist in carrying out a formal risk assessment, although currently only six are available.

A comparison of annual probability of failure of BOR dams from analysis based systems against that from historical performance (Tatalovich, 1998) concluded that there were up to two orders of magnitude difference from the two methods, with analysis sometimes giving higher probability and historical performance sometimes giving higher.  Due to limited scope its conclusions relate mainly to further work, rather than conclusions for methods of risk analysis.

Other papers on the BOR use of risk analysis include Cyganiewicz (2000) and Acterberg (1999).

E.6.5
Army Corps of Engineers (USACE)

The UASCE is responsible for federal dams in the eastern USA.  A Condition Rating Procedure was issued in 1999 which had the objective of “developing a rating procedure that describes the current condition of embankment dams in a uniform manner”.  It also produced a procedure for the prioritisation of maintenance and repair activities on embankment dams.  Although it includes a system for ranking the relative importance of different threats, this is based on expert judgement rather than any probabilistic based system and it is therefore similar to RMUKR in concept.

Some of the key points relevant to this project are (numbers in brackets are a reference to tables or pages in that report):

(a)
participants in the work included representatives of Hydro-Quebec and Michigan State University

(b)
the development of the condition index (CI) methodology included a series of week long meetings with a panel of dam safety experts, who “were asked a series of structured questions that related their technical experience to various aspects of embankment dam maintenance and repair” (expert elicitation).  During each meeting embankment dams were inspected in order to validate the procedures that had been developed as of that date ......” (p. 4)

(c)
the hazard potential was put into one of three classes; namely loss limited to owner, no loss of life but some damage to third parties and loss of one or more lives (Table 3.1).  A more refined system is given in Appendix B, but was not implemented

(d)
a Condition Index (CI) is obtained, between zero and 100 based on a rating procedure that describes the current condition of a structure in a uniform manner.  CI’s are intended to be relatively objective measurements based on the series of  questions used as part of the expert judgement (page 13-23 & Table 2.1); it was considered a resolution of 10 was normally appropriate although some uses may benefit in using higher resolution (p. 5)

(e)
a flow chart for the defence (component) group importance is given on Figure 3.1, reproduced here as Figure E.3, includes

· four failure modes (overtopping, surface erosion, piping, mass movement)

· eight adverse conditions (cause or location of failure mode)

· ten defence (component) groups (element that can be assessed and governs the cause of failure); these being based on ICOLD 1983

(f)
tables are given for each component, that prescribe how the condition of that component is quantified (p. 23-33) 

(g)
these ten components are then ranked in terms of relative condition (Table 3.18).  The priority ranking within the 10 defence groups is formed as a product of the following three numbers (Section 2.2) representing:

· dam importance factor (consequence of failure, Section 3.1)

· importance of the defence group in relation to other defence groups on a given dam (from expert elicitation  and does not change often)

· defence group condition factor (100-CI)/100 (determined annually based on site inspection)

(h) An overall condition index is then calculated (Section 2.3, Eqn 2.2) by summing the output of (ii) above.

(i) there is a chapter relating monitoring devices in terms of priority

(j) Appendix A comprises worked examples for three dams, including the expert panel’s view of the relative importance of the various threats

(k) Appendix B includes a modification of the Hydro Quebec system of determining dam class, based on vulnerability (risk of failure) and  dam hazard potential

(l) software available at www.cecer.army.mil/fl/remr/remr.html

E.6.6
Federal Energy Regulatory Commission (FERC)

This is the US federal Agency responsible for regulating non federal owners of hydro plant.  They have produced a voluminous set of Engineering Guidelines in different chapters, available on the Internet.

E.7
United Kingdom

E.7.1
General

Work was initiated by the House of Lords recommendation in Dec 1982 that research be carried out to improve dam safety.  The first attempt was by Cullen (1990), which was unsuccessful in that it did not produce a workable system.  Subsequent research work has concentrated on other areas of dam safety, such as the engineering guides referred to in Clause 12 of the specification for this contract.  However, more recently RMUKR has been produced, as part of risk management for UK reservoirs.

E.7.2
Cullen (1990)

This was early work on the use of the probabilistic method to assess the safety of UK dams.  This was initiated prior to implementation of the 1975 Act, and followed the House of Lords recommendation of Dec 1982.  

A study into the feasibility of applying risk assessment methodology to reservoir safety in the UK was carried out between 1983 and 1985 (SRD, 1985).  This was carried out by the Safety and Reliability Directorate (SRD) of the UN Atomic Energy Authority in conjunction with M F Kennard of RKL, under the guidance of a steering committee.  This concluded that a detailed risk assessment on a selected reservoir should be carried out to examine the relevance and value of probabilistic risk assessment (PRA).  This study was carried out on a 20m high 100 year old embankment dam retaining a 1Mm³ reservoir and reported in Cullen (1990), who concluded that “in the light of present knowledge, PRA is not yet a suitable tool for inspection work”.

Some of the key features in the methodology and results are summarised as follows:

(a)
The techniques used were described in Chapter 2.  DAMBRK was used to model a range of breach development times, between 10 minutes and 4 hours.  Four classes of threats that could lead to failure and three categories of damage (property damage, structural collapses, casualties) were considered.  Use of fault trees and event trees was discussed; the complexity when used for dams being noted (e.g. over 80 pages of diagrams noted on p. 16).

(b)
Dam break analysis predicted peak flows of 300 to 1000 m³/s (PMF flow 60 m³/s) causing loss of life up to 2,258 lives and property damage between £90m and £270m.

(c)
Results from the detailed analysis were given in Chapter 3.  The probability of 39 “base events” were given in Table 3.4 (p. 32), included confidence limits (10%/70%) with definitions in Table 3.9 (p. 44).  These were combined through six principal fault trees, giving an overall probability of failure of 6 x 10-4/yr.  These were compared to Stanford data (data published by researchers at Stanford Univ., USA) which was quoted as giving an overall probability, excluding overtopping, of 1.3 x 10-4/yr.

(d)
Examples of fault trees are given as a “page map” in Figure 3.9 (p. 350) and in a form simplified by an “independent fault tree specialist” in Figure 3.10 (p. 41).  It was concluded (p. 50) that “the fault tree analysis became unavoidably complicated because of the wish to explore a large number of possible modes of failure” and (p. 58) “are an unsuitable method for quantification of the risk of failure of embankment dams”.  It also noted (p. 56) that “adoption of the technique known as FMECA could prove fruitful and simpler to use” and “a possible basis for further development of this approach could be the table of symptoms, causes and effects in the Engineering Guide for embankment dams”.

(e)
Interdependency of threats are dealt with, in principle, by use of “cut sets” (p. 12, 36), each “cut set  is a list of base events sufficient in themselves to result in failure”.  It is unclear what the outcome of this was and how it relates to the overall probability of failure.

(f)
the report notes it attempted to estimate and use “calibration factors” but abandoned this during the detailed study.  These factors are based on the condition of a particular dam and are used to adjust the “generic average probability of failure of all dams, due to a particular threat” to a probability relevant to the dam under consideration.  Nevertheless the report “outlined the method suggested by the Stanford report (McCann et al, 1985), which is based on established techniques arising from Bayes Theorem”.

E.7.3
Reservoir Hazard Assessment (Binnie, 1992)

Binnie & Partners carried out a number of research contracts, including

a) Contract no 7/7/259.– jointly with WRC to develop a ranking method for hazard, with equation using factors including dam height, reservoir volume, valley slope and distance to downstream community

b) Contract PECD 7/7/309 - a literature review for DOE on both Hazard and “methods which involve an assessment of the risk of a dam failure”.  They concluded in relation to the estimation of the probability and consequences of dam failure (their level III assessment) that further research was required, but that this should be deferred and the situation reviewed in five years.

E.7.4
Portfolio Risk analysis by owners

Scottish Hydro and other owners are using a number of techniques, including FMECA analysis to prioritise upgrading works on their stock of dams. Published papers include Beak et al (1997), Sandilands et al (1998a and 1998b).

During the course of this project United Utilities had a portfolio risk assessment carried out by Brown & Root with Utah University, using QRA techniques to rank dams within the portfolio.  The QRA techniques were based on McCann (1985) and Foster et al (1998, ANCOLD Conf), with the output considered more of a ranking tool than being a reliable absolute value.

E.7.5
‘Risk Management for UK Reservoirs’ (CIRIA, 2000)

This book provides guidance on risk management for UK reservoirs.  As well as rapid dam break and impact assessment it, in effect, provides a check list of indicators where the user assesses the consequence and likelihood of particular elements of dam behaviour leading to failure of the dam.  It is therefore entirely up to the user how he ranks the importance of the various threats to dam safety.

A summary of the risk assessment procedure is given in Section 5.4.5 of RMUKR, and comprises the following stages

(i)
rapid dam break analysis

(ii)
quantify the downstream impact of dam break in two categories, i.e. near and far valley influences, where far valley is more than 5 km downstream.

(iii)
select one of the three levels of  FMECA assessment (which depends on the impact on the public downstream, and is not required for low impact dams)

(iv)
carry out FMECA for medium/ high impact dams

Some of the key points relating to the FMECA are

(a)
15 LCI charts are provided; covering a range of dam types, heights and ages, they include the likely coding of “Consequences” for a particular dam type, based on the database analysis described in Appendix A5 of RMUKR.  They therefore are intended to allow for the relative importance of the different threats to dams safety.

(b)
the process is summarised as a list of steps on page 72 of RMUKR, and six worked examples are given in Appendix A7

(c)
the LCI (location, cause, indicator) diagram consists of 

· typically three or four ‘locations’ e.g. for an embankment the dam body, spillway and inlet/outlet works

· for each location between one and four possible ‘causes’ of failure

· for each cause typically two to three ‘indicators’ (elements of dam behaviour that could lead in some circumstances, to failure of the dam)

(d)
the Indicator boxes each require a relative scoring (scale of 1 to 5) of

· consequence  - how directly does the indicator of a problem relate to dam failure?

· likelihood – what is the likelihood of this particular problem occurring?

· confidence – what is the confidence in the reliability of the prediction?

(e)
Tables E.7 and E.8 summarise what RMUKR implies is the relative importance of different threats, and is understood to be based on looking at historical data.  It is noted that the same term sometimes appears as both a cause and indicator (e.g. Internal erosion for embankment dams) and may also appear several times as an indicator under different subheadings of cause (e.g. overtopping occurs six times in the LCI diagram for embankment dams)

(f)
the scores in the Indicator boxes are multiplied to give criticality (= consequence x likelihood x confidence), with the values from all the indicator boxes (and also confidence score) then transferred to a Risk summary table (Table 5.7 of RMUKR, completed example page 187-191) and ranked in descending order

(g)
the LCI diagram is not a fault tree, but a list of indicators of performance, i.e. the location and cause of failure column are not used.  The consequence score is set by the user to estimate their assessment of the relative importance of the different threats for a particular dam.

h)
Note that Section 5.3 of RMUKR suggests that the Indicative current standard for High, medium and Low consequence classes correspond to A, A/B and C/D; this is inconsistent with the PAR implied from the scoring system (see Table 4.3 of main report)

Table E.7 : Summary of Guidance on Likely Scores for ‘Consequence’ on Checklist of Indicators in RMUKR for concrete dams

Dam Type
Concrete/Masonry Dams
Service Reservoir

Date of construction
1840-1960
Post 1960


Height
<15
15-30
>30
<15
15-30
>30


LCI Diagram No.

(Appendix A6)
1
2
3
4
5
4
6

Number of dams in category (522 total, 51 age not known)
94
45
37
53
16
20
193

Dam








Softening/spalling
L
L
-
-
-
-
-

Seepage/leakage
L
L
L
-
H
-
-










Foundation








Cracking
L
L
-
-
-
-
-

Seepage/leakage
L
L
L
-
H
-
-










Spillway








Seepage/leakage
L
L
L
-
-
-
-










Inlet/Outlet Pipework








Seepage/leakage
L
L
L
-
H
-
-

Table E.8 : Summary of Guidance on Likely Scores for ‘Consequence’ on Checklist of Indicators in RMUKR for embankment dams

Date of Construction
Pre 1840
1840-1960
Post 1960

Height (m)
<15
15-30
>30
<15
15-30
>30
<15
15-30
>30

LCI Diagram No. (Appendix A6)
7
8
9
10
11
12
13
14
15

Number of dams in category (2106 total, 585 age not known)
216
13
0
609
287
37
193
36
27

Dam










Seepage/leakage
M
L
-
H
M
M
H
M
H

Internal erosion
H
-
-
M
L
H
-
-
H

Reduced freeboard
H
H
H
H
H
-
-
-
-

Overtopping
H
-
-
H
H
-
-
-
-

Wet patches
L
L
-
M
H
-
-
-
-

Piping
M
L
-
H
M
M
H
M
H

Slope instability
L
M
-
H
H
-
H
-
-

Damage to u/s face
L
H
H
L
M
H
H
L
-












Spillway










Seepage/leakage
M
M
M
M
M
H
-
-
-

Overtopping
H
H
-
H
H
-
-
-
-

Deterioration of structural materials
-
-
-
-
-
-
-
-
-












Inlet/Outlet Pipework










Seepage/leakage
L
M
-
M
M
H
-
-
-

Surface movement
-
M
-
H
H
-
H
-
-

E.7.6
‘Stability Upgrades to Older Embankment Dams’ (Babtie, 2001)

SUOED was only available in draft form at the time of producing this report, with a final draft becoming available in March 2002 during the final milestone.  A trial of the system in SUOED was added to this Brown & Root research contract in April 2002, this being reported in a supplementary report.

The work was initiated arising from proposals by BRE and Montgomery Watson to DETR.  The work was subsequently competitively tendered and awarded to the Babtie Group.

The main points in the draft at July 20001 were:-

a) the Guide is intended to “provide guidance on the initial assessment of older embankment dams, where as a function of their age there is uncertainty over the margin of integrity with respect to internal erosion or slope stability.  It is intended that any need for upgrading of basic integrity can be established without recourse to extensive investigation whilst leaving adequate scope for the exercise of experienced judgement”.  It is not intended to apply to dams where there are clearly defined signs of distress, which are considered to be adequately covered by existing guidance, experience and judgement.

b) consideration was given to use of safety factors, but this was considered inappropriate and instead used “key indicators related to actual mechanisms that contribute to instability and internal erosion”, these being presented in Section 3 of the Guide

c) seismic loads have “not been considered specifically in the methodology”.  Elements susceptible to damage under earthquake would “be judged on its merits as a separate case”

d) the assessment method is based on four tables and a flowchart, whereby the subject dam is compared to a notional “baseline dam”, using eight “assessment categories” for slope stability and six for internal erosion; 

· Table 2.1 is a matrix relating the “assessment categories” to 31 “primary indicators”.  The latter includes features that can be observed, information on the internal geometry and fill materials as well as instrumentation data.

· Table 2.2 provides a QA record of input information

· Table 2.3 is the key table, whereby the relative significance and conditions of each assessment category are assigned, based on a combination of factual data, observations and deduction/ judgement

· Table 2.4 calculates the Integrity rating 

e) a separate “evaluation table” gives guidance on how to score the difference when the characteristics of the subject dam vary from the baseline dam; this table being the same for both slope stability and internal erosion. This is discussed further in the supplementary report.

Figure E.1
Definitions for terms of risk management  (Kreuzer, 2000)

Figure E.2
Frequency of failure v Condition Evaluation scale (McCann et al, 1985)

Figure E.3
Flowchart for Defence Group (Dam Component) Importance (USACE, 1999)

APPENDIX f : Estimation OF FLOODS AND other EXTERNAL THREATS

F.1
Current dilemma in UK

The Flood Studies report (FSR) was published in 1975 and comprised the first UK wide systematic hydrological based methodology for estimating floods.  Research on flood studies continued at the Institute of Hydrology and a sequence of 18 Supplementary Reports were produced in the years after 1975.  

Floods and Reservoir Safety (FRSI) was produced by the ICE to provide guidance for estimation of floods for dams, the first edition in 1978 and the most recent, the 3rd edition in 1996.  Table 2  (page 16) of the current (third) edition of FRS indicates that the 10,000 year flood inflow has an “equivalent fraction of the PMF for rapid assessment” approximately half that of the PMF.  FRS defines the combinations of flood and wind that should be considered, the design wind that should be considered in conjunction with the extreme flood reducing from the ten year to annual wind from the first to second edition.

In February 2000 the Flood Estimation Handbook (FEH) was published by the Institute of Hydrology.  This was the culmination of a five year research programme funded by MAFF, the NRA (subsequently the Environment Agency), the Dept of Agriculture Northern Ireland and the Scottish Office.  Central to this research programme was the objective of developing general procedures for rainfall and flood estimation in river defence up to a maximum return period of about 2000 years.  However, application of the FEH handbook has lead to a number of anomalies in which the 10 000 year return period rainfall derived exceeded the PMP estimate derived using the FSR approach for a number of reservoir sites (e.g. MacDonald & Scott, 2000; Cargill & Price, 2001).

A subsequent short research contract (scoping study) was set up to provide the DETR with advice and clarification on these differences and identify what actions should be taken to resolve the difference.  The Report on this contract, termed Floods and Reservoir Safety (FRSII) made the seven recommendations shown in Table F.1. 

Table F.1 : Summary of Recommendations in FRSII 

Recommendation 

Response by DETR (now DEFRA)

No
Description


1
Revision of the DDF parameters c and E
will confirm with CEH the scope and timetable for this investigation

2
Validation of the FEH design rainfall estimates
will confirm with CEH the scope and timetable for this validation exercise

3
Research into the extrapolation methodology
will confirm with CEH the scope and timetable for this research

4
More UK rainfall records to be brought into digital form
notes this recommendation, which is relevant not only to flood estimation studies but also to much wider hydrological interests. It has drawn it to the attention of the relevant other Government departments, with a view to agreeing what needs to be done and how that might be funded

5
Issues surrounding PMP (inconsistency between PMP and 10,000-year rainfall)
……understand that neither approach can provide the absolute measure of “true” maximum precipitation that would be the ideal for those responsible for reservoir safety

….. notes the observation that most other countries take exclusively a T-year approach or a PMP approach

…..gradually move away from the current combined approach (of T year and PMF) in favour of an exclusively T year approach, but with flood safety itself becoming absorbed into the more integrated approach to all aspects of reservoir safety called for in the following recommendation”.

.. 

6
Overall risk assessment strategy
will invite tenders for the conduct of this work as soon as a specification has been drawn up

7
Urgency
recognises that the concerns this issue has raised amongst reservoir safety practitioners need to be addressed with an urgency consistent with detailed consideration and full consultation

The last two form the basis of this current contract (Clause 9 of Specification for this research contract).  It is understood tenders are shortly to be invited for a contract for work relating to Recommendation 3.

It should be noted that hydrological research continues.  For example work by Calver & Lamb (2001) states in relation to a method of flood annual probability estimation using continuous simulation that “it may be viewed as the next generation British flood annual probability estimation methodology following the FSR and FEH”.  It is understood, however, that current plans do not include the generation of 10,000 year return period events.

F.2
Literature Review

F.2.1
General

The concept of a maximum limit to floods generated from a given catchment has been around since the early 1900’s.  The following section represents the result of a short literature search of the history and basis for PMP and PMF in the context of reservoir safety, concentrating on practice in the USA and the UK. 

The search was conducted in four main areas:

· Internally, on reports available with the company

· A search for published reports and journal articles using the EI Compendex service with the keywords: “probable maximum precipitation” and “probable maximum flood”

· A search of the internet using a standard web browser, with the same keywords

· Selected online databases, such as the American Society of Civil Engineers Civil Engineering Database covering all ASCE publications since January 1973.

The external searches provided the following numbers of articles:

Search phrase
EI Compendex
Internet
ASCE database

Probable Maximum Flood
164
1700
81

Probable Maximum Precipitation (excluding reference to Probable Maximum Flood)
49
609
10

Papers and reports were selected based upon apparent relevance and ready availability.  Use was made of the library at CEH Wallingford for some of the references.  

In addition to the numerous articles published in conference and symposium proceedings, relevant articles were published in the following journals:

· Canadian Journal of Civil Engineering

· Canadian Water Resources Journal

· Civil Engineering (New York)

· Civil Engineer in South Africa

· Hydrological Processes

· Hydrological Sciences Journal

· International Water Power and Dam Construction

· Journal of the American Water Resources Association

· Journal of the Hydraulics Division, ASCE

· Journal of Hydraulic Engineering

· Journal of Hydrology

· Journal of Hydropower and Dams

· Journal of Irrigation and Drainage Engineering, ASCE

· Journal of Professional Issues in Engineering Education and Practice

· Journal of Water Resources Planning and Management

· Nordic Hydrology

· Revue des Sciences de l’Eau

· Transactions of the Institution of Engineers, Australia: Civil Engineering

· Water Resources Bulletin

· Water Resources Research

The internet provided a rich range of websites including:

· Official governmental organisations, e.g.:

· Federal Emergency Management Agency (FEMA), USA

· Federal Energy Regulatory Commission (FERC), USA

· US Army Corps of Engineers

· Bureau of Meteorology, Australia

· National Institute for Water & Atmospheric Research, New Zealand

· News stories

· Engineering guidelines

· Engineering Reports

· Academic and conference papers

· Reports on meetings, discussion groups and lobbying material

· Company literature and reports

· Guidelines on the use of relevant software

F.2.2
Practice in the USA 

The history of the philosophy of PMP derivation has been presented by Myers (1967).  The following summary draws upon a report by the Committee on Safety Criteria for Dams (NRC, 1985).  The historical development of the determination of spillway flood capacity in the USA can be considered in four phases:

Early Period (Pre-1900)

This period was characterised by little rainfall or streamflow data and therefore little information for the derivation of a design spillway flood except high water marks in the stream being dammed or in adjacent catchments.  The design flow was based upon an interpretation of this with an applied factor of safety.  Some spillways were sized for a multiple of the known maximum flood.  In many cases dams failed because engineers assumed that previous floods were indicative of the maximum likely to be experienced by the dam during its design life.

Regionalised approach (1913 – 1930’s)

A regionalised approach was developed based upon data from a range of locations within a defined area to gain an improved assessment of flood potential.  This involved a process of transposition from one location to another.  Fuller (1914) produced a flood annual probability formula relating floods at different return periods to the mean annual flood with a factor calibrated for different catchments.  Myers, Creager and Jarvis produced various curves enveloping maximum observed floods from many catchments to relate the maximum flood to the catchment area.  Prior to 1940 many spillways were sized using such regionalised approaches.

Flood annual probability analysis began to be used in the USA from about 1930 onwards, however the occurrence of floods in excess of values estimated by annual probability analysis discouraged the use of the method.  In addition, hydrologists placed little confidence in extrapolating to events with return period greater than twice the length of the historical record.

Storm transposition period (1930’s)

Initial work on establishing the relationships between rainfall depth, duration and area during major flood events began in the 1920’s for the use of planning flood control projects in Ohio.  It was recognised that observed maximum rainfall events occurring in meteorologically similar areas could provide a better general indication of maximum flood potential from particular catchments than the limited observed flow record.  The Ohio work was taken up by the Tennessee Valley Authority and the US Army Corps of Engineers to develop a system for estimating the “maximum possible” rainfall over a catchment by this transposition process.  The independent development of the unit hydrograph by Sherman in 1932 allowed the production of the “maximum possible” spillway design flood.  The process was however still based on maximum observed rainfall events although the concept of a definite physical upper limit had begun to take hold.  As stated by Horton in 1936, “a small stream cannot produce a major Mississippi flood just as an ordinary barnyard fowl cannot produce an egg a yard in diameter: it would transcend nature’s capabilities under the circumstances”.

Probable Maximum Precipitation period (1940 onwards)

In the late 1930’s it was recognised that enveloping and transposing past observed storms might not necessarily yield the upper limit of rainfall over a catchment.  The USACE sought the assistance of the Weather Bureau (now the National Weather Service, NWS) and the Hydrometeorological Research Station was established in 1937 at the Washington headquarters of the Weather Bureau.  Concepts of air mass analysis were then introduced taking into account the humidity of the incoming air, the velocity of the wind bringing moisture-laden air over the catchment, and the percentage of water vapour that could be precipitated.  By observations of the relevant meteorological variables during major storm events it was possible to identify factors that limited rainfall production.  These factors could then be adjusted within the range of observed data to establish the rainfall that would have occurred had these values pertained.  The overall process involved transposition, adjustment and envelopment and yielded what was termed the “maximum possible precipitation” (MPP).  After about 1950, the term was changed to “probable maximum precipitation” (PMP) in recognition of the fact that it was an estimate of the upper limit.  In 1956, the PMP was defined by the NWS as representing:

“the critical rainfall depth-duration-area relations for a particular area during various seasons of the year.  These relations would result if meteorological conditions including precipitable water and wind speed during an actual storm in the region were adjusted to represent the most critical meteorological conditions that are considered probable of occurrence.”

More recently the PMP has been defined by the World Meteorological Organisation (WMO, 1986) as:

“the greatest depth of precipitation for a given duration meteorologically possible for a given storm area at a particular location at a particular time of year, with no allowance made for long-term climatic trends.”

The PMF is taken to be:

“the flood resulting from the most severe combination of meteorological and hydrological conditions that are considered reasonably possible for the drainage basin under study.  It is a flood created by the PMP over the basin assuming critical areal and time rainfall distributions as well as other conservative assumptions pertaining to antecedent watershed conditions.”

Current standards

A useful summary of design flood against hazard is given in Table 3-3 of the Committee on Safety Criteria for Dams (1985).  Three hazard categories are shown, each subdivided into large, intermediate or small dam size.  The design flood for a number of federal and state agencies are shown.  For high hazard dams the PMF is used, although for small dams this may be reduced to 0.5 PMF.  For low hazard dams the design flood typically varies between 100 years and 0.25 PMF.

Recent developments

There have recently been two interesting papers (Graham, 2000 and Lave & Balvanyos, 1998) on practice in the US, questioning the value of increasing spillway capacity up to PMF, and pointing out the benefits in terms of the flood attenuation of annual floods of smaller spillway capacities. 

The guidelines for selecting and accommodating inflow design floods for dams are made available of the Federal Emergency Management Agency website (FEMA, 1999).  Under these guidelines, the PMF remains “the generally accepted standard for the safety design of dams where the incremental consequences of failure have been determined to be unacceptable.”

The 1985 NRC guidelines reviewed current practices in 10 federal organisations, 35 state and local agencies, 9 private firms and 4 professional engineering societies.  PMP and PMF or fractions of them were found to be in wide use for spillway sizing depending upon the classification of the dam.

Present FEMA guidelines state that hydrologically safe designs should be based on current state-of-the–art criteria and that safety design standards can be based on a detailed evaluation of the impact of dam failure.  The selection of the inflow design flood (IDF) is related to hazard potential classification and is the result of incremental hazard evaluation.  The IDF is defined as:

“the flood flow above which the incremental increase in downstream water surface elevation due to failure of a dam is no longer considered to present an unacceptable additional threat to life and property.”

A series of NWS/NOAA hydrometeorological reports provide guidelines for PMP evaluation in the USA, Alaska, Hawaii and Puerto Rico.  These provide “particular” (or general) PMP estimates that may require adjustment for the specific site by a qualified hydrometeorologist.

As recently as 1994 a technical review of NWS PMP methods (NRC, 1994) stated that: “there is no compelling argument for making widespread changes in either PMP methodology or NWS assessments of PMP and the Committee recommends its continued use.”
The Engineering Guide for Evaluation of Hydropower Projects, produced by the Federal Energy Regulatory Commission (FERC, 2001) includes a chapter on the determination of the PMF.  At present, this chapter is withdrawn and is under revision.

F.2.3
UK practice 

Early Period

Dams in the UK are in general considerably older than in the USA.  The age structure of  UK dams was discussed in Section 2 of the main report.  In all, 70% of UK dams were constructed before 1931 (Binnie and Partners, 1988).  Spillway sizing prior to the 1930’s was based upon the largest flood observed to date at that location (e.g. see Table D.4).

1933 Interim Report

Following the 1930 Reservoirs (Safety Provisions) Act, a Committee on Floods, under the Institution of Civil Engineers, was established to “examine the present state of knowledge in regard to the magnitude of floods in relation to reservoir practice in Great Britain and to make recommendations on the best methods of dealing with them”.  The findings were presented in a report (ICE, 1933) that provided recommendations and general guidance in relation to selection of the design flood, spillway sizing and the selection of freeboard.  

The Committee examined maximum rainfall, areal reduction factors, time of concentration and excess runoff.  It could not arrive at a rule for deriving “probable maximum flood discharge” from rainfall and considered it would only be safe to use observed floods taking into account extraordinary or catastrophic rainfall events.

Three levels of catastrophic floods were defined for upland catchments in which most reservoirs were located:

Normal Maximum Flood
Caused by 3 inches (75mm) of rain in 24, the bulk falling in only a few hours

Prolonged Catastrophic Flood 
Caused by a catastrophic rainfall over a longer duration than the time of concentration (which may or may not exceed the normal maximum flood), e.g. 9.6 inches (244mm) in 24 hours with a peak intensity of 1 inch (25mm) per hour.

Acute Catastrophic Flood
Due to a cloudburst of 5-7 inches (127-178mm) in the time of concentration of the catchment.  This was taken to be about twice the normal maximum runoff.

Charts of normal maximum flow against catchment area were provided for upland catchments less than 25,000 acres (10 km2) in area and for larger catchments of up to 450,000 acres (182 km2).  The curves were higher than the previously accepted curve produced by Binnie and Lapworth in 1928.  Kennard (1975 discussion at ICE) suggested that the ICE “normal maximum flood” was a 150 year flood.

The recommendations were that the water level should not rise more than 3 feet (0.9m) above the cill level when discharging the normal maximum flood and furthermore that a margin of 2 feet (0.6m) above this reservoir level would be sufficient to deal with catastrophic floods.

1960 Re-print of Interim Report

In 1960, the Interim Report of 1933 was re-published with the same guidelines but with the addition of a table containing notable floods occurring between 1932 and 1957.  The report was produced with the expectation of further debate and a future revision.  Subsequently, in 1967, the ICE published a report by the Committee on Floods which included a series of recommendations for further work in defining reservoir design floods in the UK.  In 1971, Seddon reported observed peak floods up to three times higher than the normal maximum flood specified in the Interim Report further underlining the need for revision.  This report, in conjunction with “disastrous floods in the Midlands and West Country in 1968” together led to the FSR (Paton, opening address to 1975 Flood Studies Conference). 

1975: Flood Studies Report (FSR)

In 1975, the Flood Studies Report was produced by the Institute of Hydrology in collaboration with the Meteorological Office, the Hydraulics Research Station, and other organisations.  According to Shaw (1994), the work was undertaken at the instigation of the Institution of Civil Engineers to update the technical bases of the 1933 report on Floods in Relation to Reservoir Practice.  The extensive work published in this 5-volume report includes a methodology to derive the PMP (in Meteorological Studies, Vol. II) and the PMF (in Hydrological Studies, Vol. I) for all locations in the UK.

Floods and Reservoir Safety, 1978

A discussion paper on the first edition of Floods and Reservoir Safety was published in 1975, the same year as FSR.  Both were discussed both at the Flood Studies conference at the ICE in May 1975, and at a BNCOLD/ Newcastle University Symposium at Newcastle in September 1975.

Following these, the ICE produced the first edition of Floods and Reservoir Safety: An Engineering Guide in 1978.  This document specified dam design inflows for different categories of reservoirs.  The design floods were specified in terms of the PMF or fractions of the PMF with the following equivalences:


0.5 PMF:
10,000 year return period flood


0.3 PMF:
  1,000 year return period flood

The document also included a rapid calculator for deriving PMF peak inflow in m3/s/km2 from catchment area and RSMD, the net 1 day 5 year return period rainfall.   

Later revisions of Floods and Reservoir Safety have dropped references to fractional values of PMF as design floods but the PMF is still required for Category A dams where a breach would endanger lives in the community.

1975-1999: Extreme events and new technology

Between the publication of the FSR and the Flood Estimation Handbook, a number of studies relating to PMP and PMF were undertaken based around new technologies or observed extreme events.

Acreman (1989a) reported six historical events exceeding the PMF, generally on small catchments <10 km2 in area.  Doubts were expressed about the peak flows, but it has been pointed out that the chance of a maximum storm event coinciding with a small catchment is greater than a large storm over a large catchment, implying that the PMF is likely to be approached more frequently on small catchments (Acreman and Lowing, 1989).

FSR PMP has been reported to have been exceeded at Hewenden Reservoir in 1956 (Collinge et al, 1992) and Calderdale in 1989 (Acreman, 1989b Acreman and Collinge, 1991).  It has also been claimed that heavy rainfall is more common over south-west England than expected (Clark, 1991, 1995, 1997).

The availability of weather radar to quantify storm rainfall has lead to new methods for deriving PMP.  Cluckie and Passoa (1990) used a model that allowed storms observed on radar to be transposed to a required catchment, maximised in time, alternative storm tracks over the catchment to be tested and for moisture maximisation.  The model provided results in good agreement with the FSR method. 

Lowing(1995) provided a method of interpolating between a 1000 year flood peak up to PMF, using a methodology similar to that of Ramsbottom (1986), in order to provide a smooth linkage curve; this also being reported in Lowing & Law (1995).

Collier and Hardaker (1995, 1996) have used radar data for convective storms in combination with a storm model to determine PMP in north-west England.  Their results were comparable with the standard FSR method for durations less than 11 hours but were larger for durations of 12 hours or more.  This is considered to be due to the effect of a previously unrecognised class of meteorological events: Mesoscale Convective Systems, MCSs.  

Austin et al (1995) presented a report summarising the application of a storm model to PMP derivation taking into account solar heating, orographic uplift and mesoscale convergence allowing the objective calculation of the representative dew point temperature and thence maximum precipitable water.  Radar data on moving rainfall events was examined from a moving (Lagrangian) frame of reference to identify major events that could have remained stationary over a particular catchment.  The approach was applied to three reservoired catchments in north-west England: Ladybower, Stocks and Valehouse.  General conclusions were that the Storm Model gives smaller PMP estimates for durations less than 2 hours; similar values for durations between 2 and 11 hours and higher values for durations in excess of 11 hours.

Flood Estimation Handbook, 1999

The Flood Studies Report has recently been largely superseded by the Flood Estimation Handbook for the derivation of rainfall events and floods with a return period of up to about 1000 years.  In relation to flood assessment, the Handbook focuses on the statistical method of analysis.  However, volume 4 of the 5 volume set provides a concisely presented re-statement of the rainfall-runoff method, synthesising the methodology presented initially in the Flood Studies Report and updated in the subsequent 18 Supplementary Reports.  Probable Maximum Flood estimation is considered in the light of research undertaken since 1975 and the procedure for derivation is presented.

F.2.4
European practice 

Reviews on current practice in relation to the spillway design flood in Europe include Law (1992), ICOLD Bulletin 82 (1992), Minor (1998) and Rettemeir & Kongeter (1998), the various design standards being summarised in Table F.2.  Reed (1994) gives an account of the Gradex method used in France.  It is unclear from the recent literature how freeboard is handled; it appears in some cases to provide additional security against overtopping although the older review by Law (1992) suggested in general it was intended to cover only the wave run-up during the design flood.  Nevertheless the freeboard reported by Minor appears in some cases to be well in excess of this. 

It is worth noting that Law (1992) concluded “Overall it seems that the UK is over safe with its guidelines although slackening of them will require more certainty about flood estimation prediction.  Slackening appears more warranted for higher hazard category dams, paradoxical as this may seem”.  He also noted in section 14 of his paper that “those countries showing most dependence on statistical techniques have amongst them a longer history of hydrometric collection than the UK can muster, together with leading developers of statistical theory”.

There is no corresponding review of current European practice in relation to earthquake design return period, although a seismic working group has been established.  Similarly we are not aware of any comprehensive review of European practice in relation to other aspects of dam design and safety assessment, such as safety factors for stability analysis.

Table F.2 : Comparison of accepted practice in Europe in relation to the design of dams for floods 

COUNTRY
Design or Project Flood  Qd (years)
Safety check flood
Freeboard
Gated spillway
Remarks

AUSTRIA
5,000
No explicit
na
na


FRANCE :

- concrete dams

- fill dams
1,000

10,000
no

no
dependent on seiches and wave action approx. 5% of dam height
n-1

n-1


ITALY:

- concrete dams

- fill dams
1,000

1,000 
no

no


>1.0m

1.5m - 4.0m


only allowed together with ungated spillway
freeboard is not including wave action

NORWAY
1,000
PMF
na
na


SPAIN:

- Cat. A High hazard

- Cat. B Significant hazard

- Cat. C  Low hazard
1,000 

500 

100 
5,000 - 10,000 years

1,000 - 5,000 years

100 - 500 years
} embankment dams
} >3.0m
}

Higher values for embankment dam. No overtopping of embankment dams. Limited overtopping of concrete dams accepted

SWEDEN:

- high hazard dams

- low hazard dams
- 1,000 to 10,000 

100 
no

no
} dependent on seiches and wave action
all gates

all gates


SWITZERLAND:

- concrete dams

- fill dams
1,000 years

1,000 years
1.5 x Qd

1.5 x Qd
0.5 - 1.0m

1.5 - 3.0m
n-1

n-1
overtopping of concrete dams during safety check flood accepted. Rettemier shows safety flood as PMF

UNITED KINGDOM:

- Cat. A

- Cat. B

- Cat. C

- Cat. D
PMF

10,000 years

1,000 years

150 years
no

no

no

no
} total surcharge

} =

}flood plus
} wave surcharge
n-1

n-1

n-1

n-1
overtopping of fill dams not completely excluded

Notes

1. Information taken from Table 3 of Minor, 1998 & Table 7B of Rettemeir & Kongeter, 1998
F.2.5
Australian practice

Details of risk analysis in Australia, including the various ANCOLD publications are given in Section E3.2.  The consequence categories and corresponding fallback design floods (used where full risk analysis is not carried out) are reproduced in Tables F.3 and F.4.  

The factors of interest in relation to practice in UK are

a) The return period of the design flood is obtained from a risk study.  However, a “deterministic fallback alternative” is given in their Table 8.1 (p.21 of Floods, 2000, reproduced here as Table F.4).

b) a matrix of risk to life and damage is used to define the consequence class

c) Flood estimates are based on procedures in Australian Rainfall and Runoff (ARR).  Section 3.3 (p.6) of AFC2000 notes that “The basis for assigning probabilities to the operational estimate of PMP in Book VI (of ARR) is related to catchment area.  The assigned AP varies from 10-7 for small catchments to 10-4 for large catchments.  While this basis implies there are different levels of risk depending on the catchment area, from a pragmatic point of view the PMP estimates are based on the estimated upper-limit rainstorm for the area”

d) Book VI also provides procedures for joint probability analysis of inflow and pre-flood storage level and volume (Australia appears to not normally consider joint probability analysis of flood and wind, but does consider flood and antecedent reservoir level)

e) consequences of dam failure consider both “sunny day” failure and “flood failure” conditions, to ensure that the worst of the two cases is used in defining the potential consequences (see Section 2.8.3.1 above)

f) three floods are differentiated, as follows:-

AFC
Acceptable flood capacity
1. Overall flood capacity, including freeboard as relevant, which provides an appropriate level of safety against flood initiated dam failure to protect the community and environment to acceptable risk levels, within the total context of overall dam safety from all load cases. 

2. It is noted that the outflows up to the AFC, without dam failure, are likely to cause severe damage and disruption to the dam and appurtenant works, and certainly to the community and river valley.

3. The assessment of AFC and spillway provision includes consideration of DCF and SDF 

4. when selecting the AFC, the DCF stage which includes flood surcharge can be considered initially without additional “dry” freeboard for wind run-up and set-up.

5. Risk procedure for selecting AFC set out in Fig 6.1 of AFC2000

DCF
Dam crest flood
Indicator for initial hydrological safety assessment and dambreak studies (this replaces the 1986 “Imminent failure flood”) – stillwater, excluding wave effects, of lowest point of the dam crest

SDF
Spillway design flood
“serviceability” flood for operational spillway hydraulic sizing and consideration of optimum overall spillway provisions to provide for the AFC

Australian practice therefore appears most developed in terms of relating design flood to the consequences of failure, although it appears to be relatively conservative in relation to practice in Europe.

Table F.3 : Consequence categories used by ANCOLD (2000)

(reproduced from Table 3 of CDF2000, ANCOLD, 2000)

Population at Risk
Severity of Damage and Loss

(Table 2 and Appendix D of CDF2000, ANCOLD)


Negligible
Minor
Medium
Major

0


Very Low
Very Low
Low
Significant

1 to 10


Low

Notes 1 and 4
Low

Notes 4 and 5
Significant

Note 5
High C

Note 6

11 to 100


Note 1
Significant

Notes 2 and 5
High C

Note 6
High B

Note 6

101 to 1000



Note 2
High A

Note 6
High A

Note 6

>1000




Note 3
Extreme

Note 6

Notes

1:
With a PAR of 5 or more people, it is unlikely that the severity of damage and loss will be “Negligible”.

2:
“Minor” damage and loss would be unlikely when the PAR exceeds 10.

3:
“Medium” damage and loss would be unlikely when the PAR exceeds 1000.

4:
Change to Significant where the potential for one life being lost is recognised.

5:
Change to High where there is the potential for one or more lives being lost.

6:
See Section 2.7 and 1.6 for explanation of the range of High Hazard Categories.

Table F.4 : ANCOLD “Fallback flood capacity”

(reproduced from Table 8.1 of AFC2000, ANCOLD)

Hazard category (IFHC) RATING (i)


FLOOD AP

Extreme
PMF (ii)

High A
PMP Design Flood (ii)

High B
10-4 to PMP Design Flood or 10-6, (ii)

High C
10-4 to PMP Design Flood or 10-5, (iii)

Significant (If loss of life is expected, change to High C  IFHC.)
10-3 to 10-4

Low/Very Low

(If loss of life is possible, then consider as  Significant IFHC.)
10-2 to 10-3

Notes:

(i) The IFHC shown above should be based on the ANCOLD Guidelines on                    Assessment of the Consequences of Dam Failure.

(ii) Pre flood reservoir level to be taken as FSL.
(iii) A joint probability assessment can be made for reservoir level as appropriate.

F.3
Accepted Methods of Determining PMP and PMF

F.3.1
Background

According to Wiesner (1970), the main methods of estimation of PMP were derived by the US Weather Bureau on studies of specific catchments.  The methods, which are not totally independent are:

i)
Storm model approach

ii)
Maximisation and transposition of actual storms

iii)
The use of generalised data or maximised depth, duration, area data from storms.

iv)
The use of empirical formulae determined from maximum depth, duration, area data or from theory.

(v)
The use of empirical relationships between the variables in particular valleys

(vi)
Statistical analysis of extreme rainfalls

This general classification still holds although the introduction of weather radar and satellite data has enabled the development of modifications to the particular methods.  The currently accepted method for estimation of PMP is that of storm maximisation and transposition.  

F.3.2
Subjectivity and error

In general, it is recognised that there is a degree of judgement in the estimation of PMP.  This was the reason for the change in terminology from about 1950 onwards from Maximum Possible Precipitation to Maximum Probable Precipitation.  The term PMP is preferred because of the uncertainty surrounding any estimate of maximum precipitation (WMO, 1986).  

According to the WMO (1986) there is no objective way of assessing the accuracy of PMP estimates derived using the recommended procedure.  Judgement is involved in the various steps in the estimation procedure.  Since alternative decisions could be made it would be possible to estimate upper and lower limits although in practice this is not done.  The development of confidence limits is not possible as the derivation does not follow a statistical procedure.  A confidence band around the PMP estimate could be defined but would also be the subject of judgement.

Further uncertainties are introduced with the derivation of the PMF at each stage of the process: antecedent catchment wetness, percentage runoff and hydrograph response.  The Flood Estimation Handbook (1999) makes the point that: “It is important to realise that the derived likely maximum discharge is a flood estimate with a non-quantifiable error of estimation.”

F.3.3
WMO PMP

The standard method for deriving PMP estimates is based upon the concepts of storm maximisation and transposition (WMO, 1986).  The method is considered to be applicable to mid-latitude orographic and non-orographic regions for areas up to 50,000 km2.  Procedures exist for adaptation to tropical regions and are included in the report.  

Taking the case of non-orographic rainfall, the basic mechanism is that moisture laden air converges, rises and cools with the condensation of water vapour and the production of precipitation.  The method is based upon the data collected during storm events on the moisture content of the inflowing air, as represented by measurements of dew point at ground level, and rainfall data collected at a network of raingauges. 

The steps involved in developing non-orographic PMP at a point by this method are as follows, assuming that wind maximisation is not required:

i)
Identify the explicit transposition limits of the storms relevant to the project area

ii)
Identify major storms occurring over this region

iii)
Undertake depth area duration analysis of identified storms

iv)
Determine the representative persisting 12 hour dew point for each storm

v)
Calculate the precipitable water in the air column corresponding to the storm dew point

vi)
Determine the highest persisting 12 hour dew point for the project area and surrounding regions at 1000 mb level.

vii)
Determine the precipitable water associated with the maximum persisting 12 hour 1000 mb recorded within 15 days of the storm event

viii)
Compute the combined transposition and maximisation ratio

ix)
Multiply the depth area duration data for each storm by the relevant maximisation ratio

x)
Plot all storms on depth durations plots for each area and area depth plots for each duration and draw envelope curves.  Then construct area-PMP curves for each duration.

xi)
Determine time and spatial distribution for different durations from critical identified 

xii)
Determine storm isohyetal patterns either from observed storms or on the basis of an idealised storm pattern assuming PMP at all durations in the same storm.  

xiii)
Derive the time distribution of the storm is either by arranging for all PMP magnitudes at all durations throughout the storm or based upon mass curves during observed extreme storms.

In the above procedure, the assumptions are (Wiesner, 1970):

a)
Observed extreme storms can be used as models for the PMP event

b)
The surface dew point is representative of the moisture content, known as the precipitable water, of the inflowing air mass during a storm event and that the moisture content can be derived by application of the saturated pseudo-adiabatic lapse rate

c)
The maximum persisting dew point observed in the region during the same season within 15 days of a given storm could have actually occurred during that event and can be used to assess a revised estimate of the moisture content of the inflowing air that might have occurred.

d)
The ratio of the precipitable water based upon the maximum persisting dew point and the precipitable water during the actual storm event can be used to correct the observed rainfall to the probable maximum.

e)
The same adjustment factor can be applied to storms of various durations.

f)
Storms over the project area allow for local and topographic effects but may be insufficient in number to derive the PMP.  Storms from meteorologically similar regions can be transposed to the project area on the basis that they could have occurred there.

g)
Meteorologically homogeneous zones, in which storm mechanisms and total inflow wind movement are the same, can be satisfactorily defined.

h)
During the transposition process, the moisture factor will be taken into account but the convergence factor is not changed.

i)
There is no change to the moisture stratification, the spatial dimensions or the magnitude and distribution of the inflow and outflow winds

j)
As a result of the maximisation and transposition of storms, there is a good chance that at least some have approached the optimum combination of inflow wind and storm mechanism or are of maximum storm efficiency and that the results are representative of the probable maximum precipitation.  

Additional procedures, such as wind maximisation are applicable where orographic mechanisms are important.  

The US National Weather Service uses the above approach.  Slides from a presentation given by the NWS outlining the development of a PMP step by step for Cherry Creek Dam, can be seen on the following website: http://rams.atmos.colostate.edu/precip-proj/lecturenotes.html.  

F.3.4
FSR/FEH PMP

The method by which the PMP was derived for the FSR is laid out in just 4 pages in Vol. II.  The following is a summary of the method in so far as it can be interpreted from the text.  There are no references to more detailed reports although they may exist, so it was not possible to examine this in more detail.  

The method used involved maximisation of observed storms for durations of 2 hours and 24 hours and the mapping of estimated maximum precipitation across the UK by correlation with other mapped variables: the 5 year return period precipitable water content and the 2 day 5 year return period rainfall depth respectively.

The PMP was derived by the examination of major 2 hour and 24 hour storms across the UK.  For the 2 hour storms, the maximum dew point persisting for at least 6 hours was derived for 60 stations.  The precipitable water corresponding to the 5 year return period dew point was derived and mapped over the UK.  The values obtained followed the same pattern as derived from maximum observed dew points but were 20-25% higher.

It was assumed that maximum 2 hour rainfall would follow the same pattern, being based upon convective mechanisms with the same vertical profile of divergence and hence the same maximum storm efficiency.  A maximum storm efficiency of 3.86 was taken to be the probable maximum for all major regions of the UK.  Major observed 2 hour storms across the UK were maximised using the revised storm efficiency.  These were correlated with the 5 year return period precipitable water content and the estimated maximum 2 hour rainfall mapped over the UK.

In a similar manner, maximum storm efficiencies were derived for 24 hour storms in the summer (9.3) and winter (2.2), and adopted as probable maximum values.  These storm efficiencies were applied to observed major storm events to obtain the greatest 24 hour storms throughout the country.

An envelope of growth factors (maximum depth/5 year return period depth) across all durations was generated as part of the rainfall annual probability analysis (possibly without storm efficiency maximisation – this is not clear in the FSR).  This allows a rapid assessment of PMP from knowledge of the 5 year return period rainfall depth.  The same envelope of growth factors allowed the generation of a table relating estimated maximum rainfall for durations from 24 hours to 25 days to average annual rainfall and 2 day 5 year return period rainfall.  The report states that there was good agreement between this table and the maximised major storms.  This lead to the mapping of maximum 24 hour rainfall on the basis of the 2 day 5 year return period rainfall produced as part of the rainfall annual probability analysis.

Maximum rainfall depths for durations shorter than 2 hours or longer than 24 hours are based upon factors related to average annual rainfall.  Values intermediate between 2 and 24 hours are derived by interpolation (logarithm of duration and linear rainfall).

The method for derivation of PMP at selected sites has been re-stated in the Flood Estimation Handbook with little updating.  The basic procedure for deriving the all-year PMP is effectively unchanged from the FSR method and uses maps from that report to establish the 2 hour, 24 hour and 25 day point rainfall.  Tables are provided to generate different duration events and summer and winter PMPs.  The storm profile is established from the seasonal PMP derived for durations from (T, the calculation interval, to D, the storm duration.  

F.3.5
FEH PMP/PMF

For the UK, the PMF is derived from the PMP using the rainfall-runoff model described in Volume I of the Flood Studies Report, Hydrological Studies, with special conditions applying to the model.  These include the specification of the catchment wetness index, the addition of snowmelt as appropriate and a reduction of one third in the time to peak of the unit hydrograph.

The percentage runoff is derived by the standard method with allowances to allow for the catchment to wet up for a duration of 2D, where D is the required storm duration, prior to the storm event with an initial assumed catchment wetness index, CWI, of 125.  The estimated maximum antecedent rainfall is derived by extending the centrally weighted PMP storm profile to a total duration of 5D and uniformly distributing the rainfall during the 2D antecedent period.  A revised CWI can then be derived for use in calculating the percentage runoff.

Snow melt may be added to the PMP storm event at a uniform rate throughout the storm and the antecedent period.  A melt rate of 1.75mm/hour is typical, but must be checked against the 100 year snow depth equivalent to establish if it can be sustained during the entire event. Guidance to engineers on snowmelt is given on page 16 and Figure 2 of FRS.

Following the derivation of net rainfall from the design storm, adjusted by the areal reduction factor, plus any snow melt by application of the appropriate percentage runoff, the runoff is generated using FSR unit hydrograph with a one third reduction in time to peak.  

The report provides guidance on associating a return period to the PMF by two methods yielding a value in the range 106 to 109 years.  

F.3.6
Recent Developments and Alternative Approaches

The availability of weather radar has provided new spatial and temporal information on the pattern of rainfall during major storms.  In the UK, Cluckie and Pessoa (1990) have taken radar records of storms, maximised them using the methods described above and transposed them over selected catchments.  The results were in keeping with the standard FSR method.  

Radar-based approaches are also under development in Japan (Takara and Hashino, 2000).

More recent work has combined the availability of radar data with a new storm model based upon the thermodynamics of the ascent of a single parcel of air (Collier and Hardaker, 1996; Austin et al, 1995).  The model uses likely available heat to produce convection from sunrise to early afternoon to modify surface minimum temperature occurring just before sunrise.  This is then used to derive the expected maximum dry adiabatic lapse rate.  The intersection of this with an assumed mean vertical temperature profile gives the convection condensation level.  The saturated adiabat through this point is used to calculate precipitable water.  Modifications are incorporated to allow for mechanical uplifting by orography, convergence in the atmospheric boundary layer and the influence of orographic slope on solar heating.  Wind fields are required and could be provided in principle by Doppler radar but were for the purposes of the study derived from a simulation of a major event using a 4D model.  The precipitable water is calculated for a grid across the selected catchment and the PMP calculated at each time step by application of the appropriate storm efficiency.

In the USA, a recent major event, Tropical Storm Alberto, that caused exceptional floods in the Flint River Basin, Georgia, causing the failure of more than 100 dams including two large hydropower dams was used to evaluate the performance of the rainfall-runoff method applicable to that basin (Morland et al, 1997). 

The use of a statistical method in which the fitted distribution has an upper bound that could be identified with the PMP has been proposed.  Takara and Loebis (1996) have applied the Slade-type distribution to extreme precipitation in Indonesia and Japan.

Palaeohydrology has been considered as a way of establishing the magnitude of long return period flood events.  The International Union for Quaternary Research has established a Global Continental Palaeohydrology Project and maintains a bibliography of related research (GLOCOPH, 1997).  Work is proceeding in this area under the SHERE European project, Systematic Palaeoflood and Historical data for the improvement of Flood Risk Estimation, 2000-2002 (Davoine et al, 2001).  These methods have been used in South Africa (WRC, 1999) and the USA (Baker, 1989; Clarke, 1996).  Swain et al (1998) claim that the use of at site palaeoflood data can provide return period assessments in the range 4,000 to 10,000 years and using data at a regional scale can increase this range to 15,000 to 40,000 years.

Finally, wavelet analysis, a method of time series analysis, has been proposed as a way of deriving the probable maximum flood from daily flow data series.  The method has been tested on a 40 year flow series for the river Modau in Germany (Bakucz and Ostrowski, 2000).

F.4
Definition of floods with return periods between 10,000 and 1,000,000 years

F.4.1
Introduction

A probabilistic definition of the design flood is required for the development of an integrated system for assessing threats to dam integrity in which the standards for determining reservoir spillway capacity are linked with other features of the design.  At present, floods with return periods in the range 150 to 10,000 years, equivalent to annual excedance probabilities from 0.67x10-3 to10-4 are required for the standard set by Floods and Reservoir Safety.  The integrated system may require the definition of floods with return periods in the range 10,000 to 1,000,000 years equivalent to annual exceedance probabilities from 10-4 to 10-6.  Issues associated with the derivation of extreme floods in this range are considered below.

F.4.2
Current practice in USA, Australia and UK

F.4.2.1
Extreme floods in the USA

Swain et al (1998) presents the framework for deriving extreme floods in the USA.  Their work is presented in the context of risk-based approach to dam safety assessment that shifts reliance of the determination of the PMF to definition of a spillway evaluation flood (SEF) with annual probability of exceedance of 10-4 to 10-5 or even lower.  The framework is intended to provide a practical, robust, consistent and credible methodology within the context of the USBR staged approach to risk assessment involving: screening, scoping and decision levels.  

The sources of data required for flood definition include:

· streamflow data

· climate data including precipitation

· historical data

· palaeoflood data

Palaeoflood data provides assessments of major floods from geomorphological and strategraphic observations in association with hydraulic calculations.  Palaeoflood assessments may extend the record of flood events back by thousands of years leading to a credible limit of extrapolation of return period in the USA of 40,000 years or even 100,000 years in exception circumstances.

The framework considers the practical limits of extrapolation depending upon the data available as follows:

Table F.5 : Data types and flood extrapolation limits in the USA

Type of data
Credible limit of extrapolation: return period (years)


Typical conditions
Optimal conditions

At-site flood data
100
200

Regional flood data
750
1,000

At-site flood and palaeoflood data
4,000
10,000

Regional precipitation data
2,000
10,000

Regional flow and palaeoflood data
15,000
40,000

Combinations of regional data sets and extrapolation
40,000
100,000

While the development of a flood frequency curve for all floods that could reasonably occur up to and including the PMF is considered desirable, the authors state that there is limited scientific basis for assigning a return period to the PMF and that 100,000 years would represent the practical upper limit of the flood return period, under optimal conditions of data availability.  The derivation of a more extreme flood for return periods above this limit is not envisaged within the framework.  Under these circumstances the PMF provides a useful reference. 

The report on Dam Safety (Committee on Safety Criteria for Dams, 1985) that preceded the publication of the 1998 framework for deriving extreme floods considered the problem of deriving extreme floods with return periods in the range 10,000 to 1,000,000 years.  They adopted an approach that extended the flood frequency to meet the PMF which was assigned a return period in the range 10,000 to 1,000,000 years.  They considered that reasonable and realistic risk investigations could be conducted on the basis of a linear extension of the flood frequency curve on lognormal paper (or some reasonable alternative) through the PMF.  In this process a sensitivity analysis was recommended, given the uncertainty of both the PMF and 100 year flood estimates by statistical methods.  

It is notable that the 1998 framework made no reference to the procedures suggested in the 1985 report.  It is presently unclear whether the earlier approach is considered to be superseded or remains in use as a pragmatic solution to providing the information required to undertake a risk based safety assessment.
F.4.2.2
Extreme floods in Australia

The derivation of extreme floods for spillway design and safety analysis under ANCOLD Guidelines with annual probabilities of exceedance in the range 10-2 to 10-7 has been discussed recently by Nathan and Weinmann (2001) in the latest revision of Australian Rainfall and Runoff.  In conceptual terms they identify three classes of floods: Large, Rare and Extreme as follows:

Table F.6 : Classification of flood events in Australia

Event class
Large
Rare
Extreme

Return period (years)
50 – 100
100 – 2000
2000 – PMP

(PMP: 104 – 107)

Method of determination
Interpolation
Extrapolation
Pragmatic

Uncertainty
Moderate
Moderate to large
Unquantifiable but notionally very large

This table provides a useful first categorisation of major flood events.  Large floods are interpolated from observed hydrometric data.  Rare floods represent a range of events between the largest direct observation and the credible limit of extrapolation.  This limit is site specific and draws upon a range of additional data that may be transposed to the site.  As with the US work on extreme floods, it includes the use of palaeoflood data.

The Australian procedures draw upon US practice with appropriately adapted limits of extrapolation as shown below:

Table F.7 : Data types and flood extrapolation limits in Australia

Type of data
Credible limit of extrapolation: return period (years)


Typical conditions
Optimal conditions

At-site flood data
50
200

At-site rainfall data
100
200

At-site/regional flood data
200
500

At-site flood data and palaeoflood data
5,000
10,000

Regional precipitation data
2,000
10,000

Regional flow and palaeoflood data
15,000
40,000

Regional palaeoflood and rainfall data and extrapolation
40,000
100,000

Above the credible limit of extrapolation, the assessment of Extreme floods in Australia is carried out by a pragmatic method, linking the maximum flood at the limit of extrapolation to the PMF by a smooth curve.  This process requires the PMP to be assigned a return period which is dependent upon a number of factors and lies in the range 104 to 107 years.

Recent reviews on methods of assigning annual exceedance probabilities to the PMP (Laurenson and Kuczera, 1999) have concluded that there is no conceptually sound, defensible basis upon which to make recommendations for design practise.  The recommendations provided in Australian Rainfall and Runoff, 2001 are therefore viewed as interim pending the outcome of ongoing research.  This is reflected in 75% confidence limits on exceedance probability (or return period) being plus or minus one order of magnitude.

F.4.2.3
Previous methods for extreme flood assessment in the UK

A method of determining the magnitude of extreme floods with return periods between 10,000 years and the PMF was developed by Lowing (1995).  This was intended as a systematic and repeatable procedure for deriving a stepless transition from conventional FSR probability curve to the PMF, taken as an upper bound asymptote.

Lowing adapted a method due to Rowbottom et al (1986) for developing a smooth growth curve linking the 1000 return period flood to asymptotically approach the PMF.  

The method hinges on attaching a return period to the PMF.  The lower of the following two approaches is adopted as the return period for plotting the PMF:-

a)
Shape of growth curve between 100 and 1000 years.  The return period of the PMF is taken to be in the range 106 and 109 years depending upon the slope of the growth curve between 100 and 1000 years, in accordance with Table F.8.

Table F.8 : AP for PMF after Lowing (1995)

Ratio 

(Qpmf/Q1000 – 1):(1 – Q100/Q1000)
PMF return period  (years)

< 5
106

 5 – 10
107

10 – 15
108

> 15
109

b)
An alternative assessment of the return period is derived from a starting value of 106 years and adjusted taking into account the possibility of snowmelt, an all year assessment, the storm profile and the catchment area.  

A cubic spline is then used to link the 1000 year flood and the PMF on where the growth curve is plotted against a Gumbel reduced variate on the X axis.

The intermediate floods (104, 105, etc) are derived directly by the process and associated hydrographs by linear weighting of dimensionless hydrographs for the 1000 year and PMF floods.

F.4.3
Methodological issues for the UK

F.4.3.1
General

The classification of floods into Large, Rare and Extreme as in Australian practice is conceptually useful, as is the Australian and US concept of the credible extrapolation limit. A pragmatic approach to making assessments of extreme floods has been adopted in Australia and was espoused by the Comittee on Dam Safety Criteria in the USA in 1985, although more recent US publications regard the assessment of flood magnitudes with a return period greater than 100,000 years as infeasible.

A preliminary assessment of the credible limit for extrapolation in the UK is offered in the table below:

Table F.9 : Preliminary estimate of flood extrapolation limits in the UK

Type of data
Credible limit of extrapolation: 

return period (years)
Comments

Single site flood data 
50-100
FEH Single site method

Single site flood data and data from historical records of floods
150-500
Data from BHS flood archive and other sources

Regional flood data (FEH)
1,000 
FEH Statistical method

Regional rainfall data (FEH)
1,000
Post-1999, FEH rainfall data and rainfall-runoff method reconciled with Statistical method

Regional rainfall data (FSR)
10,000
Pre-1999, FSR rainfall-runoff method

Palaeoflood data, uplands
1,000
Analysis of boulder deposits

Palaeoflood data, lowlands
10,000
Analysis of post-glacial slack water sediments

The tentative extrapolation limits cited in the table above are all well below the region of present interest: 100,000 to 1,000,000 years.  It is apparent that there is no present methodology that is capable of reliably assessing the magnitude of extreme floods of this rarity in the UK.   Any assessment of flood magnitude in this region must follow a pragmatic approach with a correspondingly high degree of uncertainty.

For the typical UK reservoir where palaeoflood assessment is not available, the credible limit of extrapolation of return period has fallen from 10,000 years using the FSR to 1,000 years with the publication of the FEH.  In addition, the inconsistencies between extrapolations of FEH rainfall to 10,000 years and FSR PMP estimates have even cast doubt on the reliability of the FEH 1000 year return period flood estimates.  Forthcoming research projects into the extrapolation of the FEH rainfall growth curve to 10,000 years and into updating the rainfall-runoff method are expected to resolve these issues.  At present, it may therefore be argued that the FSR method has yet to be superseded and could continue to be used for assessments of floods with return periods in the range 1000 to 10,000 years.

Three issues of relevance to the assessment of extreme floods in the UK that merit further consideration are the use of historical flood records, palaeoflood assessments and the significance of Mesoscale Convective Systems (MCS).

F.4.3.2
Historical flood data

In addition to river gauging data collected by the Environment Agency and its predecessors, there are other many sources of information on historical floods in the UK.  Of particular significance is the BHS Chronology of British Hydrological Events, a database hosted by Dundee University that contains 6697 records of floods events.  The vast majority are references to events occurring after 1500 but it contains 160 before that date.  Other sources include Public Record Office collections, diaries, chronicles, estate records, parish registers and other ecclesiastical records, flood marks on walls, newspapers, journals and magazines of the 18th and 19th centuries.  It is maintained that for most major rivers with flooding problem in the UK historical data exists to extend the chronological flood back by 150 years on average (Archer,1999).  The use of historical data can lead to reduced bias and significant improvement in the accuracy of flood estimates (Archer, 1987; Acreman and Horrocks, 1990).

The use of historical data in flood frequency estimation is discussed in both the Flood Studies Report (1975) and the Flood Estimation Handbook (1999).  Recently, Bayliss and Reed (2001) have provided an comprehensive overview of the subject covering sources of data, methods of authentification, evaluation and incorporation into flood frequency estimation.  The recommended approach is to:

· collate and evaluate historical flood information

· undertake a detailed flood frequency analysis by FEH methods without using historical data

· use a graphical approach to re-appraise the preferred flood frequency curve in the light of the historical data

Research in this area continues in Dundee University and elsewhere.

F.4.3.3
Palaeoflood assessment

Palaeohydrology provides a means for identifying extreme events that occurred in the geomorphological record and extending the flood frequency analysis to provide estimate of long return period events.  Geomorphological and stratigraphic data provide information of water levels during extreme events.  These are converted into discharge estimates by application of hydraulic models.  In the UK, the geomorphologcial record may provide evsince for flood events in the recent past as far backa s 10,000 yeasr ago, although checks on cliamte change must be made to estabslih the meaningfulness of resulting flood estaimates.  A comprehensive review of the principles involved is given in a recent publication by House et al (2001).  Other descriptions of paleoflood procedures are provided by Pickup (1989), Baker (1988), Kochel and Baker (1988) and Stedinger and Cohn (1987).  

The techniques used include slackwater deposits, scour lines and gravel or boulder sizes.  Slackwater studies are concerned with identifying and dating fine sediments deposited at maximum flood stage in areas of retarded flow such as tributary mouths or bedrock caves.  Radiocarbon dating of organic materials deposited at the discontinuity of the strata representing separate flood events is used for determining the chronology of the events.  Thermoluminescence may provide an alternative method of dating sediments.  The flood discharge is derived by a hydraulic technique such as the slope-area method for which an estimate of the channel section is required.  This can be a problem in the UK where a stable base level cannot be found for many sites (Passmore, personal communication).  The method is considered to be more effective in arid and semi-arid areas such as the parts of the USA, Australia, South Africa and Spain.  Experience in the USA has lead to a significant adjustment of previously produced flood frequency curves.  In principle, it can be used in the UK to obtain information on extreme flood chronology during the Holocene, extending the record back about 10,000 years.  Information of floods prior to this would be lost due to glaciation.  Gregory et al (1987) provide an example of the method applied in the UK to the R. Severn.

Another method of potential relevance to UK dam studies relates to boulder deposits where sizes can give an estimation of the flow velocity needed to entrain the particle with dating obtained from lichens.  This method has been used successfully in the Pennines and is considered to provide reasonable results for floods dating back about 1000 years.

Other methods of relevance include examination of ancient channel morphology and sediment sequences.  Information on channel morphology such as channel dimensions, meander size and length can provide information on flow regimes for comparison with the present day situation.  The distribution of sediment sequences, for example the presence of widely distributed boulders over a flood plain, overlying finer materials, may be indicative a higher floods during particular periods and hence climatic variations.

Lewin et al (1995) provide an overview of the palaeohydrology of floods largely focussed on arid and semi-arid areas.  There has been to date no such synthesis of palaeoflood methods for temperate regions such as the UK (Gregory, personal communication).

The potential of palaeofloods to provide valueable information for flood risk analysis has received increasing attention as evidenced by the recent initiation of the EU-funded SHERE project (Systematic Palaeoflood and Historical data for the improvement of Flood Risk Estimation).  The purpose of the project is to develop new scientific frameworks and tools for extreme flood risk assessment integrating multidisciplinary approaches (geologic, historical, hydraulic, statistical and GIS).  Case studies are to be developed in France and Spain to identify a complete catalogue of past major floods for use in flood frequency analysis.  Regrettably there appears to be limited UK participation in this project.  The project overview, methodology, participating institutions and publications to date are provided on the project website:

http://www.ccma.csic.es/dpts/suelos/hidro/sphere/index.html#Site 

An outcome of the SPHERE project will be the International Workshop to be held in October 2002: Palaeoflood and Historical Evidence in Flood Risk Assessment.  The purpose is to disseminate results and methodological advances.

There are a number of useful sources of information on palaeofloods in the UK and elsewhere:

· A bibliography of palaeohydrological work is maintained by for GLOCOPH (Commission on Global Continental Palaeohydrology) on a website by the GeoData Unit of Southampton University:

http://www.geodata.soton.ac.uk/glocoph/bibliography.html
· A database of palaeohydrological data is also held by the GeoData Institute: 

http://www.geodata.soton.ac.uk/glocoph/glocoph_database.html
· A Global Palaeoflood Database is being compiled by the Dept of Geosciences, University of Arizona that will contain both data on floods and literature, as described in:

http://www.ncdc.noaa.gov/ogp/papers/hirsch.html
F.4.3.4
Mesoscale Convective Systems (MCS)

Mesoscale convective systems are organised collections of individual thunderstorms that last for hours and stretch up to hundreds of kilometres. The systems are organised in the sense that their constituent thunderstorms are coherently related to one another, often occurring in neat lines, arcs, and clusters. An MCS is self-sustaining, feeding off its outflow boundary.  As one thunderstorm dies the next is generated.  Cloud heights can rise to 15km with top temperatures less than –52 degrees C.  Storm durations of 10 hours are not uncommon.

MCSs are highly energetic and a high degree of instability must be present in the atmosphere for their formation. Most MCSs in the UK are associated with a 'Spanish Plume' event whereby warm moist air is advected from Spain into the boundary layer together with the eastward progression of an upper cold front. This creates the necessary instability for explosive convection.  They are relatively rare with only one or two occurring over the UK each year.

Collier and Hardaker (1995) in their study of PMP by combining the use of radar with a storm model obtained reasonably close results with previous estimates of PMP (FRS, 1975) except for durations greater than 11 hours when the FSR PMP was exceeded.  The paper suggests that this could be due to the fact that the 1975 FSR analysis did not include sufficient representation in the dataset of the recently identified MCS storm type.  Limited knowledge of the climatology of MCSs existed at that time and further studies were recommended to assess the likelihood of such systems are becoming slow or stationary, resulting in major rainfall events.

Knowledge of MCSs in the UK has advanced since that time, however, research work has tended to focus on case studies of individual storms (Browning, personal communication).  There is no study covering the nature, frequency of occurrence and attributes of MCSs in the UK.  More work has been carried out in France elsewhere in Europe and it is understood that a database of MCS events has recently been compiled by Météo-France.  Extensive work on MCS is being conducted in the USA at NASA, NWS, Iowa State Univ., Pennsylvania State Univ., Texas A&M Univ., Univ. of Albany and elsewhere.  General information is offered on the NOAA-funded Meted website: http://meted.ucar.edu/convectn/mcs/. 

The Joint Centre for Mesoscale Meteorology in the Department of Meteorology at the University of Reading undertake work on MCS in the UK.  Their website contains information on research interests and publications:

http://www.met.reading.ac.uk/Research/jcmm/jcmm.html.

It would seem apparent that MCSs are major storm events that can potentially generate extreme floods.  Given that the storms are large but rare it seems likely that these are potential mechanisms for extreme flood events with long return periods.  However, no hydrological studies in the UK have been identified that examine MCSs in the context of flood generation.  Equally, no literature has been encountered covering the occurrence, frequency and magnitude of MCS rainfall.  At present, the information and knowledge available on MCS is insufficient to make a significant contribution to the determination and magnitude of long return period floods.

F.4.4
Conclusions

The risk-based safety assessment methodology calls for the derivation of floods with return periods that may lie between 100,000 and 1,000,000 years.  The review of potential methods for extending the credible limit of extrapolation into this region has indicated a maximum likely return period of 10,000 years.  Nevertheless, the procedure requires events at higher return periods.  Under these circumstances a pragmatic approach must be adopted.  Two possibilities are:

· The 1995 approach due to Lowing, deriving the 1000 year storm and flood using the FSR method.

· Extrapolate the FSR rainfall growth curves from 10,000 years to the higher return periods required, ensuring that the PMP is not exceeded.  This may require a similar approach as used by Lowing on flow.  Then derive floods using the FSR rainfall-runoff model.

There is at present no realistic possibility of using the FEH rainfall as it is not consistent with PMP.  In future, after the completion of the proposed research projects into FEH rainfall extrapolation and upgrading the rainfall-runoff model it will be necessary to reconsider the situation.

The above options offer two ways of developing floods with the required return periods that should be suitable for application in prototype testing of the overall safety assessment methodology.  It should be noted that a high degree of uncertainty is attendant upon these pragmatic extrapolations.  It would be prudent to adopt confidence intervals similar to those used in Australia for this purpose: 75% at plus or minus one order of magnitude for the return period.

F.4.5
Potential research projects:

1) Extend remit of presently proposed research project study to consider application of FEH FORGEX/DDF method to 10,000 and beyond to 1,000,000 years

2) Review current state of the art in palaeoflood assessment in the UK in the context of determining extreme flood events for dam safety assessments.  Specifically, to:

a) review methods

b) identify locations within UK in which methods are available: glaciated and un-glaciated areas, uplands, lowlands, etc

c) accuracy of assessments and factors involved

d) relevant time horizons

e) implications of lowland assessments for dam catchments in upper parts of catchment

f) significance of climatic variation for assessments

g) implications of present observations on major events on accuracy of palaeofloods

3) Review PMP models and estaimation in the light of MCS research leading to the derivation of an MCS based PMP assesment procdure

4) The development of an integrated process for deriving extreme flood events in the UK up to and including the PMF

F.5
Flood Estimation - Summary

The foregoing text has considered: the history of PMP/PMF in the USA and the UK; an overview of different methods for deriving the PMP/PMF; a description of the standard methods in use in the UK, USA Australia and Europe; and recent developments.

The text indicates that the PMP/PMF approach was introduced in the 1950’s in the USA to provide a basis for determining a design flood capacity for dams in river basins with limited historical flow data.  The method replaced an earlier regionalised approach epitomised by design curves enveloping the maximum observed flood events, such as the Creager curve, relating peak flood to catchment area.  

In the UK, the reservoir design floods were based upon a similar curve relating peak flood to catchment area first put forward in 1933.  As a design guide, this was not superseded until 1975 with the publication of the Flood Studies Report including a procedure for deriving the PMP/PMF for any location in the UK followed in 1978 by Floods and Reservoir Safety: An Engineering Guide.  As such these guides post-date the design and construction of a large proportion of UK dams.

In Europe PMF has never been used, with design floods based on T year approach; one source has attributed this to longer records of rainfall and flow data and strong statistical skills.

Methods in use in the UK, USA and Australia for assessing the magnitude of extreme floods with return periods in the range 10,000 to 1,000,000 years have been reviewed.  Under certain conditions, palaeoflood analysis offers the possibility of assessing extreme flood events that have occurred in the UK in the last 10,000 years.  A brief review of the state of knowledge of Mesoscale Convective Systems indicates that, although they are major meteorological events that may result in extreme rainfall and hence runoff, there is presently no methodology for assessing the magnitude of these events and attaching an appropriate return period.  Where an integrated risk assessment requires an assessment of extreme flood events, at present a pragmatic approach may be adopted similar to those in use in Australia and the USA.  The method developed by Lowing in 1995 linking the 1000 year event to the PMF which is assigned a return period is the only practical procedure presently available in the UK.
F.6
Wind

F.6.1
General

The joint probability of wind and extreme rainfall occurring together are discussed in Section 6.2.3 of the main report.  This section summarises the results of a literature review of methods of estimating the magnitude and corresponding return period of extreme winds, and supports Section 6.3.3 of the main report (devising the methodology for assessing wind in the prototype Integrated System).

F.6.2
Definitions

Definitions given in BS6399 include

Wind speed
Definition

Basic
Hourly mean wind speed with an annul risk of being exceeded of 0.02 irrespective of wind direction, at a height of 10m over completely flat terrain at sea level that would occur if the terrain was uniform everywhere (including urban areas, inland lakes and the sea) and equivalent to typical open country in he UK.

Site
The basic wind speed modified to account for the altitude of the site and the direction of the wind being considered (and the season of exposure if required)

Effective
The site wind sped modified to a gust sped by taking account of the effective height, size of the building or structural element being considered and of permanent obstructions upwind

F.6.3
Correction for duration

BS 6399-2:1997 provides information on corrections for gust duration, the correction being the product of gust peak factor gt and turbulence factor St in the form 

(1 +(gt x St) +Sh)
(Eqn 28 in BS 6399, where Sh is topographic correction))

Annex F to BS 6399-2:1997 provides information on gust peak factors, suggesting that the gust peak factor is given by the equation gt=0.42 ln (3600/t). Turbulence factor is given in Table 22, and varies from 0.215 to 0.065, depending on upwind distance from the sea and effective height of the structure.  Assuming that wind speeds relative to wave generation correspond to effective height less than 2m, St is 0.215.  Thus the correction to obtain a 3 second gust relative to the hourly wind is 1.65, and a 15 minute duration is 1.13. The latter is somewhat higher than the 1.05 given in FRS.

F.6.4
Data on extreme winds

The Beaufort scale provides a scale of wind force, as follows (from Sachs, 1978) 

Table F.10 : Extracts from Beaufort scale

No
Beaufort description
Speed
Land Effect



mph
m/s


0
Calm
<1
<0.5
Smoke rises straight up

1
Light air
1-3
0.5-1.4
Direction shown by smoke drift

2
Light breeze
4-7
2-3
Wind felt on face, leaves rustle

6
Strong breeze
25-31
12-15
Large branches in motion, whistling of telegraph wires

7
Moderate gale
32-38
15-19
Whole tree in motion, difficulty in walking

9
Strong gale
47-54
22-26
Some damage to vegetation and structures

11
Storm
64-75
30-36
Widespread damage

12
Hurricane
>75
>36


ESDU (1990) describes the various mechanisms leading to high wind speeds, summarised in Table E.11.  It notes that in some climates (e.g. the USA) there is a mixed wind climate, where the annual maximum wind can originate from more than one storm mechanism (E.g. Section 5.2 and Sketch 5.1 in ESDU).  However, in UK frontal depressions are considered to produce the highest wind speeds and tornadoes are usually ignored in design (although noting in Section 3.2 that they are not ignored when considering extreme safety e.g. in nuclear power station siting).

On the basis of this document it is concluded that in UK 

· fronts and depressions predominate as the source of wind, with gust speeds up to say 45m/s,

· for events of mean return period greater than about 500 years, tornadoes (and possibly tropical storms) will produce higher wind speeds (in the extreme in the tropics with gusts up to 100m/s).

F.6.5
Wind characteristics - Summary

A preliminary review of factors affecting wind characteristics relevant to dam safety has been carried out, sufficient to support the prototype Integrated System devised and trialled under this research contract.  Where important to the engineering a further, more detailed review should be carried out and specialist advice sought.

Table F.11 : Mechanisms leading to high wind speeds (from ESDU, 1990)

Mechanism

Size
Wind speed

Name
Remarks



Fronts, depressions, extratropical cyclones
Tropical storms that meander into more temperate regions and lose their identity can often be regenerated as extartropical storms when they combine with a growing disturbance along a front to form a  frontal storm of extreme ferocity
Up to about 4000km in dia
Mean at 10 height of 25m/s inland; October 1987 storm had winds gusting to 45m/s

Thunderstorms
Develop along cold fronts, or when a  mass of warm air is displaced upwards by mountains or solar heating. In very severe thunderstorms tornadoes may develop from vortices within the storm.
Small scale, unpredictable, typically 10km wide and 10km high
Squall gusts can be very strong, although of short duration (5 to 30 minutes at one location).  In temperate latitudes winds usually less strong than those associated with deep depressions

Tropical storms (hurricanes, typhoons, cyclones)
Comparatively rare at any location, Sketch 4.3 of ESDU showing location and annual occurrence (0.1 to 5/ year).  Although restricted to between –40 and + 50 latitude, the sketch suggest N. Atlantic storms from east coast of US could track into SE UK. Originate from solar heating of ocean surface, which releases vast quantities of water vapour into atmosphere.
400 to 800km in dia.
Most destructive events with very high wind speeds- surface gusts to 100m/s and mean wind speeds up to 65ms/, but typically about 50m/s, and usually very heavy rainfall. When a tropical storm attains mean wind speeds at 10m height in excess of 33m/s (74 mph) identified as hurricane. These apply where over the ocean; speeds will decay it moves to a region of cold ocean current, or if storm makes landfall.

Tornadoes and dust devils. 
May occur in any area of world where strong thunderstorms likely.  In temperate latitude (40 to 60o) become dominant source of extreme winds for mean recurrence intervals > 500 years (Wen & Chu, 1973)

Considered unlikely in hilly terrain.  Quotes devastating tornado in London in 1954 (AMS, 1982). 
Typically 200m dia at ground level; path length 15km
Typically 40 to 50m/s, although in most severe cases up to 100m/s

Locally generated winds in hilly or mountainous region 
Similar to tornadoes, but different in origin and much smaller in size



APPENDIX g
Techniques FOR estimating PROBABILITY of failure OF DAMS 

G.1
General

The purpose of this section is to review the use of quantitative risk analysis and probability (statistics) in civil engineering, with an emphasis on the uses that may be relevant to developing an integrated system for the safety assessment of dams.

It is important to differentiate extreme values and rare events.  Extreme values are those at the outer limits of a distribution of events, which may in itself be relatively common.  Rare events are those which occur rarely.

When examining historical data it is important to have some idea of the way the data may change with time.  An illustration of this point is given here as Figure G.1 (reproduced from page 7/45 of Lees) for equipment failure rates with time in the aeronautical industry, the probability value at the right hand end quantifying the percent of components that fall into that ageing scenario.  It is interesting to note that very little equipment actually displays the traditional ‘bath tub’ curve.  The majority of the equipment has an initial high failure rate, i.e. wear-in, and then goes into a steady state condition.  A possible explanation of this is that the maintenance regimes of equipment often tend to prevent an increase of failure rate, i.e. wear-out.  This may also be the case for dams.

An important concept in mechanical engineering is that failure does not develop suddenly, but develops over time, Figure 5.5 of the main report illustrating how this may apply to a bearing.  The practical significance includes both that surveillance and monitoring should be able to identify problems before “functional failure” and that the surveillance interval should be some fraction of the interval over which the problem first becomes detectable to failure.  The extent to which this concept could apply to dam deterioration will be considered as part of devising an integrated system.

G.2
Analysis to determine estimated annual probability of failure 

G.2.1
General

An overview of the use of analysis to estimate the annual probability of failure of a dam is given in Section 5.3 of the main report, this being expanded in this subsection.

Estimating the annual probability of failure by analysis follows the following steps in the analysis:- 

a) production of the event or condition annual probability curves to define a loading domain (i.e. flood or earthquake annual probability curves) – see Figure 5.1 of main report

b) partitioning of the loading domains into load states that will be used in the estimate of annual probability - example in Table G.1

c) estimate the conditional probability of failure (the system response) given a particular loading event in the case of flood or earthquake related failure – Figure 5.2 of main report

d) estimate the annual probability of failure initiation due to the threat by integrating the load annual probability curve with the system response; an example of calculating both the annual probability of failure due to one threat and the overall annual probability of failure due to several threats is given in Table G.2.

In practice there may be significant difficulties in carrying out one or more of these steps.  Techniques available are described in Section C6.7-2 of ANCOLD (2001), comprise some variation of the methods in Table 5.4 of the main report and include reliability analysis (e.g. Monto Carlo simulation), historic performance of dams, expert judgement and probability mapping schemes (e.g. Hartford, 1998).  This is explored further below and in relation to individual threats.

Table G.1 : Example of partitioning of inflow flood domain

Partition Point Peak Inflow Discharge

m3/s
Partition Point Annual Exceedance Annual probability
Representative Inflow Discharge m3/s
Annual probability of Flood with Peak Inflow in Partition

250
1 in 1





1,725
9.980E-01

3,200
1 in 500





4,475
1.714E-03

5,750
1 in 3,500





7,375
2.571E-04

9,000
1 in 35,000





10,500
2.571E-05

12,000
1 in 350,000





12,750
1.857E-06

13,500
1 in 1,000,000





13,500
1.000E-06



Total
0.9999993

Notes:

1)
In this example, the PMF is 13,500m3/s.

2)
The representative discharge is the mean of the partition point discharges, except for the PMF.

3)
For flood annual probability based on annual series, the 1 in 1 year flood has an AP of 1.0.

4)
The sum of the partitioned annual probabilities should equal 1.0. In the example, the difference is due to rounding error. This sum provides a good check against mistakes in computation.

5)
Note that the PMF is captured for analysis.

6)
The two right hand columns define the load states for use in risk analysis.

7)
The analysis makes the approximation that the peak discharges of the third column, are the only discharges which can occur, and that their annual probability of occurrence is as in the fourth column.

Table G.2 : Simplified example of computation of overall annual probability of dam failure 

External Threats :  Flood and earthquake 

Load Scenario
Annual probability of Scenario
Failure Mode
Conditional Probability of Failure
Upper Bound Conditional Probability of Failure for Scenario
Overall Annual probability of Failure for Scenario

F1
1.2E-03
Overtopping
Zero
3.11E-02
3.73E-05



Piping
1.1E-04





Undercut spillway
3.1E-02



F2
4.0E-04
Overtopping
6.5E-01
7.31E-01
2.92E-04



Piping
5.0E-04





Undercut spillway
2.3E-01



F3
5.0E-06
Overtopping
1.0E-00
1.0E-00


5.0E-06



Piping
8.7E-04





Undercut spillway
7.0E-01



Total for flood
3.34E-04



E1
2.0E-03
Piping 
1.0E-03
7.59E-02
1.52E-04



Liquefaction
7.5E-02



E2
1.0E-04
Piping
5.5E-02
9.53E-01
9.53E-05



Liquefaction
9.5E-01



Total for earthquake
2.47E-04




Total for flood and earthquake
5.81E-04

Notes:

1)
Conditional probabilities, for the several failure modes, are combined before multiplying by the annual probability of the load scenario.

2)
Conditional probabilities, for the several failure modes, are combined using de Morgan’s Rule. For example, for F2, the combined conditional probability = 1.0 – (1.0 – 6.5E-01)(1.0 – 5.0E-04)(1.0 – 2.3E-01).

3)
De Morgan’s Rule is used wherever events are not mutually exclusive.

4)
Where events are mutually exclusive (for example, the several load scenarios), probabilities are added directly.

5)
Simple addition approximates de Morgan’s Rule when conditional probabilities are low.

Internal Threats
(1)
(2)
(3)
(4)
(5)
(6)

Reservoir Level State
Proportion of Time in that State
Initiating Defect
Annual probability of

Initiation
Conditional Probability of Failure
Overall Annual probability of Failure

L1

(close to FSL)
0.089
Rupture seal
1.5E-02
1.0E-01
1.3E-04



Piping
1.0E-04
1.0E-02
8.9E-08



Slide
5.0E-06
Zero
Zero

L2
0.254
Rupture seal
2.3E-04
2.0E-03
1.2E-07



Piping
4.3E-06
4.8E-05
5.3E-11



Slide
Zero

Zero

L3
0.366
Rupture seal
Zero

Zero



Piping
Zero

Zero



Slide
Zero

Zero

L4
0.225
Rupture seal
Zero

Zero



Piping
Zero

Zero



Slide
Zero

Zero


L5 

(close to empty)
0.066
Rupture seal
Zero

Zero



Piping
Zero

Zero



Slide
Zero

Zero

Total for normal operating conditions
1.30E-04

Notes:

1)
Because the failure initiation process occurs at previously experienced water levels, the three modes of initiation are taken to be uncorrelated and mutually exclusive. That is, initiation is not a direct consequence of water level, but of some deterioration in the dam that has developed over time. Thus probabilities can be added.

2)
Piping could occur as a consequence of the rupture of the seal element, but that is separate from “piping” as an initiation defect.

3)
The annual probability value in Column (6) is obtained by multiplying together the values in Columns (2), (4) and (5).

4)
Some of the annual probability values shown are effectively “zero”, but are carried through simply to illustrate the computation procedure.

5)
Frequencies of failure under normal operating conditions are typically low, and are generally negligible at low water levels. However, there can be exceptions.

Overall annual probability of dam failure


= (3.34E-04)+(2.47E-04)+(1.30E-04)   = 7.11E-04 per annum.

G.2.2
Logic diagrams for dams

Risk analysis in other industries has focussed on the use of logic diagrams (i.e. event and fault trees, cause consequence diagrams) to provide quantification of risk.  However, this approach is less applicable to dams, because of the uncertainties in quantifying the split at each branch in a tree.  The following text is taken from Salmon of Hydroquebec (NNCOLD, 1997), who concluded that logic diagrams cannot on their own provide a reliable overall assessment of risk:-

“Event trees seem to work for “continuous” systems such as dams where their response to applied loads is required, while fault tree analysis is very useful for “discrete” systems such as electro-mechanical systems.  Fault trees are based on a more rigorous process, they are more readily verified, and they have several logic gates.  Event trees have only one type of logic gate and without judicious pruning, rapidly become a bushy mess.
Event trees can be constructed with sub-fault trees to handle situations where there is interaction between several phenomena at one node in an event tree (Figure 7 of Salmon).  Fault trees cannot be used to handle time-dependent phenomena, and event trees can be used to do so only with difficulty.  Demonstrating that the event tree is correct remains a challenge and fault tree construction for dam safety still requires verification techniques.

The function of the trees is to decompose the problem into its parts in a logical structure.  The probabilities at each branch of an event tree must total 100%.  The conditional probabilities for the branches leading to failure must somehow be estimated.

As outlined in the following discussion, the estimates of failure or conditional failure can be facilitated by:

a) Data and information

b) Statistical analysis

c) Opinion (this should be expert opinion)

d) Judgement (a reasoned argument based on fact)

e) Analytic calculation”.
Other published work on the use of logic diagrams for dams, is consistent with this  in that

· Cullen (1992) concluded that they are unsuitable for quantification of the risk of failure of embankment dams (see summary in Section 2.5.2)

· Hartford (2000) in his forward to a one day workshop on risk management at the ICE in London noted that the Keenleyside dam risk analysis in 1997 led them to conclude that “we have moved beyond the idea of QRA as a basis for decision making towards comprehensive risk control through risk identification and varying degrees of qualitative, semi-quantitative and quantitative risk assessment based on value judgements” 
G.3
Precedent for Historical analysis

Collection of data on historic performance of dams, and analysis to give the probability of failure of an ‘average dam’ was discussed in Section D.4.  How this annual probability of failure for an average dam has been corrected to a specific dam is discussed in this sub-section. Table G.3 summarises a precedent that has been identified for dam specific correction.

Table G.3 : Summary of precedent for correction of average probability to specific dam

Dam type (Author)
Failure mode
Number of adjustment factors, 

(possible range of correction) for



Intrinsic condition
Indicators
Surveillance 

Concrete dam (Douglas et al,
Sliding in foundation
3

(0.02 – 18)
1

(0.9 to 10)
1

(0.8 to 1.5)

1998, p 113)
Piping in foundation
3

(0.001 –240)




Failure dam body
1

(0.1 – 6)



Embankment dams
Piping through embankment
6

(0.0007 to 19.5)
1

(0.5 to 10)
1

(0.5 to 2)

(Foster, Fell &

Spannagle, 1998
Piping through foundation
4

(0.014 to 90)
1

(0.5 to 10)
1

(0.5 to 2)

ANCOLD 98 Conf)
Piping from embankment into foundation
10
1
1

G.4
Concept of ‘Probable Maximum’

G.4.1
General

Whether a deterministic probable maximum (PM) approach should be retained, and the use, if any, of PMP depends on issues such as

(a)
do the natural phenomena involved mean there is actually a physical maximum possible flood (earthquake), which floods (and earthquakes) cannot exceed?

(b)
if so, can the UK limit be estimated with any meaningful reliability?

(c)
notwithstanding the above, does the concept of a PM provide an independent method of estimating rare events which can be used as a sanity check on probabilistic methods which of necessity require significant extrapolation?

(d)
how do the confidence limits for PMP compare with those for the estimate of, say, a 1 in 10,000 year event?

(e)
can PM fit into current best practice for managing risk and informing the public?

(f)
can equivalent values be estimated for ongoing internal threats that affect the condition of the dam?

(g)
if not, is it meaningful to have an integrated system which has a mix of ‘PM’, T-year events and possibly others?

An argument that could be put forward for retaining PM is this would be preferred by the public, as being apparently less risky than a risk based approach and also consistent with Section 6 of the Specification for this research contract which states that “Parliament has given statutory expression to the public desire that the safety of large raised reservoirs should be beyond question”.  In this situation it could be argued that the PMP/PMF (and MCE) should be retained, as this represents a theoretical maximum.  

On the other hand this ignores both the uncertainty associated with trying to estimate this event and the fact that our estimate of PMF (and MCE) may change with time due to an improved understanding of the physical processes involved.  The use of PM could therefore be considered as misleading.  Moreover if the physical uncertainties in estimating a “physical maximum” are such that the concept becomes meaningless then use of a statistical analysis at least makes the uncertainties transparent.

The use of probabilities and frequencies in other industries, particularly the nuclear industry, is noted and is consistent with encouraging wider understanding of the issues involved. However, this may be because there is no physical limit to the issues they are trying to measure; it could be argued that if there were a physical upper limit the public may demand that these be used rather than extrapolated frequencies.  Additionally in other industries it may be meaningful to consider chains of unlikely events, such that an overall annual probability of say 10-6 /annum or less may be meaningful.

The paper by S G Vick (2001) on 'Engineering application of dam safety risk analysis' is worthy of mention.  It discusses the use of “diagnostic risk analysis”, which it claims is simpler than formalised QRA.  It suggests that at Terzaghi dam the greatest risk to the dam is from ground motions substantially less than MCE, as these more frequent motions would re-activate internal erosion (dose response) resulting in a greater risk of failure than the MCE.  Similarly for a dam in Norway it was transformation of deep drifted snow into ice which blocked the spillway that posed the greatest hydrological risk; this being “the primary contributor to hydrologic failure probability for flood recurrence intervals as low as 10 to 100 years under certain inflow conditions”.  This is important, as the greatest likelihood of failure may be from recurring events much less in magnitude than PMF or MCE; the value of the T year approach being that it is simpler to compare the overall cumulative annual probability of failure for each of a number of return periods.
G.4.2
Maximum credible earthquake (MCE)

The application note to the seismic guide (ICE, 1998) states in Section 4.E.4:-

“The outcome of the present review may be summarised as follows:

· MCE as defined and derived from geological conditions, is in principle the earthquake on which the design of category IV dams should be based. Seismological science has not yet advanced sufficiently to provide a general methodology which facilitates reliable determination of MCE.
· Methods adopted for evaluation of design earthquakes vary from country to country but in many cases are based on deterministic analysis of historic events, and either adding a margin to the most severe case, or by probabilistic evaluation of all relevant events.  In some countries earthquakes derived from probabilistic analysis continue to be referred to as MCE.

· Where probabilistic methods are adopted, reported return periods vary widely from as low as 1000 years or as high as 100,000 years in some cases. It is recognised that the Guide figure of 30,000 years for category IV dams is more conservative than is general in Europe where the return period appears generally not to exceed 10,000 years.

· A return period of 10,000 years is also used for the DBE in the UK nuclear industry, albeit in association with an SME having a PGA up to 40% greater.

· Despite some similarity in concept there does not appear to be a sustainable basis for assuming the equivalence of MCE and PMF.

Based on the foregoing the following approach may be considered appropriate:

· It is recommended that a return period of 10,000 years forms the basic criterion for existing category IV dams.

· Engineers may, after consideration of all the specific factors pertaining to the reservoir under review, including sensitivity of the dam to deformation (or cracking), determine that a safety evaluation earthquake with other return periods may also be applied.  These may, as an upper bound, approach the value of 30,000 years as suggested by the Guide.  Such sensitivity considerations could be anticipated to apply during design of new or radically altered structures.”

The statement that “Seismological science has not yet advanced sufficiently to provide a general methodology which facilitates reliable determination of MCE” is noted and is significant, as acknowledging that although in principle a “maximum possible” approach is desirable, it is implied that it is considered currently inappropriate for UK conditions in the light of current seismological science.  

This is supported by the recommended values for growth factors for peak ground acceleration (PGA), as given in Tables N1 and N2, which are plotted on Figure 6.2 of the main report and show no evidence that PGA is reducing with AP towards an asymptotic MCE.

G.4.3
PMP/PMF

A review of the historical development and current procedures for determination of PMP/PMF is given in Appendix F, with the key issues summarised here and in Section 6.2.4 of the main report.

Hydrologists generally agree that there is a physical upper bound to the amount of rainfall that can fall within a given period, this depending on factors such as the climatic region and topography.  The PMP/PMF approach attempts to estimate this upper limit of flooding from a particular catchment.  In principle it therefore provides a sounder basis for estimating a maximum design flood than can be given from observed historical maximum flows either at the site or drawn from a wider sample of rivers across the region.  However, there is a corresponding degree of error attached to these estimates that is to an extent subjective and no examples of quantification have been encountered.  The accuracy of the estimate, based upon the FSR methodology, throughout the UK is unknown.

In comparison, statistical methods for deriving floods with long return periods that may be appropriate to spillway design, in the order of 1000 to 10,000 years, suffer a number of problems.  Most significantly, they must be derived from relatively short datasets.  Rarely will there be more than 50 years of streamflow data at any site, so the derivation of events much beyond 100 year return period must be considered uncertain.  In single site analysis this would be confirmed by the confidence limits derived from the statistical analysis.  The use of longer rainfall data series and pooled group analysis increases the confidence that may be placed in the accuracy of longer return period events.  Typically, the Flood Estimation Handbook is considered to provide reliable results to a return period in the order of 1000 years.  The pooling group methodology was not designed to produce accurate estimates for longer return periods however and cannot presently be considered reliable for 10,000 year events.  

An important issue is the return period of the T year flood which has the same magnitude as the PMF.  Lowing and Law (1995) suggest that the PMF may be associated with AP’s of between 2 x 10-5 and 1 x 10-6, whilst  the Ramsbottom et al (1986) procedure is based on AP of between 10-6 and 10-9. As discussed in Section F.4.2.2 above Australian practice suggests AP of 10-7 for small catchments to 10-4 for large catchments. 

Table 6.1 in the main report summarises the issues.  It should be noted that climate change will affect both PMP/PMF estimates and T-year flood events and that present calculation procedures make no allowance for this.

G.4.4
Applicability to Internal threats

It is difficult to conceive of a physical upper limit (“maximum possible”) to internal geotechnical and other processes such as consolidation (including creep), and seepage.  It may be possible to define maximum observed rates at which a failure may develop following first symptoms being detectable.  However, it would be difficult to relate this to the nature of the clay or other site specific conditions, which is an important element of the determination of PMP/PMF and MCE.

In relation to the application of statistical methods (T year approach) to these processes, as they are generally not discrete events in time it is inappropriate to consider return periods.  However it may be meaningful to consider the annual probability of failure given a certain level of deterioration. 

The integrated system uses an approach based upon historical performance, and as such it is not necessary  to establish whether there is a physical upper bound, or asymptote to the probability of occurrence of an internal event.  Nevertheless this is an issue that will need to be considered further in future, if progress is to be made in the use of analytical techniques for estimating the probability of failure due to internal threats.

G.5
Statistical techniques within specific relevant disciplines

G.5.1
Hydrology

Statistical techniques for the analysis of hydrological extremes have been used for many years.  Gumbel (1958) established a straightforward method for dealing with flood magnitudes which could be applied with a slide rule and graph paper.  Increasingly sophisticated techniques have been developed over the years, some based on extensions of Gumbel’s approach, the General Extreme Value family; others based on standard statistical distributions such as Log Normal.  Alternative distributions have also been developed from mathematical functions attempting to reproduce observed characteristics of natural data, such as Pearson or Log Pearson.

In parallel with the development of the various distributions has come a range of methods for deriving their parameters.  Visual “goodness of fit” remains an essential support to all methods but the Method of Moments approach most often used in the early days is commonly replaced by the Maximum Likelihood approach.

As well as direct analysis of flood flows, the statistical analysis of rainfall is frequently addressed, in combination with various rainfall-runoff models for the estimation of floods from rainfall.  This approach can help to reflect the physical differences between catchments and provides a necessary basis for the identification of the Probable Maximum Flood, as it is easier to conceive of physical limits to rainfall depth and percentage runoff than to flood magnitude taken alone.

All statistical approaches must be considered in the light of a number of key factors:

· “Parsimony” – the fewer the parameters of a distribution, the more reliable their estimation and the easier it is to transfer the results to ungauged locations.

· Physical realism – many statistical approaches can imply the possibility of both negative numbers and upper bounds; floods obviously cannot have negative magnitudes and it is difficult to establish absolute maximum values.

· Data – the quality of flood estimates can only be as good as the input data and will depend on both the accuracy of the measurements and the record length.

A good general review of available techniques at 1974 was set out in Volume 1 of the FSR.  Current practice of statistical flood and rainfall event analysis, at least for the UK, is now set out in Volume 3 of the Flood Estimation Handbook (CEH, 1999).  The FEH sets out standard methods for statistical analysis, including the use of flood peak data from many sites through the Pooling Group technique, and provides software for their application.  It also provides a tool for the estimation of rainfall depth for specified return periods across the UK.

G.5.2
Seismology and Seismic engineering

Recent papers on the use of probabilistic and risk based techniques which have been identified are summarised in Table G.4. These have been identified from cross references in papers obtained on other issues, and a literature search has not been carried out.

Table G.4 : Papers on use of probability in seismology and seismic engineering

Issue
Published papers identified to date

Design methods
Lubkowski & Duan (2001)

G.5.3
Geotechnical 

There have been a number of recent papers on the use of probabilistic and risk based techniques in geotechnical engineering, as summarised in Table G.5

Table G.5 : Papers on use of probability in geotechnical engineering

Geotechnical issue

(alphabetical)
Published papers identified to date

Bearing capacity
Griffiths & Fenton (2001), Cardoso & Fernandes (2001)

Data
Lee et al 1983 (referenced in Griffiths & Fenton, 2001)

Design methods
Driscoll & Simpson (2001)

Filters for dams
Brauns & Witt (1987, as reported in ICOLD Bulletin 95)

Safety factor
Kreuzer (1998-II), Day (2001), Clayton (2000), Duncan (2000).

Settlement
none, although Tedd et al (1997) summarises research work on settlement of old dams for DETR

Seepage
none

Slope stability - soil
Christain et al (1994)

Slope stability - rock
Kreuzer (1998-I)

Duncan (2000) demonstrates that the probability of failure can be used in routine geotechnical engineering practice with little effort beyond that required in conventional geotechnical analyses (note that he uses the term reliability analysis, but actually means probability of failure).  Use of the probability of failure presents a way of quantifying the combined effects of uncertainties in the parameters involved in the calculations.  Simple methods of estimating standard deviations of the parameters are proposed.

When the method is used in the design of a slope, not only will the most likely value of the factor of safety (FMLV ) be calculated, but also the probability that the factor of safety is smaller than one (i.e. the probability of slope instability). This will be a function of FMLV  and (F  (the standard deviation of the factor of safety).

When assessing the probability of failure of an existing slope the situation is somewhat different from the design of new works.  The unfailed state of the slope testifies to the fact that F > 1.0 for all the conditions to which it has been subjected.

With the relationship between probability and factor of safety established for the static stability case, the effect of earthquakes on slope stability can be introduced in a probabilistic form.  Thus if there is a 10% probability that F=1.10 and the peak ground acceleration required to reduce the factor of safety to unity is 0.05g which corresponds to a 1 in 1000 year event, the probability of instability is 1x10-4 per annum.  There is a 50% probability that F=1.30, but this requires a peak ground acceleration of 0.15g, corresponding to a 1 in 10000 year event, to reduce the factor of safety to unity.  The probability of instability in this case is 0.5x10-4 per annum.  The more likely failure scenario is therefore associated with a relatively small seismic event and an overestimate of the static factor of safety.

Figure G.1
Profiles of Failure Rate with Time for Equipment in Aeronautical Industry

APPENDIX  H   TECHNIQUES FOR ASSESSING CONSEQUENCES OF DAM FAILURE AND TOLERABLE RISK 

H.1
Introduction

This Section provides background data relevant to Section 5 of the main report.

H.2
Dam Break Analysis

The early dam break analysis in UK used to predict the impact of the flood wave resulting from dam failure was carried out in the 1980s (Binnie, 1986).  Current practice which has developed from this is described in 

· The latest ICOLD Bulletin on dam break (Bulletin 111, 1998).  

· RMUKR (CIRIA, 2000), which includes a rapid method of dam break (the peak breach flow formula is thought to come from the analysis of data in MacDonald and Langridge-Monoplois, 1984).  

· ANCOLD Guidelines on Consequences of dam failure (2000), which includes in Appendix C approximate, semi-empirical and full dam break analysis

· Morris (2000) who reported a Concerted Action Project on Dambreak Modelling (CADAM) in Europe which ran between February 1998 and January 2000, with a new project IMPACT (Investigation of extreme flood processes & uncertainty) which focuses on breach formation, flood propagation and sediment movement expected to start soon (was reported Nov 2001 in ICE Research focus Issue 47). 

· Tarrant & Rowland (2000).

The approximate ANCOLD method suggests inundation is taken as 1/3 to ½ the height of the dam, extending downstream for say 5, 20 and 60 km for reservoir capacities of 200,000m3, 2Mm3 and 20Mm3 respectively.

In general terms the hydrograph of discharge resulting from a dam failure is proportional to the speed of breach, as this governs the peak discharge.  Literature reviews on estimating breach hydrographs include the ICOLD Bulletin 111 (1998) and Binnie (1986).  The discussion on the 2000 BDS conference suggests that the speed of failure is normally less than 30 minutes.  Other factors affecting the breach discharge are:

· for concrete dams the breach wave depends on the number of blocks that are displaced, and may vary from one to many

· for gated spillways, failure of gates due for example to overtopping may occur one at a time, or may all occur together; the latter case giving a much higher ‘breach’ discharge

· the time of failure may vary depending on the type of dam failure i.e. overtopping versus internal erosion

Routing of the floodwave down the valley can be a complex problem depending on valley geometry and the type and number of obstructions.  It is considered that for the purposes of this project the rapid dam break analysis given in RMUKR represents current good practice, sufficient for any integrated system.

H.3
Physical damage and economic loss due to dam breach flood

This is a difficult area as economic loss should include

a) third party claims for physical damage

b) replacement cost of the dam

c) dam owner’s costs associated with loss of use of the reservoir (e.g. if a water supply dam paying for alternative supply, which may require tankering in water if there is no alternative source), 

d) possibly third party costs for business disruption

e) habitat and environmental damage

f) social impact on local community

g) loss of confidence in dam owner and operator. 

In principle the methodology developed by the Environment Agency for fluvial and coastal flooding would be used, or adapted.  

The two key references are 

· University Flood Hazard Research Centre "FLAIR" (1990) 
· Binnie & Partners (1988) Estimation of flood damage following potential dam failure: guidelines. Report for DOE Contract no 7/7/259. This data was updated and included in FLAIR
For residential property FLAIR considers inundation damage to building and contents due to a depth of water ranging from –0.3 to +3.0m above the upper surface of the ground floor, and flood duration of inundation of more or less than 12 hours.   Tables of damage are provided at levels of detail, ranging from ‘all residential properties’ (page 78-81) to tables broken down by type, age and land use code (wealth of occupants).  

Data is also provided on direct and indirect damage due to inundation only to

· Retail, Office and Public sector

· Manufacturing

· Emergency services

· High velocity flooding depth/ damage data (update of Binnie & Partners, 1998)

In this contract values in FLAIR are increased by 46% on the basis of RPI increasing from 119.5 (Jan 1990) to 174.6 (Sept 2001).

H.4
UK Government departments guidance on tolerable risk

The HSE website provides access to a number of general policy documents, including

Date
Title
Intended user

Dec 2001
Principles and guidelines to assist HSE in its judgement that duty holders have reduced risk as low as reasonably practicable. 7pp
Duty Holders

Dec 2001
Policy and Guidance on reducing risks as low as reasonably practicable in Design.  6pp 
HSE staff

Dec 2001
Assessing compliance with the law in individual cases and the use of good practice. 5pp  
Operating Directorates 

(in assessing compliance with H&S at Work Act 1974)

Reports on industries other than dams, also available on the HSE website include


Title
Remarks

Feb 2000
COMAH safety Report Assessment manual. Part 2 Chapter 5 Technical aspects. 21pp
Guidance to HSE assessors when reviewing operators safety report to check no serious deficiencies in measures taken to prevent or mitigate the effects of major accidents

Aug 2000
UK ILGRA (United Kingdom Interdepartmental Liaison group on Risk assessment) : Use of risk assessments within government departments. 51pp
Review of risk assessment in government with a view to identifying best practices, encouraging common approaches

2001
Best practice for risk based inspection as a part of plant integrity management. Research contract by TWI and Royal & Sun Alliance Engineering for the HSE. 114 pp plus 6 appendices
Although primarily directed at Risk based Inspection (RBI) of systems subject to in-service examination under the Pressure Systems safety regulations (2000) can also apply to systems inspected as  a means to comply with COMAH 

H.5
Tolerable Risk on FN curves

Figure H.1, taken from the presentation by Whitman on acceptable risk at Trondheim, shows annual probabilities of risks in various industries plotted on a FN diagram and includes current published boundaries for a tolerable region, whilst Table H.1 summarises published FN criteria.  Points to note are

· the range of annual probability over the tolerable range varies between one and three orders of magnitude, depending on the originator of the curve

· some authors show that LLOL in excess of some magnitude as being ‘High risk zone’, where the best methods should be used to assess and manage risk, rather than accepting the concept of a tolerable region.  This upper limit of tolerable LLOL varied from 20 casualties to 1000

· ANCOLD truncate the curves at a lower annual probability of 10-6 and 10-7, on the basis that “it is not possible, given the state of the art, to reliably estimate annual probabilities of failure to such very low levels” (page 6 of Commentary).

These indicate that historically it has been considered that societal concerns suggest that the annual probability of failure should reduce by an order of magnitude for every order of magnitude increase in fatalities.  Whether this is practicable for dams, and whether this is still the view of policy makers is uncertain.

The current situation in UK is somewhat ambiguous until the RAPU have published guidance on how duty holders should take decisions on risk.  It is requested that DEFRA endeavour to obtain a draft of this document.  

Nevertheless R2P2 does suggest the upper limit of tolerability for risk imposed on the public from an existing installation would be in 1 in 5000 for 50 fatalities, and this provides a single point on a FN chart.  A new installation would be rejected if the annual probability of multiple fatalities were 10-5, and no objection would be raised if the annual probability were 10-6, although the number of fatalities involved is not stated.  Neither of these values give how the tolerable annual probability would vary with the number of fatalities. 

For the time being the risk criteria commonly used for dams (e.g. ANCOLD Commentary, 1998; BC Hydro, USBR), will be used as a benchmark to measure the risk from UK dams, albeit with a caveat that consideration will also be given to the quantitative limits indicated in R2P2, namely

· a 1 in 5000 limit for 50 fatalities from an existing installation

· tolerable region for risk of individual death from existing installation between 1 x 10-6 and 1 x 10-4
· tolerable region for risk of individual death from new installation between 1 x 10-6 and 1 x 10-5
Table H.1 :  Summary of published FN criteria

Reference
Anchor points for 

annual probability of occurrence at upper (lower) limit of tolerable region
Consequence cut-off for LLOL
Remarks


1
1000



UK - 





Transport of dangerous substances (ACDS, 1991)
101 (10-4)
10-2 (10-7)
none
taken from Figure D.5

R2P2, HSE 2001
No curves
provided

Tolerable risk of 50 casualties from existing installation is AP of 1 in 5000, and of single member of public is 10,000 

Overseas - Dams





BC Hydro, NNCOLD, 1997
10-3  (10-??)
10-6  (10-??)

Individual risk 10-4

ANCOLD, Commentary on Risk assessment guidelines, 1998 
10-3 (10-4)
10-6 (10-7)
1000
a) lower limit is objective for new dams

b) upper curve truncated at annual probability of 10-6, lower at 10-7

Rettemeier et al , 2001 - Germany
10-3 
10-6
20
a) where LLOL >20 this is “tolerable but not acceptable, emergency plans essential”

b) upper limit of tolerability truncated below 10-6, presumably to reflect uncertainty in processes affecting dams at these low annual probabilities

c) lower limit to tolerable region defined as N of 20 (“acceptable risk within general limits” for N= 1 to 20)

USBR
10-3 (10-4)
10-6 (10-7)
200
As quoted by Rissler, 2001. NB The diagram uses PAR, rather than LLOL.

Overseas – other than dams





Hong Kong, 1993
10-3 (10-5)
10-6 (10-8)
1000
from Figure 17 of Ball & Floyd

Netherlands, 1980s
10-3  (10-5)
10-9  (10-11)
none
from Figure 14 of Ball & Floyd

H.6
Application of the ALARP principle

The ALARP principle is defined in Section 4.2 of the main report, with this subsection providing further detail on its application.

Typically, with an existing dam, there are relatively low cost measures (for example, improved monitoring and surveillance to protect against piping risk, or a wave wall on the crest to increase flood capacity) that can significantly reduce risk. But as further reductions in risk are sought, the cost and effort gets progressively more onerous - the “law of diminishing returns”.  A table of measures can be prepared, with the cost of each given, along with the incremental reduction in expected value of life loss that would be achieved.  For each measure the ratio of “incremental reduction in expected value of life loss” to “dollar cost” can be computed.  These ratios can then be sorted into rank order, with the highest values listed first.  A graph based on the ratios would then be plotted with cumulative cost (expressed as a percentage of total cost) on the horizontal axis, and cumulative reduction in expected value of life loss (expressed as a percentage of the existing expected value of life loss) on the vertical axis.  

An example of such a plot is at Fig. 3 of Bowles, Parsons et al (August 1999), although that plot is for a portfolio of dams rather than for a series of risk reduction measures on a single dam - but the same approach applies.  Typically such a plot commences with a steep slope at the left hand vertical axis (indicating significant risk reduction per dollar), but gradually flattens to the right.  Such a graph provides a visual appreciation of the diminishing returns in risk reduction per dollar and can aid an owner in deciding at what point ALARP is met.  It can immediately be seen that such a graph also provides a quantitative basis for assigning priorities to risk reduction measures so as to achieve the maximum rate of risk reduction.
Bowles and his co-workers (Bowles et al, June 1997 and Bowles, Anderson et al, May 1999) have promoted the cost-effectiveness measure, cost-to-save-a-statistical-life (CSSL), as a guide to the satisfaction of ALARP.  This measure is similar, but not identical to, the slope of the graph referred to in the preceding paragraph.  The essential difference is that CSSL takes account of the extent to which the cost of risk reduction measures is offset by the expected value of cost savings.  If the expected value of dollar savings exceeds the annualised costs, the risk reduction is fully justified on economic grounds, without the need to consider life safety benefits, and the CSSL is zero.  Such a situation is unusual for dam safety risk reduction measures.  The CSSL is calculated as follows:

CSSL
=
CA - (E[R:e] - E[R:pr])




      E[L:e] - E[L:pr]

where CSSL
=
cost-to-save-a-statistical-life, with the proviso that a negative value is taken as zero

CA
=
annualised cost of implementing risk reduction measure, dollars per annum 

E[R:e]
=
expected value of risk cost for existing dam, dollars per annum

E[R:pr]
=
expected value of risk cost post risk reduction, dollars per annum

E[L:e]

=
expected value of life loss for existing dam, lives per annum

E[L:pr]
=
expected value of life loss post risk reduction, lives per annum.

This calculation can be made sequentially for each risk reduction measure, with “existing dam” meaning the state of the dam prior to implementation of the next risk reduction measure.

The question then is “At what value of CSSL is ALARP satisfied?” There is no easy answer to this question, and the answer would likely depend on the particular circumstances of each case. HSE (1999 - para 11 of Annex 3) mention a value of 902,500 pounds as being used for road transport studies. A much higher value would be appropriate for the imposed risk from dams, where those bearing the risks often do not gain any or a commensurate benefit. OMB (1992 - Table C-2) show that safety measures implemented by Federal regulation in the United States have CSSL ranging from US$100,000 to US$5.7E12. The high figures reflect the emotive community response to health fears from chemicals. OMB notes that “This range shows clearly that society’s resources for reducing risk are being poorly allocated.”   OMB reports that CSSL for safety improvements in transportation are consistently under US$2,000,00, and clearly OMB has no difficulty with that figure. 
Whilst the ALARP principle is clear and easily understood, its application in particular cases is difficult. There is a need to consider a wide range of social, political and environmental issues in addition to the costs of risk reduction. 

Figure H.1
Risks in other industries plotted on FN chart (from Whitman, 1997)

� EMBED Equation.3  ���
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Purpose

Reservoir type

Spillway type

Code

Description

1

Impounding

Code

Description

0

Not known

2

Non-impounding

0

Not known

1

Irrigation

3

Service

1

Uncontrolled

2

Hydroelectric

2

Gated

3

Flood control

3

Bellmouth

4

Navigation

Flood risk category

4

Siphon

5

Water supply

0

Not known

5

None

6

Recreation

1

A

99

other

7

Compensation

2

B

8

Ornamental lake

3

C

9

Industrial process

4

D

Dam type

Watertight element position

Cut-off

Code

Description

Code

Description

Code

Description

0

Not known

0

Not known

0

Not known

1

TE Earthfill

1

Upstream face

1

Concrete

2

ER Rockfill

2

Internal

2

Puddle clay

3

PG Concrete gravity

3

Homogeneous

3

Grout

4

CB Concrete buttress

4

Not applicable

4

None

5

VA Concrete arch

99

Other

5

Cement-bentonite slurry wall

6

Multiarch

6

Concrete slurry wall

7

Concrete service

Upstream protection

99

Other

8

Brick service

Code

Description

9

Tailings

0

not known

Outlet type

10

Roller compacted concrete

1

Masonry blocks

Code

Description

11

Gravity & arch

2

Brickwork

0

Not known

12

Gravity & earthfill

3

Asphaltic membrane

1

Pipe through core

13

Earthfill & rockfill

4

Concrete

2

Pipes in tunnel through core

14

Buttress & earthfill

5

Riprap

3

Tunnel through abutment

15

Gravity & buttress

6

Concrete Blocks

4

Siphon

16

Concrete & brick service

7

Pitching

5

Pipes through fill

17

Prestressed concrete

8

Beaching

6

Culvert in foundation

18

Gravity & rockfill

99

other

7

None

19

PG(M) Masonry gravity

99

Other

20

CB(M) Masonry buttress

Foundation type

21

VA(M) Masonry arch

Code

Description

Position of controls on outlet

99

Other

0

Not known

0

Not known

1

Competent rock

1

Upstream control

2

Fissured rock

2

Downstream control

Code

Description

3

Soft clay

3

Upstream and downstream

0

Not known

4

Firm clay

4

None

1

Concrete

5

Stiff clay

99

Other

2

Asphaltic

6

Ballast

3

Puddle clay

7

Gravel

4

Rolled clay

8

Sand

5

Plastic

99

Other

6

Metal

7

Earthfill

8

Not applicable

99

Other

Part 1

Watertight element type

Part 2
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Combs

Undertaker

British Waterways 

NDD Ref Number

123

Grid Reference

SK 037796

Date Completed

1806

County

Derbyshire

Height m

18

Code/ Description

Date Identified

Severity

29 spillway damage

1944

3

1944 inspection. Leakages observed in shaft of swallow hole overflow, recommended shaft be repaired

Remedial works

Code/ Description

Date undetaken

Severity

18 spillway repaired

1944

3

Overflow shaft relined

References

NDD Dam incident report

Problems / Incidents

[image: image13.wmf]REMEDIAL WORKS

Embankment - Repair to watertight element in dam

Embankment - slope stability

Code

Description

Code

Description

1

Core grouted

12

Downstream slope flattened

2

Slurry trench wall in embankment

13

Downstream slope drainage

3

Sheet piling

14

Toe drain

4

Upstream membrane repaired

15

Upstream slope flattened

24

Core raised

16

Downstream berm constructed

25

Core repaired with clay

31

Downstream face repaired

40

Upstream blanket

39

Partial reconstruction

Overflow works

Settlement

Code

Description

Code

Description

18

Spillway repaired

6

Wave wall repaired

19

Spillway enlarged or modified

7

Crest restored to original

27

TWL lowered

24

Core raised

29

Spillway re-constructed

34

Additional spillway

Wave damage

Code

Description

Draw-off works

33

Upstream face repaired

Code

Description

6

Wave wall repaired

8

Valve tower repaired

38

New wave wall built

9

Outlet tunnel repaired

17

Upstream pitching repaired

10

Outlet pipes repaired-replaced

32

Valves repaired/replaced

Foundation repairs embankment /concrete

35

Completely new draw-off works

Code

Description

36

Upstream valve control

11

Foundations grouted

5

Extended cut-off

51

Foundation watertightening treatment

Concrete and masonry dams

52

Drain/ filter reconstruction or repair Foundation

Code

Description

53

Strengthening by grouting  (ex anchoring)

42

Watertightening

54

Slurry trench wall in foundation

43

Drain construction or repair

55

Anchoring in foundation

44

Thermal protection

45

Facing

Reservoir

46

Reconstruction of deteriorated zones

Code

Description

47

Execution of joints (slot cutting)

71

Reforestation

48

Strengthening by grouting

72

Torrent training

49

Strengthening by anchoring

73

Sediment discharge diversion

50

Strengthening by shape correction

74

Slope regularisation, protection and 

strengthening

37

Buttressing of concrete dam with rockfll

75

Draining

76

Watertightening

Appurtenant works ICOLD categories

77

Dredging

56

Discharge increased

78

Draining

57

Construction of additional appurtenant work

79

Slope regularisation, potection and 

strengthening

58

Overall reconstruction of appurtenant work

59

Partial reconstruction with strengthening

60

Shape correction of surface contact flow

61

Aeration devices: construction or increased 

capacity

62

Repair of surfaces contacting flow

Others

63

Joint tightening treatment

20

Demolished

64

Construction and repair of drains

21

Total reconstruction

65

Slope protection and stabilisation

22

Raised

66

Sediment discharge removal from surfaces 

contacting flow

23

Lowered

67

Construction, modification and repair of valves 

and gates

26

TWL raised

68

Establish or update rules for gate/valve operation

28

Discontinued

69

Reconstruction of deteriorated zones

30

Abandoned

70

Appurtenant works abandoned

_1058882712.xls
Structure problems incidents

		Possible structure of problems and incidents

		Internal erosion of embankment dams						Slope stability of embankment dams

		Code		Description				Code		Description

		1		Leakage				4		Upstream slip in service

		2		Turbid leakage				5		Downstream slip in service

		3		Wet patches downstream slope				6		Natural ground slip, abutments and valley sides

		14		Breached				22		Upstream slip during construction

		16		Fractures in discharge pipe				23		Downstream slip during construction

		17		Leak by pipe or culvert				24		Natural ground slip during construction

		15		Internal erosion

		External erosion						Settlement of embankment dams

		Code		Description				Code		Description

		12		Inadequate spillway capacity				7		Embankment deformation

		13		Over topped				8		Localised settlement

		14		Breached				18		Culvert damaged by settlement

		29		Spillway damaged				21		Mining settlement

		30		Inadequate freeboard

		31		Inadequate flood capacity

		58		Upstream watertight deterioration of embankments

		Outlet works						Wave damage

		Code		Description				Code		Description

		25		Leak into culvert				9		Wave damage upstream pitching

		26		Culvert damage				10		Wave damage on wall

		27		Scour blocked

		28		No draw-off arrangements				Other appurtenant works problems

		17		Leak by pipe or culvert				Code		Description

		32		No upstream controls				38		Local scour

		34		Tower damaged				39		Erosion by abrasion

		35		Valves inoperable				40		Erosion by cavitation and energy dissipation

		36		Leak into valve tower				41		Obstruction by solids carried by flow

								42		Problems with gates and other discharge equipment

		Foundation problems

		Code		Description				Dam body of concrete and masonry dams

		Concrete and masonry dams						Code		Description

		33		Uplift pressures beneath foundation				37		ASR and concrete deterioration

		44		Loss of strength under permanent and repeated actions				47		Shrinkage, creep reactions leading to contraction

		45		Erosion and solution				48		Degradation due to chemical reactions of materials

		46		Ageing of grout curtains				49		Loss of strength under permanent and repeated actions

		Earth and rockfill dams						50		Poor resistance to freezing and thawing

		54		Deformation of foundation				51		Ageing of structural joints

		55		Loss of strength of foundation				52		Ageing of upstream facing, concrete dams

		56		Internal erosion of foundation or abutment				53		Ageing of prestressed structures

		57		Foundation degradation

		Other problems/incidents

		Code		Description

		11		Animal activity

		19		Trees or vegetation

		20		Seismic damage/ reassessment





Details information

		Information in details

				Notes

		Reference No		Unique number

		Dam name

		Reservoir name		Enter if different from dam

		Enforcement Authority

		Owner ( Undertaker)

		Engineer

		Contractor

		River

		Nearest town

		County

		Country

		Grid reference

		Reservoir type		IR, NIR or service

		Capacity

		Surface area

		Structure volume

		Spillway capacity

		Flood risk category		A, B, C, or D

		Spillway type		Uncontrolled or gated

		Dam height

		Crest length

		Altitude

		Catchment area





Structure of rehabilitation

		REMEDIAL WORKS

		Embankment - Repair to watertight element in dam						Embankment - slope stability

		Code		Description				Code		Description

		1		Core grouted				12		Downstream slope flattened

		2		Slurry trench wall in embankment				13		Downstream slope drainage

		3		Sheet piling				14		Toe drain

		4		Upstream membrane repaired				15		Upstream slope flattened

		24		Core raised				16		Downstream berm constructed

		25		Core repaired with clay				31		Downstream face repaired

		40		Upstream blanket

		39		Partial reconstruction

		Overflow works						Settlement

		Code		Description				Code		Description

		18		Spillway repaired				6		Wave wall repaired

		19		Spillway enlarged or modified				7		Crest restored to original

		27		TWL lowered				24		Core raised

		29		Spillway re-constructed

		34		Additional spillway				Wave damage

								Code		Description

		Draw-off works						33		Upstream face repaired

		Code		Description				6		Wave wall repaired

		8		Valve tower repaired				38		New wave wall built

		9		Outlet tunnel repaired				17		Upstream pitching repaired

		10		Outlet pipes repaired-replaced

		32		Valves repaired/replaced				Foundation repairs embankment /concrete

		35		Completely new draw-off works				Code		Description

		36		Upstream valve control				11		Foundations grouted

								5		Extended cut-off

								51		Foundation watertightening treatment

		Concrete and masonry dams						52		Drain/ filter reconstruction or repair Foundation

		Code		Description				53		Strengthening by grouting  (ex anchoring)

		42		Watertightening				54		Slurry trench wall in foundation

		43		Drain construction or repair				55		Anchoring in foundation

		44		Thermal protection

		45		Facing				Reservoir

		46		Reconstruction of deteriorated zones				Code		Description

		47		Execution of joints (slot cutting)				71		Reforestation

		48		Strengthening by grouting				72		Torrent training

		49		Strengthening by anchoring				73		Sediment discharge diversion

		50		Strengthening by shape correction				74		Slope regularisation, protection and strengthening

		37		Buttressing of concrete dam with rockfll				75		Draining

								76		Watertightening

		Appurtenant works ICOLD categories						77		Dredging

		56		Discharge increased				78		Draining

		57		Construction of additional appurtenant work				79		Slope regularisation, potection and strengthening

		58		Overall reconstruction of appurtenant work

		59		Partial reconstruction with strengthening

		60		Shape correction of surface contact flow

		61		Aeration devices: construction or increased capacity

		62		Repair of surfaces contacting flow				Others

		63		Joint tightening treatment				20		Demolished

		64		Construction and repair of drains				21		Total reconstruction

		65		Slope protection and stabilisation				22		Raised

		66		Sediment discharge removal from surfaces contacting flow				23		Lowered

		67		Construction, modification and repair of valves and gates				26		TWL raised

		68		Establish or update rules for gate/valve operation				28		Discontinued

		69		Reconstruction of deteriorated zones				30		Abandoned

		70		Appurtenant works abandoned





Categories and fields

		Structure of the BRE Dams Database

		Purpose				Dam type				Sealant material				Upstream protection				Spillway type				Problem/incident type				Investigation/instrumentation				Remedial methods

		Code		Description		Code		Description		Code		Description		Code		Description		Code		Description		Code		Description		Code		Description		Code		Description

		0		Not known		0		Not known		0		Not known		0		not known		0		Not known		0		Not known		0		Investigation		0		Not known

		1		Irrigation		1		TE Earthfill		1		Concrete		1		Masonary blocks		1		Uncontrolled		1		Leakage		1		Comprehensive construction instrumentation		1		Core grouted

		2		Hydroelectric		2		ER Rockfill		2		Asphaltic		2		Brickwork		2		Gated		2		Turbid leakage		2		Borehole sampling		2		Diaphragm wall to replace core

		3		Flood control		3		PG Concrete gravity		3		Puddle clay		3		Asphaltic membrame		3		Bellmouth		3		Wet patches downstream slope		3		Laboratory testing		3		Sheet piling

		4		Navigation		4		CB Concete buttress		4		Rolled clay		4		Concrete		4		Syphon		4		Upstream slip in service		4		Pore water pressures in core		4		Membrane repaired

		5		Water supply		5		VA Concrete arch		5		Plastic		5		Riprap		5		None		5		Downstream slip in service		5		Pore water pressures in fill		5		Extended cut-off

		6		Recreation		6		Multiarch		6		Metal		6		Concrete Blocks		99		other		6		Natural ground slip		6		Pore water pressures in natural ground		6		Wave wall repaired

		7		Compensation		7		Concrete service		7		Earthfill		7		Pitching						7		Embankment deformation		7		Earth pressures in core		7		Crest restored to original

		8		Ornamental lake		8		Brick service		8		Not applicable		8		Beaching		Outlet type				8		Localised settlement		8		Earth pressures in fill		8		Valve tower repaired

		9		Industrial process		9		Tailings		99		Other		99		other		Code		Description		9		Wave damage upstream pitching		9		Permeability		9		Outlet tunnel repaired

		10		Water supply & recreation		10		Roller compacted concrete										0		Not known		10		Wave damage on wall		10		Reservoir level		10		Outlet pipes repaired-replaced

		11		Navigation & recreation		11		Gravity & arch		Sealant position				Cut-off				1		Pipe through core		11		Animal activity		11		Crest settlement		11		Foundations grouted

		12		Water supply & hydroelectric		12		Gravity & earthfill		Code		Description		Code		Description		2		Pipes in tunnel through core		12		Inadequate spillway capacity		12		Crest lateral movements		12		Downstream slope flattened

		13		Water supply & navigation		13		Earthfill & rockfill		0		Not known		0		Not known		3		Tunnel through abutment		13		Over topped		13		Leakage - infra-red		13		Downstream slope drainage

		14		Water supply & flood control		14		Butress & earthfill		1		Upstream face		1		Concrete		4		Siphon		14		Breached		14		Leakage - tracers		14		Toe drain

		15		Flood cont' & w' supply & rec'		15		Gravity & butress		2		Internal		2		Puddle clay		5		Pipes through fill		15		Internal erosion		15		Leakage - flow		15		Upstream slope flattened

		16		Water supply & compensation		16		Concrete & brick service		3		Homogeneous		3		Grout		6		Culvert in foundation		16		Fractures in discharge pipe		16		Geophysics		16		Downstream berm constructed

		17		Water supply & industrial pro'		17		Prestressed concrete		4		Not applicable		4		None		7		None		17		Leak by pipe or culvert		17		Trial pits		17		Upstream pitching repaired

		18		Flood cont' & hydroelec & rec'		18		Gravity & rockfill		99		Other		5		Cement-bentonite slurry wall		99		Other		18		Culvert damaged by settlement		18		CCTV		18		Spillway repaired

		19		Hydroelec & industrial process		19		PG(M) Masonry gravity						6		Concrete slurry wall						19		Trees or vegetation		19		Piezometers		19		Spillway enlarged

		20		Navigation & flood control		20		CB(M) Masonry buttress		Foundation type				99		Other		Position of contols on outlet				20		Seismic		20		Diving surveys		20		Demolished

		99		Other		21		VA(M) Masonry arch		Code		Description						0		Not known		21		Mining		21		Internal movement monitoring		21		Total reconstruction

						99		Other		0		Not known						1		Upstream control		22		Upstream slip during construction		22		Slope movements		22		Raised

										1		Competent rock						2		Downstream control		23		Downstream slip during construction		23		Reservoir drawn down		23		Lowered

										2		Fissured rock						3		Upstream and downstream		24		Natural ground slip during construction		24		Flood studies		24		Core raised

										3		Soft clay						4		None		25		Leak into culvert		25		Overflow model		25		Core repaired with clay

										4		Firm clay						99		Other		26		Culvert damage		26		Slope stability analyses		26		TWL raised

										5		Stiff clay										27		Scour blocked		27		Pore pressures in concrete		27		TWL lowered

										6		Ballast										28		No draw-off arrangements		28		ASR investigations		28		Discontinued

										7		Gravel										29		Spillway damaged		29		Finite element studies		29		Spillway re-constructed

										8		Sand										30		Inadequate freeboard		30		Monitoring		30		Abandoned

										99		Other										31		Inadequate flood capacity		31		Drilling using Enpasol equipment		31		Downstream face repaired

																						32		No upstream controls		32		Cone penetrometer		32		Valves repaired/replaced

																						33		Uplift pressures beneath foundation		33		Visual surveillance		33		Upstream face repaired

																						34		Tower damaged		99		Other		34		Additional spillway

																						35		Valves inoperable						35		Completely new draw-off works

																						36		Leak into valve tower						36		Upstream valve control

																						37		ASR and concrete deterioration						37		Buttressing of concrete dam with rockfll

																						38		Local scour						38		New wave wall built

																						39		Erosion by abrasion						39		Partial reconstruction

																						40		Erosion by cavitation and energy dissipation						40		Upstream blanket

																						41		Obstruction by solids carried by flow						41		Vegetation cleared

																						42		Problems with gates and other discharge equipment						42		Watertightening

																						43		Excessive flow						43		Drain construction or repair

																						44		Loss of strength under permanent and repeated actions						44		Thermal protection

																						45		Erosion and solution						45		Facing

																						46		Ageing of grout curtains						46		Reconstruction of deteriorated zones

																						47		Shrinkage, creep reactions leading to contraction						47		Execution of joints

																						48		Degradation due to chemical reactions of materials						48		Strengthening by grouting

																						49		Loss of strength under permanent and repeated actions						49		Strengthening by anchoring

																						50		Poor resistance to freezing and thawing						50		Strengthening by shape correction

																						51		Ageing of structural joints						51		Foundation watertightening treatment

																						52		Ageing of upstream facing, concrete dams						52		Drain and filter reconstruction or repair Foundation

																						53		Ageing of prestressed structures						53		Strengthening by grouting or other methods (ex anchoring)

																						54		Deformation of foundation						54		Foundation filling in fractures or cavities

																						55		Loss of strength of foundation						55		Anchoring in foundation

																						56		Internal erosion of foundation						56		Discharge increased

																						57		Foundation degradation						57		Construction of additional appurtenant work

																						58		Upstream face deterioration of embankments						58		Overall reconstruction of appurtenant work

																						99		Other						59		Partial reconstruction with strengthening

																														60		Shape correction of surface contact flow

																														61		Aeration devices: construction or increased capacity

																														62		Repair of surfaces contacting flow

																														63		Joint tightening treatment

																														64		Construction and repair of drains

																														65		Slope protection and stabilisation

																														66		Sediment discharge removal from surfaces contacting flow

																														67		Construction, modification and repair of valves and gates

																														68		Establish or update rules for gate/valve operation

																														69		Reconstruction of deteriorated zones

																														70		Appurtenant works abandoned

																														71		Reforestation

																														72		Torrent training

																														73		Sediment discharge diversion

																														74		Slope regularisation, protection and strengthening

																														75		Draining

																														76		Watertightening

																														77		Dredging

																														78		Draining

																														79		Slope regularisation, potection and strengthening

																														99		Other
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Dam inventory codes

		Dam inventory codes

		Part 1

		Purpose						Reservoir type						Spillway type

		Code		Description				1		Impounding				Code		Description

		0		Not known				2		Non-impounding				0		Not known

		1		Irrigation				3		Service				1		Uncontrolled

		2		Hydroelectric										2		Gated

		3		Flood control										3		Bellmouth

		4		Navigation				Flood risk category						4		Siphon

		5		Water supply				0		Not known				5		None

		6		Recreation				1		A				99		other

		7		Compensation				2		B

		8		Ornamental lake				3		C

		9		Industrial process				4		D

		Part 2

		Dam type						Watertight element position						Cut-off

		Code		Description				Code		Description				Code		Description

		0		Not known				0		Not known				0		Not known

		1		TE Earthfill				1		Upstream face				1		Concrete

		2		ER Rockfill				2		Internal				2		Puddle clay

		3		PG Concrete gravity				3		Homogeneous				3		Grout

		4		CB Concrete buttress				4		Not applicable				4		None

		5		VA Concrete arch				99		Other				5		Cement-bentonite slurry wall

		6		Multiarch										6		Concrete slurry wall

		7		Concrete service				Upstream protection						99		Other

		8		Brick service				Code		Description

		9		Tailings				0		not known				Outlet type

		10		Roller compacted concrete				1		Masonry blocks				Code		Description

		11		Gravity & arch				2		Brickwork				0		Not known

		12		Gravity & earthfill				3		Asphaltic membrane				1		Pipe through core

		13		Earthfill & rockfill				4		Concrete				2		Pipes in tunnel through core

		14		Buttress & earthfill				5		Riprap				3		Tunnel through abutment

		15		Gravity & buttress				6		Concrete Blocks				4		Siphon

		16		Concrete & brick service				7		Pitching				5		Pipes through fill

		17		Prestressed concrete				8		Beaching				6		Culvert in foundation

		18		Gravity & rockfill				99		other				7		None

		19		PG(M) Masonry gravity										99		Other

		20		CB(M) Masonry buttress				Foundation type

		21		VA(M) Masonry arch				Code		Description				Position of controls on outlet

		99		Other				0		Not known				0		Not known

								1		Competent rock				1		Upstream control

		Watertight element type						2		Fissured rock				2		Downstream control

		Code		Description				3		Soft clay				3		Upstream and downstream

		0		Not known				4		Firm clay				4		None

		1		Concrete				5		Stiff clay				99		Other

		2		Asphaltic				6		Ballast

		3		Puddle clay				7		Gravel

		4		Rolled clay				8		Sand

		5		Plastic				99		Other

		6		Metal

		7		Earthfill

		8		Not applicable

		99		Other






_1072771202.xls
Incident-rem. report example

		NDD Dam incident report

		Dam Name		Combs		Undertaker		British Waterways

		NDD Ref Number		123		Grid Reference		SK 037796

		Date Completed		1806		County		Derbyshire

		Height m		18

		Problems / Incidents

		Code/ Description		Date Identified		Severity

		29 spillway damage		1944		3

		1944 inspection. Leakages observed in shaft of swallow hole overflow, recommended shaft be repaired

		Remedial works

		Code/ Description		Date undetaken		Severity

		18 spillway repaired		1944		3

		Overflow shaft relined

		References
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Incid&rem codes

		

		Problem/incident type				Investigation/instrumentation				Remedial methods

		Code		Description		Code		Description		Code		Description

		0		Not known		0		Investigation		0		Not known

		1		Leakage		1		Comprehensive construction instrumentation		1		Core grouted

		2		Turbid leakage		2		Borehole sampling		2		Diaphragm wall to replace core

		3		Wet patches downstream slope		3		Laboratory testing		3		Sheet piling

		4		Upstream slip in service		4		Pore water pressures in core		4		Membrane repaired

		5		Downstream slip in service		5		Pore water pressures in fill		5		Extended cut-off

		6		Natural ground slip		6		Pore water pressures in natural ground		6		Wave wall repaired

		7		Embankment deformation		7		Earth pressures in core		7		Crest restored to original

		8		Localised settlement		8		Earth pressures in fill		8		Valve tower repaired

		9		Wave damage upstream pitching		9		Permeability		9		Outlet tunnel repaired

		10		Wave damage on wall		10		Reservoir level		10		Outlet pipes repaired-replaced

		11		Animal activity		11		Crest settlement		11		Foundations grouted

		12		Inadequate spillway capacity		12		Crest lateral movements		12		Downstream slope flattened

		13		Over topped		13		Leakage - infra-red		13		Downstream slope drainage

		14		Breached		14		Leakage - tracers		14		Toe drain

		15		Internal erosion		15		Leakage - flow		15		Upstream slope flattened

		16		Fractures in discharge pipe		16		Geophysics		16		Downstream berm constructed

		17		Leak by pipe or culvert		17		Trial pits		17		Upstream pitching repaired

		18		Culvert damaged by settlement		18		CCTV		18		Spillway repaired

		19		Trees or vegetation		19		Piezometers		19		Spillway enlarged

		20		Seismic		20		Diving surveys		20		Demolished

		21		Mining		21		Internal movement monitoring		21		Total reconstruction

		22		Upstream slip during construction		22		Slope movements		22		Raised

		23		Downstream slip during construction		23		Reservoir drawn down		23		Lowered

		24		Natural ground slip during construction		24		Flood studies		24		Core raised

		25		Leak into culvert		25		Overflow model		25		Core repaired with clay

		26		Culvert damage		26		Slope stability analyses		26		TWL raised

		27		Scour blocked		27		Pore pressures in concrete		27		TWL lowered

		28		No draw-off arrangements		28		ASR investigations		28		Discontinued

		29		Spillway damaged		29		Finite element studies		29		Spillway re-constructed

		30		Inadequate freeboard		30		Monitoring		30		Abandoned

		31		Inadequate flood capacity		31		Drilling using Enpasol equipment		31		Downstream face repaired

		32		No upstream controls		32		Cone penetrometer		32		Valves repaired/replaced

		33		Uplift pressures beneath foundation		33		Visual surveillance		33		Upstream face repaired

		34		Tower damaged		99		Other		34		Additional spillway

		35		Valves inoperable						35		Completely new draw-off works

		36		Leak into valve tower						36		Upstream valve control

		37		ASR and concrete deterioration						37		Buttressing of concrete dam with rockfll

		38		Local scour						38		New wave wall built

		39		Erosion by abrasion						39		Partial reconstruction

		40		Erosion by cavitation and energy dissipation						40		Upstream blanket

		41		Obstruction by solids carried by flow						41		Vegetation cleared

		42		Problems with gates and other discharge equipment						42		Watertightening

		43		Excessive flow						43		Drain construction or repair

		44		Loss of strength under permanent and repeated actions						44		Thermal protection

		45		Erosion and solution						45		Facing

		46		Ageing of grout curtains						46		Reconstruction of deteriorated zones

		47		Shrinkage, creep reactions leading to contraction						47		Execution of joints

		48		Degradation due to chemical reactions of materials						48		Strengthening by grouting

		49		Loss of strength under permanent and repeated actions						49		Strengthening by anchoring

		50		Poor resistance to freezing and thawing						50		Strengthening by shape correction

		51		Ageing of structural joints						51		Foundation watertightening treatment

		52		Ageing of upstream facing, concrete dams						52		Drain and filter reconstruction or repair Foundation

		53		Ageing of prestressed structures						53		Strengthening by grouting or other methods (ex anchoring)

		54		Deformation of foundation						54		Foundation filling in fractures or cavities

		55		Loss of strength of foundation						55		Anchoring in foundation

		56		Internal erosion of foundation						56		Discharge increased

		57		Foundation degradation						57		Construction of additional appurtenant work

		58		Upstream face deterioration of embankments						58		Overall reconstruction of appurtenant work

		99		Other						59		Partial reconstruction with strengthening

										60		Shape correction of surface contact flow

										61		Aeration devices: construction or increased capacity

										62		Repair of surfaces contacting flow

										63		Joint tightening treatment

										64		Construction and repair of drains

										65		Slope protection and stabilisation

										66		Sediment discharge removal from surfaces contacting flow

										67		Construction, modification and repair of valves and gates

										68		Establish or update rules for gate/valve operation

										69		Reconstruction of deteriorated zones

										70		Appurtenant works abandoned

										71		Reforestation

										72		Torrent training

										73		Sediment discharge diversion

										74		Slope regularisation, protection and strengthening

										75		Draining

										76		Watertightening

										77		Dredging

										78		Draining

										79		Slope regularisation, potection and strengthening

										99		Other
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Structure of rehabilitation

		REMEDIAL WORKS

		Embankment - Repair to watertight element in dam						Embankment - slope stability

		Code		Description				Code		Description

		1		Core grouted				12		Downstream slope flattened

		2		Slurry trench wall in embankment				13		Downstream slope drainage

		3		Sheet piling				14		Toe drain

		4		Upstream membrane repaired				15		Upstream slope flattened

		24		Core raised				16		Downstream berm constructed

		25		Core repaired with clay				31		Downstream face repaired

		40		Upstream blanket

		39		Partial reconstruction

		Overflow works						Settlement

		Code		Description				Code		Description

		18		Spillway repaired				6		Wave wall repaired

		19		Spillway enlarged or modified				7		Crest restored to original

		27		TWL lowered				24		Core raised

		29		Spillway re-constructed

		34		Additional spillway				Wave damage

								Code		Description

		Draw-off works						33		Upstream face repaired

		Code		Description				6		Wave wall repaired

		8		Valve tower repaired				38		New wave wall built

		9		Outlet tunnel repaired				17		Upstream pitching repaired

		10		Outlet pipes repaired-replaced

		32		Valves repaired/replaced				Foundation repairs embankment /concrete

		35		Completely new draw-off works				Code		Description

		36		Upstream valve control				11		Foundations grouted

								5		Extended cut-off

								51		Foundation watertightening treatment

		Concrete and masonry dams						52		Drain/ filter reconstruction or repair Foundation

		Code		Description				53		Strengthening by grouting  (ex anchoring)

		42		Watertightening				54		Slurry trench wall in foundation

		43		Drain construction or repair				55		Anchoring in foundation

		44		Thermal protection

		45		Facing				Reservoir

		46		Reconstruction of deteriorated zones				Code		Description

		47		Execution of joints (slot cutting)				71		Reforestation

		48		Strengthening by grouting				72		Torrent training

		49		Strengthening by anchoring				73		Sediment discharge diversion

		50		Strengthening by shape correction				74		Slope regularisation, protection and strengthening

		37		Buttressing of concrete dam with rockfll				75		Draining

								76		Watertightening

		Appurtenant works ICOLD categories						77		Dredging

		56		Discharge increased				78		Draining

		57		Construction of additional appurtenant work				79		Slope regularisation, potection and strengthening

		58		Overall reconstruction of appurtenant work

		59		Partial reconstruction with strengthening

		60		Shape correction of surface contact flow

		61		Aeration devices: construction or increased capacity

		62		Repair of surfaces contacting flow				Others

		63		Joint tightening treatment				20		Demolished

		64		Construction and repair of drains				21		Total reconstruction

		65		Slope protection and stabilisation				22		Raised

		66		Sediment discharge removal from surfaces contacting flow				23		Lowered

		67		Construction, modification and repair of valves and gates				26		TWL raised

		68		Establish or update rules for gate/valve operation				28		Discontinued

		69		Reconstruction of deteriorated zones				30		Abandoned

		70		Appurtenant works abandoned






