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EXECUTIVE SUMMARY

This report is produced as part of an ongoing programme of research into reservoir safety in the UK, funded by government.  This particular project has five specification objectives, of which the principal overall project objective may be summarised as:

“Propose and demonstrate an Integrated System which provides a

framework for decision making by Panel Engineers on the annual probabilities of

occurrence, consequences and tolerability of all the various threats to reservoir safety”

It may therefore be viewed as a feasibility study for quantitative risk assessment of dams which provides a framework to rank and quantify the various threats to dam safety (quantitative risk assessment), focused primarily at the assessment of existing dams.  Any system will need to be applicable to dam inspections, such that input data can be limited to that obtained from visual inspection and desk study, although being extendable to more detailed studies of risk. 
The project was carried out between April 2001 and July 2002 as a series of five milestones, this report being the last in the series.  There is an extensive published literature on related subject areas, as well as ongoing research in related areas primarily in Australia, Canada and the USA.  This research project has therefore included both literature reviews as well as informal discussions with practitioners in other countries.  In order to keep the length of the main report to manageable proportions, literature reviews and other non-core material has been included as Appendices, the text in the main report being limited to summaries of precedent and other important features. 

Conclusions and recommendations are given at the end of each section of the text, with the key conclusions and recommendations from this project being summarised on the following pages

Conclusion Number

(Specification Objective)
Conclusions
Discussion in Section

1 

(a)
The overall annual probability of failure of UK dams in operation (more than 5 years after construction), as recorded in NDD, has reduced from 15 x 10-5/ annum/dam in the period prior to 1975, to less than 2 x 10-5/annum/dam for the period 1975 to 2000.  However, although this is reasonable for high hazard dams, which have spillways designed to pass extreme floods, correction for extreme natural events which are unlikely to have occurred in the limited 25 year period means that in the long term low hazard dams would have a higher probability of failure.
2.4.2

2

(a)
The annual probability of failure during the first five years of a dam’s life is significantly higher than  in operation.
2.4.4

3

(a)
There are no prescriptive standards for what constitutes tolerable risk.  Plots on FN curves suggest that in the absence of reliable emergency plans the risk from higher hazard dams is disproportionately greater than from low hazard dams, in terms of annualised life loss. However, current thinking on tolerability of risk (HSE, 2000) suggests that ALARP should be carried out on individual dams as a more meaningful measure of the tolerability of risk.
4.3.4 

&

4.2.6

4 

(a)
The investment in spillway upgrades since implementation of legislation means that the frequency of incidents due to overtopping in the period 1975 to 2000 has dramatically reduced compared to prior to 1975. Incidents due to internal erosion are therefore now the most frequent type of incident, as shown in Table 2.10.
2.4.3.4

5 

(c)
Any Integrated System must be based on a quantitative assessment of the probability of failure, to allow meaningful comparison between threats, particularly comparison of external and internal threats
5.2.1

6 

(c)
It is feasible to devise an Integrated System of assessing the risks of dam failure from both external and internal threats for embankment dams, by using a combination of straightforward analytical techniques and historical performance of dams.  However, there is insufficient historic data recorded in the database at present to justify a system for concrete/ masonry dams and service reservoirs. 
5.4

7 

(d)
The Integrated System requires reliable estimates of the annual exceedance probability (AP) of extreme natural events such as floods and earthquake.  The climate in UK, with the last glaciation occurring 25,000 to 10,000 years BP, means that field evidence of extreme events with AP less than 10-4/ annum is likely to have been destroyed.  Thus estimates of the magnitude of events with AP less than 10-4/ annum have to be estimates based on extrapolation and our understanding of physical processes, rather than deduced from indicators of historical events. 


6.2.4

&

Appendix F4

Conclusion Number

(Specification Objective)
Conclusions
Discussion in Section

8 

(d)
The trial of the prototype Integrated System on ten dams has shown that it provides a useful tool to assist Panel Engineers (and others) in the periodic review of the safety of existing dams. The prototype Integrated System is illustrated on Figure E.1, with precedent for its various elements summarised in Table 7.10.
7.10

9 

(a)
The trial has highlighted the risk posed by dams in cascade, including, in some instances, dams too small to come under the Reservoirs Act
7.4.4 

& 7.7.3

Recommendation Number 

(Specification. Objective)
Recommendations
Justification  in Section

1 

(b)
The definitions in Table 2.3 (cf. event train) should be used for both this contract and the basis of future work in UK
2.2

2 

(b)
The definition of Hazard Class in Floods & reservoir safety should be changed from ”could endanger lives in a community” to “likely loss of life (LLOL) is X”.  X should be taken as >100, 10 to 99, 1 to 9, 0.1 to 1 and <0.1 for Classes A1, A2, B, C and D respectively. (LLOL of less than 1 is a numerical result from assessment of how many in the population at risk are likely to be killed, which depends on the force of the flood wave and the warning time, rather than being a physical value). This should be the system for all future dam safety assessment in the UK, including any future revisions to the Seismic Guide and RMUKR.
6.6

3 

(b)
Hazard Category A1 and A2 should be considered as high hazard, with mandatory emergency plans
4.3.5

4 

(c)
The medium term strategy for setting design standards for external threats should be to change to two design cases similar to those for earthquake i.e.

a) Operational event – generally elastic response (no damage)

b) Safety evaluation event – dam should not release water but may suffer severe damage
8.2

5 

(d)
The Integrated System requires a curve (probability distribution) of the magnitude of the threat (load) against annual probability.  We recommend changing to a T year approach, although at present for floods the PMP/PMF should be retained as the currently available methodology for estimating an extreme event beyond 10,000 years.  A return period will need to be assigned to the PMF with the relationship to the 10,000 year flood interpolated and the need to allow for some small growth beyond the assigned return period.


6.2.4

Recommendation Number 

(Specification. Objective)
Recommendations
Justification  in Section

6 

(d)
The prototype Integrated System devised under this research contract should be published in the form of a Preliminary Engineering Guide to Risk Assessment of dams (after minor improvements)
7.10

7 

(d, e)
The various changes to existing practice should be published as Preliminary Addenda to the various existing Guides, these addenda to be finalised once any relevant research has been completed in conjunction with the publication of updated editions of the relevant guide.
8

8 

(c)
UK should invest in a high quality database on dam incidents (and characteristics) in order to quantify the ongoing safety performance of UK dams (reporting of incidents and other forms of concern leading to works). A scoping study should be carried out to define this database, followed by development of the database and transfer of existing data from the existing NDD 
App C.5 & C.7 to C.8

9 

(d, e)
Future research is identified in Sections 2.7, 4.3.5, Table 7.10 and Appendices C.8 and F4.5.  More attention should be given in research on dam safety issues to specific consideration of confidence limits on the data
2.7

4.3.5

Table 7.10

Figure E.1 Figure giving overview of prototype Integrated System 

1. Inspect dam and environs, establish basic characteristics

[image: image2.png]BRE











Risk analysis

Overall probability of failure






Consequences of failure

2. Decide which threats and mechanisms of deterioration are likely to pose the highest probability of failure of the dam, and for which annual probabilities of failure should be estimated

6. Estimate dambreak flood, and flood hydrographs with distant downstream







3. Estimate the annual probabilities of failure due to External threats

4. Estimate the annual probabilities of failure due to Internal threats

7. Assess the overall impact of the dam break flood; estimate the population at risk, the likely loss of life









8. Assess the physical damage and economic loss

5. Estimate the overall annual probability of failure, including a review of the results to check if reasonable in the experience of the Assessing Engineer

The above may require consideration of several failure scenarios e.g. sunny day vs. rainy day, subject dam only vs. whole cascade











9. Assign Hazard Class







10. Estimation of Risk = probability of failure x consequences


Risk evaluation

Risk assessment

11. Tolerability of estimated overall annual risk in relation to societal concerns. Unacceptable, broadly acceptable, or tolerable and ALARP applied (Fig 1 of HSE, 2001)

12. Assessment of acceptability - any concern? Including review whether results of assessment are credible and reasonable, in light of experience and knowledge of the assessing engineer

Note Result of applciation of this process is given on Figure P.1 of Appendix J.

USER GUIDE TO THE REPORT 

This Report is subdivided into three volumes, with the main text in Volume 1, supporting background data and literature reviews in Volume 2 and the output, the Integrated System, in Volume 3.  The contents of the main Report, Volume 1, are as follows:

Section
Contents
Purpose

1
General
Setting and terms of reference for project 

2
Classification and ranking of all threats; historic performance of UK dams
Identify/ define/ rank ‘independent’ threats

overview of output from NDD

3
Consequences of failure
Assessing consequences of dam failure;

4
Tolerable probability of failure
Use of F-N space and ALARP techniques; application to UK dams

5
Feasibility of an Integrated System


6
Propose the Integrated System


7
Demonstrate the Integrated System
Assess the results of the trial of 10 dams 

8
Need for revision of published engineering guides


9
Glossary
Acronyms, symbols and definitions of terms used

The contents of the Appendices (Volumes 2 and 3) are as follows

App.
Contents
Purpose
Supports Main Report section


Volume 2 : Supporting documentation


A, B
Bibliography (includes columns for main subject area, relevance to this project and a short description of content/ any remarks.)
All

C
Description of NDD (BRE database) and output from searches of database
2

D
Characteristics of dams world-wide
Literature review of background issues, split into subject areas as shown
2

E
Methods of assessment of dam safety world-wide 

2.2,  5.2

F
Flood estimation for dams

6

G
Techniques for estimating the probability of failure of dams

5

H
Techniques for assessing the consequences of dam failure and tolerable risk 

3, 4


Volume 3 The Integrated System



J
Details of the Integrated System for Embankment dams
Primary output from this research
6

K
Trial of the Integrated System on 10 dams
Results of a trial of the system
7

Figures are grouped together at the end of each section. In addition to a short description of content in the Bibliography, a number of the key references are summarised in the appendices of this report.  

1 INTRODUCTION

1.1 Background

The Inception Report for this research contract was submitted in June 2001 and agreed at the first Steering group meeting on 29th June.

This report is the final report, following a series of preliminary sections of this report over five Milestones (corresponding to a staged response to the five objectives set out below) and a trial of the prototype Integrated System on 10 dams.

1.2 Objectives 

The objectives for this the research work are defined in the Specification, namely:

a) consider how, in general terms, the risk and consequences of dam overtopping compare with those of other possible threats to dam integrity, including (but not necessarily restricted to) internal erosion, embankment instability, seismic loading, and condition of appurtenant structures and fittings; 

(NB In understanding the objectives of the specification the consequences of overtopping are understood to be “the consequences for the public in the context of public safety”); and

b) in the light of that consideration, to consider in particular the justification for the categorised approach to flood, wind and wave standards set out in Table 1 of Floods and Reservoir Safety (3rd edition), bearing in mind that the “T-year” component of that approach also appears in current guidance on seismic safety standards;

c) consider whether an Integrated System of assessing possible threats to dam integrity could be devised in which standards for reservoir spillway capacity are determined in association with other features of dam design, condition and operation;

d) propose and demonstrate such a system if it is feasible, with particular attention to the standing and possible need for revision of already-published engineering guides; and

e) in any event, to advise further upon revisions to Floods and Reservoir Safety,  building upon the work already reported by Babtie Group but, notwithstanding what is said there and in the Department’s response to that work, considering afresh what, if any, use should be made of PMP estimates.

The principal overall project objective was stated in the Executive Summary.  The complex interdependence of the factors affecting dam safety, including the quality of human inputs, the physical environment and external influences are indicated on Figure 1.1.  

Terminology

Within the dam and risk management industries there are various meanings assigned to the same word.  The terminology proposed for use on this project has been developed from references including Kreuzer (2000), Lees (1996), ANCOLD (2001) and RMUKR and is given at the end of this report, Section 9.

The reader should note that several groups of terms have similar, but different meanings, as noted in Table 1.1.  These are introduced in the text at the appropriate point with definitions given in Section 9.

Table 1.1
Terms with related, but different meanings used in this research contract

Term

(Whole life) Probability, Annual probability (Rate i.e. expected number (or mean) number of events per unit time), Likelihood, Reliability

Consequence, Hazard, Vulnerability

Risk (strictly = probability x consequence)

Fault tree, Event tree, Cause consequence diagram (all forms of logic diagrams)

Risk analysis, Risk Evaluation, Risk assessment, Risk management 

(Relationship as Figure 1 of Kreuzer, 2000, reproduced as Figure E.1 and as Sheet P.1 of the Integrated System for dams  given in Appendix J)

Threat, Mechanism of deterioration, Intrinsic condition, Indicator, Failure, Failure mode (defined in this report in Table 2.3)

Incident, Remedial works 

1.3 Background Issues 

1.3.1 General

This Section summarises the setting for the Research Project.  

The results of literature reviews of other relevant background issues are given in the Appendices.  These include the characteristics of both UK and world-wide dam populations, current practice in risk analysis for dams, estimation of floods and techniques of quantitative risk analysis relevant to dams.

The importance of understanding and taking cognisance of both research and current practice on a world wide basis cannot be overemphasised, and this is the reason for the extensive literature review of world-wide practice undertaken and summarised in the appendices.  Thus the findings of this research project comprise both world-wide experience as well as the application of this experience to UK dams.

1.3.2 UK dams

There are some 2600 reservoirs which fall within the ambit of the Reservoirs Act 1975. There has been a long history of dam construction in the UK with general accounts being given by Binnie (1991, 1987, 1976) and a summary of some of the main events affecting reservoir safety summarised in Table 1.2.  It can be seen that modern standards of design and construction have only been available for less than 25% of UK dams.

There is a wide diversity of dams in the UK that comes under the ambit of the Act in terms of age, size, method of construction and ownership.  The distribution of British dams in terms of the date of construction and height of dam are illustrated in Tables 1.3  and 1.4; the former including the reservoir capacity.  The predominance of both embankment dams and small dams should be noted.  Further details are given in Appendix D.

Table 1.2
Chronology of main events relating to dam safety in UK



Number of dams in UK

1925
Last dam failure causing loss of life
1,500

1930
Reservoirs (Safety Provisions) Act
1,600

1960
Soil Mechanics formalised as science
2,100

1974
Flood Studies Report issued - start of modern hydrological techniques
2,300

1985
Reservoirs Act, 1975
2,500

1986
NDD set up
2,550

Today

2,600

Table 1.3
Distribution of physical characteristics of all UK dams


10%
25%
Median
75%
90%

Date completed by
1820
1866
1905
1960
1975

Height (m); less than
3
5
7
16
24

Reservoir capacity (1000 m3); less than
40
71
270
1100
4800

Table 1.4
Distribution of dam type with height and age


Height
Total

Date of construction
<15m
>=15<30m
>=30m
Not known


Embankment dams 

<1840
216
13
0
25
254

>=1840<1960
609
287
37
58
991

>=1960
193
36
27
20
276

Not known
327
24
2
232
585

Subtotal
1345
360
66
335
2106

Concrete/ masonry dams

<1840
4
0
0
0
4

>=1840<1960
90
45
37
11
183

>=1960
53
16
20
2
91

Not known
45
0
0
6
51

Subtotal
192
61
57
19
329

Service reservoirs

<1840
0
0
0
0
0

>=1840<1960
56
0
0
12
68

>=1960
77
0
0
19
96

Not known
18
0
0
11
29

Subtotal
151
0
0
42
193

TOTAL
1688
421
123
396
2628

1.3.3 Strategic drivers for an Integrated System in the UK

In the UK over the last seventy years a repeatable assessment of the design flood has been developed (ICE, 1933 through to ICE, 1996). However, the assessment of the probability of failure due to internal erosion and other internal threats remains the personal opinion of the Engineer making the assessment (with guidance provided by Engineering Guides such as Johnston et al, 1999, Kennard et al, 1996). There is therefore no repeatable way of comparing these two threats.  This is a system of evaluation of dams safety that was set up in 1930, with the passing of the first Reservoirs Act, and which has been unchanged in concept since then.  Although this has served well in preventing loss of life as a result of dam failures in that period, in the light of society's response to railway accidents involving fatalities in the last few years it is suggested that this could be improved and that it does not compare well with the management of other high hazard installations (HSE, 2000).

A current uncertainty in the UK relating to the assessment of the safety of existing dams is the method of flood estimation, in that floods estimated using the new Flood Estimation Handbook (IH, 1999) in some cases have higher magnitude than the previously used method (Flood Studies Report, NERC, 1974).  A short research contract (scoping study) was carried out to examine the issues associated with this, as described in Section F.1 in Volume 2 of this report.  Before embarking on further upgrading of spillways to UK dams it would be of value to explore if it is possible to compare threats from floods with other threats, to establish where the greatest threats to dam safety at an individual dam lie.

The situation is further complicated by the likelihood that methods of estimating floods will change further in the next few decades, both because a new technique of  “continuous simulation” is likely to produce more reliable estimates and possibly because of a better understanding of the impact of climate change.  It could be argued that instead of a prescriptive “design flood” which requires an upgrade in spillway capacity every time the estimated magnitude of the design return period flood increases, the system should change to one where the probability of failure of a dam due to overtopping is estimated.  The advantage of the latter is that changes in the estimated magnitude of a given return period flood would not automatically lead to a spillway upgrade, but this change in assessed probability of failure due to floods would be assessed in regard to other threats to that dam.

As well as current issues over floods, the climate of management of risk to the public is changing, and the challenge for dam professionals is to understand developments in other industries and to consider carefully how risk assessment techniques developed there could be applied to dams.

McQuaid (2002) presents a summary of the development of risk assessment and notes that currently there are regulations in place for four industries – nuclear sites, onshore chemical plants (COMAH), offshore and railways.  These are described in HSE (2000), which sets out the four principles underlying the approach by HSE to the regulation of higher hazard industries, the first three being reproduced in Table 1.5 (the fourth relates to the role of the regulator, and is not directly relevant to systems to assess dam safety).

Table 1.5
Principles of “permissioning” regimes (as HSE, 2000)

1. Through the political process, the regulator and the regulated are subject to society’s views about the tolerability of risk:

· “Permissioning” regimes are applied to high hazard industries, about which society has particular concerns.

2. The legal duty to manage risks lies with the organisations that create the risks – “permissioning” regimes require them to describe how, but a description is not sufficient without the active commitment of the duty holder in practice:

· Duty holders must identify the hazards, assess the risks, develop effective control measures and keep a current documentary record of all this;
· The control measures must cover design and hardware, systems and procedures and human factors in a coherent whole;
· Duty holders must implement control measures and keep them up to date;
· Duty holders must make and test arrangements for managing emergencies and mitigating their consequences.

3. A goal-setting framework is preferable to a prescriptive one because it makes duty-holders think for themselves.

· The flexibility of goal-setting is more likely to lead to arrangements for controlling risk which are tailored to the particular circumstances, and which through safety case maintenance and re-submission will remain so;
· Within a goal-setting context, “permissioning” regimes define elements of the management arrangements required.

Some of the general points made in this discussion document by HSE are:

· Quantitative risk assessment (QRA) is an important part of the process of analysing, assessing and managing risks

· Risk implies uncertainty; QRA cannot remove uncertainty but it can identify and prioritise uncertainties

· There are no prescriptive standards for whether the level of risk is acceptable; instead emphasis is placed on achieving a balance between the cost of measures to reduce risk and the potential reduction in risk if those measures were implemented (ALARP)

It is considered that there will be increasing pressure to provide an Integrated System of quantitative risk assessment for assessing the safety of dams in the UK, and that even if it is concluded that this is not feasible at the present time it will be accepted that:

a) this is a medium to long term goal for the dam industry.  

b) components of the system can, and should, be developed and put in place now

1.3.4 National Dams Database (BRE database)

The need to capture data on the number and characteristics of dams in the UK was recognised in 1985 when the National Dams Database (NDD) was set-up by the Building Research Establishment on behalf of government. This is a database of both the physical properties of the dams that come under the Reservoirs Act, and the historic performance of these dams.   A description of the database is given in Appendix C, together with a description of some its limitations and results of searches.  The database is important in providing information on the performance of UK dams over the last few decades.

Figure 1.1
Process Diagram for Factors Relevant to the Integration of Possible Threats to Dam Safety

DEFINITIONS AND historical PERFORMANCE OF UK DAMS

1.4 General

This Section is directed first at an overview of the issues defining the structure under which threats should be considered, and the definitions of the various terms used.  This will be followed by considering the methodology used to search the NDD, and an overview of the results of that search, the detailed results being discussed in Appendix C.

The subject area is complex, with significant interaction between the various issues. There are also a significant number of published papers on relevant work outside the UK.  A literature review of published data on the probability of failure and incidents is given in Appendix D4, and on risk analysis practice both in UK and in other countries in Appendix E.

This section is organised as follows

· consider how failure is defined

· identify all the potential threats to dam safety and consider the extent to which these threats are independent or interdependent.  

· consider how the probability of a threat occurring can be defined

· the approach used to search the NDD, and the result of those searches

· assess the likely accuracy of these results 

· compare the output from NDD with published information from other sources on the probability of threats to dams

· rank dam overtopping in comparison with other failure modes, including where possible quantification of the annual probability of dam failure and the annual probability of each threat occurring, for UK dams. 

1.5 Definitions

1.5.1 Issues

If the annual probability of threats is to be realistically assessed and if an Integrated System is to be achieved it is important to understand and define the difference between the causes and the effects of an event.  However, this is not straightforward.  For example on one hand settlement of a dam crest may be the effect of internal erosion, on the other hand settlement may result in overtopping due to reduced freeboard, and thus be the cause of dam failure. 

In principle this could be clarified by the use of event trains, logic diagrams, or some other technique.  As a first step a literature review has been carried out of the ways threats are defined, as summarised in Table 2.1, and this has identified the following potential problems:-

· terminology:- different terms are often used to describe the same elements in a train of events that could lead to failure of a dam, (column 2)

· what constitutes critical indicators and causes – (this will vary between countries, due to different climate and environment; although this is not sufficient to justify all of the differences in terminology and structure)

· how to strike a balance between simplifying the problem and not losing sight of important detail

It is disappointing that no common terminology or methodology to understanding threats appears to be emerging in the international dam industry, with the ANCOLD Guidelines being probably the clearest. 

1.5.2 Event Trains

Event trains are a useful technique to map the linkage between the potential root cause of a dam failure (threat) and the ultimate failure.  Figure 2.1 provides an overview of human influence in the event train affecting dam safety, whilst possible event trains originating from external and internal threats are given in Appendix J.

Indicators (symptoms) are shown as being an integral part of the event train, because these form an important group of input data in assessing the safety of the dam.  However, it is recognised that they are not always part of the event train

a) where there is no measurable (visible) symptom of the adverse response to the threat/ mechanism of deterioration

b) where although there is a measurable (visible) response, this is a side effect rather than being a necessary (inevitable) part of the failure process (i.e. failure is when the magnitude of the indicator exceeds some threshold value).

Nevertheless it is of value to include them in order to focus attention on the indicators that could be used in the evaluation of dam safety.

Table 2.1
Precedent for terminology for stages in train of events necessary to cause dam failure, and number of items at each stage

Reference
Terminology for train of events 
Number of


necessary to cause failure, location in reference
Threats
Mechanisms of deterioration
Condition

Indicators
Failure modes

UK






Engineering Guide to the safety of embankment dams (Johnston et al, 1999)
“Indicators, causes, effects” : Table of surveillance indicators of possible defects (Table 2.8, page 45)
Not differentiated
150 (approx.), a lot of duplication
30 “Indicators”
68 “possible effects”, many of which could lead to a breach without remedial action

RMUKR (CIRIA, 2000)
Location, cause and indicator (LCI diagrams): Appendix A6, summarised in Appendix E7.5 of this report
Not differentiated
10 “causes” (for 3 “locations”)
34**

(Diagram A6.9)
Not given

Guidance on stability upgrades to older embankment dams (Babtie, in press)
“Assessment category, Indicator Groups and Primary Indicators”.  Headings to Table 2.1.
Not differentiated
Not given
31  
2

Overseas






ANCOLD Guidelines on the Assessment of the Consequences of dam failure, 2000.
“Initiating events, mechanisms and modes of failure” :

Appendix B 
17 ** (initiating events)
33 
Not given
4

ICOLD Bulletin No 93, on ageing of dams and appurtenant works
“causes, effects and consequences” : (Table I.7)

Table I.3 to I.7, pages 21 to 29
Not differentiated
50, 61 and 57 separate ageing scenarios for concrete, embankment dams and appurtenant works respectively (text page 19, tables I.3 to I.5)
10 direct effects, 19 other tests and monitoring variables 

(Table I.6)
11 “consequences” grouped under hydraulic and physiochemical degradation, and ‘mechanical failure’

ICOLD Bulletin No 99, on dam failure statistics
Not given
“Causes” in Appendix I are a mix of threats, mechanisms of deterioration and failure modes. The Appendix lists the following number of causes : 

21 for concrete dams, 32 for embankment dams,  25 for appurtenant works, 1 for reservoir

Norwegian Condition Manual (Lyngra, 2001)
Damage symptom catalogue includes “matrix connecting damage symptoms with possible causes” (page 454)
Not given
15 (mixes intrinsic condition with mechanisms of deterioration)
15
Mechanisms of deterioration subdivided into internal & external erosion, quality of materials & construction

USACE, 1999
Failure modes, adverse conditions, defence groups, general location
not given
8 “adverse conditions”
10 “defence groups”
4 : overtopping, surface erosion, piping, mass movement

** some duplication, so independent parameters less than this

1.5.3 Failure

Failure may be defined in a number of ways, alternatives including:

a) uncontrolled sudden large release of water

b) incipient failure i.e. uncontrolled release of water is likely to occur unless prevented by human intervention

c) failure which could compromise the safety of personnel at the dam

d) operational failure, which could interrupt the supply from the dam

‘a’ is similar to the definition used in NDD and ICOLD (1995), ‘b’ is that used in RMUKR whilst ‘c’ and ‘d’ are two of the five categories of failure given in Section 5.1 of the Engineering Guide to valves and pipework (Reader et al, 1997). 

An important issue is the extent to which human intervention may avert failure, as illustrated in Figure 2.1.  Different mechanisms of deterioration may therefore have different propensity to cause failure, depending on the potential for human intervention before the deterioration has got so bad that it has caused a failure.

This project focuses on dam safety and the public, such that either definitions ‘a’ or ‘b’ above will be adopted.  However, before considering the issues in the choice of definition of failure, it is appropriate to consider the potential modes of failure, as follows:-

External erosion (incl. Overtopping)

Erosion of the dam crest and downstream face due to overtopping in a flood in excess of the design flood occurs fairly fast, (a few hours to several days) such that unless the owner visits at the time of the flood it is unlikely that much could be done to mitigate or avoid failure.  However, overtopping is often due to other causes, such as blocked intakes or lack of operation of gates and these may be avoided by surveillance and removal of debris etc before a flood occurs.

External erosion may also occur due to wave attack, but this is likely to be slower and require a number of separate incidents to be become a serious hazard. Human intervention can normally prevent failure.

Internal erosion

Visible issues of water from the downstream element of a dam is relatively common, particularly in older dams with no filters and drains, although in only a few cases has it led to failure.  Although in many cases it has continued for many years in an apparently stable situation, a seemingly stable seepage can turn into a failure due to internal erosion relatively rapidly.

Surveillance has been the key to the fact that at most dams where internal erosion has occurred it has been detected and appropriate mitigation measures have been taken in time to prevent failure.  

Shear failure (slope instability)

There has been no recorded failure of dams in UK as defined by an uncontrolled release of water due to slope instability.  Surveillance has been the key to this, such that where slips have occurred as at Coombs (Ferguson et al 1979) appropriate action has been taken to prevent them leading to a failure of the dam.

Appurtenant works

This project has distinguished a failure mode of the dam as being via the appurtenant works structures.  This could comprise failures such as the spillway gates, or structural collapse of the drawoff culvert leading to an uncontrolled large release of water.  

Definition of failure

In view of the uncertainty over whether emergency action prevented failure, or whether failure would in fact have taken much longer than might have been expected it is considered appropriate to adopt definition ‘a’, that is failure actually requires the release of water. 

It is also concluded that:-

i) physical works alone cannot be relied on for the continuing safety of UK dams, but surveillance is always required to detect the unexpected 

ii) surveillance is effective at mitigating weaknesses and thus preventing failure in older dams; however, it only works for all dams that pose a threat to society if enforced by legislation

Although they will not be recognised in failure statistics, recognition should be made of other incidents, which although not resulting in the release of water, do require action to prevent the uncontrolled release of water.  This will be considered in the context of the relative importance of threats in subsequent sections.

1.5.4 External and Internal threats

External loads such as floods and earthquake (Box E of Figure 1.1) are random natural events which can be measured and extrapolations made to estimate the magnitude of extreme events that could cause failure of the dam.  For these the external event which represents the threat (extreme rainfall) is clearly different from the specific mechanisms that can cause degradation of the dam and it therefore useful to differentiate mechanism(s) of deterioration from threats.  

The distinction between threats and mechanisms of deterioration is less clear for internal threats.  By only considering dams more than 5 years old (and which have therefore normally been filled to the design reservoir level) any inadequacies in the design or construction should have been revealed and rectified.  Thus internal problems after five years would be due to:

a) deterioration of the condition of the dam in some way; time dependent or under reservoir load (which may vary seasonally and daily but excludes flood rise) or 

b) some flaw which requires a prolonged loading period or number of loading cycles to lead to failure (dose response mechanism). 

Internal threats are shown in Table 2.2.  It can be seen that internal threats vary from external threats in:

a) not necessarily being random natural events (and thus amenable to statistical analysis)

b) often difficult to measure (and thus not amenable to analysis of trend or other time or dose related analysis of measured parameters)

c) much less well understood in terms of mechanism of behaviour

Table 2.2
Subdivision of internal threats

Internal threat 

(subdivided into the root location of the potential problem)
Examples of mechanism of deterioration

(specific process such as differential settlement or settlement in response to specific changes in reservoir level)

Embankment (predominantly geotechnical)
Hydraulic fracture within body of dam

Erosion of grout curtain, or infilled joints in rock mass

Suffusion (soil migration under reservoir head)

Appurtenant works 

(all those resulting from the presence of the structure) 


Hydraulic fracture at contact with outlet structure

Failure/ deformation of structural element e.g. concrete or timber wall; or concrete culvert through embankment

Pipe under reservoir head fractures

Joint leaks

Valve or gate cracks

For internal threats the term internal stability is used as the overarching term, with subdivisions as above.  Alternatives include the terms “flaw” and “deterioration”, but the former introduces the presumption that all dams have to conform to current standards of design and construction.  

It is beneficial to subdivide internal threats in some way.  This is because it forces the Assessing Engineer to consider the separate issues separately, which is considered more rigorous and therefore beneficial to the long term development of the Integrated system.

In the early stages of this project three types of internal threat were differentiated, based on the material namely in the 

· soil or rock (geotechnical), or 

· structural materials or 

· electromechanical materials. 

However, it proved difficult to carry this through into a practicable system for assessing the probability of failure due to these threats separately. In the later stages of the contract this was therefore amended from subdivision by material into subdivision by location, differentiating the embankment from appurtenant works.

1.5.5 Terminology and independent threats adopted for this project

We have used the terms shown in Table 2.3 in this project.

Table 2.4 shows what is considered to be a reasonably independent set of threats and failure modes, using the terminology defined above. 

Specification objective ‘a’ asks that the following four ‘threats’ be compared with overtopping:

a) internal erosion

b) embankment instability

c) seismic loading

d) condition of appurtenant structures

The above suggests that the TOR mixes “threats” (i.e. seismic loading) with “failure modes” (overtopping, internal erosion, embankment instability (shear failure)) with “intrinsic condition of dam” (condition of appurtenant structures).

It is concluded that if possible “failure modes” and “threats” should be considered  separately, to allow ranking of both.

Table 2.3
Terminology used in this research project

Term used in this report
Possible alternative term (e.g. Table 2.1)
Definition

Threat(s) 
Cause, 

Initiating event, 

Root cause
Random Event (External threat) or Potential Internal Instability (Internal threat, as Table 2.2) that poses a threat to the integrity of the dam

Mechanism(s) of deterioration
System response,

Cause,

Adverse conditions
Process by which the integrity of the dam is undermined.  The mechanism can have a quantitative threshold above which deterioration is likely to occur e.g. slope protection designed to withstand waves due to 100 year wind

Intrinsic condition of dam

Current physical property or dimension of the dam which can be measured and which affects the outcome of the application of a mechanism of deterioration.  Although initially determined by construction details; this may change with time due to ageing, neglect, maintenance or upgrading.

Indicator(s)
Effect, 

Damage, 

Symptom, 
Measurable outcome from the application of a mechanism of deterioration e.g. deformation, seepage, instrumentation results.  

Failure

Uncontrolled sudden large release of water

Failure mode(s)
Effect, 

Consequences
Means by which a failure (uncontrolled sudden large release of water) may occur

Incident

Detectable change in Indicator causing sufficient concern to lead to some action (three levels are used in NDD (Levels 2 to 4 as shown in Table C.2)  

Remedial/ preventive works

As NDD (see Table C.2)

Table 2.4
Matrix showing relationship between threats and failure modes

Probability of Failure

1.5.5.1 General

The previous section has identified and differentiated ‘threats’ from ‘modes of failure’. 

This section sets out how observed probabilities of failure are estimated from data on historical performance of dams, including a discussion of factors that need to be considered when using estimated probabilities.

It should be noted that in the same way that there are no commonly agreed definitions of terms for cause and effect, there is no established convention for symbols.  A few basic symbols are defined in Section 9, being the minimum to produce clarity. Similarly probability has several different meanings, which need to be differentiated.  These meanings may vary between disciplines. Definitions used in this project being given in the Glossary (Section 9).

1.5.5.2 Estimating average probability of failure from historical records

We have estimated annual probabilities of failures from historical records contained in the National Dam Database (NDD) as follows 

Annual probability of failure due to threat, APFTALL (or by failure mode APFALLFM), occurring / year 


= 
Number of failures in period considered due to threat/ failure mode   (1)




Number of dam life years in period considered x C1
Where C1  is the % of dams with data, which is an estimate of the percentage of dams in the database for which the data on failures is complete.

Where there have been no failures then the annual probability is calculated as less than X, where X is based on one failure.  The annual probability of an incident is estimated similarly, except that the number of incidents is used in place of the number of failures.  
The conditional probability of failure by mode M given that an incident caused by threat T has occurred, PF|TTM, is calculated as follows


PF|ITM  = 
Annual Probability of failure x C2 

(2)




Annual Probability of incident 

in the period under consideration where 

C2
proportion of incidents that would become failure if no action were taken

(varies with level of incident, and presumably with type of internal threat)

Some difficulties have been experienced with the factor C2.  Firstly there is the issue of the time period considered.  It could be argued that as the AP of failure and incident relate to a specific year, then the correction is unnecessary, as the dams in Condition 3 will continually change (dams being removed as works are carried out or they move to a more serious incident class, and entering each Incident category as they age or other factors cause an incident).  On the other hand not all dams in Incident category 3 would fail if no action were taken, so if the correction is not included then the estimated probability may be too high.  

Secondly a test of the estimate of the reasonableness of PF|ITM is that that the sum of the assumed number of dams in each class of AP of failure times the AP of that class, divided by the total number of dams should equal the estimated overall probability of failure of all dams.  It could be argued that C2 should be set so this test is satisfied. However, it has not been possible to satisfy this test with reasonable values of both C2 and PF|ITM. 

At this stage C2 has therefore been retained as an issue which requires further research; with values determined from judgement. 

1.5.5.3 Interpretation and accuracy of estimated probabilities

There are a number of important issues that need to be appreciated in estimating, and then using probabilities estimated from observed failures and incidents, as summarised in Table 2.5.

Table 2.5
Factors affecting accuracy and application of estimated probabilities


Issue
Action taken to mitigate in this research contract

1
The relatively limited number of failures
Focus on incidents (near miss) for which there are more events

2
Definition of failure, and differentiating between a failure and incident
Definition of failure as ICOLD Bulletin 99 (1995; note this varies from earlier ICOLD Bulletins)

Definition of incidents as Terminology and Table C.2

3
Lack of clarity in the terminology used to distinguish cause and effect, and associated intermediate stages in the train of events necessary to cause a dam failure (as discussed in Section 2.2.1)
Definitions used in this project (and recommended for future use in UK) set out in Table 2.3

4
Inconsistencies in interpretation of meaning/ significance of symptoms (generally there is no, or poor quality information on what was the primary initiating threat and the mechanism of deterioration)
the definitions of the terms involved have been reviewed, and clear terminology is proposed

In regard to the quality of existing data no action is feasible in this contract, but use in future of consistent definitions should result in improvement of the quality of the data

5
Is the occurrence of a threat at a dam independent of the occurrence at other dams, such that the total number of dam life years can be used to infer probability?
Laplace’s law of succession, based on “a prioiri” assumption that the probability of an event is equally likely to take any value between 0 and 1, is that if an event never happens out of n possible occasions, the probability it happens on the next occasion is 1/(n+1).  However, applying Laplace’s logic (i.e. Bayes theorem) to dam failures, where the “a prioiri” belief is that the probability is likely to be nearer 0 than 1, the  “a prioiri” belief would lead to a much smaller probability than 1/(1+n).

6
The occurrence of Internal Threats may be assumed to be independent of each other.  However, the situation is less clear for External Threats e.g. a 10,000 year AP flood is likely to affect a significant area, such that an incident (or failure) is likely to occur simultaneously at several dams at once.


Dales & Reed (1989) present the results of a DOE research contract on regional flood assessment, concluding that spatial dependencies are highly relevant; for example if 22 reservoirs occupied an area of 249km2, the risk of a design exceedance of a 10,000 year event was only 1/6 of what it would be if it was assumed that each of the reservoirs experienced independent rainfall.  A similar situation may occur for earthquakes.  This is noted but the calculation of probabilities is not adjusted for this (for simplicity, as this is one of a number of uncertainties)

7
How complete is the dataset?

What percentage of incidents get reported and entered in the database?
An assumption is made about the completeness of the data for all UK dams for each category of incident, which is then checked by comparing the probability for the whole population of UK dams with the probability for a subset where the data is considered to be substantially complete.

8
How is account taken of the continually improving condition of dams because of ongoing rehabilitation works? 

(historic data may be liable to be over-conservative).
The calculation of data for incidents prior to and post-1975 provides a crude measure of reducing probability of an incident, although the effect of improving safety may be masked to some extent by an increased percentage of incidents being reported (i.e. incidents that occurred immediately prior to, or after the database was set up in 1986 are more likely to be reported than events some decades earlier)

9
How representative are observed probabilities of the underlying probabilities? 
The factors above may lead to differences between the observed probabilities and the true underlying probabilities.  The text should make it clear whether the probabilities are observed probabilities, or estimated underlying probability (and what adjustments have been made, if any, to observed data to obtain the latter) 

10
The use of historical data gives only the extreme (worst) value of the probability distribution, and does not provide median or any measure of spread or best condition. 
Allowed for in the use of historical data (Section 5.3.5 and 6.4)

1.5.6 Risk analysis, evaluation, assessment, control and management

The definitions given in Kreuzer (2000) will be used. These are given in Figure E.1 of Volume 2 and developed for this project in Figure 6.1 of this report and Sheet J4.3 of the Integrated System in Appendix J.  A risk analysis comprises estimating the overall annual probability of failure of the dam, the consequences if the dam did fail and the consequent risk (probability of failure x consequences).  Risk assessment is then taking the results of this assessment and evaluating whether the risk is tolerable.  The step numbers shown on this figure are used subsequently when defining the Integrated System; which is considered to comprise Steps 2 to 10. 

1.6 Methodology for assessing Performance of UK dams using NDD

1.6.1 Structure of NDD

Tedd et al (1992) describe the structure of the database, with a summary given in Appendix C.  

1.6.2 Approach to interrogation of NDD 

Constraints on the use of the National Dams database for UK (NDD) are described in Appendix C of this report. In particular analysis of the incident data needs to take some account of the improvement in the condition of the dams as a result of upgrading due to real or perceived design limitations.  As explained in Appendix D when describing historic UK dam failures, UK dams have undergone considerable upgrading since the introduction of safety legislation and flood guidance.  For this reason only incident data from 1975 is considered relevant for estimating the annual probabilities of threats occurring to the current stock of dams.  Similarly since the database is not updated systematically, the search was terminated at 2000, as it is highly unlikely that incidents since 2000 will have been entered; for example incidents associated with the flooding in late 2000 are not included.

Ideally the database would be searched both by threat and by failure mode.  However, there are the following problems with the structure of the NDD 

a) threats are not identified or entered systematically, 

b) codes for problem type in the NDD mix up threats, modes of failure and mechanisms of deterioration, with one incident sometimes entered under several codes of ‘problem type’

c) the ‘structure’ of problems and incidents do not correspond to our definitions of threats (or failure modes)

The closest similarity between the definitions identified in this research contract and those implicit in the NDD are for failure modes; so searches of the NDD for this research contract have been based on failure modes only.

The searches that have been carried out are summarised in Table 2.6, the basis of the main search constraints being discussed below.  Other assumptions made in the searches are given in Appendix C.

Both published data and data from the NDD show that the annual probability of failure during construction and the first few years of operation (wear-in failure) are significantly higher than in subsequent operation, and thus only failures and incidents more than 5 years after construction have been considered.

Searches were carried out for incidents and problems for 

a) the whole database, and 

b) for three sample populations: dams owned by British Waterways, North West Water and Yorkshire Water where it is believed that the data on incidents and failures is largely complete and of high quality.

The reason for ‘b’ was to enable the results to be compared with that for the database as a whole, and thus provide additional information on which to judge the completeness of the database.  However, in practice the data for NWW and YW for the period 1975-2000 was clearly incomplete and only the BW data has been presented.

Table 2.6
Approach to search of NDD

Parameter
Number of possible sets
Approach used in search
Output given in Table

Common to all searches




Age at time of incident
-
Only consider dams more than 5 years old, to separate out ‘wear-in’ of new dams
na

Year of incident
-
after 1975 so as to allow for subsequent upgrading, before 2000 as database not continuously updated
na

Level of incident
4
As Table D.2 in Appendix, but exclude incident type 5 as relates to works rather than safety incident i.e.

Type 1 – failure

Type 2 – emergency drawdown

Type 3 – concern leading to works

Type 4 – concern leading to involvement of Inspecting Engineer
na

Mode of failure
4
As Table 2.4 in this report i.e. External erosion (incl. overtopping), Internal erosion, Sliding, Appurtenant works
na

Specific searches




Dam type
3
Embankment, concrete/ masonry and service reservoir
2.7

Subset of UK dam population
-
At this stage do not subdivide UK dams (e.g. by height, age, hazard category), apart from checking validity of all data by also searching subset of all 80 BW dams, for which there is believed to be substantially complete information on incidents 
2.7

Sealant type (in embankment dam)
9
Search on the four types (out of nine possible types in NDD) which have a reasonable population i.e. rolled clay (56), puddle clay( 642), concrete core (27) and homogenous (1023)
App C

Outlet type
8
Search on the three types (out of eight possible types in NDD) which have a reasonable population i.e. tunnel in abutment, pipe in culvert/ tunnel in fill and pipe within fill
App C

Wave erosion
6
Search to find number of incidents for each of six types of wave protection (masonry, brickwork, insitu concrete, riprap, concrete blocks and pitching)
App C

Results of searches 

The results of the search by dam type are summarised in Table 2.7; with estimated annual probabilities calculated as described in Section 2.2.5 and given in Table 2.8.  A summary of the number of dams within each subset, together with data such as the associated number of damlife years and spread of the age, height and reservoir size are given in Appendix C.

Searches have also been carried out by type of embankment dam and outlet with the results and discussion given in Appendix C.

Comparison of the results of the searches of the NDD with published information and comment on confidence limits is given in Section 2.4, this section being limited to highlighting the assumptions made in estimating annual probabilities.

The only ‘assumption’ in estimating annual probabilities (other than the methodology described in Section 2.2.5) is the assumption as to the completeness of the data.  Table 2.8 includes a correction factor to in effect increases the number of incidents by the proportion by which it is judged that the data is incomplete (i.e. incidents not reported).  The proportions assumed are given in the top row in Table 2.8 and are as follows; values pre-1975 being between half and two thirds of these after 1975.


Incident
Number of events identified in NDD1
Assumed  completeness of data in NDD

Level
Description
Pre-1975
Post-1975
Pre-1975
Post-1975

1
Failure
13 (8)
0 (0)
50%
100%

2
Serious incident (emergency drawdown)
58 (37)
13 (8)
30%
50%

3
Concern leading to works
184 (127)
91 (85)
10%
15%

4
Concern leading to involvement by Inspecting Engineer
107 (66)
55 (40)
3%
5%


Total
362 (238)
159 (133)



Notes

1. Embankment dams more than 5 years old only.  Main value is value for all embankment dam types in Table 2.7, value in brackets is sum of all events by embankment dam type in Table C.5.  The differences are discussed in the main text.
The first issue to note is the inconsistency in the number of events (values in brackets in each of the columns above, compared to the number outside the brackets) when an item is searched in different ways.  This is considered to reflect the current structure of the database which is set up to record data, rather than to facilitate searches.  This means searches have to be carried out by an expert user, and manual correction of the output is required to remove double entries.

In regard to the issue of completeness of data the set of 80 BW dams was included as a subset of data on UK dams where the data is believed to be substantially complete.  Having made the assumptions above regarding the completeness of data, the resulting annual probabilities of the various incidents types for all dams are reasonably consistent with the annual probabilities for BW dams, suggesting the assumption as to the completeness of data on all UK dams is reasonable. 

Table 2.7 
Results of interrogation of NDD by dam type and failure mode

Table 2.8
Estimated annual probabilities and relative proportion of failure modes from Table 2.7

Historical performance of UK embankment dams

1.6.3 Introduction

The terminology used is given in Section 2.2.5.  As the data in the NDD does not readily allow a search by threat, the search has been by failure mode, using the four independent failure modes shown in Table 2.4.  The assumptions made in calculating probability and limitations of the estimated values of probability were discussed in Section 2.2.6.  The other assumptions made in the searches were given in Section 2.3.2  (the most important being the assumption as to the completeness of data).

The results of the searches are subdivided by dam type, those for embankment dams (80% of UK dams coming under the Reservoirs Act) being discussed here and those for concrete dams and service reservoirs in subsequent sections. 

The output is discussed in the following order (all embankment dams only)

i) annual probability of failure in operation

ii) ways in which data on incidents may be analysed and used

iii) annual probability of incident in operation 

iv) probability of failure, given an incident 

v) relative frequency of different modes of failure (ranking of threats, the issue covered under Objective ‘a’ of the Specification for this research contract)

vi) possible current annual probability of failure of UK embankment dams

Results of searches by type of embankment dam, outlet works etc are presented and discussed in Appendix C.  Published values of historical performance of dams in other countries are discussed in Appendix D.4.

1.6.4 Failure in operation

This section only considers failures more than 5 years after construction, failures during the first five years (wear-in period) are considered in Appendix C.

Annual probability of failure prior to 1975

Prior to 1975 the estimated annual probability of failure is 15 x 10-5 per annum for all UK embankment dams and 19 x 10-5 for BW dams.  This is consistent with the estimated probability of failure in other countries.  In terms of confidence limits the lowest value for all UK dams could be 10 x 10-5 per annum, if all failures have been reported (i.e. the assumption that only 50% have been reported was incorrect).  The upper bound is unlikely to be more than twice the estimated value i.e. 40 x 10-5 per annum.

Annual probability of dam failure from 1975 to 2000
The data on all dams gives an annual probability of failure of less than 1.6 x 10-5 per annum and for embankment dams of 1.9 x 10-5 per annum (say 2 x 10-5 per annum) due to the larger dataset and the absence of recorded failures since 1973.  This is a reduction by a factor of approximately one order of magnitude, compared to pre-1975.

It is questionable whether there have been no failures since 1975, although if failures have occurred there would have been no loss of life.  It is unlikely that more than 10 dams would have failed without being reported, so the upper bound on the annual probability of failure is estimated to be 15 x 10-5 per annum. 

A lower bound to the estimated figure of 2 x 10-5 per annum could be estimated on the basis that there would be a further 25 years with no failure, when the failure rate would reduce to 0.8 x 10-5/ annum.

Comparison with published data

This best estimate for the annual probability since 1975 is one fifth the value of 18 x 10-5  /annum (excluding overtopping and electromechanical) estimated from the ICOLD data in Table D.7 and is considered reasonable.

Annual probability of dam failure involving loss of life

The last dam failure involving loss of life in the UK was in 1925 (see Table D.3), so that the annual probability of failure involving loss of life may be estimated as


( 1/( 75 x 2600)
 ( 0.5 x 10-5 per annum 

which is approximately one third the value for a dam failure since 1975.  This is likely to be reasonably accurate, as it is unlikely failures involving loss of life would have gone unreported.  

1.6.5 Incidents in operation

1.6.5.1 General

Since 1975, because of the lack of failures little meaningful statistical analysis of failures can be carried out.  Data on incidents is however, available (159 events post-1975 and 349 events pre-1975) and can be analysed in a variety of ways, as summarised in Table 2.9.  The results are heavily dependant on the assumptions regarding the correction for incompleteness of data and the nil failure rate (taken as one); as described previously these assumptions are considered reasonable.

It is important to view the performance of UK dams in the context of their age and construction; a summary of the events affecting dam safety and the age profile of the UK dam population being given in Section 1.  Thus when the fact that 75% of UK dams were built prior to 1960 is considered, it is not surprising that there has been, and will continue to be incidents.

In general only Category 2 and 3 incidents are considered as Category type 4 is less serious, has a less precise definition and accordingly is less likely to be reported.

Table 2.9
Summary of analysis of incidents


Analysis
Value/ Use/ Remarks

1
Annual probability of incident
Near miss data.  If the causes of the incident are identified and analysed, this provides useful data on how to reduce near misses, and thus presumably reduce the likelihood of failure 

2
Conditional probability of failure 1
(Inverse is Ratio of incidents to failure)


a) by level of incident
Probability of failure, given in poor (e.g. Category 3) condition


b) by mode of failure
Measure of likelihood of progression from incident to failure

3
Relative proportions of different modes of failure
a) identifies, in Incidents, the most common mode of failure

b) the relative proportion may vary between levels of incident i.e. the most common (potential) mode of failure for a Category 3 incident may be different from that for a Category 1 incident

c) a specific objective of this research contract, being part of Specification objective (a).

Note

1. Conditional probability of failure | incident = Annual probability of failure/ Annual probability of incident

1.6.5.2 Annual probability of incidents – all embankment dams

From Table 2.8 the estimated number of Incident types 2, 3 and 4 after correction for completeness of data is approximately 50, 1000 and 2000 x 10-5 per annum, post-1975. Pre-1975 the estimated annual probability of a Category 3 or 4 incident was the same as pre-1975, whilst the estimated annual probability of a serious incident was apparently double at 100 x 10-5 per annum.  This is not surprising and presumably reflects improved surveillance.

Overall the chance of some form of incident (sum of the above probabilities) between 1975 and 2000 is estimated as 2.0% per annum for BW dams and 3.3% per annum for all UK dams.  This indicates that in an average year for the 2100 embankment dams there would be 1, 21 and 42 incidents in the three classes, or a total of about 64 incidents a year, which would be added to the database.  Since 1975 an average of only about six a year have been reported, this lower value being considered due to underreporting.

International experience

Table D.7 suggests that the probability of an accident (undefined, but appears to be a Category 2 Incident) is approximately 120% of the probability of a failure, which is much lower than the ratio for UK dams as recorded in the NDD.  There are no values for incident types 3 and 4 published in other countries, so a cross check cannot be made for these.

Confidence limits

The confidence limits on these estimates are difficult to assess and are particularly dependant on the assumption as to the completeness of data.  However, the BW data suggests that the estimates are of the correct order.  It is therefore considered that the true values are unlikely to vary from these estimated values by more than a factor of 2 or 3.

The estimated values are consistent with Brown & Root experience with small old dams in the south of England (Brown & Gosden, 2000), which suggests that the annual probability of incidents since 1975 would be between 1 and 10% per dam per annum, although possibly reducing with time.

1.6.5.3 Probability of failure given incident (PF|ITM)

These are given in Table 2.8, by level of incident in the row at the base of embankment dams, and by mode of failure in columns 9 and 19; for simplicity none of these being corrected for C2 (see Equation 2 in Section 2.2.6).

The estimated conditional probabilities are governed by the annual probability of failure.  This has reduced by a factor about ten for pre and post-1975, such that although the annual probability of an incident has not changed significantly, PF|I has reduced by about ten.

By level of Incident

The estimated conditional probability of failure given an incident, by incident level, post-1975 varies from 4% for a Category 2 (serious) incident to 0.16 and 0.09% for Category 3 and 4 incidents respectively.  Values pre-1975 were 13% for a serious incident to 1.4 and 0.7% for Category 3 and 4 incidents respectively.

By (potential) mode of failure

This is of more questionable value, as the lack of failures means that the conditional failure is calculated assuming that there has been one failure for each mode of failure.  The conditional probability therefore degrades to the inverse of annual probability.  Values range from 0.2 to 0.9% post-1975, and 0.8 to 1.2% pre-1975 (other than overtopping pre-1975, which is 20%).  Other than overtopping the probability of failure given an incident does not appear to vary significantly by mode of failure.  

The reason for the relatively high value for overtopping pre-1975 is interesting (approximately 20 times higher than for other modes of failure), alternative explanations appear to be

a) it is a reflection that if overtopping occurs it is more likely to lead to failure than ‘limited’ or ‘controllable’ internal erosion (i.e. internal erosion that results in an incident, rather than failure).

b) the relatively short duration for which overtopping would occur means that when failure does not result it is not realised that it has occurred, and does not get reported as an incident

At this stage it is not possible to identify which of these two explanations is correct, although the experience of the authors suggests that the latter is true for many dams on small catchments.  For simplicity it will be assumed that there is no significant difference in PF|ITM between the various failure modes.

Values of PF|ITM are also estimated in Table 2.10, the assumptions made being given in Section 2.4.3.4.  These values are broadly consistent with the values in Table 2.8, and do not invalidate the above.

For observed events, ratio of incidents to failures, by level of incident

This ratio for observed events (rather than estimated probabilities) is given in columns 7 to 8 and 17 to 18 of Table 2.8.  Data prior to 1975 suggest that there were 5 serious (Category 2) incidents for every failure.  The ratio after 1975 is higher than this at greater than 13 for all embankment, because of the reduced annual probability of failures.  The ratio of all incidents to failure is 25 prior to 1975, and greater than 160 after 1975 (greater than 50 for BW dams).  

The ICOLD data (Table D.6) suggests that there are about 1.5 (serious) incidents for every failure, somewhat lower than the UK data.  This probably reflects less complete reporting and the fact that good quality surveillance in UK meant that action was taken to avert potential failures, thus reducing the annual probability of failures and increasing the number of serious incidents.

1.6.5.4 Proportions of different modes of failure (ranking threats)

The proportions of the different modes of failure is important to an Integrated System, as it provides an indication of the relative importance of different threats, for example of floods compared with internal erosion.  This is also one of the specific objectives of this research contract, being part of Specification objective (a).

The relative proportions of different ‘modes of failure’ for Category 2 and 3 incidents recorded since 1975 are given in column 20 of Table 2.8.  These values show that since 1975 there have been no reported incidents relating to overtopping, with internal erosion through the core now being the primary cause of incidents, comprising just under 50% of all incidents.  There is no significant variation in the proportions with incident category.  The absence of incidents due to overtopping is presumably partly due to the significant work in UK on upgrading spillways since the introduction of the first Reservoirs Act, as well as lack of reporting.

Values prior to 1975 showed internal erosion being the most common (69%), with other modes of failure all less than 10%, the proportion due to overtopping being just 3%.  The latter varies from the proportions of overtopping due to failures, which was 54% of all reported failures prior to 1975.  This difference is considered likely to be due to a combination of factors such as underreporting of overtopping incidents (overtopping which did not cause significant erosion damage may have been overlooked) and the fact that overtopping is likely to either cause little damage, or failure, with not many incidents in-between.

Table 2.10 presents an assessment of 

a) how the proportions of current incidents would be translated into the current proportions of modes of failure for potential failures. 

b) The conditional probability of failure, given that a Category 2 or 3 incident has occurred

The assumptions and the basis of derivation of Table 2.10 are indicated by the notes. For item ‘a’ above three combinations of the relative proportions of the different failure modes have been examined, based on experience.  Thus wave erosion does not, in general progress at a rate that leads to failure and as such the proportion of incidents of about 30% is considered to be unrepresentative of the proportion of failures.

Columns 2 and 12 of Table 2.10 indicate that the annual probability of failure due to 

· overtopping has reduced from 8000 x 10-8 pre-1975 to 80 x 10-8/ annum/ dam (a reduction of 100), 

· internal erosion has reduced from 6900 x 10-8 pre-1975 to 1200 x 10-8/ annum/ dam (a reduction of 6).

This is considered reasonable, and reflects the upgrading work carried out on dams.  

The conditional probabilities of failure given an incident have also been calculated and are given in column 13.  They are reasonably consistent with the values given in column 19 of Table 2.8 and are considered reasonable.

We have presented in Table 2.11 the relative proportion of different failure modes published by various authors, both as given in the original reference and with a correction (reduction) of the proportion due to floods; the latter to allow for the significant work on upgrading spillways in UK.  These values are reasonably consistent with the values from NDD indicating that internal erosion is now the most common cause of failure.

1.6.6 Failures and incidents during first five years (wear-in)

The results of searches for events in the first five years of life (wear in period), where this occurred in the period 1975 to 2000 are given in Tables C.5 and C.6 of Appendix C.  For the approximately 300 new dams the number of recorded events and estimated annual probability of failure are as follows:-

Category of Incident
Number of events 

(1975 to 2000)
Annual probability for dams

x 10-5/ annum/ dam


during wear-in period
In operation

(> 5 years)
in first five years
in operation (> 5 years)
Ratio wear-in to operation

1 - Failure
1
<1
68
<16
>4.3

2 - Emergency drawdown
25
13
3400
30
115

3 - Concern leading to works
29
91
13000
1100
12

4- Concern leading to involvement by Inspecting (Construction?) engineer
4
55
5000
1500
3

Although there is some uncertainty over how the definitions of incidents are applied to incidents during construction, prior to completion of first impounding, nevertheless it is clear that the annual probability of an incident is over ten times higher during the first five years of a dam’s life compered to after five years.  This supports the decision to exclude the wear-in period when estimating probabilities.

Frequency of occurrence of external threats, and definition of failure

A test on the reasonableness of the low proportion of overtopping as a cause of failure in Table 2.10 of 4% is to consider the annual probability of failure due to overtopping which would occur if we had 500 years of records, including a 500 year flood.  In this situation a significant proportion of dams designed to pass the 150 year flood would be expected to fail, i.e. Category D dams and those Category C dams designed for the minimum flood.  Using the proportions of dam types in Charles & Tedd (2000) to make the assumption that 10% of UK embankment dams under the Reservoirs Act were designed for a 150 year flood, and assuming that 50% of these failed in a 500 year period, the resulting probability of failing due to overtopping averaged over the 500 year period would be


 2100 x 0.10 x 0.5 / (500 x 2100) = 1 x 10-4 per annum

This is 125 times greater than the annual probability estimated in column 12 of Table 2.10.  This suggests the value in column 12 should be 10,000 x 10-8/annum/ dam. 

A related issue is raised as Item 6 in Table 2.5, where it is implied the estimated probability of failure due to floods could be six times higher than that estimated assuming all incidents due to floods were independent of each other.

This also raises the important issue of differentiating between failure resulting in loss of life and failure resulting in no loss of life.  Current engineering guides acknowledge that where a breach is unlikely to result in loss of life it is acceptable to have a lower safety factor (higher probability of failure).  In the long term the annual probability of failure should trend towards the specified design annual probability if all dams were upgraded to the standard appropriate to their hazard class.  

Thus searches of a database relating to the performance of dams should differentiate between high hazard and low hazard dams, as it is implicit these will have different performance records (i.e. more incidents at low hazard dams).  A search along these lines has not been carried out in this contract because of the relatively small proportion of UK dams for which the hazard class is known (it is not included as a parameter to be included in the Reservoir Record).

In terms of this research contract emphasis is logically on failures that cause loss of life, and significant damage (FRS Hazard Classes A and B).  There is therefore no need to correct the values in Table 2.10 for the above, as dams in hazard Category A and B should not fail in a 500 year flood; with an annual probability of failure of these dams due to overtopping of 80 x 10-8/annum being consistent with the dam critical flood (defined in Section 5).

Table 2.10
Proportion of failure modes for UK dams

Table 2.11
Proportions of failure modes in the published literature

1.6.7 Confidence  limits and value of database 

The key input and output parameters from the database searches, and associated confidence limits are summarised in Table 2.12.  In general the estimated values are considered unlikely to vary from the true values by more than a factor of (3.  The two exceptions are

a) failure of low hazard dams – it is considered up to ten failures may have occurred between 1975 and  2000, but these would have been of low hazard dams and thus not central to the objectives of this research contract

b) overtopping as a proportion of the cause of failure is shown as potentially being up to six times higher than the estimated value. This reflects both Item 6 in Table 2.5, and the text in Section 2.4.5.

In conclusion it is considered that at present the historical performance of embankment dams estimated from the NDD is a relatively blunt tool, but that it could be improved (as discussed in Appendix C) and even in its present state provides data adequate for use in a prototype Integrated System.

It is noted that data on incidents is used in the health and safety and other industries to evaluate the risk of a failure and manage the risk of failure.  Thus if the number of near misses can be reduced, then it follows that the risk of a serious accident is reduced.  

1.6.8 Possible current annual probability of failure

Note: This subsection was written in the early stages of the research contract, and experience in devising and trialling the Integrated System means that some of the views expressed have changed, as described in later parts of the report.  This subsection has been retained for historical completeness.

Table 2.13 presents an estimate of the possible current annual probabilities of failure of UK embankment dams with PAR ranging from zero up to 1000.  It must be emphasised that the exact values in this table are inevitably to some extent speculative, but are intended to provide

· a framework in which the feasibility of an Integrated System can be assessed, and 

· a first attempt to populate this framework.

Although Table 2.13 is not required under the Specification it, or similar, is helpful in identifying areas where an Integrated System should concentrate.  The annual probability varies with ‘population at risk’ (PAR) partly because the return period of the design flood and earthquake varies with PAR and because the standards adopted by Inspecting Engineers are likely to vary with PAR.  A number of PAR have been considered in order to provide annual probabilities of failure for use in assessing the acceptability of this risk.

Table 2.13 is used implicitly in current risk practice in various countries around the world (see Appendix E), but is in effect populated by using engineering judgement, rather than by using quantitative risk assessment. 

Table 2.13 is more complex than Table 2.10, partly as there are more independent threats than ‘failure modes’.  The table is populated on the following basis

a) The estimated overall annual probability of failure should be consistent with both the current observed historic rate of failure for UK dams of 2 x 10-5 per annum and the observed relative annual probability of each failure mode.

b) Those threats that are considered, for UK dams, to be relatively minor are set at a nominal failure rate of 1x 10-8/annum.  

c) The annual probability of failure for threats that are more likely to lead to failure are set using either return periods in design guides (where these exist i.e. floods and earthquake), or the historical annual probability of failure by failure mode (from column 12 of Table 2.10) (the inaccuracy in setting the annual probability of failure for a threat equal to that for a failure mode is recognised, but considered acceptable for this preliminary analysis) 

d) the probability of failure given the occurrence of a threat is set  based on judgement and to satisfy both conditions in ‘a’ (it is noted that ICOLD Bulletin 109 suggests, in its Appendix 3 on “future small embankment dams” that the probability of failure due to overtopping is typically 1% of the design flood, due partly to small dams often having small catchments which give relatively short duration floods) 

e) It is assumed that the annual probability of failure does not vary with PAR, apart from where different design standards are applied and for internal stability where it is adjusted as shown in the notes.  

To assist in assessing the values populating this table the possible annual probability of an individual threat has been plotted against PAR on Figure 2.2. 

The adjusted version of this table indicates that for high hazard dams the greatest risk is from internal erosion, as for these dams the flood and earthquake guides specify reasonably conservative design requirements.  

Table 2.12
Confidence limits on estimated annual probabilities for embankment dams in operation 1975 to 2000 

Table 2.13
Possible current annual probability of failure to UK dams, from assessment of threats

Historical Performance of UK Concrete dams in operation

There are 328 concrete/ masonry dams coming under the Reservoirs Act, comprising some 12.5% of the UK dam population.  However, there are only a total of 4 recorded events post-1975 and 13 recorded events pre-1975, compared to the 159 and 362 recorded events respectively for embankment dams.

Data on incidents and failures is summarised in Table 2.7, with estimated probabilities given in Table 2.8.  One failure is reported (prior to 1975) and two serious incidents (after 1975).  Where an incident is reported, due to the lower number of dam life years, compared to embankment dams, these give similar annual probabilities of failure and Category 2 (serious) incidents to those for UK embankment dams.  The sensitivity of the estimated annual probability to the limited number of incidents is noted.

The estimated probabilities of Category 3 and 4 incidents are of the same order as embankment dams prior to 1975, but significantly lower after 1975.  The reason for this is unknown, but may reflect a higher under-reporting of incidents than for embankment dams, as the NDD database has concentrated on embankment dams.

Published data on the performance of concrete dams is given in Appendix D4.3.  Key points are that ICOLD Bulletin 99 concluded that prior to 1930 the safety record for concrete dams was worse than embankment dams; and that “Buttress and multiple arch dams appear to be less safe than for gravity and arch dams”.

It is concluded that the currently available historic data on concrete/ masonry dams is less reliable that that on embankment dams, such that it is not appropriate at present to use the data as part of any Integrated System.

1.7 Historical performance of UK Service Reservoirs in operation

There are 196 service reservoirs coming under the Reservoirs Act, comprising some 7% of the UK dam population.  However, there are only a total of 10 recorded events post-1975 and no recorded events pre-1975, compared to the 159 and 362 recorded events respectively for embankment dams.

As for concrete/ masonry dams where an event is recorded it only needs a few events to give an annual probability of a similar order of magnitude as for embankment dams. 

Appendix D4.4 notes that we have been unable to obtain any published data on the performance of service reservoirs.

As for concrete dams it is concluded that the data is currently insufficiently reliable to allow its use as part of any Integrated System.  If in the future it is desired to incorporate service reservoirs in an Integrated System for dam safety in the UK it is suggested that the database be widened to include service reservoirs too small to come under the Act, as this would increase the population considerably.

Conclusions

The term ‘threats to dam integrity’ has been defined in the context of an event sequence that could lead to dam failure, as indicated on Figure 1.1, Table 2.4 and the event trains in Appendix J.

In broad terms both published data and NDD data indicate that for an average dam the annual probability of failure is now less than 2 x 10-5, whilst the annual probability of an incident is higher, as shown in Table 2.8.  The total annual probability of some form of incident is about 3000 x 10-5 (1 in 30 years, or 3% per year).

The relative likelihood of the different failure modes is more difficult to assess, due to the scarcity of failures in recent years.  For UK embankment dams the relative annual probability of incidents can be used to assess this, and the data since 1975, reproduced in Table 2.8, is considered reasonably representative.  The relative ranking of the different failure modes is estimated in Table 2.10 and suggests that internal erosion failure is now the most likely failure mode.

For concrete/masonry dams and service reservoirs the data is currently less reliable and it is considered inappropriate at present to use this data in any Integrated System. 

It is suggested that the following items would benefit from additional research

a) Introduce a more formalised system for Incident reporting

b) A complete overhaul of the NDD, initiated by a scoping study as set out in Appendix C.8

Figure 2.1
Overview of human influence in event train affecting dam safety

Figure 2.2
Comparison of annual probability of different threats shown on Table 2.13

CONSEQUENCES OF FAILURE

1.8 General

This sub-section summarises the methodology for assessing the consequences of a dam failure, as a prerequisite to defining tolerable risk.  It therefore summarises factors relevant to the determination of the potential loss of life (and damage and loss) in the event of a dam failure.  Additional details on the following are given in the literature review in Appendix H:-

· Dam break analysis

· Estimating attenuation of flow conditions as dam breach hydrograph travels downstream

· Physical damage and economic loss

This section is relevant both to consequence assessment for any Integrated System, and as part of the response to specification Objective (b) in considering a categorised approach to flood, wind and wave standards.  

1.9 Combination of breach conditions and distribution of population

Predicting the consequences of failure, in terms of peak water levels, physical damage and likely loss of life will depend on the cause of the failure (breach conditions) and the distribution of population between homes and school/ work/ recreational sites, which will vary depending on the time of day and weather.   This is illustrated in Table 3.1. On this basis where there are two dams in a cascade the number of possible combinations of circumstances that may occur, and thus the number of PAR/LLOL combinations to be considered is 36. In practice each of these choices may be broken down into a greater number of subsets, such that the number of combinations is even greater.

In view of the many assumptions relating to each of the subsets, a simplified approach is normally taken, although published papers on the subject generally give little detail on the assumptions made and scenarios considered

Table 3.1
Possible combinations of dam break and downstream population scenarios


Scenario
Number of choices
Choices
Remarks

1
Type of failure
3
a) Sunny day

b) Rainy day

c) Earthquake
a) magnitude of the peak breach discharge will be higher for rainy day, as it will be with reservoir at dam crest level, rather than at or below spillway crest level

b) the loss of life is likely to be higher for sunny day, as there would be less warning, and there are likely to be more people in the flood plain (who would have moved elsewhere at a time of flooding).

c) see comments on incremental damage in Section 3.3, as under rainy day and earthquake there may be significant damage other than that due to the dam break

2
Warning time prior to breach
Range

Where a warning can be given to downstream communities and individuals, the loss of life should be significantly reduced

3
Time from onset of failure to peak breach discharge
Range

As for 2

4
Number of dams
2+
a) Subject dam only

b) Dam(s) in cascade upstream of subject dam
Volume of the dam breach will include the volume of the upstream reservoir triggering the cascade failure

5
Antecedent flow downstream
2
a) Sunny day on adjacent catchments 

b) Extreme rainfall on adjacent catchments as well as subject catchment
Pre-breach flow in the downstream river small for ‘a’ and large for ‘b’, so the maximum flood levels will be higher for ‘b’

6
Time of day
3
a) At night when most people asleep at home, 

b) In day when most people at work

c) Evenings and weekend, when people are shopping or at recreational sites


7
Nature of population
Range
Range from infirm and elderly/ infants to fit young adults
R2P2 and ANCOLD uses the concept of “a-statistical-life”

1.10 Incremental damage due to floodwave

It is noted that incremental damage due to the dam failure will vary depending on the cause and timing of failure, which may be classed as follows:

(a)
flood

(b)
earthquake

(c)
sunny day

Overtopping is liable to occur at a time of major floods when major flooding will occur in the area, irrespective of any dam failure, with attendant damage and loss and possibly loss of life.  Warning/evacuation due to the general flood situation may also mitigate to some extent the impact of any dam failure.  

However, both earthquake and failure due to internal erosion could occur on a sunny day when there is no warning.  The difference would be that for internal erosion the dam failure is the sole cause of the downstream damage, whilst under major earthquake conditions there would be significant damage other than that due to dam failure.  

On the one hand a higher annual probability of occurrence may be acceptable for overtopping and earthquake compared to the annual probability of failure due to internal erosion, as there would be significant damage other than that due to the dam i.e. it would be a time of national disaster.  On the other hand the media may blame the dam failure for other damage, rather than correctly identifying the incremental effect.

The ANCOLD Guidelines for assessment of the consequences of dam failure (2000) differentiate two dam break scenarios as “sunny day” failure, or “flood failure conditions”, with New South Wales State guidelines describing the latter as “Incremental flood consequence category”.  However, the purpose of differentiation is simply to ensure that the worse of the two cases is used in defining the potential consequences, rather than differentiating the tolerable risk, and the same approach is recommended here.

1.11 Likely Loss of Life

The likely loss of life (LLOL) depends on factors such as the population at risk (PAR) downstream, the warning time available to that population and the “forcefulness” of the flood wave.  

The RMUKR definition of near valley as being within 5km of the dam appears to be based on the statement in Graham (1998) that 50% of deaths in actual dam failures between 1960 and 1997 were within 4.8km of the dam. Graham also notes that the database is dominated by failures of small dams, implying that this statistic may not be appropriate to larger dams.

The system in RMUKR does not relate loss of life to “forcefulness” of the floodwave, or warning time. The RMUKR definitions of loss of life in the near valley and far valley have been taken from BOR Policy & procedures for dam safety modifications (1989, as reproduced in Graham, 1998), where

· Near valley: no warning so LLOL=0.5PAR 

· Far valley: official evacuation warning to the public 15 to 90 minutes before arrival of dangerous flooding so LLOL=PAR 0.6
It is noted that the BOR policy includes a third category, where warning time is more than 90 minutes, where LLOL=0.0002 x PAR, which is not allowed for in RMUKR.

Graham goes on to 

· reproduce the equations between PAR and LLOL from DeKay & McClelland (1993) which depend on the “forcefulness of the water” and include a factor for warning time

· suggest that loss of life estimating procedures would be improved by use of the parameter DV, which is the dam failure peak discharge divided by the maximum width of flooding (Note: although this parameter has the same units as the UK parameter “depth x average velocity at a point”, it is a different as applying to the whole inundated width, rather than strips of width across the valley). He quotes dam failure events where the fatality rate was 100% for a DV of 90m2/s, 27% for a DV of about 10m2/s and nil where DV was about 1.5m2/s. 

The data on LLOL vs. PAR given in Dekay & McClelland is reproduced in Figure 3.1, together with their equations for LLOL under high forcefulness conditions, with no, one and two hours warning. The database of events is described as being based on that used by the BOR, with the warning time WT implied as being the time prior to the breach.  Allowing for the breach time and time of travel, the total warning time could be substantially greater.  It is noted that the BOR considered that the minimum warning time to have any value is 90 minutes.   
Other relevant published work includes

· ANCOLD, Risk Assessment, 1994, includes as Appendix D data relevant to loss of life assessment, taken from BOR (1989), and includes hazard to pedestrians, cars and various types of housing related to the velocity and depth of flood water

· Viseau & Martins, 1998 – probability of loss of life against the velocity and depth of flood water

· Trieste, 1991 (BDS Conference)- Includes 5 useful figures of flood danger level as a function of the velocity and depth to houses, mobile homes, vehicles, adults and children.

· The US Bureau of Reclamation includes a worksheet for LLOL in its RBPS, which includes factors in going from PAR to LLOL for severity of flooding, distance downstream, warning time and the quality of the warning message.

Although there is a series of six Flood and Coastal Defence Project Appraisal Guidance series (PAG) produced by MAFF (now DEFRA), these do not explicitly cover LLOL.  The two most relevant to this study are FCDPAG3 covering “Economic appraisal” (cost benefit analysis) and FCDPAG4 (MAFF, 2000) covering “Approaches to risk”.

1.12 Physical Damage and Economic Loss

As part of the early work on DAMBREAKUK total and partial structural damage were defined as occurring when the product of the average velocity and depth at a particular point (Vd) exceeded 7m2/s and 3m2/s respectively, with only inundation damage at values of Vd below 3m2/s (Clark, 1990, Binnie & Partners, 1991).  These were based mainly on “empirical data founded on the Dale Dyke dam disaster at Sheffield in 1864, where damage could be identified at 130 different structures”.

The methodology used by the Environment Agency and others for valuing the cost of physical damage is discussed further in Section H of Volume 2. 

In regard to UK policy for funding flood protection works, which are funded by Government, it is noted that all government departments have limited funds and these should be spent so as to maximise the benefits to society as a whole.  The preferred method at present for flood and coastal defence appraisal is based on cost benefit analyses.  Current government guidance on economic appraisal is given in HM Treasury's Green Book (1997) and MAFF's FCDPAG3 (1999). 

Economic loss is generally considered from the national perspective, rather than the local.  This means, for example, the loss of tourist revenue from disruption or destruction of a tourist facility is not considered, only the replacement cost.  The rationale for this is that the tourists can go to another venue within the UK, and as such the revenue has still been generated within the UK with no economic loss.

At present the measurement of intangibles, such as stress and long term health effects, are not considered in the cost benefit analyses.  However, there is research ongoing within the Environment Agency to attempt to quantify these.

The RMUKR gives a scoring system for the rapid impact assessment of dam failure, and the results of applying this has been summarised in Table 3.2.  This assumes that disruption is identical in the near valley and far valley, and equal across each of the seven impact areas, with no allowance for the forcefulness of the flow (e.g. velocity x depth).  High, medium and low consequence classes are differentiated by a total score of less than 175, 175 to 750 and higher than 750; RMUKR suggests that the indicative current standard for High, Medium and Low consequence classes correspond to Flood category A, A/B and C/D.  However, this appears inconsistent with the PAR estimated from the approach in this table.  

Table 3.2
RMUKR impact scoring system

Disruption
Score
Impact on people
Consequence Class


Total
Damage
Upper bound
Lower bound




& loss
PAR
LLOL
PAR
LLOL


Minor for all 7 impacts
246
114
430
133
8
4
Low/ Medium (split at score of 175)

Appreciable for all 7 impacts
633
232
1400
400
438
135
Medium 

(score 175 – 750)

Significant for all 7 impacts
1277
341
3400
937
1408
403
High (score > 750)

Major
site specific estimate needed


Emergency Plans

1.12.1 Legal requirement for emergency plans

Currently emergency plans are not explicitly required for dams which could cause loss of life, although 

a) Offsite emergency plans are required under the COMAH regulations  where the amount of a substance stored on a site exceeds a value specified in the regulations. 

b) The recent White paper on proposed legislation included amending the Reservoirs Act to include giving powers to the Secretary of State to require undertakers to prepare emergency plans.

c) HSE have indicated (e.g. at the ICE talk on Floods 2000, EA experience, Jan 2002) that in future they may take a more active interest in reservoirs in relation to the potential impact on third parties

It is noted that in France all high hazard dams which are higher than 20m and impound a reservoir larger than 15Mm3 have been required by legislation passed in 1995 (ICOLD Q76, R 37 pp 559- 567; Delliou, 2001) to have

· sirens in the 15 minute zone (the zone which would be inundated within 15 minutes of the dam breach)
· “specific emergency plan” (SEP), 

· information document for public distribution
1.12.2 Definition and content of emergency plan

HSE have published a guide to emergency planning for major accidents (HSE191, 1999), which is a guide in relation to the COMAH regulations.  This defines on-site and off-site emergency plans, the latter comprising notifying the emergency services and related activities.

For some dams an alternative if it appears likely that there is an imminent danger of failure, is to lower the reservoir sufficiently fast so as to avert failure and thus remove the hazard.  The issues then arise of 

a) what constitutes the minimum level of surveillance necessary to ensure any problem is identified in time 

b) the rate at which failure can progress

c) what inflows should be considered may be occurring when emergency drawdown is initiated.

d) an acceptably fast rate of drawdown for this to be considered an effective emergency plan.  

There is currently no well defined standard for ‘d’, either in UK or world-wide.  However, the following precedent is available

· Combelles et al (1985) suggest that in France the objective is that the outlets can reduce the load on the dam by 50% in 8 days i.e. lower the reservoir level by about 30% of its total head.  

· Babbit & Mraz (1998) state that in California, the State requires 50% of the reservoir capacity in less than 7 days for reservoirs up to 5000 acre-feet, and 10% of reservoir depth in 7 to 10 days for larger reservoirs (both with no inflow, which applies 9 months a year in California)

It is clear that the content of emergency plans, and what constitutes an emergency plan, needs further careful consideration.  Emergency plans should include details of the surveillance regime, including the frequency of visits by the various personnel forming the surveillance team. 

1.12.3 Effectiveness of emergency plans

Clearly for an emergency plan to be effective it must be publicised and maintained, and there are significant public relations issues.  

Nevertheless it is considered that it would be practicable to introduce emergency evacuation plans, as an effective way of reducing the likely death toll in the event of a dam failure.  It is noted that RMUKR by proposing significantly different ratios between PAR and LLOL in the “near field” and “far field” is implicitly assuming that people in the inundated “far field” become aware of the breach and move out (either because emergency plans are used or for some other reason). It also noted that although RMUKR defines far field as more than 5 km downstream of the dam it could be argued that a time based criterion (e.g. area inundated within 30 minutes) may be more appropriate. 

The alternative of providing a reliable means of rapid lowering of the reservoir is a practicable alternative, provided it is reliable.  It also has the advantage that it is under the control of the reservoir owner and is more amenable to review of its effectiveness as part of the periodic safety review of the dam, and thus may in certain circumstances be preferable to evacuation plans.  If this alternative were selected, the hazard class of the dam would need to be determined allowing for the lack of an emergency evacuation plan and thus a potentially higher ratio of LLOL to PAR.  This may impact the hazard class assigned to the dam.

1.13 Summary

For the purposes of this project the methodology for estimating the consequences of failures will be as follows:

Element
Methodology to be adopted

Dam break hydrograph, and downstream attenuation of dam break flow,
RMUKR

Relationship of LLOL to PAR
Use DeKay & McClelland, 1993

Physical damage and loss
RMUKR

Figure 3.1
Recorded PAR and Loss of life in dam failure and flash flood events (as DeKay & McClelland, 1993)


TOLERABLE RISK

1.14 Introduction

This section considers the techniques available and issues that must be considered when assessing what constitutes a tolerable risk of dam failure.  

It is organised as follows

· definitions of tolerable risk in other industries

· tools for assessing tolerable risk from dams

Literature reviews of background and associated subject areas are given in Appendix H.  Attention is drawn to the definition of risk, which is

Risk = (  probability x consequence 

Definitions of other terms are given in Section 9.3.

1.15 Definitions of tolerable risk 

1.15.1 Historical development

Milestones in the development of societal risk criteria are summarised on Figure 1 of Ball & Floyd (1998).  The most relevant literature to UK practice is as follows, in chronological order

a) Tolerability of risk from nuclear power stations (HSE, draft 1988, incorporate comments 1992)

b) Major hazard aspects of the transport of dangerous substances (Advisory Committee on Dangerous Substances, 1991)

c) Societal Risks (Ball & Floyd, 1998) which reviews the historical evolution of the societal risk criteria concept and comments critically on the position at 1998

d)  ‘Reducing risk, protecting people’ (R2P2) (first draft HSE discussion document 1999, revised 2001), which sets out the HSE’s philosophy on the assessment, management and regulation of risk.  

e) ‘Regulating higher hazard industries: exploring the issues’ (first draft as HSE discussion document, Sept 2000), which describes the system of a 'safety case' and 'permissioning regimes' in four high hazard industries subject to regulation; and how these differ from general HS regulation

f) There is a separate document under preparation discussing “how duty holders should take decisions on risk, which will be covered by the ALARP guidance which RAPU and solicitors are currently preparing with the assistance of other directorates”.  HSE have confirmed that this is not yet available.

FN curves

F-N curves are a graphical representation of the relationship between the annual probability of an event causing N or more fatalities, and the number of fatalities; this being a common way of expressing societal risk issues.  The merits and disadvantages of FN curves are discussed in Ball & Floyd (1998); some of the main points being

i) typically there are Unacceptable and Acceptable regions with an ALARP region in-between, although terminology varies between different authorities e.g. some use the term Tolerable in place of ALARP and others ‘safe enough’ in place of acceptable

ii) some national criteria have consequence cut-offs, such that for example more than 1000 fatalities is unacceptable irrespective of the probability

iii) some national criteria are summarised in Table 23 of R2P2, and included in the discussion relating to the use of FN curves for dams in Appendix H.

1.15.2 Other measures of tolerability of failure 

Another approach to assessing whether the probability of failure of an installation is tolerable is to compare it with risks that may be seen as ‘Acts of God’ (e.g. impractical to do anything about), or largely inevitable for some other reasons.  These include:-

a) the annual probability of death of an individual.  An example of this is given as Figure 2.4 of the ANCOLD 1994 Risk assessment guide, and increases from a minimum of about 8 x 10-4/annum at age 10, to 2 x 10-2 at age 60.

b) the probability of accidental impact of an aircraft at a particular spot.  This is given in Appendix D4.6 of this report and amounts to a crash rate of 15 x 10-5/ annum per square mile, or for a typical UK dam with a footprint of say 100 x 20m an annual probability of 1 x 10-7/annum.

The US Bureau of Reclamation have defined public protection guidelines to allow estimated risk to be measured against the justification for risk reduction actions, as described in Hennng et al (1998).  Tier 1 guidelines focus on potential loss of life considerations, measured against estimated annualised loss of life and identifies three zones as summarised in Table 4.1 (where annualised life loss is the LLOL multiplied by the annual probability of failure).  These guidelines are similar to the FN curves in concept, but vary in degree in that what is termed the lower limit of the “unacceptable” zone on an FN curve is termed “Strong justification to take action to reduce long term risk” in the BOR criterion. 

In addition they define Tier 2 guidelines, to provide protection to small communities and critically exposed individuals, where justification for works to reduce risk are measured against an annual failure probability of 10-4/annum.

Table 4.1
Tolerability criteria based on annualised life loss

Estimated annual life loss
Evaluation in BOR public protection guidelines, Tier 1
Equivalent zone on FN curve

> 0.01
Strong justification to take action to reduce short term and long term risk


0.01 to 0.001
Strong justification to take action to reduce long term risk
Unacceptable zone

<0.001

(10-3)
Justification for reducing risk decreases – evaluate effectiveness of risk reduction. Review guidelines for public trust responsibilities
Upper limit of tolerable zone

<0.0001

(10-4)
Not a criterion in BOR guidelines
Upper limit to broadly acceptable zone

1.15.3 The ALARP principle

The ALARP principle is established in law in Britain by the 1949 case of Edwards vs. the National Coal Board (HSE, 1999 – Annex 3, paragraph 2). Here it is stated that the case established that a computation must be made in which the quantum of risk is placed on one scale and the sacrifice, whether in money, time or trouble, involved in the measures necessary to avert the risk, is placed on the other; and that, if it be shown that there is a gross disproportion between them, the risk being insignificant in relation to the sacrifice, the person upon whom the duty is laid discharges the burden of proving that compliance was not reasonably practicable.

Some aids that can assist that judgement are the plotting of a graph of risk reduction versus cost, and the computation of the cost-to-save-a-statistical-life.  The latter is set as US$5M in Graham (2000, page 959) and A$4M in ANCOLD (2001, page 185).

1.15.4 Reducing Risk, protecting people (R2P2, 2001)

The current position of HSE is set out in R2P2, which was available in draft at the beginning of this research contract (May 2001) and finalised in late 2001.  This document sets out the strategy for dealing with risk, and as such provides a framework for dealing with individual cases, rather than being a code of practice or providing prescriptive criteria.  The key points in R2P2 include:

(a) criteria (qualitative) for the tolerability of risk are set out in Figure 1 (page 42) of R2P2 which differentiates Unacceptable, Tolerable and Broadly Acceptable regions

(b) suggested tolerability limits for an individual death; the boundaries between broadly acceptable and tolerable being 10-6/ annum, whilst the boundary between tolerable and unacceptable is 10-3/a for workers, or 10-4/a where imposed on the public (par. 130, 132)

(c) suggested upper limit of tolerability for multiple fatalities due to an existing installation with more than 50 deaths is 2 x 10-4/a, or 10-5 to 10-6 for a new installation (par. 136- 138) (note this is higher than for an individual fatality; R2P2 does not include suggested curves to define a tolerable zone in FN space)

(d) as a benchmark the value for preventing a fatality (VPF) is proposed as about £1.0M, at 1999 prices, although higher values should be used for risk which give rise to high levels of societal concern (par. 103)

(e) R2P2 states (page 31) “the use of numerical estimates of risk by themselves can, for several reasons including those above, be misleading and lead to decisions which do not meet adequate levels of safety.  In general, qualitative learning and numerical risk estimates from QRA should be combined with other information from engineering and operational analysis in making an overall decision”

(f) risk assessment should be in line with the Precautionary Principle, which includes 

· “lack of full scientific certainty shall not be used as a reason for postponing cost effective measures to prevent degradation”. (par. 89).  

· “Uncertainty is overcome by constructing credible scenarios on how the hazards could be realised and thereby making assumptions about consequences and likelihoods.  The credible scenarios can range from a ‘most likely’ worst case to ‘worst case possible’ depending on the degree of uncertainty” (par. 93). 

(g) Appendices include conventions for undertaking risk assessments, issues relevant to assessing risk reduction options and statistics of risks from different hazards

Important issues to note are that 

· standards to evaluate risks from existing installations are different from the standards that would be applied if a new installation were to be proposed (par 51, 52 of Guidance Note).

· there is an apparent inconsistency in the suggested tolerability limits between 1 x 10-4 for an individual death of a member of the public; and the 2 x 10-4 for multiple fatalities (50 deaths) due to an existing installation.  It is normally accepted that the annual probability of multiple fatalities should be significantly lower than a single death, rather than being higher as implied here

1.15.5 HSE Regulating higher hazards: exploring the issues

 This was published as a discussion document in September 2000, as a vehicle for HSE to seek views on how higher  hazard industries are regulated.  Although currently this only applies to nuclear sites, onshore chemical plants (COMAH), offshore exploration and railways the principles certainly apply to dams and it is possible that in future regulations may be extended to cover dams. The general requirement is that the duty holder has to demonstrate in a safety case or a safety report to HSE how the risks will be prevented or else controlled to a level that is as low as reasonably practicable; this being described further in HSE (2000).  It is suggested that this should be considered as good practice for dams.

Summary

Techniques that may be used to quantify tolerable risk are summarised in Table 4.2.

Table 4.2
Techniques that may be used to quantify tolerability of risk


Technique
Remarks


Description


FN Curve
Plot on log-log scale of fatalities against probability of failure i.e. risk
Useful quantitative measure, but positions (and limits, if any) of curves are open to question.  HSE do not give limits presumably because of concern these may become too prescriptive (par 135 of R2P2)

Other measures
Compare to probability of Act of God, or other inevitable event e.g. death of an individual


ALARP
Risk reduction vs. cost
Provides repeatable technique, based on economic considerations only. 


Cost-to-save-a-statistical-life
The value that should be assigned to a-statistical-life is likely to vary with time and perceived ‘societal concern’.

1.16 Tolerable risk for UK dams

1.16.1 General

This section considers what may constitute tolerable risk from dams, organised as follows

· how current UK design standards for the various threats to dams vary with the hazard class of the dam (Standards for design against floods in other countries are discussed in Appendix F) 

· The estimated current annual probability of failure of UK dams, derived in Section 2.4.7 are plotted on F-N curves,

· the issues raised by these plots are discussed, and conclusions drawn as to the use of hazard classes for UK dams

1.16.2 Current UK design standards vs. Hazard Class

In UK there exist three separate systems for assessing the hazard category of dams as summarised in Table 4.3, whilst the distribution of population at risk (PAR) for UK dams is plotted on Figure 4.1.  A number of key points are

The recommended design flood does not vary with dam type i.e. 

· concrete v embankment, as it does in some European countries.  FRS defines a general standard and a minimum standard relative to the ability to accept overtopping

· There is some ambiguity in definitions of how people may be affected, varying from “endanger lives” for FRS, to “evacuation requirements”, to population at risk (PAR)

· If it is assumed that all three definitions relate to PAR (the basis on which the table was prepared), then for a given design return period the PAR varies significantly between the systems for floods and earthquake

· On the other hand if “endanger lives” is taken as likely loss of life (LLOL), then the differences between FRS and the  other two systems reduce, as for high lethality PAR of 10 and 100 corresponds to LLOL of 5 and 30, whilst for lethality the corresponding LLOL is 0.1 and 0.3.

It is considered illogical to have three separate definitions of consequence class in use in UK, it is therefore recommended that the three systems are reviewed and modified to form one system of assigning consequence class for all threats to UK dams.  The issues affecting the choice of a preferred system are considered in relation to F-N curves below.  

The system for assessing the tolerable risk from fluvial and coastal flooding is also under review following widespread flooding in the autumn of 2000 and in 1998.  DTLR Planning Policy Guidance Note 25 (PPG25, July 2001) explains how flood risk should be considered at all stages of the planning and development process in order to reduce future damage to property and loss of life.  Paragraphs 30 and 31 in conjunction with Table 1 of PPG25 state that “the Government expects local planning authorities to apply a risk based approach” to development issues, indicating little or no risk where the annual probability of flooding is less than 0.1%.  Although dams are mentioned in paragraph 38, there is no guidance on how to deal with dam break.

It is of interest to note that an early version of the above, published as a Consultation paper included a table in Appendix F (risk-based approach to development and flood risk) that suggested the minimum level of protection should be as follows (although this was then deleted in the final version)

Type of development
Suggested minimum level of protection

All residential development
200 year

Sheltered housing
1000 year

Bungalows and ground floor flats
500 year

Property where the scope for flood warning is limited (e.g. where a flash flood is likely) 
500 year

This suggests that the target level of protection to what is principally damage and loss is increasing from a common value of 100 years several decades ago, to up to 1000 years.

Table 4.3
Current systems for evaluating acceptable risk from UK dams

Hazard class
Floods 

(Table 1 of ICE, 1996)
Seismic

(Charles, 1991 and ICE, 1998)
RMUKR         

(CIRIA, 2000, Section 5.2.4)


Cons. class
“breach could endanger lives in a community”
% of UK dams in each class1
Design return period (general standard)
Cons. class2
Evacuation requirements (No. of persons)3
% of UK dams in each class4
Recommended design return period
Cons. class
PAR5
LLOL5
Recommended design return period






IV
>1000
2
30,000

(or MCE)
High 
>1,200
>517
“probability

considered

Highest
A
Community (>10)
48
PMF
III
100-1000
20
10,000
Medium
200- 1,200
66 - 517
inappropriate” (Section 5.6)






II
1-100
28
3,000
Low
<200
<66


Second
B
1-10
19
10,000









Third
C
Negligible
23
1000
I
None
50
1,000





Lowest
D
None
10
150









Notes

1) Charles J A and Tedd P, 2000
2) Consequence class for seismic load assumes that the risk to life and damage & loss are balanced such that Classes I to IV correspond to columns one to four in Table 2 of the seismic guide (classification factors)

3) Based on ICOLD Bulletin 72, 1989

4) Gosschalk E M, Severn R T, Charles J A and Hinks J L, Discussion on 1992 BDS conference, page 47
5) Interpolated from values given in Table 3.2 of this report

1.16.3 Application of FN curves to UK dams

Note: This and subsequent subsections were written in the early stages of the research contract, and experience in devising and trialling the Integrated System means that some of the views expressed have changed, as described in later parts of the report.  This subsection has been retained for historical completeness.
Three figures have been prepared to illustrate the possible application of F-N curves to UK dams, as follows

Figure 4.2
Implied design requirements for annual probability of flood and earthquake each, on their own, causing failure,

Figure 4.3 
Total annual probability of failure of an average UK dam, using the values derived in Section 2 and shown on Table 2.13 (using the general standard for floods) and assuming that LLOL is 50% of PAR (as RMUKR near field)

Figure 4.4
As Figure 4.3, except that LLOL assumes that all PAR are far field

This has inevitably required some simplifications, such that the figures can only be regarded as indicative.  The assumptions made in preparing these Figures comprise:

a) Tolerable zone as current (1998) ANCOLD definition

b) Figure 4.3 assumes there is no emergency plan and the whole population at risk is in the near valley, so the LLOL is 50% of PAR (as RMUKR), whilst Figure 4.4 assumes there is an emergency plan so that the likely loss of life can be calculated as if all the PAR are far field

c) PMF is taken as having an annual probability of 10-6/a.

d) the annual probabilities given in the design guides are the annual probability of the design  event being exceeded, not the probability of failure given that event.  It has been assumed for illustrative purposes that the probability of failure given the occurrence of the design event is as given in Table 2.13 (10% for flood, 1% for earthquake)

e) purely in order to show Category C and D of FRS on the plot these categories have been assigned fatality levels of 0.2 and 0.1 respectively

f) the curves are stepped, for example at PAR of 9 it changes from Category B to A

g) Consequence categories A 1 and A2 are split at a PAR of 100

1.16.4 Discussion

Figures 4.2 to 4.4 highlight a number of important issues, as follows

Relative conservatism of flood and seismic guides

Figure 4.2 shows that for more than 10 fatalities the general standard of the flood guide is more conservative than the seismic guide, although the sensitivity of the flood line to the assumed value of PMF of 10-6/a should be noted and the minimum standard is broadly similar to the seismic guide.  However, as the FN curve relates to the overall annual probability of failure, from all causes, it is difficult to assess the conservatism, or otherwise of the current criteria.

Correlation between current consequence classes and FN curves 

The main conclusion from Figure 4.2 is that the flood guide by considering only one consequence class for PAR greater than 10, does not reflect the societal desire that the probability of failure should decrease by an order of magnitude for each increase in potential fatalities of an order of magnitude.  The seismic guide by recognising three consequence classes for PAR of more than 10 fatalities is better aligned to the tolerable zone, although having a flatter gradient of reducing acceptable probability of failure with increasing population at risk than the FN curve. 

It is recognised that it could be argued that public perception is that the number of fatalities is irrelevant if in excess of ten, and that subdividing Flood Category A standard into two is unhelpful, in implying that fatalities of less than 100 is somehow less unacceptable than fatalities of more than 100.  However, the arguments for identifying a consequence class with population at risk of more than 100 are that it forces the Inspecting Engineer and other decision makers to appreciate 

· the higher risk, as well as 

· the much greater practical difficulties in evacuation and/ or other techniques to 



reduce the number of fatalities in the event of a failure.

Interdependency of dam safety/ Risk from cascades

An important and difficult issue is the extent to which the failure of a dam is independent of other dams in the same area, partly in terms of estimating annual probabilities from historic behaviour and also in considering the risk from a particular threat.  It could be argued that when an extreme flood (or earthquake) occurs it will affect a wide area of the UK, such that several (if not many) dams will fail at the same time.  The same concern applies where dams are in cascade in one river, as the failure of the top dam could trigger the consequential collapse of dams further downstream.  The latter appears to have been a factor in the most recent dam failures involving loss of life.  The issue then arises of how you consider the risks of a cascade failure in terms of an FN chart; it could be argued that the cascade should be treated as one system, with the dam break floodwave being due to the collapse of all reservoirs in that cascade, possibly resulting in a higher number of PAR and LLOL.

Acceptability of current risk from UK dams

It can be seen from Figure 4.3 that the estimated current annual probability of failure for UK dams is generally within the acceptable or tolerable region on the FN plot for dams, and below the R2P2 unacceptable limit for 50 fatalities.  The exception is for LLOL in excess of about 50, where the current annual probability for UK dams is in the unacceptable region; the FN curve requiring an overall annual probability of failure of less than about 5 x 10-5/annum.  The assumed AP of 10-6 for the PMF should be noted in relation to the current discrepancies between FSR and FEH; if in fact the AP of the design flood was say 10-4/annum then the curve would move upwards with a greater proportion in the unacceptable region. 

Consequence Class

It was noted in Section 4.3.2 that it is illogical to have three different systems for assessing consequence class in the UK, and that it is desirable that a single system be developed and used.  

There appear to be the following options

a)
replace the system of consequence classes by F-N charts where the Panel Engineer would plot their estimate of LLOL onto a F-N curve, and make their own estimate of tolerability of risk

b)
adopt one of the three existing sets of consequence classes (Floods, seismic, RMUKR) as the governing system and abandon the other two

c)
subdivide Category A of FRS into 2 classes (A1 and A2), of PAR of 10 to 99, and 100 or greater; with a view to modifying the consequence classes for both the seismic guide and RMUKR to be consistent with this.

The advantage of ‘a’ is that the risk to life is more explicit, and that as LLOL depends on warning time it would allow for the existence and assessed effectiveness of any emergency/ evacuation plan.  However, the disadvantage is that it is more complex and requires more input to determine LLOL, compared to the estimate of PAR.  

In relation to Option ‘b’ the existing flood guide has the disadvantage that it does not differentiate consequence classes where the PAR is greater than 10.  On an F-N plot these would therefore span from acceptable across to unacceptable.  This is considered to be too coarse.

The seismic consequence classes could be adopted, but have not gained widespread use in UK, do not allow for developments since 1982 in risk analysis and span from a PAR of 1 to 100 as one class which is again too coarse.  RMUKR has the same disadvantage that its consequence classes are coarse, spanning large ranges of PAR.  

It is therefore considered that a modification of the existing flood system is more likely to gain acceptance and ‘c’ is accordingly recommended.  This would be subject to a caveat that where more detailed consideration is justified, then F-N curves may be used, as a more detailed analysis to replace the fallback analysis.

Options for reducing risk to within the tolerable region: Emergency plan

It is of value to consider the ways in which the risk can be moved into the acceptable/ tolerable zones.  For a high hazard dam one way of moving into the tolerable zone is to institute and maintain an effective emergency plan, that could be implemented and would reduce the fatalities in the event of a dam break.  The potential impact of this can be seen by comparing the two curves in Figures 4.3 and 4.4; the impact of an effective emergency plan would be to reduce risk similar to changing from all near field casualties to far field.

Options for reducing risk to within the tolerable region: Structural measures
The curves on Figure 4.3 represent the sum of all risks; as estimated in Section 2 and shown on Table 2.13.  Clearly the numbers within this table are debatable, but it forms a framework in which risk can be considered.  For Category A dams this table suggests that the most effective way to reduce risk would be to reduce the annual probability of failure by internal erosion.  Nevertheless even if this could be reduced to be similar in magnitude to the risk from floods, the probability of failure would only reduce by say ½ or 1/3, which would be insufficient to move the datapoint for a PAR of 1000 from the unacceptable to the tolerable zone.  It is therefore clear that the option of reducing risk by structural or other measures to reduce the probability of failure may be practicable in some cases, but may often be impractical such that reliance has to be put on the effectiveness of emergency plans if fatalities in the event of a failure are to be limited to those in the tolerable region.  It is concluded that for Class A1 dams an emergency plan should be mandatory.

1.16.5 Summary of Conclusions

The conclusions from the various subsections examining different aspects of the issue of assessing the tolerable annual probability of failure of UK dams are as follows:

Consequence class

It is considered illogical to have three separate definitions of consequence class in use in UK (Table 4.3), it is therefore recommended that the three systems are reviewed and modified to form one system of assigning consequence class for all threats to UK dams.

It is also considered that the current system for flood standard by only considering one consequence class for PAR greater than 10 does not reflect the societal desire that the risk should reduce by an order of magnitude for each increase in potential fatalities in the event of a failure of a dam.

Following identification and comparison of a number of options it is proposed that the existing Flood Categories by adopted as the overall UK system for hazard class, except that Category A be subdivided into two classes, one for PAR of more than 100 (Class A1) and one for PAR of 10 to 100 (Class A2).  This would be subject to a caveat that where more detailed consideration is justified, then other techniques may be used, as a more detailed analysis to replace general design standards.  Based on Figure 4.1 about 20% of UK dams would come into this new Category A1; the reliability of the data on this figure is, however, probably not high.

Emergency plan

In principle the implementation and maintenance of an emergency plan for every high hazard dam should reduce the loss of life in the event of a failure.  It is recommended that 

a) an emergency plan is mandatory for all Class A1 dams (population at risk greater than 100) (this has subsequently been changed to all Class A1 and A2 dams, following the change in definition of the class from population at risk to Likely loss of life)
b) research be carried out by others into the definition of what could constitute an emergency plan, and the extent to which reliance may be placed upon a ‘reliable outlet’ to lower the reservoir in the event of problems rather than having in place an emergency evacuation plan.  This should include a review of international practice in outlet capacity and what capacity outlet would be acceptable as an emergency outlet for UK dams and conditions.

Figure 4.1
Distribution of Population at risk for UK dams

Figure 4.2
F-N Chart with current Standards for Floods and Seismic Events

Figure 4.3
F-N Chart with current overall annual probability of failure for UK dams (from Table 2.13) for whole PAR in near field

Figure 4.4
F-N Chart with current overall annual probabilities of Factors of UK dams (from Table 2.13) for whole PAR in Far-Field (emergency plan)

FEASIBILITY OF ESTIMATING OVERALL PROBABILITY OF FAILURE

1.17 Introduction

This section considers the criteria, constraints and options for an Integrated System, concluding with a discussion of the practicality of such a system.  It therefore addresses item (c) of the Specification. Background information is given in Appendix G.

It is organised as follows

· consider what constitutes the minimum output from an Integrated System

· the level of detail of this output

· precedent for systems that could form prototypes for an Integrated System

· constraints on any Integrated System

· discussion of possible techniques for assessing dam safety

· how the annual probability of external threats may be estimated

· how the probability of failure due to internal threats may be estimated

· discussion of the feasibility and practicality of an Integrated System

It is noted that Objective ‘c’ is limited to the issue of “could a system be devised”, and if the conclusion is yes, then the system is devised and trialled in Milestone 4.  Thus throughout this section only the following two threats and mechanisms of deterioration are considered which represent the two broad groups established in Section 2.2.3, rather than all types of threat:-

· extreme rainfall leading to inflows in excess of spillway capacity

· internal stability (geotechnical)

This section considers only dams which are more than 5 years old i.e. dams that have to some extent been tested by “proof loading” and have survived (or remedial work carried out).  This is important as it reduces the likelihood of some mechanisms such as stability, where if there were problems in the original design these would in most cases become manifest during construction and first filling, rather than after some years of operation.

Note: This section was written in the middle stage of the research contract, and experience in devising and trialling the Integrated System means that internal stability (geotechnical) was subsequently changed to internal stability (embankment). The original terminology has been retained in this section for historical completeness.
The important drivers that encourage the development of an Integrated System were discussed in Section 1.4 and are not repeated here.

Definition of an Integrated System

1.17.1 Basis of an Integrated System

Specification Objective ‘c’ asks “whether an Integrated System of assessing possible threats to dam integrity could be devised where standards for reservoir spillway capacity are determined in association with other features of dam design, condition and operation”.

Dams are subject to a wide range of influences and processes, as summarised in Figure 1.1.  In particular there are two main groups of threats acting directly on the dam, specifically external and internal threats as defined in Section 2.2.3.  

Standards for external threats such as reservoir spillway capacity (set out in Floods and Reservoir Safety) and earthquake (set out in ICE, 1998) are currently generally probabilistic, in that a design return period for an incoming flood is specified related to the hazard class of that dam (the consequences to the public if the dam failed).

Standards for internal threats such as internal stability (geotechnical) are currently generally determined by the individual Panel Engineer, based on his experience and judgement, and using Engineering Guides published over the last few years.

Assessment of the threats to dam integrity therefore currently uses different techniques for the different groups of threats, which means that comparison must be largely opinion based.  An Integrated System as envisaged in the specification would provide a common standard of comparison between both external and internal threats and also between different individual threats within each group.  

One option is that such an Integrated System would provide quantitative estimates of the annual probability of failure for all the threats to a particular dam.  This would then provide an overall annual probability of failure which allowed the use of both FN curves, and techniques to assess whether the ALARP principle has been achieved (e.g. use of graphs of risk reduction versus cost, and computation of cost-to-save-a-statistical-life).

An alternative is that to avoid quantifying annual probability each time for every threat an Integrated System could define required standards for some of the threats.  These standards could be a qualitative scale of assessment or some form of analysis other than directly quantifying the annual probability of failure, and would be defined as part of devising the Integrated System.  However, it is considered that for this to be acceptable the standards set must be based on quantitative annual probability and the methodology used to define these standards must be transparent to users of the system.  

If this quantitative basis were not present, then the system would be ‘disintegrated’, in that the standards would be set in isolation of each other, and would still be opinion based, rather than defendable to third parties.  Moreover such a disintegrated qualitative based system would have the significant disadvantage that it removes the ability to directly use a quantitative ALARP test.

It is therefore considered that 

a) to be meaningful any Integrated System must be underpinned by a defendable quantification of annual probability.  

b) systems which are wholly qualitative are not candidates for an Integrated System as defined in the specification for this project.

Threats were distinguished from failure modes in Section 2; it is considered that any system should be based on threats rather than failure modes, since this considers the root causes rather than the symptoms of the problem.

 An Integrated System could be viewed as a system to rank the various threats to dam safety by estimating the overall probability of failure. However, this is of little value unless the tolerability, or otherwise, of this probability can be assessed in some way.  It is therefore considered that any form of Integrated System is in effect a system for carrying out Risk Assessment, as defined on Figure E.1 in Volume 2 of this report. Such a system would not in itself cover any subsequent steps of assessing how safety could be improved, although it could be used to evaluate the safety of the dam for “what if” scenarios of upgrading works.

1.17.2 Level of detail of assessment

There are several levels of assessment of the safety of a dam, the amount of detail varying with the purpose of the assessment, size of dam, consequence of failure and resources available. McCann (1998) defines five levels of risk analysis, comprising in increasing complexity scoping, ranking, detailed, comprehensive and full scope. His Table 1 is reproduced here as Table 5.2.

This research contract is focussed on the management of dam safety in the UK. This is carried out through a system of periodic (not less often than 10 years) inspection of each dam by a Panel Engineer, appointed to the appropriate Panel by the Secretary of State, appointed by dam owners to carry out periodic Inspections of each dam.  Any System for use for risk assessment of dams in UK should therefore be suitable for application by a single engineer to a single dam (as well as for prioritising work within a portfolio of dams).

A Section 10 Inspection is only required to assess whether the dam is adequately safe in its current condition and in relation to the hazard it poses.  For low hazard dams the answer may well be affirmative, such that it is unreasonable to expect owners to expend major sums on risk assessment.  It would therefore be sufficient for any Integrated System to be limited to be a Level 2 analysis as defined by McCann (1998), to assist in the periodic assessment of the tolerability of risk posed by the dam.

Required Output

The output parameters that any Integrated System must therefore deliver are listed in Table 5.1. 

Table 5.1
Output required from an Integrated System for an individual dam

Output


1a
Annual probability of occurrence of threat

1b
Conditional probability of failure given the occurrence of the threat

1
Annual probability of failure due to an individual threat (= 1a  x  1b)

2
Overall annual probability of failure from all threats i.e. combining different threats to give an overall annual probability

3
Consequences of failure, in terms of both likely loss of life (LLOL) and economic loss

4
Either:

Overall risk (Overall annual probability of failure x consequence) 

Or: 

What is an acceptable overall annual probability of failure for a particular hazard class (this is the approach currently adopted in UK for floods and earthquake)

5
Some measure of tolerability of that risk

The existing system of Engineering Guides each sets out the desirable standard for resisting one threat, but sometimes does not quantify them in terms of annual probability (Output 1) and in all cases does not provide a system for comparing the annual probability of failure due to that threat with that of other threats (Output 2).  

The essential feature in any Integrated System will therefore be Output 2, which allows the quantitative comparison of different threats.  It is therefore this issue that is addressed in the remainder of this section, leaving Outputs 3 onwards to be discussed subsequently if it is considered it is feasible to make a meaningful estimate of the overall probability of failure of a dam.

Table 5.2
Summary of risk analysis levels (as Table 1 of McCann, 1998)
Level
Type
Objective
Scope/Application

1
Scoping
Provide an initial insight to the potential vulnerabilities of a dam and the system operations. Results can be used as input to more detailed levels of analysis.
This analysis involves an identification of the hazards or initiating events that may impact a dam, a failure modes and effects, and criticality analysis for components in the dam system. A simple, qualitative systems model is developed (e.g., event tree, fault tree model, reliability block diagram). The results provide the dam owner with insights into the vulnerabilities of a system and a qualitative measure of the risk of dam failure. Consequences are identified, but not modelled. 

2
Ranking
Develop priorities for further analysis, inspection; support for planning studies.
This is a quantitative analysis that consists of all the elements of a risk analysis. The analysis is carried out with the primary purpose of developing consistent results. Probability estimates are made by informal elicitation with procedural guidance, simplified engineering calculations, etc. Sensitivity analysis are performed; formal assessment of uncertainty is not made.

3
Detailed
To estimate the risk associated with dam operations based on available information, including an estimate of the profession’s understanding of how a dam will perform.
Results can be used to make decisions for a dam (e.g., dam safety modifications) if the consequences downstream or impact are significant. Limited defensibility is required. If expert input is required to make probability assessments, formal elicitation is required. Uncertainty analysis is performed.

4
Comprehensive
Same as Level 3; a higher degree of defensibility is required.
Differs from Level 3 in that technical issues may be more complex, use of experts to assess epistemic uncertainties is required and formal elicitation processes are used. More effort in gathering information may be required (e.g., borings, instrumentation, material testing). Uncertainty analysis is performed.

5
Full Scope
Same as Level 3; the highest degree of defensibility is required due to the level of consequences, the technical complexity of the problem, and/or the intended use of the study results.
Performed for cases in which the highest level of defensibility is required, there are major consequences downstream and/or to the company ($Billions) in the event of system failure. Major decisions will be made with regard to dam modifications. A full analysis of epistemic uncertainties is made.

1.17.3 Input data to and parameters for an Integrated System

Available inputs are

· NDD – database on UK wide performance of dam safety

· Measurable dimensions and features of elements of dams (intrinsic condition)

· Any evidence of previous adverse response to that threat (indicators)

· Annual probability of occurrence of external threats

The system used to represent the intrinsic condition and indicators of a previous adverse response, and thus assess the annual probability of a threat causing failure, would ideally include all of the following:

a) simplicity

b) reproducibility, so that different panel engineers of different experience and age would reach the same conclusions

c) they make sense and could be explained to non engineers and the public

d) they allow for interaction between threats (and thus that one indicator may be due to a number of different threats and/or mechanisms of deterioration)

e) considers all aspects of dam integrity (e.g. the various issues on Figure 1.1)

f) flexible i.e. providing a framework for judgement, rather than being prescriptive

g) ability to assess the impact of mitigation/ improvement measures

h) although focussed on a 10 year periodic safety review, should also provide a framework for

· subsequent detailed studies and assessing the value / benefits of risk reduction options, and 

· assessing portfolios of dams

i) have ways of cross checking the validity of output, which could involve using a second method as an independent check on the output from the preferred method. 

j) sensitivity studies can readily be carried out and, if possible, confidence limits assigned.

k) comprise some form of Rapid Method with standard proformas, similar to those for floods (ICE, 1996, Appendix 1) and earthquakes (ICE, 1998, Table A1),  in a format that could be included as an appendix to the Section 10 report and would be suitable as part of a safety case along the lines of HSE (2000)

l) provide a benchmark assessment of the dam safety against which the need, if any, for upgrades could be assessed, as well as changes in the condition of the dam with time.

For small dams which would not cause significant damage if they failed, it would often be inappropriate to carry out physical penetrative investigations of the dam.  Similarly for many old dams there are no record drawings of the internal construction of the dam.  For these dams it is likely to be necessary to rely on a scheme based on visual observation.

Precedent

1.17.3.1 General

This subsection summarises precedents for systems used in assessing the safety of dams, further detail on the various systems being given in Appendix E.

1.17.3.2 Attempts at an Integrated System

There have been a number of attempts at devising a system for assessing the safety of a dam. Some of these are based on a quantitative risk assessment, whilst other are based on a qualitative assessment by the Assessing Engineer.  Most of the latter are assessment systems developed for ranking the risk posed by individual dams within a portfolio of dams rather than providing a measure of individual dam safety (i.e. a portfolio risk assessment). None of these has been accepted as a fully reliable system.  All known systems, including qualitative systems are summarised in Table 5.3. Some of these are described in more detail in Appendix E.  

The earliest published quantitative systems which have been identified are McCann et al (1985) in the USA and Cullen (1990) in the UK.  The former does not appear to have generally been accepted because of the lack of subsequent publications using this approach, whilst Cullen concluded that “Probabilistic Risk Assessment is not yet a suitable tool for inspection work”.

Nevertheless risk assessment has recently received more interest, such that currently ANCOLD and ICOLD have draft risk assessment guidelines under peer review, the former recommending a quantitative approach based on both analysis and the use of historical data.  It was generally well received at a workshop in Auckland in late 2001, with publication now scheduled for late 2002.

The BOR also have a standard methodology for performing a full quantitative risk analysis, as described in Cyganiewicz & Smart (2000).  There have also been a variety of published papers on the use of quantitative risk assessment (QRA), including Bowles et al (1998) and Fell et al (2000).

1.17.3.3 Portfolio Risk assessment

In the last few years a number of “systems” have been developed for ranking the risk posed by individual dams within a portfolio of dams.  These have been developed primarily for owners in order to prioritise maintenance and upgrading work within  their portfolio, rather than identifying the risk of failure of individual dams.  These are included in Table 5.3.

It can be seen that there is no consistency in the structure of the systems.  The approach to the required output listed in Table 5.1 that has been adopted by these systems is summarised as follows 

Output


Annual probability of failure for individual threat(s)
Based  variously on threats, failure mode, indicators and intrinsic condition (refer to Table 3.3 for definitions)

All are qualitative scores, none producing a value of probability of failure

Scoring methods used either require the judgement of the assessor or are obtained from predetermined tables of indicators and/ or intrinsic condition to generate an overall score

Ranking relative annual probability of  threats
Varies from an average of the threats considered, to Expert Judgement, to predetermined proportions

Overall risk
Most give some form of ‘Condition Index’ (qualitative assessment of an overall annual probability of failure) and do not relate this to consequences, or the acceptable risk for a dam hazard class

1.17.3.4 High Hazard dams

There have been various attempts, for particular high hazard dams, to carry out quantitative risk assessment, but at present the output from these is not considered wholly reliable and often only addresses one particular threat, rather than being part of an Integrated System assessing all threats.

1.17.3.5 Conclusion

The issue of whether it is possible to quantify the annual probability of failure of dams is a subject area that research has been wrestling with for some years now, with some having strong opinions that it is not possible, and others that consider it is.  

On a world-wide basis a number of systems have been recently published and are being trialled which are qualitative.  Some are focussed at portfolio risk assessment (e.g. USBR, US Army Corps), whilst others are intended to allow qualitative assessment of a single dam (e.g. RMUKR).  None of these is yet well established, or has received feedback from use in a wide variety of situations.  

Systems using quantitative risk assessment (QRA) are being used in Australia (e.g. Bowles et al, 1998) and by BOR (Cyganiewicz & Smart, 2000) whilst the 2nd Edition of the ANCOLD Guide will be based on using QRA for both preliminary and detailed risk assessment against absolute standards as well as portfolio risk assessment.  

It is concluded that

a) there is no clear precedent for the basis of a system for the assessment of dam safety, with systems in current use having a wide range of terminology, structure and basis

b) both qualitative and quantitative systems are being developed and trialled, with neither yet well established 

c) If this study recommends an Integrated System is possible this would be at the forefront of international practice in dam safety. 

Table 5.3
Summary of existing attempts at an "Integrated System" and systems for “Portfolio risk assessment”

Author 

Assessment system for individual threats
Combining 
Output
Remarks

(ordered by date)

Type (as Table 5.4)
Based on
No
Scoring of assessment system
effect of threats



McCann
1985
An
Threats
3
QRA 
Add annual probability
Overall annual probability of failure
No evidence for subsequent use in the US

Cullen
1990
An
Threats

QRA (preliminary system only
Add annual probability
Overall annual probability of failure
Concluded that “PRA is not yet a suitable tool for inspection work”.

Portuguese

Da Silvera et al
1993
EnJ
Threats
9
1 to 6, generally on description
Average
Global index
2 factors for consequence (reservoir volume and downstream installations)

Brazilain

Keuperman et al
1996
EnJ




Index
Qualitative

Bowles et al
1998
An + HP


QRA

AP of failure. Also comparison to conventional .standards
Example of QRA used in Australia

US Army Corps
1999
ExJ + EnJ
Intrinsic condition
10
Use predetermined detailed tables
Expert Judgement
Overall Condition indicator (0 to 100)


Canadian Dam Association
1999
Trad
Threats for Ext., modes of failure for Int. 
-
Traditional assessment of safety factor for stability,


Probabilistic risk methods may be used in assessing the safety of an existing dam (Section 1.5)

BOR – Risk based profiling system
2000
EnJ
Threats
4
Use predetermined detailed worksheets
Defined % of total
Failure index
FI includes PAR (not damage and loss)

BOR - Full
2000
An
Threats

QRA
Add
AP of failure


RMUKR
2000
EnJ
Indicator
34 (typ)
1 to 5, for each of conseq., likelihood and confidence
Not combined
Ranking of individual symptoms 


UK Embankment dam upgrade (Babtie)
2002
EnJ
Failure mode (stability, internal erosion)
2
Judgement by assessor, assisted by comparing to "baseline"
Not combined
Risk of slide or internal erosion within range

-10  to +10


ANCOLD
2001

(draft)
An + HP
Threats
3
QRA using analysis, historic performance and judgement 
Add annual probability
Overall annual probability of failure


Note 1. Although BC Hydro have carried out extensive research, and published many papers they have not proposed a formal “system”

1.18 Overview of Techniques for assessing the safety of a dam

1.18.1 Introduction

This section 

· identifies and reviews the various techniques that may be used to quantify risk,

· assesses the suitability of these techniques to be applied to the two main groups of threats, namely external and internal threats 

· concludes with the techniques that will be considered for use in an Integrated System.

1.18.2 Available techniques

There are several ways of assessing the safety of a dam, as summarised in Table 5.4.  More detailed discussion is given in Section C6.7-2 of ANCOLD (July 2001) and Appendix G.

The only techniques which generate an annual probability, and are therefore suitable as candidates for the basis of any Integrated System are

· Analysis, 

· Historic performance 

· Expert judgement

The other techniques do not generate an annual probability and are therefore rejected as they cannot be underpinned by a quantitative estimate of the annual probability of failure (although they can be used to support and refine the above).  The exception is Engineering Judgement, which remains essential for the reasons given in the table. The three techniques which can generate an annual probability are discussed in detail in subsequent sections.

Estimates of annual probability can be as simple or as complicated as the originator likes.  In view of the relatively limited state of knowledge in respect of some threats to dam safety an Integrated System will have to focus only on the primary issues.  The challenge in considering the strategy for an Integrated System will therefore be in sufficient pruning of event trees and other QRA techniques to make the system workable, without simplifying so much that the system no longer matches reality.

Table 5.4
Toolbox of possible ways of assessing the safety of dams


Type (alphabetical order)
Remarks/ arguments for or against

An
Synthesis (analysis) of expected annual probability, based on an understanding of the process
Includes reliability analysis (e.g. Monto Carlo simulation) and logic diagrams.

The clearest way of achieving ‘dam specific’ assessment.

Where there are a number of related threats a system would require loads/ resistance expressed as probability density functions

EnJ
Engineering judgement

(NB this is different from Expert Judgement- see definitions below and Terminology)
This is essential both in directing which threats are considered using other techniques, and in reviewing the output from any Integrated System.

ExJ
Expert judgement
Includes probability mapping schemes (e.g. Hartford, 1998).

In general Dam Engineers do not have any experience of expert judgement; it is considered to be a technique which will become increasingly useful in the future

HP
Historic performance, adjusted for ageing and to site specific dam 
Some put forward the argument against that each dam is “unique” so historic performance is inappropriate.  However, where the assessment of historic performance is based on a large population of dams which cover a range of dam types the data becomes meaningful and is invaluable both for preliminary analysis and as a “sanity check” of other techniques.

RR
Risk Register
Can include possible mitigation measures to reduce risk, and residual risk if these measures are implemented.  However, most systems rely on qualitative scoring by ‘experts’ both for the level of risk and the relative ranking from different threats.

TR
Traditional
Considers each threat in isolation, and does not provide any quantitative measure of the annual probability of failure

1.18.3 Definitions of Expert and Engineering judgement

The terms engineering judgement and expert judgement are used in many different ways by different authors.  The definitions used in this report are given in the Terminology section of this report, being as follows

Expert Judgement
The opinion of the quantitative likelihood of an event elicited by a trained elicitor under controlled conditions, and which satisfies axioms of probability theory

Engineering Judgement
The professional opinion of an appropriately qualified engineer.

Engineering judgement was defined by Peck (1969) as a “feel for the appropriateness of a solution, from the narrowest technical details to the broadest concepts of planning”.

An important contribution to differentiating these terms is the paper by Skipp and Woo (1993), produced as part of the output generated by the Seismic Hazard Working Party of Nuclear Electric plc.  Table I of their paper is reproduced as Table 5.5 and although somewhat overstated does highlight that expert judgement sensu stricto is a more formalised process with a much greater focus on repeatable quantitative output. 

Table 5.5
Attributes of Engineering Judgement and Expert Judgement  (Table I of Skipp & Woo, 1993)

Engineering Judgement
Expert judgement

Not constrained by formal logic
Constrained by formal logic

Cannot be easily calibrated
Can be calibrated

May incorporate conservatism
Must be true opinion

Tends to heuristic and holistic
Focuses on parameters

.  

This is consistent with:

a) textbooks such as Vose (2000) who devotes a chapter to defining probability distributions from expert opinion.  The output is often a triangular distribution of the probability of a value (i.e. minimum, most likely and maximum values the expert believes the value could take).  

b) Lees (1996, Section 9.9) who describes the use of expert judgement to obtain data on event annual probability or probability, where this data is not otherwise available. It notes that an account of expert judgement is given in Eliciting and Analysing Expert Judgement: A Practical Guide (Meyer & Booker, 1990).

1.18.4 Annual probability of failure by Analysis

Estimating the annual probability of failure is in principle straightforward, with two main elements in the analysis as follows 

a) production of annual probability curves to define a loading domain (i.e. flood or earthquake AP curves) – see Figure 5.1

b) estimated conditional probability of failure (the system response) given a particular loading event – Figure 5.2 illustrates this in the case of flood related failure

At its simplest a single load is chosen to represent ‘b’, which then leads directly to the annual probability of the event that would cause failure. This is true where all of the following apply:-

· a single independent mechanism of deterioration 

· little uncertainty in the magnitude of the load 

· little uncertainty in the dam response 

The term Imminent Failure Flood (IFF) is used in some publications for the magnitude of the flood which just causes failure due to overtopping.  Here the depth of overtopping necessary to cause imminent failure is estimated, giving a corresponding return period (annual probability).  This concept was established in Australia in 1986 and termed the imminent failure flood (IFF).  In the 2000 edition ANCOLD has changed to the flood where the flood rise just reaches the crest of the dam (Dam Crest Flood) because of political problems in one State with the concept of a dam being in a state of imminent failure.  The concept of an IFF was also referred to in Appendix IV of ICOLD Bulletin 109 (1997).  However, this single load will be referred to as a Critical Flood, as a term more likely to be acceptable than IFF.

It should be noted that this single load should strictly be the integration of the conditional probability of failure (system response) over the range of potential load. If the critical flood is the level at which it is certain that the overtopping will cause failure, then this method will underestimate the probability of failure, because of the finite (non zero) chance of failure from a slightly smaller flood.  So strictly the critical flood needs to be a little lower. However, at this stage it is sufficient to consider it as the flood which will just (say 95% probability) cause failure, and to ignore the fact that the resulting AP of occurrence of this flood should be multiplied by 0.95 to obtain the probability of failure.  In subsequent refinements of the system the error in this simplification will need to be evaluated, by going through the process of integration over the range of potential load below.

Where the above do not apply, such that the conditional probability of failure given the application of a load has a wide spread, or there is more than one mechanism of deterioration due to a threat, then

· the system response curve has to be produced (Figure 5.2) and be integrated with the loading annual probability (Figure 5.1) to obtain the overall annual probability of failure 

· this can be done by breaking down (partitioning) the system response and loading annual probability into a number of discrete ranges (as described in Appendix G).  

In this situation the greatest risk of failure may not come from the most extreme load, but from more frequent loads which have an appreciable conditional probability of failure.  Techniques for partitioning the load and integrating the loads with the system response are given in Appendix G.

It will often be difficult to define the entire system response with any certainty; nevertheless it should normally be possible to define the points of 5 and 95% conditional annual probability of failure i.e. where failure is very close and where failure is unlikely.

1.18.5 Annual probability of failure from Historical Performance

1.18.5.1 General

Data on the performance of UK dams is available from the NDD, with the available data, its limitations and the estimated AP of failure and incidents discussed in Section 2 and Appendix C.  Some of the factors affecting the accuracy and application of the estimated probabilities are given in Table 2.5.

One of the main issues relating to use of this data is that it is documented by the observed mode of failure, rather than by the threat which initiated the failure (partly as the latter is not always known).  Thus we are unable to directly use the data as recorded in the database and need to correct it from ‘mode of failure’ to ‘threat’.  There are also a number of other factors where adjustment of the observed data may be deemed appropriate or necessary, and these are summarised in Table 5.6.  

An important factor to note with data on incidents is that it represents the performance of the worst minority of the dam population, and does not tell us anything about the probability of failure of the great majority of the dam population. Thus Steps 1 to 4 relate to performance of the worst minority of the dam population, whilst Steps 5 and 6 relate to a specific dam. This is illustrated on Figure 5.4, which shows two hypothetical dam populations and how various measures of dam performance would compare.  This is discussed further in the next section.

Steps 1 and 2 are reasonably robust in terms of justifying the methodology.  Subsequent steps are more problematic, demanding increased levels of judgement.  The step which has by far the biggest effect on the AP estimated for the dam under study is Step 5, correction from an average annual probability for a particular type of dam to a specific dam.  However, this is the most difficult step to quantify and this is discussed below. 

Table 5.6
Possible correction factors in adjusting historical AP of failure by a mode of failure for all dams, to AP of failure due to a threat at a single dam

Step

Source
Remarks

1
Annual probability of failure by the failure mode of interest of all UK dams e.g. internal erosion
Table 3.10, column 12
Based on performance 1975- 2000 as recorded in NDD, using the ratio of incidents by mode of failure.  

2
Correction factor for type of dam e.g. puddle clay
Table C.7, or Fell 
Discussion in Appendix C7.4

3
Adjustment from “failure mode” to “threat” e.g. correction from fail by internal erosion, to the threat of Internal stability (geotechnical)
Judgement, e.g. Table 6.4
Reduced as annual probability of failure by internal erosion may also be caused by extreme rainfall or earthquake

Increased as failure due to internal stability could also occur due to sliding

4 
Historic AP of failure by “threat” for a given dam type e.g. internal stability (geotechnical) for puddle clay dam
= 1*2*3


5
Correction from AP of incident for whole dam population to AP of failure of specific dam, based on intrinsic condition and indicators 

Discussed in next sub-section 

6
Is correction for ageing and other time dependant processes necessary? 

Discussed in following sub-section

7
Estimated AP of failure for specific dam due to threat e.g. internal stability (geotechnical)
=4*5*6


Adjustment of historical AP of whole dam population to specific dam (Step 5)

In adjusting the historical annual probability of failure of all dams to a specific dam the following issues need to be addressed:-

a) to what element of the dam population does the available data relate to?

b) how is the current condition of the subject dam ‘measured’?

c) what probability of failure does this condition relate to?

The simplest method is to rely on a qualitative scoring system using visual assessment to describe its current condition.  This is well established in portfolio risk analysis, although not related to the annual probability of failure, with the data in Table 5.7 being available to differentiate the condition scores.  This approach often considers a baseline, or ‘average’ dam, to which correction factors are applied.

Table 5.7
Data relevant to correction of annual probability of failure to specific dam

Factor providing input to dam specific correction of AP of failure
Remarks

Indicators (including monitoring e.g. instrumentation) of both absolute level and change in condition
Provides evidence of any previous, or ongoing adverse response

BOR have predetermined tables relating correction factor to condition of dam

Intrinsic condition
Some allowance for this may already have been allowed for in obtaining the base AP of failure of the  type of dam (Step 2)

It affects the potential for a particular problem

Contributory factors to the annual probability of failure
Operational features, such as % time the reservoir is more than 90% full 

Others are shown on the bottom rows of the event trains in Appendix J

McCann et al (1985) included Step 5 in the form of tables relating indicators to an evaluation scale of condition (1 to 10); this scales then being related to correction factors of typically between 0.1 and 20 relative to the baseline.  McCann described this process as using a Bayesian probabilistic model (Expert Judgement), but did not include the basis on which the likelihood functions were derived; moreover the resulting annual probabilities of failure were understood to be higher than practical experience showed (see section on FEMA in Appendix E).

Foster et all (1998, ANCOLD conference), gives the average frequency of failure for different types of dam based on the observed performance of Australian and American dams. These averages for each type of dam are then corrected by up to 20 factors relating to intrinsic and current condition.  The worst and best possible scores are plotted as condition evaluation scores 1 and 10 for comparison with McCann et al (op cit) on Figure 5.4.

However, when using historical data on incidents the concept of a baseline (average) dam is inappropriate, as the data is on the minority of dams which have experienced poor performance in the form of an incident (or failure).   Moreover the use of average (mean) performance will be conservative, as with the wide range of probability applicable here the average is likely to be at least an order of magnitude higher than the median, as indicated on Figure 5.3.

In this situation the historical data can be used to provide probabilities of poor performance, but a different approach has to be taken to estimate the probability of failure of the best dams.  Here the annual probability of failure can be estimated for the best and worst case dams, following the steps in Table 5.8, with AP of intermediate condition dams read directly from a relationship similar to Figure 5.4. 

Table 5.8
Steps in process of relating probability of failure to condition score for a threat

Steps
Step or assumption in process of assigning probabilities to each condition score
More detailed discussion given in Section

1
Use conditional probability of failure of a poor quality dam (where an  incident has occurred) to provide an upper bound (worst condition dam) anchor point to the relationship between annual probability of failure versus condition
 2.4.3.3

2
Estimate the annual probability of failure of the best condition dam to provide a lower bound (best condition dam) anchor point for the variation of annual probability of failure with condition score.
6.4.3



3
Devise a system of description that provides a continuous transition  from good condition (the anchor point) to poor condition (Incident).  The number of steps in the system is a matter of judgement, and likely to be between about 5 and 10 such that the steps of increase in probability of failure between condition scores are reasonable (not too large).
6.4.4

4
Provide a matching continuous transition of the annual probability of failure between the two anchor points, in Log- linear space (illustrated, for example by the straight line on Figure 5.4)


A possible variation of annual probability of failure with condition score for internal stability (geotechnical) is given on Figure 5.4, including comparison with the same relationship given by McCann et al (1985) for internal erosion.  The challenges are to 

· decide which level of incident(s) are used to define the anchor point(s) for the worst condition dams

· identify a credible value of probability for the best condition anchor point

· devise a system of descriptions in Step 3 that provides a reasonable distribution across the selected range of condition classes. 

This is discussed further in Section 6.4.

1.18.5.2 Correction for ageing and other time dependant changes in AP of failure

Ageing is an issue that is receiving increasing attention, with ICOLD issuing Bulletin 93 in 1994 and the subject being one of the questions for discussion at the next ICOLD Congress in 2003. Ageing is defined in ICOLD Bulletin 93 (1994) as ”deterioration that occurs more than 5 years after the beginning of operation” and “a class of deterioration associated with time-related changes in the properties of the materials of which the structure and its foundation are constructed”.  This definition is challenged as it is noted that ageing may improve the safety of the dam i.e. reduce the probability of failure, depending on the mechanism of ageing and covers how the propensity to fail changes with time.  

Notwithstanding the definition of ageing, change in intrinsic condition due to time dependant processes is likely to be masked by factors such as

· upgrading and other time dependant modifications to the dam by its owner

· changes in the way data on performance is collected, including the completeness of the data and definitions of failure/ incident etc

· climate change and other changes in external influences (e.g. as Figure 1.1)

There is currently no reliable quantitative information on the effect of ageing or other time dependent changes on the probability of failure.   The only possible exception is climate change where research is ongoing, with a research report concluding that most reservoirs show a +5% sensitivity in total surcharge level to the joint worst case projection of storm rainfall and windspeed changes for the 2050 time horizon (Babtie, 2002).

It is considered that for the dam population as a whole the effect is likely to be less than 20% over a period of decades, such that its effect is less than the other uncertainties in the process.  At this stage of database development and knowledge no explicit correction will be made for time dependent changes, relative to the performance indicated by the database for the period 1975 to 2000.  However, it is an issue that should be considered as part of the overview of the safety of an individual dam, and at some dams there may be trends of behaviour or clear time dependent external influences which justify some adjustment of the estimated AP of failure for that dam.

1.18.5.3 Summary and conclusion

Where data on the historical performance of dams is to be used to estimate the current probability of failure of an individual subject dam, then it must be appreciated that the historical data only provides data on the poor condition dams (where an incident has occurred).  Thus the concept of an average dam is of little value, instead the concept of best and worst case dams provides a means to estimate the probability of failure of the subject dam.  The process is shown in Table 5.8 and Figure 5.4.

In addition to this constraint it is important to identify how the available data relates to the subject dam for which the probability of failure is to be estimated.  Table 5.6 presents the correction factors that are required when using data on UK dams held in the NDD.  This is discussed further in Section 6.

1.18.6 Annual probability of Failure using Expert Judgement

The only precedent identified for formal expert judgement applied to dam safety is the process by the US Army Corps of Engineers for assessing the relative importance of different threats, which are elicited from a panel of experienced engineers in a week long session (see Appendix E.6.5).

One of the other main areas of Expert Judgement is in devising the system response to a particular threat, i.e. in assessing the conditional probability of failure given a particular loading combination.  Once this system response has been assessed, it can then be integrated with the annual probability of occurrence of that threat in the same way as for estimating the annual probability of failure by analysis (described above).

In some cases, use is made of probability mapping schemes (PMS) where estimated conditional probabilities are related to verbal descriptors of likelihood.  Examples of such a mapping scheme are reproduced in Table 5.9 and show the wide range of probabilities assigned to one term.

Table 5.9
Examples of probability mapping schemes (probability assigned to qualitative terms)

Descriptor

Probability



BOR (1999), Cyganiewicz 
Clayton (2001b, page 54)



& Smart (2000)
example one
example two

Virtually certain
0.999

>70%

Very likely
0.99
> 1 in 2 (probable)
50-70%

Likely
0.9
1 in 10 to 1 in 2
30-50%

Neutral
0.5



Unlikely
0.1
1 in 100 to 1 in 10
10 to 30%

Very unlikely
0.01



Virtually impossible
0.001
< 1 in 100 (negligible)
<10%

The usefulness of such PMS needs careful consideration.  In the context of dam safety, analysts are often concerned with very low probabilities, which are completely off the scale of mapping schemes.  Also the verbal descriptors mean different things to different people.  Hartford (1998) provides a good discussion of mapping schemes.  These schemes are considered to have a place in the context of dam safety, provided their limitations are recognised and sensitivity studies carried out.

The significance to this project is that it is considered that

a) any Integrated System needs to recognise and understand the difference between engineering and expert judgement

b) expert judgement is a tool that could be used both in a long term move from the use of historical performance towards analysis, and as a check on output from other methods of QRA.

1.18.7 The role of Engineering Judgement

Engineering judgement is considered an essential part of any Integrated System, for a number of reasons

a) to limit the analysis to the prime causes of failure, rather than wasting time and effort on remote likelihood events

b) avoiding the problems that are believed to have occurred with previous quantitative systems, where the output from any analysis was not tempered with practical experience (although it must be recognised that the latter may be misleading in relation to the effects of climate and other change in our environment)

The continued use of Engineering Judgement is therefore essential both in directing the threats which are considered in the Integrated System, and in reviewing the output from the system.

1.18.8 Order of preference of techniques

It was concluded in Section 5.3.2 that three of the six techniques in Table 5.4 generate an annual probability, and can therefore be used as the basis of an Integrated System, namely Analysis, Historic performance and Expert Judgement.  One of the criteria for any Integrated System is that it provides a repeatable and reliable quantification of annual probability.  In terms of meeting this criterion the order of preference of these three techniques is considered to be Analysis, with the subsequent two equal in preference, although Historic performance is probably of more general applicability.  Expert Judgement require “experts” and thus is not of general applicability, being more of a research tool, or for use on extremely high hazard dams.  

Hence analysis should be used as the basis of an integrated system unless the input data or output is considered sufficiently unreliable that other techniques should be used, when historical performance would be used.

The value of having a variety of independent techniques should be noted, as the output from one technique can then be used as an independent check on the output from a different technique.

1.19 Feasibility of an Integrated System 

1.19.1 Introduction

At Milestone 3 two sample representative threats were considered, one external (extreme rainfall) and one internal (internal stability – geotechnical).  The main findings are summarised below.

1.19.2 External threats

External loads such as floods and earthquake (Box E of Figure 1.1) are independent events and occur regularly, can be measured and extrapolations made to estimate the magnitude of extreme events that could cause failure of the dam.  Estimating the annual probability of occurrence of an external threat is therefore in principle relatively straightforward, although the confidence limits are likely to be broad where extrapolated from a limited data set.

Estimating the conditional probability of failure given the occurrence of an external threat is more complex, with engineering traditionally adopting safety factors rather than probabilistic techniques.  Thus the system response was traditionally modelled by estimating the mean response and ensuring it was safe by providing redundancy in resistance (a safety factor).  Modern practice is moving away from this towards probabilistic techniques by considering the limit state and in using partial safety factors (e.g. Day, 2000; Driscoll & Simpson, 2001).

It is concluded that for external threats the preferred technique is analysis.  There are a great variety of analytical techniques, ranging from relatively simple calculation of a failure load, through definition of system response by a graph of conditional probability of failure against load (Figure 5.2), through to logic diagrams and reliability analysis (e.g. Monto Carlo simulation).  For the sample threat considered (extreme rainfall leading to inflows in excess of spillway capacity) it is considered sufficient to calculate the dam critical flood and thus derive directly the annual probability of failure.  

1.19.3 Internal threats

Internal threats were defined in Section 2.2.3.  These  

a) do not normally occur as independent events (and thus are not amenable to statistical analysis) and 

b) it is often difficult to measure directly the occurrence of the threat (and thus it is not amenable to analysis of trend or other time or dose related analysis of some measured parameter). 

An example of an internal threat where the process is well known, amenable to measurement and analysis is the failure of a bearing, illustrated schematically in Figure 5.5.  Although it may ultimately be possible to apply similar techniques to internal threats, the level of current knowledge about processes that affect internal stability is not sufficient to enable the application of similar techniques to assess the annual probability of failure due to internal threats.

Foster and Fell (1999) have carried out research on the ways of assessing the probability of failure of a dam by piping using event tree methods, with conditional probabilities on the event tree determined by “expert panels”.  However, their report includes 18 tables with guidance on the likelihood of various events within the event tree.  It is considered that this range of uncertainty and judgement is unlikely to lead to repeatable or reliable estimates of annual probabilities of failure. 

The BOR are using event trees in conjunction with historical data as part of detailed risk assessment at selected dams, as described for example in Dise (1998). Although this level of study may be justified for some high hazard dams it is not a practicable technique for a Level 2 risk assessment carried out as part of periodic Inspection.

It is concluded that at the present time it is impractical as part of a periodic inspection to quantify the annual probability of failure for internal threats using analytical techniques.  Thus the only possible practicable techniques for internal threats at present are the use of historical data and expert judgement, supported by engineering judgement to ensure the results are realistic.

It is noted that Foster, Fell and Spannagle, (2000) describe the University of New South Wales (UNSW) method for assessing the relative likelihood of failure of embankment dams by piping, based on historical data, and a similar approach seems reasonable for UK dams. 

A literature review of published information on the performance of dams was given in Appendix D.4, whilst the available data from the NDD on the historic performance of dams in UK was summarised and discussed in Section 2.  The main features that distinguish the NDD dataset from previous attempts to use historic data are in providing

a) data for a subset of one owner where the data is considered to be reasonably complete allows calibration of the completeness of the dataset of the whole UK population of dams. 

b) data on incidents, which can be used to calibrate the probability of failure of a dam in poor condition

For embankment dams there are 2100 dams in the NDD dataset which means there is a reasonable number of incidents to provide data on historic performance and thus provide estimates of the annual probability of failure.  These estimates are considered to satisfy the tests of repeatability and reliability, such that they may be used in an Integrated System.  The method for using this data was presented in Section 5.3.5, and is developed in Section 6.4.

However, this does not apply to concrete/masonry dams and service reservoirs, where the data currently available on historic performance is less reliable, and considered insufficient to justify their use in an Integrated system.  

Although there are inevitable uncertainties in the reliability and applicability of both analytical techniques and historical data, this can be controlled and to some extent be quantified by ensuring that sensitivity studies are carried out, and where possible confidence limits calculated.  Moreover as experience is gained in applying the system, the real limitations can be identified and understood and the system modified to mitigate these uncertainties.

1.19.4 Conclusions

The main conclusions may be summarised as

a) any Integrated System must be based on a quantitative assessment of the probability of failure, to allow meaningful comparison between threats, particularly external and internal threats

b) analytical techniques are generally practicable, repeatable and reliable for external threats

c) currently the likely annual probability of failure due to internal threats cannot be estimated reliably using analytical techniques and for these the data on historic performance of embankment dams provides a methodology for estimating the annual probability of failure.

d) Engineering Judgement will be an essential part of the Integrated System both in directing the threats which are considered in the Integrated System, and in reviewing the output from the system.

e) an Integrated System is therefore considered feasible for embankment dams, with such an Integrated System developed in Section 6 of this report.

f) the historic data on concrete/masonry dams and service reservoirs is less reliable and it is recommended that consideration of the practicality of an Integrated System for these dam types is deferred until an Integrated System for embankment dams has been devised, trialled and used for a few years.

Figure 5.1
Annual probability curve for a dam

Figure 5.2
Example of system response (Probability of failure v reservoir level)

Figure 5.3 
Distribution of overall AP of failure in service of two hypothetical dam populations 

Figure 5.4
Example of  annual probability of failure v Condition evaluation scale

Figure 5.5
Incipient failure characteristic for a mechanical bearing

PROPOSE AN INTEGRATED SYSTEM

1.20 Introduction

This section builds on Section 5 to identify and compare the options for the detailed arrangement of the Integrated System and to propose such a system.  It therefore addresses the underlined parts of the following items of the Specification (Section 7 describes the results of the trial, whilst Section 8 comprises an overview of the text in italics):-

a) propose and demonstrate such a system if it is feasible, with particular attention to the standing and possible need for revision of already-published engineering guides; and 
b) to advise further upon revisions to Floods and Reservoir Safety,  building upon the work already reported by Babtie Group but, notwithstanding what is said there and in the Department’s response to that work, considering afresh what, if any, use should be made of PMP estimates.

It is organised as follows

· consider the process for the application of the system

· identify which external threats will be considered, and how the annual probability (AP) of these threats will be estimated

· for internal threats defined previously, consider how the AP of these threats will be estimated

· what will constitute the upper limit of broadly acceptable total AP of failure

· summary of the Integrated System

As discussed in Section 5 it is proposed that the Integrated System is equivalent to a Level 2 analysis as defined by McCann (reproduced in Table 5.2), such that it comprises a level of risk assessment appropriate to a periodic safety inspection of a dam.

An overview of the process of application of the Integrated System to an individual dam, as part of a periodic safety review, is shown in Figure 6.1. In broad terms the overall AP of failure of the dam is determined independently from the hazard category, following which the acceptability of the AP of failure is determined in relation to the hazard category.  Where this is unacceptable then further analysis is required, which may include both more detailed hazard assessment and more detailed assessment of the risk of failure; or alternatively may comprise an ALARP analysis.

The prototype Integrated System is given in Appendix J and comprises a total of 23 ‘sheets’, each sheet being between one and several pages long. Sheets 1 to 5 are general background and summary of output; whilst Sheets 6 to 23 each cover a specific issue as described in this section.  This section should be read in conjunction with the sheets in Appendix J.

In this text the term Assessing Engineer is used to describe the engineer carrying out the assessment, as although this would often be the Inspecting Engineer carrying out a periodic inspection, this is not a pre-requisite for the application of the system.

General Issues relating to estimating probability of failure

1.20.1 Introduction

Important issues in quantifying the probability of failure of a dam are:-

a) which threats and mechanisms of deterioration pose the greatest threat

b) the extent to which threats are independent of each other, as if they are dependant this should be allowed for in estimating the AP of failure (to avoid double counting)

c) how the annual exceedance probability of extreme natural events (threats) may be estimated

At this stage of development of an Integrated System the approach taken is to identify the threats and mechanisms of deterioration which have the largest contribution to the overall probability of failure of a dam.  It is therefore intended that the prototype Integrated System excludes some threats and the effects of interdependence of mechanisms of deterioration (joint probability) where their contribution to the overall AP of failure of a dam is minor.  The effects of this simplification will be reviewed following the trial.  The principles and strategy adopted are discussed further below, with threat specific consideration in subsequent sub-sections.

1.20.2 Criticality

Issues relevant to which threats have the greatest impact on the AP of failure have previously been discussed as follows

Section
Issue

2.2.5
Terminology adopted for this project – defines an event train framework in which to consider dam deterioration, and a set of independent threats relevant to the safety of UK dams 

2.4.7
Possible current annual probability of failure – defines and ranks the probability of failure due to individual threats

Typical event trains of threats that could lead to dam failure have been prepared following the terminology in Section 2.2, and are included in the Integrated System in Appendix J (Volume 3).  

Identifying and quantifying the link between threat and potential failure is a subject area that has caused much difficulty in the past, with techniques used including FMEA/FMECA (e.g. as BS5760) and formalised Logic diagrams.  Currently BC Hydro are investigating the use of Influence diagrams, which provides a less rigid framework than logic diagrams.  RMUKR provides guidance for an engineer to construct a similar sort of framework, although this is only qualitative. 

A set of definitions and a formal structure (event trains) are proposed on which to base the risk analysis, as a means to achieve an overview of all the threats and processes that may lead to the failure of a dam.  It is recognised that for detailed analysis other, more complex, techniques may be required to evaluate the linkage from threats to failure mode.  

The event trains include an assessment of the “likelihood that the particular mechanism of deterioration could lead to failure of the dam”.  This is necessary to allow appropriate pruning of the event trains, to the stage where the “main branches” may be identified and quantified.  It is similar to the “criticality” as defined in RMUKR (i.e. criticality = consequence x likelihood x confidence).  

Assessment of the criticality of individual mechanisms of deterioration has to be based on engineering judgement and a review of data on the historical performance of UK dams with similar characteristics to the subject dam.  At this stage a general assessment relevant to the UK dam population is included in order to identify the threats and mechanisms of deterioration to include in the trial; the Integrated System will need to include for dam specific consideration.

1.20.3 Joint probability

1.20.3.1 General

Appendix B of Volume 1 of the Handbook to FEH discusses general issues relating to probability analysis of dependent events, and highlights the difficulties.  Two events are statistically independent if the probability of both occurring is equal to the product of the probabilities of them separately occurring. They are not independent if the occurrence of once increases or decreases the chance of the occurrence of the other.  Independence is used in places as justifying setting the probability of occurrence of “A or B” to the sum of the probabilities of them occurring separately.  Strictly, this is true not if they are independent but if they are mutually exclusive.

Two events are mutually exclusive if the probability that they both occur is zero.  However, if the probabilities are both small, then their product is extremely small and approximates to zero.  This is why it is acceptable to add the probabilities of dam failure through, say, rain and earthquake.  The two events are probably independent, but certainly not mutually exclusive.  However, since both probabilities are small the probability that one or the other occurs is almost exactly equal to the sum of the probabilities that they occur separately.

For dams which are rarely full the predominant concern is the joint probability of the reservoir being full and the occurrence of an external threat such as flood or earthquake.  In the UK, where dams are often approaching maximum retention level it is generally assumed that the reservoir is full whenever the design flood or earthquake occurs. 

For the reasons discussed in Section 6.2.1, the joint probability of threats/ mechanisms of deterioration is generally considered as being a secondary effect in the determination of AP of failure and is accordingly not allowed for in this contract.  The exception, where joint probability issues are considered in this research project, is the joint probability of flood and high winds, as part of the response to specification objective (e) on the revisions required to Floods and Reservoir Safety, which is considered below.

Concurrent wind and extreme flood

FRS (page 28) calls for freeboard to be determined from the greater of

a)
the peak reservoir level during the design flood combined with the mean annual maximum wind

b)
a full reservoir combined with a 200 year return period wind

except that the wave freeboard should not be less than a minimum freeboard which depends on the dam consequence class (0.6m for Class A,  reducing to 0.3m for Class D).  It is assumed that the reservoir is full, or spilling a long term average flow, prior to the design storm.

It is noted that in changing from the first to the third edition of FRS the concurrent wind speed in winter for Category A and B reservoirs reduced from the 10 year wind to the mean annual, although the summer remained unchanged as the mean annual.  This is presumably because it was considered that the case for concurrent extreme wind and extreme  rainfall in winter was not supported.  Relevant sections in FRS include that on page 5, Section 5, page 39 and a Bibliography on page 61.  

It is understood from CEH via the DETR that the report on “Joint probability studies for reservoir flood safety” referenced in 3rd edition of FRS as “in preparation” was in fact a PhD thesis at the University of Sheffield by Mr Nadarajah in 1994, together with four associated papers (Reed & Anderson, 1992, Nadarajah & Anderson, 1993, Reed et al, 1994, Dwyer et al, 1994).  Overall the PhD  concludes that although “the extremal dependence between the primary variables typical of the Black Esk catchment/ reservoir is weak” this weak dependence does increase maximum peak water levels and requires further investigation.

Ongoing research in similar areas by the Environment Agency/ DEFRA includes 

· FD2308
(Joint probability – analysis and dissemination) and 

· FD1704 (Joint probability: Dissemination, beta testing and alternative applications - capitalise on the recently developed JOIN-SEA software).

In some overseas climates there is a linkage between extreme floods and extreme winds, for example where the design flood is due to a hurricane.  However, in UK there is no evidence for a significant linkage.  Moreover in UK there is no evidence to suggest that wave generated overtopping, in excess of the provisions in Table 1 of FRS, is a major cause of failure.

Appendix B to FEH highlights the difficulties of joint probability analysis, and thus the reliable estimating of the additional overtopping flow that may be caused by high winds at the time of a design flood.  Moreover the probability of failure of the dam given the design flood and design wind depends on additional factors including the antecedent reservoir level, flood magnitude and duration, wind magnitude and direction and the erodibility of the dam crest and downstream face.

 Nevertheless to investigate this further the Integrated System used for the trial of 10 dams will estimate both the dam critical wind and the dam critical flood; namely the return period of the appropriate external threat which would cause failure.  The approach indicated in FRS will be maintained, where the mean annual maximum wind is combined with the dam critical flood. For the dam critical wind it will be assumed that it is combined with a ten year return period flood. 

1.20.4 Use of Probable Maximum Precipitation

One of the difficulties in dealing with extreme events is how to estimate them, the two main alternative techniques being 

a) statistical to quantify observed data (probabilistic), 

b) deterministic to assess the magnitude of the “probable maximum”, i.e. the maximum that is physically possible (i.e. upper bound to load magnitude)

An example of a comparison of the two techniques in relation to floods is given in Table 6.1, with a detailed discussion of the various issues in Appendix G.  It is important to note that the kind of extreme value analysis employed by statisticians in estimating extreme return period events is not in conflict with the idea of there being a physical upper bound.  The generalised extreme value distribution has a shape parameter whose estimation is crucial to extrapolation.  If this parameter is negative there is a physical upper limit and this can then be estimated.

Where the probability of failure is determined by analysis an annual probability curve is required, defining how the load magnitude varies with the probability of occurrence, which is then integrated with the system response curve.  Even when a simplified procedure is used, where the failure load of the dam is estimated and this is used to infer the AP of the load causing the failure, an annual probability curve is required in order to obtain the AP of the failure load.  Thus use of a single asymptotic (probable maximum) value for the load is therefore of limited value unless it can be related to a T year curve, as this cannot be integrated with the response of the dam.  

An important issue when considering events with a return period of greater than about 2000 years is whether the magnitude and return period of such events can be assessed from physical evidence.  It is shown in Appendix F that research in Australia and the United States uses palaeoflood data to estimate the magnitude of floods, where in the right conditions estimation of the 100,000 year return period is possible.  However, in UK the relatively recent last glaciation (25,000 up to 10,000 years BP, to the start of the Holocene) would have destroyed most, if not all, palaeoflood evidence older than 10,000 years. Given the length of physical record and variation in climate on a geological timescale this approach is unlikely to yield a flood event of greater rarity than 1 in 10,000 years. 

It is clear from the review of the methodology for PMP/PMF and T-year estimates that there remains considerable uncertainty over the absolute magnitude of these estimates and the confidence limits over the estimated value.  In principle the concept of a “maximum physically possible” value is attractive, but there remains considerable uncertainty over 

· how it can be integrated with the probability distribution for T year events.  

· how the concept of confidence limits can be integrated, 

· how this estimate may change over a few decades (a relatively short period in the life of a dam)

It is noted that weaknesses of the T year approach include

· that it does not explicitly allow for climate change; (however, this also applies to the current methodology for PMP which is based on maximisation of observed storms).  

· there is no methodology available for assessing floods with a return period in excess of say 10,000 years in the UK

· confidence limits are nor provided through current methodology

In view of the need to estimate extreme events with return period of up to 10,000,000 years it could be argued that the PMP (and PMF) is the only methodology available at present to allow the estimation of such extreme events.  However rather than considering this as a single value, the challenge in flood estimation is to better understand meteorological processes that give rise to extreme floods, and to use this to provide estimates of flood (and rainfall) magnitude against return period for extreme floods.

It is therefore recommended that a T year approach is adopted, on the basis that this can be more readily integrated into any Integrated System, changes in flood estimation methodology with time will become more transparent and it is easier to assign confidence limits.  However, at present the PMP/PMF should be retained as the currently available methodology for estimating an extreme event beyond 10,000 years.  A return period will need to be assigned to the PMF with the relationship to the 10,000 year flood interpolated and the need to allow for some small growth beyond the assigned return period.

Table 6.1
Issues in the selection of the methodology of flood estimates for high hazard dams



PMP/PMF
T-year

1
Objective
Intended to provide a (single) estimate of the maximum flood that is physically possible
Provides a curve of flood estimate against defined annual probability of exceedance



2
Precedent
Historically, developed in the USA in the 1950’s with subsequent use in the UK, Australia, and elsewhere; however, on the other hand many countries do not use it


Used as method to derive extreme floods in most European counties; Australia (ANCOLD, 2000) gives floods of up to 10-6 AP as an alternative to PMP

3
Process
a) Generally based upon the maximisation of observed storms to obtain PMP

b) Current UK methodology: PMP is FSR, 1975 with extension to differentiate winter/ summer in ICE Floods and Reservoir safety (1978); associated rainfall run-off method is FSR Supplementary Report No 16 (Dec 1985)
a) Where derived from annual maximum flow data must be extrapolated well beyond the range of the data set and will be subject to considerable uncertainty

b) Is more reliable where derived from longer rainfall data series by a rainfall runoff method, particularly when the rainfall data from a number of relevant sites is pooled.

c) Current UK methodology to a maximum return period of 1000 years given in FEH, 2000

4


Accuracy and confidence limits
a) 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”.

b) FEH (Volume 1, page 51) states that “a procedure for PMF estimation can be as much a product of the hydrologists fertile imagination (about what unfavourable conditions might conceivably occur) as a product of physical reasoning.  The consequential requirement for an estimate of probable maximum precipitation places a similar burden on the meteorologist”

c) Current UK methodology (FSR PMP) is based upon storm data collected before 1975 and a 1978 methodology 

d) The advent of weather radar and new model approaches has indicated that for UK at 1995 for the small number of sites considered, 

· PMP for less than 2 hours may be over-estimated by FSR method

· PMP for 2 to 11 hours remains similar to FSR method

· PMP for greater than 11 hours may be under-estimated by FSR method, due to a previously unrecognised class of meteorological event: Mesoscale Convective Systems


a) Gives flood magnitudes for the 10,000 year event in excess of PMF at some sites (see Section F1 in Volume 2 of this report) i.e. the two methodologies currently in use in UK are inconsistent 

b) Although in principle being a statistical technique confidence limits can be readily derived; nevertheless the FEH methodology states (Volume 2, p 45) that “it is better to adopt a best estimate of a rarer design event……confidence limits remain a research tool”

c) Would lead to an estimate in excess of the maximum that is physically possible, if the physics of the processes causing rainfall and floods are ignored i.e. if extreme events were simply estimated statistically by extrapolation

5
Possible future changes
May increase with time as subsequent storm data and changes in maximisation process may lead to an upward revision of estimates (unlikely to reduce)
a) Will change with time as additional annual maxima occur (may reduce or increase)

b) The FEH methodology may be superseded within a few years by “continuous simulation”, a technique which is believed likely to produce more reliable estimates

c) Climate change cannot be included until substantial years after impact



6
Other
a) How probable is “Probable” Maximum?

b) What other unrecognised, unusual, meteorological events may exist that could generate extreme rainfall/ floods

c) Magnitude of T year flood which has the same magnitude as the PMF is reported as 10-4 to 10-7 by ANCOLD, is understood to have been set as 10-6 in both FSR and in 1985 by NRC in the USA (as reported in Graham, 2000) and is indicated as between 10-6 and 10-9 as Lowing (1995)

d) AP of PMF should be lower than AP of PMP


a) Can hydrologists meaningfully differentiate the different meteorological events that cause rainfall, and which lead to a non-linear relationship between flood magnitude and AP of that magnitude?

b) Extreme events (greater than say 2000 years) are of the same return period as significant climate change; in particular in UK the last glaciation at 25,000 to 10,000 years BP is an order of magnitude less rare than the desirable AP of failure of high hazard dams due to rainfall



Common to both PMP and T year
· Confidence limits for the rainfall-runoff method are affected by the assumptions in the rainfall loss model, the unit hydrograph and the assumed baseflow (as for the derivation of PMF from PMP).

· Possible to explicitly build in snow melt events


1.20.5 Estimation of extreme events

 To allow estimation of the probability of the magnitude of the dam critical event occurring it is necessary to estimate the probability of events with return period up to 106 years.  For the purposes of this trial the assumptions given below have been adopted to define extreme values, with the output illustrated on Figure 6.2.  The basis of these assumptions is discussed below, in the subsection dealing with each assumption.

External threat
Magnitude and return period of extreme event

Flood
PMF, as determined by FRS, and return period of 106

Wind
Equation D.1 in BS6639-2:1997

Seismic
Growth factors in ICE, 1998 extrapolated by assuming a growth factor of 5, relative to those in ICE, 1998, at 106 return period

A general issue relevant to the estimation of all extreme events is on the scale on which the extreme value is plotted for the purposes of interpolation between 106 and normal T year.  Options include log-linear, log-log as well as the options for probability distribution (e.g. Gumbel, Lognormal). At this stage log-log is used for simplicity.  As an illustration of the differences in return period a fractional PMF of 0.8PMF has a return period of 100,000 years on a log-log plot, 200,000 years on Gumbel and 170,000 years on linear-Lognormal. These differences are considered acceptable for a Level 2 assessment, in relation to the other uncertainties.

1.21 External threats

1.21.1 General

The probability of failure of a dam due to external threats will be estimated by analysis, as discussed in Section 5.4.4.  Wherever reasonable a single failure load will be estimated, allowing estimation of the AP of the event that would cause failure.  This was discussed in Section 5.3.4; the difference between the Critical Event and Imminent Failure Event (IFE) should be noted, the former being the value best representing the integration of the probability of failure given the application of a threat and therefore being slightly lower than the IFE.

The external threats and mechanisms of deterioration that will be considered at any dam will be decided by the assessor, with a core of the following four main threats:-

· extreme rainfall

· wind

· failure of a reservoir in cascade upstream

· seismic loading

Other threats and mechanisms of deterioration will only be considered where the dam is believed to be especially vulnerable to them i.e. the AP of these additional threats and mechanisms of deterioration would materially affect the overall AP of failure. 

Symptoms of previous poor performance under external threats, although not included explicitly in the estimation of AP due to that threat, may be used as a sanity check on the results of the analysis.

1.21.2 Extreme rainfall (Sheets J.6, J.13)

1.21.2.1 Principal mechanism of deterioration

The event trains that could lead to dam failure initiated by extreme rainfall are summarised on Sheet J.6.  This shows seven possible mechanisms of deterioration, of which one (inflow exceeds spillway capacity) is ranked as a high relative likelihood. Historically this been the most likely mechanism leading to failure.  For the purposes of an Integrated System, only one mechanism of deterioration will be considered, namely where the flood inflow exceeds the spillway capacity; with the methodology given in Sheet J.13.

1.21.2.2 Probability of threat occurring

The annual probability of the threat occurring is well defined by hydrology, using FSR and FEH, although the confidence limits on extrapolated data may be large in certain circumstances.  For this trial, for simplicity, the PMF will be assigned a return period of 1 x 10-6/ annum.

As discussed in Section 6.2.3 it will be assumed that the mean annual maximum hourly wind speed is concurrent with the dam critical flood, such that overtopping includes overspill from waves due to this wind.

1.21.2.3 Probability of failure, given occurrence of the threat

Selection of the depth of overtopping to cause failure is more complex, with factors such as surface protection, material type, compaction and inherent susceptibility to erosion influencing the choice.  Guidance on the depths and duration of water flow over dam crests which lead to failure can be obtained from Chen & Anderson (1986), Hewlett et al (1987, CIRIA Report 116), Powledge et al (1989), Dewey and Oaks (1990), and Allen (1994). However, all of these apart from Chen & Anderson are to some extent peripheral to the main issues relating to the dam critical flood, as they deal with conditions to avoid any damage, rather than the probability of failure for given overflow conditions e.g. conditions where failure is imminent. 

There is no definitive publication which puts this into a probabilistic framework.  Most studies seem to accept that the probability of failure approaches 1.0 when the depth of water overtopping the dam is between 0.5m and 1m for a modern compacted rockfill,  but near zero for poorly compacted erodible earthfill with negligible grass cover.  

CIRIA Report 116 (key elements are reproduced in Section 7 of FRS) provides values of limiting velocity on the downstream face to avoid damage.  These, however, need correction for

a) Difference between velocity to cause sufficient damage for dam to come near to failure (rate of active cutting back in metre/hour), and “no damage velocity”; this will vary with soil type (faster on sand, compared to clay)

b) The time required for sufficient erosion to occur to correspond to the dam critical flood, rather than damage being limited to the downstream face

c) Adjustment from a sustained constant flow implied by CIRIA report, to the varying velocity imposed by the inflow hydrograph due to an extreme flood 

The presence of trees on the downstream face and crest of small dams poses an additional difficulty.  On one hand erosion may be expected to occur first around the roots of the trees, at a velocity significantly lower than that where erosion of the adjacent grass would occur.  However, this will be counterbalanced, to some extent, by the erosion protection provided by the roots, which will significantly inhibit downcutting.  On balance it is suggested that the main effect of trees will be to concentrate flow in the gaps between the trees.

CIRIA Report 116 is focused on elastic behaviour, rather than the probability of failure, nevertheless it does provide the following

· Page 29 emphasises that erosion usually begins due to localised, rather than general, inadequacy in erosion protection. 

· Page 95 describes the field test at Jackhouse reservoir on plain grass; these indicate that at 1.5 times the allowable velocity a pre-existing gully cut downwards at the rate of 100mm over a 15 minute period

A copy of Chen and Anderson (1986) was only obtained at a late stage in the contract, and although not used in the prototype Integrated System it appears that this may be useful in any future development of the system.

For this study it will be assumed that the critical velocity and duration relating to the dam critical condition are obtained by considering 

· a velocity of 2.0 times the values in Figure 12 of FRS on clay, and 1.0 times on sand, and 

· that the equivalent duration is the period where the overtopping is greater than 50% of the maximum overtopping discharge

· varying the above to allow for local features such as steeper sections, trees etc.

The coefficient of discharge for flow at the upstream control, typically the dam crest is taken from ISO3846:1989(E), typically being 1.7 for a broad crested weir, although reducing to 1.5 where the overflow width is large and the approach depth is similar to the overtopping depth.

Where the dam has a crest wall the likely stability of this with the reservoir level at its crest will govern the magnitude of the dam critical flood.  Where judged unstable it is assumed that it fails over a 5m length only, and that the dam critical flood is then governed by flow through this breach, the breach invert level being taken as 200mm above the dam crest level to allow for the wall debris remaining on the crest.

1.21.2.4 Integration of threat and response of dam

A detailed analysis would estimate distributions of the conditional probability of failure given various flood surcharge levels, which would require hydrographs of flood inflow for assessing the duration of overtopping.  These would then be combined with the annual probabilities of flood inflows to give the estimated annual probabilities of failure.

However for simplicity, the concept of a Dam Critical Flood (DCF) may be used instead, as discussed in Section 5.3.4.  At this stage it is considered that it will be sufficient to calculate the DCF, and use this to estimate the annual probability of the flood event that would cause failure.  It is not considered necessary, as routine, to carry out further detailed analysis, although this may be necessary where applying the ALARP principle. 

Wind (Sheets J.7, J.14)

The event trains that could lead to dam failure initiated by wind are summarised in Sheet J.7.  This shows that there are two mechanisms which are assessed as have the greatest likelihood of causing a dam failure; for this project waves initiating or increasing the amount of overtopping of a dam will be the mechanism considered.

It is however noted that for some dams with steep downstream slopes a more critical case may be the effect of the volume of water on the stability of the slope, due to the water infiltrating and causing saturation of the upper part of the slope. In principle the quantity of overtopping water in a particular wave sequence can be calculated using the methodology in Besley (1999).  However, this has not been explored further at this stage as, although this mechanism could generate a surface slip of the downstream slope, it would not generally cause a slip that could on its own cause failure (although continuing overflow after the initial slip may).

Similarly the following issues has not been investigated:-

a) wind blown debris leading to blockage of a spillway or outlet works 

b) the number and duration of storms necessary to cause failure of the wave protection followed by erosion sufficient to lead to a breach has not been investigated, as it is assumed that the erosion will be sufficiently slow such that there will be intervention before a failure could occur.

1.21.2.5 Probability of threat occurring

It is proposed that the wind is considered concurrently with a ten year flood, as discussed in Section 6.2.3.2.  

When considering wind speed it is essential to specify the duration over which the wind is measured, the FRS approach giving a 15 minute duration. Structures and airports are interested in gusts (typically recorded for 3 second duration) whilst durations relevant to the generation of waves on reservoirs are typically fractions of an hour and offshore wave predictions relate to many hours duration. Further information is given in Appendix H; FRS indicates that a 15 minute duration wind appropriate to the generation of waves on inland reservoirs is 5% higher than the mean hourly wind, whilst BS6639 suggests that a 3 second gust is 1.65 times the mean hourly wind.

The methodology given in Floods and Reservoir Safety may be used to determine the wind speed corresponding to return periods of up to the 200 year wind (growth factors from Annex D of BS6399 part II).  FRS indicates the 200 year mean hourly wind varies from around 24m/s in the south of England to 28m/s in Scotland.

Wind speeds for winds in excess of a 200 year return period may be obtained from Equation D.1 in Annex D of BS6639-2:1997 (Loading for Buildings – Code of practice for wind loads).  This Annex states that the distribution of basic wind speed with annual probability corresponds to a Fisher-Tippett type 1 model with a characteristic product (mode/dispersion ratio) of 5. It gives a growth factor of 1.45 for a 106 return period wind, relative to the 50 year wind, which gives hourly mean wind speeds for a 106 return period of between 29m/s and 40m/s.  These may be compared with a moderate gale (Beaufort scale 8, 15 to 19 m/s) and hurricane winds (Beaufort scale 12, >33 m/s). This relationship will be used for the prototype Integrated System; further information on wind in UK obtained from a literature review being given in Section F.6 of Volume 2. 

Probability of failure, given occurrence of the threat

 The overtopping unit discharge due to waves may be estimated from Besley (1999) and Van der Meer et al (1998).  These supersede the reference to Owen (1980) given in CIRIA (1991).  The following simplifying assumptions are also made:

a) mean wave overtopping flow is assumed to be equivalent to the steady state flow

b) if the wave overtopping flow over the dam is less than the limiting critical discharge, then the stillwater flood level (SFL) will be above the dam crest, with the wave overtopping calculated as if the SFL were at the dam crest (Besley only considers SFL up to a level just below the dam crest)

1.21.2.6 Integration of threat and response of dam

As for extreme rainfall the magnitude of the dam critical wind will be estimated, and the corresponding annual probability of that wind estimated.

1.21.3 Failure of reservoir in cascade upstream (Sheets J.8, J.15)

1.21.3.1 Principal mechanism of deterioration

The event trains that could lead to dam failure initiated by the failure of an upstream reservoir are summarised on Sheet J.8.  This shows that the inflow exceeding the spillway capacity has the greatest likelihood of causing a dam failure.

1.21.3.2 Probability of threat occurring

The probability of failure of an upstream dam may be determined as follows

a) where the upstream reservoir is under the Reservoirs Act, then the probability derives from the Integrated System methodology

b) where the upstream reservoir is too small to come under the Act, then engineering judgement is required. It is likely the probability of failure is greater than that of a dam under the Act.  It is accordingly proposed that the base probability of failure is that for UK dams prior to 1975 (namely 15 x 10-5/annum) but that this may be varied by the Assessing Engineer.

1.21.3.3 Dam response & Integration of threat and response

The dam breach hydrograph of the upstream failure should be estimated and routed down the intervening valley and thence through the subject dam using the methodology in RMUKR.  This will allow an estimate of whether it will exceed the dam limit flood on its own (sunny day failure), or whether the breach would have to occur during a flood, and if so the magnitude of the flood that causes the Dam Critical Flood to be  exceeded.

The probability of failure of the subject dam, due to the upstream dam failing is then calculated as follows

a) Where failure of the subject dam would occur in a sunny day breach of the upstream dam the sunny day annual probability of failure (APF) of the upstream dam is included in the APF of the subject dam due to the upstream dam (APFS|U)

b) Where a sunny day failure of the upstream dam would not cause failure on its own, but would if combined with a minor flood, then the APFS|U should include the probability of the sunny day APF of the upstream dam multiplied by the probability of the minor flood

c) Where the rainy day APF of the upstream dam is greater than the APF of the subject dam then the rainy day APF of the upstream dam is included in APFS|U (strictly this should be in lieu of the rainy day APF of the subject dam, but this additional correction has not been made and will only have a small effect)

d) Where the rainy day APF of the upstream dam is less than the rainy day APF of the subject dam then there is no contribution from the rainy day APF of the upstream dam (as the subject dam would already have failed)

1.21.4 Seismic events (Sheets J9, J.16)

1.21.4.1 Principal mechanisms of deterioration

The event trains that could lead to dam failure initiated by a seismic event are summarised on Sheet J.9.  Following the logic of the Engineering Guide to the seismic risk to dams in the United Kingdom, it is assumed, as is believed to be generally true for UK embankment dams, that the

· dam is not situated on an active fault 

· the appurtenant structures are not vulnerable to seismic loading

Thus only the following mechanisms will be considered

a) permanent deformation of the embankment due to shear failure of the embankment soils

b) liquefaction of the soils forming the embankment and its foundation (where there is reasonable evidence to suggest they may be susceptible to liquefaction)

1.21.4.2 Probability of threat occurring

Figure N1 of the Application Note (ICE, 1998) may be used to obtain the expected peak ground acceleration of the 10,000 year return period earthquake, whilst growth factors to cover the range from 1,000 years to 30,000 years are given in Tables N1 and N2 of the Note.  These growth factors are plotted on Figure 6.2 and show no evidence of reducing towards an asymptotic MCE.  For the purposes of the trial, in order to assess probabilities of events with larger return periods these published growth factors will be extrapolated to a growth factor of 5.0 at a return period of 1,000,000 years.

Dam response & Integration of threat and response

The same approach will be adopted as for floods, in that the dam critical earthquake (DCE) will be calculated. 

It is noted that the maximum displacement in non-liquefiable soils is limited as

· there is only a finite duration of shaking

· any slip only moves in the parts of the seismic shaking when the ground acceleration is greater than the critical acceleration in the direction of failure, which is generally only a small proportion of the whole event

The following assumptions are made in evaluating the DCE relating to shear failure

a) carry out a pseudostatic analysis, simplifying the potential slip surface to a single surface wedge; 

b) for homogenous dams consider a potential slip surface from the middle of the crest to the downstream toe, for clay core dams assume the tension crack can form in the core such that the failure surface is from the centre of the core (at the level of the waterline) to the downstream toe (in the long term it would be desirable to develop stability charts which include a seismic coefficient)

c) the dam critical earthquake is where the horizontal displacement is the lesser of either sufficient displacement along ‘a’ to reduce the freeboard to half its initial value, or one metre

d) ignore any amplification of bedrock motion in the upper part of the embankment

e) use average shear strength parameters along the slip surface

f) use Figure 1 of Swannell (1994, copied from Ambraseys & Menu, 1988) to estimate the ratio of Km (acceleration to cause failure) to Kc (acceleration to bring the safety factor to unity)

g) consider only horizontal acceleration 

Where the embankment and/or foundation soils are considered vulnerable to liquefaction, then the rapid method given in Seed & Idriss (1982) is adopted, using the following process

a) read off the cyclic stress ratio (cyclic shear stress divided by effective vertical stress) necessary to cause liquefaction from Figure 60 (or Figure 55 for silty sands where the D50 <0.15mm)

b) using Equation 4 to calculate the average cyclic shear stress, and thus the cyclic stress ratio, then determine the peak ground acceleration that would give a cyclic stress ratio that would just cause liquefaction 

The magnitude of the DCE is then taken as the lower of that to cause shear failure (with no liquefaction), or to cause liquefaction.  It is recognised that this is a significantly simplified approach, partly as where the soil is susceptible to liquefaction some pore pressure build up may occur at intermediate ground motions, and because the slip surface assumed may not be the most critical surface.  Nevertheless it is considered reasonable as a first approximation.  If the Integrated System were to be adopted stability charts could be developed to cover the slope stability analysis.

Once the DCE has been estimated, its annual probability of occurrence is read off from the previously obtained curve of magnitude of ground acceleration vs. annual probability.

Other External Threats and Mechanisms of deterioration (Sheet J.12)

At any given dam there may be a number of other threats which although not normally being a significant threat, for some reason pose a significant risk of failure of that dam such that they materially increase the overall probability of failure.  These include those shown in Table 6.2.  Application of the Integrated System needs to consider whether the probability of failure due to any of the issues in this table should be included in the estimate of the overall probability of failure, and if so develop the associated event train(s) and methodology for estimation of the AP.  At this stage of development only the four main threats in the trial are included, but the effect of other threats on the overall AP of failure of the trialled dams will be discussed.

Table 6.2
Other mechanisms of deterioration and threats that may be significant on a dam specific basis

Threat
Mechanism of deterioration
Reason for significance

One of 4 main threats considered in this research contract



Rainfall, wind, upstream reservoir, seismic
As shown on event trains, or other
The most significant event trains may vary with an individual dam





Other Threats



Aircraft strike
Various
Near airport 

Snow/ ice
Various
Northerly latitude

Human Error
Various
Spillway has gates, or other plant requiring operation to maintain the safety of the dam

Terrorism
Various
Where dam may be a target for terrorists

Vandalism
Various
Where close to large urban centres

Internal threats (Sheets J.10, J.11 and J.17 to J.19)

1.21.5 General

Two types of internal threat are considered as listed in Table 2.2 and discussed in Section 2.2.4, namely embankment and appurtenant works.  

Methods of analysis were discussed in general terms in Sections 5.3.5 and 5.4.5, with the conclusion that for routine dam safety review it is inappropriate to use analytical techniques, and therefore an assessment based on historical performance supported by engineering judgement is considered most appropriate.  An example of how such assessments may be devised was discussed in Section 5.3.5, where three options were identified to relate the AP of failure to a condition score, namely

a) use expert judgement 

b) use average performance 

c) use observed performance of the worst dams to define an anchor point for poor condition dams, and judgement to define the anchor point for good condition dams

Option ‘c’ has been adopted here, with discussion of the aspects necessary to devise an Integrated System organised as follows, the two threats being considered together:

· Defining the anchor point for the worst condition dams

· Defining the anchor point for the best condition dams

· Devising a scoring system to relate symptoms to condition score

1.21.6 Defining the anchor point(s) for the worst condition dam

1.21.6.1 General

Important issues in relation to the definition of these anchor points are

a) what level of incident(s) will be used to define the anchor point(s) - three different levels of incident (in addition to failure) are available from the NDD

b) whether there will be any corrections for dam (or structure) type

c) how they are quantified for each of the internal threats, including how to correct from observations by failure mode to estimates by threat.  

1.21.6.2 Incident level(s) used to define anchor point(s)

Three different levels of incident (in addition to failure) are available from the NDD, and one or more of these could be used to define the anchor point for the worst condition dam (as indicated on Figure 5.4).  The definition of a Category 4 Incident of “concern leading to involvement of an Inspecting Engineer” is relatively ambiguous, and it is therefore concluded that at this stage two anchor points will be defined, representing the probabilities of failure given Category 2 and 3 Incidents.  The NDD for 1975 to 2000 shows these represent the worst 0.05% and 1% of dams respectively.  In principle there may be some benefit in refining the definition of a category 4 incident, such that future enhancements of an Integrated System could also use a Category 4 incident as an anchor point.

Value of annual probability of failure for each of the internal threats

The annual probability of failure given that a dam is in a sufficiently poor condition to be classified as an incident is given in Equation 2 (in Section 2.2.6.2).  It is necessary to correct from the probability by mode of failure, to a probability by threat (Step 3 in Table 5.6).  

This is a matter of judgement, including an assessment of the criticality (likelihood of the event x the consequence for dam safety if the event occurred) of each mechanism of deterioration shown in the event trains in Appendix J.  This ranking of mechanisms of deterioration is as follows

Internal threat
Number of mechanisms of deterioration, and relative likelihood that could lead to failure of dam
Remarks


High
Medium
Low


Embankment
1
-
7


Appurtenant works
2
1
3
For case where outlet pipe is laid in fill

The proportions of the different failure modes were estimated in Table 2.10, so this together with judgement as to the main links from failure mode to threat (as indicated by the criticality estimates) allows the estimation of AP of the anchor points for the two internal threats, for all UK embankment dams, as shown in Table 6.4.  The resulting AP of failure due to internal stability (embankment) is slightly greater than internal instability (appurtenant works), and together they comprise 80% of the overall AP of failure, which is considered reasonable. 

The estimated annual probability of failure given that the dam is in a particular condition then has to be corrected for the factor C2, as defined and discussed in Section 2.2.6.2. 

1.21.6.3 Variation with dam (and appurtenant works) type

Whether the anchor point should vary with the dam (and outlet) type, or other dam characteristic (e.g. age) is debatable.  There are two options, as follows:-

No correction for dam type – rely on symptoms

It could be argued that once a dam is in poor condition such that works are required, PF|ITM may not vary significantly between dam types.  For example if a dam is in such a poor condition that emergency drawdown is warranted (Incident category 2) then it seems academic to differentiate between dam types.  

Correct for dam type

Assessment in Appendix C of the probability of an incident relating to internal erosion by dam type does show a significant difference, with the ratios of probabilities shown in Table C.7 varying between 0.1 and 10 relative to the average for all UK dams.  

There is currently insufficient data to assess whether appurtenant works threats vary with type, or other characteristic of the appurtenant works

The choice appears to revolve around whether it is possible to:

a) rely on sufficient symptoms of adverse response to threats being present to reliably identify a relatively high probability of failure, or 

b) whether we should adjust the anchor point in recognition that some types of dam are more likely to fail (due to inherent weakness in Intrinsic condition).  

At this stage it is considered prudent to make some adjustment to the anchor points for worst condition dams, rather than rely on symptoms being present and being noticed.  The proposed system therefore 

· does not adjust the AP of failure due to internal threats of dams in an Incident category 2 condition

· does correct the AP of failure due to internal stability (embankment) of dams in an Incident category 3 condition for dam type, but that the AP of failure of internal stability (appurtenant works) is not corrected.

1.21.6.4 Summary

The main points relating to the anchor point for the worst condition dam may be summarised as follows

Assumption
Remarks

a) Consider 2 anchor points, relating to NDD Incident Categories 2 and 3
NDD Incident category 4 considered unreliable

b) Adjustment of “observed AP by failure mode”, to “estimated by threat” is by judgement, as shown in Table 6.4
Output reviewed as reasonable using engineering judgement. 

c) Anchor Point correction


   Incident Category 2 – no correction
Once the condition of a dam is so poor it is in Incident Category 2, the type of dam or appurtenant works makes little effect

 Incident Category 3 – correct for embankment type, based on observed AP of incident 
Observed AP of incident shows significant correlation with type of dam



 Incident Category 3 – no correction for type of appurtenant works
There is no reliable historical data on variation of AP by appurtenant works type

1.21.7 Defining the anchor point(s) for the best condition dam

In principle if the anchor point for the worst condition dam represents about 1% of UK dams, the anchor point for the lowest probability of failure (best dam) could represent the best 1% of UK dams.  Assigning a probability to this anchor point has to be a matter of judgement, with some of the relevant data discussed in Table 6.3.

The assessed overall AP of failure of the best condition dam is conservatively taken as 1 x 10-7/ annum/ dam, based on being broadly equivalent to the AP of the Dam Critical flood for a dam.

It is proposed that this anchor point is corrected from mode of failure to threat in the same way as for the poor condition anchor point (as shown on Table 6.4).

In regard to the variability of the AP of failure with dam and outlet type the observed difference (Table C.7) for the worst condition dams could be used.  However these relate to observations of performance of the worst condition dam, and the range of AP of failure of good condition (best 1%) dams with different dam types is likely to be greater than this.  One option is to use a variable correction depending on the intrinsic condition of the dam, which may be a more realistic measure than a fixed correction depending on the type of dam.  For the purposes of the prototype Integrated System it is proposed to use:

a) a condition score for intrinsic condition (i.e. form and quality of construction); separate from that for symptoms of poor performance.

b) this correction, can increase the AP of failure by a factor of 10.

This is illustrated on Figure 6.3. The assessment sheets in Appendix J have been prepared on this basis.

Table 6.3
Data available which could inform the selection of anchor point AP of failure of good condition dams due to internal threats


Issue
Remarks

1
Observed AP of failure due to external erosion (overtopping) in UK in period 1975 to 2000 is less than 0.8 x 10-6/ annum/ dam (Ref. Table 2.10)
One approach would be to set AP of internal threats for modern design and construction as similar order to estimated performance for floods. Although this has no theoretical basis, it could be adopted on the basis that modern design may achieve similar security against both external and internal threats

2
What is AP of failure by internal erosion of modern well designed dam with filters?
AP of failure due to internal erosion was assessed for a 35 year old dam in Norway as 3 x 10-6/ annum (Funnemark et al, 2000)

3
Currently observed average overall probability of failure of dams in the UK is assessed as 2 x 10-5/ annum/ dam (Ref. Table 2.8).  How might this change in future?
Although there have been no failures since 1975, there continue to be Category 2 incidents (emergency drawdown to avert failure), with a probability 1975-2000 of 50 x 10-5/ annum/ dam (one/ year in UK).  Thus if we can reduce these by a factor of say five over the next ten years, the probability of failure may reduce by the same amount?

4
Based on FN criteria the tolerable AP for a Category A1 dam is 0.6 x 10-6/ annum/ dam (Ref. Next section), 
If we set the anchor point for each internal threat as 10-6/ annum then the total AP of failure for all Category A1 dams would be greater than the tolerable AP on a FN basis, such that all category A1 dams would require an ALARP analysis

5
The probability of PMP/PMF is variously considered as between 10-4 and 10-7 in Australian Floods and between 10-6 and 10-9 by Lowing (1995).  For dams where the PMF is the “elastic”  ‘design flood’ the actual AP of the Dam Critical Flood  is considered likely to be 1 to 10% of the AP of the Design Flood.
If the probability of the best condition anchor point is set as equal to the probability of the dam limit flood, where the design flood is PMF, then the AP of the anchor point would be in the range of 10-7 to 10-8 

Table 6.4
Assessed AP of anchor points defining AP of failure due to internal threats

 Descriptors for Intrinsic and Current condition 

1.21.7.1 General

The system devised to estimate the probability of failure due to internal threats is shown on Figure 6.3.  The remaining issue is how to devise a scoring system to produce repeatable and reliable intrinsic and current condition scores, where the increments in the scale of description of condition match, as far as practicable, the increments in AP of failure.  A dam’s current condition may be viewed as a measure of the number and magnitude of the symptoms of adverse reaction to internal threats.  However, achieving this is difficult and it is inevitable that to some extent it must be a compromise between various factors, as described below.

An important issue is whether an Integrated System would allow the marking system to be modified on a dam specific basis, for example if there were symptoms of concern which were considered not to be fully reflected in the marking system given in Appendix J.  This is one of the issues that will be reviewed as part of the trials.  Although some degree of judgement is allowed in the marking, at this stage it is anticipated that the system would allow adjustment of each of the Intrinsic and Condition Scores, on the judgement of the Assessing Engineer, by a value of one.

1.21.7.2 Precedent

Precedent for similar schemes where visual descriptors are used to mark condition are given in McCann (1985), the BOR Risk Based Profiling System (1999) and the US Army Corps Condition rating procedure (1999).  The former assigns a unique description to each condition score, whilst the two latter score a whole range of descriptors, with the condition score taken as the ratio of the sum of the positive indicators to the maximum possible score.  None of these differentiate intrinsic from current condition.

1.21.7.3 Condition score of anchor points for current condition

The description of a particular level of Incident as recorded in the NDD (e.g. Category 3) is selected to relate to a particular condition score, as follows

Incident category

(as NDD definition)
Corresponding Condition score

2
10

3
8

4
6

It will correspondingly be assumed that Condition Score 0 relates to the best condition dam.  This enables the condition score to be linked to a probability of failure given that the dam is in the particular Incident condition.  

1.21.7.4 Score of intermediate points

Where there is concern about the safety of a particular dam it is often a combination of factors, rather than a ‘standard’ set of indicators implied by having a unique description for each condition score.  Thus the prototype Integrated system does not have a single description for each condition score, but rather assigns marks to each possible indicator and then sums these and compares them to the maximum possible. 

The system proposed here has been derived from engineering judgement, including precedent, and using the methodology described below. The scoring systems for Intrinsic Condition (which is used to correct the AP of failure for the best condition dams, as discussed in the previous subsection) and Current Condition are similar in concept:-

a) for current condition (only) assign 80%  of the overall Current Condition Score to indicators, and 20 % to contributory factors (mainly surveillance, and the ability to take emergency action)

b) within each of the above headings identify features that are likely to significantly affect the probability of failure; differentiating between features which are intrinsic (i.e. liable to lead to a problem) and current (i.e. indicate that a problem is present) with the features assigned to the appropriate scoring table

c) assign a total mark to these features that weights them appropriately, such that if the single symptom was the only indicator the total score would reasonably reflect its condition on a scale of zero to 10

d) allow the marks awarded to that feature to vary from the total possible to some smaller fraction, to allow for varying severity of the indicator

e) accept that if all the indicators were present the total score would typically be 150 to 200% of the total marks, such that the total would be rounded down to the maximum allowable (on the basis that it is rare for all possible indicators of poor performance to be present at a dam)

f) allow the Assessing Engineer to adjust the final Condition Score by one class

At this stage, due to the lack of information on the significance of the descriptors to the probability of failure, it will be assumed that the probability of failure follows a straight line, on log-linear space, from the best to the Incident Category 3 dam.

Tables giving the proposed marking system for the condition evaluation of the dam in relation to the internal threats are given in Appendix J.  As a check on the estimated probability of failure, these values may be compared with those from McCann which are reproduced in Figure 5.4 and give similar values for the mid range condition score (although the proposed system gives a larger overall range between the best and worst dams).  It can also be seen that dams in very poor condition, where emergency drawdown has been recommended (Incident category 2) have a probability of failure of around 4 x 10-2/a (1 in 25), which is considered reasonable. 

Consequences of failure (Sheets J.20 to J.22)

1.21.8 Breach hydrograph and downstream attenuation 

Methods of modelling the hydraulics of the dam break and routing of the subsequent flood wave downstream are discussed in Appendix H.2, where it is concluded that the rapid method of dam break given in RMUKR represents current good practice and may be used in an Integrated System.

The only caveat is that rather than simplifying the cross section of the inundated area to a triangle, as suggested by RMUKR, it is considered more realistic to adopt a  trapezoidal section (which can be set to a triangle where appropriate by setting the base width to zero).

The following points have been noted whilst developing this rapid dam break methodology, which warrant further consideration at a later stage and possibly some refinement of the method and/ or associated guidance notes

a) the length of any individual zone should not exceed some reasonable proportion of the attenuation scaling factor La; 75% has been used as a target in this study

b) where the valley slope is small (say < 1 in 300) then La becomes unreasonably small

c) no allowance for losses in the total volume of the breach hydrograph as it travels downstream has been made, for example due to temporary storage 

d) treatment of cascade failures (Section 6.5.5)

e) RMUKR notes that the adjustment factor for attenuation, K, may vary between 1 and 10 and is normally taken as 2.5, but does not give any guidance as to when it may vary from 2.5.  It would be helpful if guidance were provided on this, perhaps, after both sensitivity studies and comparing the results of the rapid method with more accurate methods of dambreak analysis to determine the difference in results between the two.

1.21.9 Combination of breach conditions and distribution of population

The number of possible combinations of breach conditions and distribution of populations was highlighted in Section 3.2.  For the purposes of the trial the following scenarios will be considered:-

a) rainy day  on the catchment of the subject dam only (so low antecedent flow in the channel downstream)

b) one scenario of PAR where although houses are occupied (i.e. night or weekend) non-residential buildings are also occupied (weekday, daytime).  Although this is probably over-conservative, it is likely to be compensated by the lack of a site visit which may reveal a higher number of households than indicated by buildings on a 25,000 or 50,000 scale map.

1.21.10 Estimating population at risk and likely loss of life 

 The system in RMUKR does not relate the extent of damage or population at risk (PAR, and likely loss of life, LLOL) to “forcefulness” of the floodwave, or warning time. This was discussed in Section 3.2, and it is considered that the RMUKR system for assessing PAR and LLOL is inappropriate, partly as it is oversimplified and also as it does not show any benefit if a warning is available and emergency plans are in place.

For the trial the following methodology has been adopted

a) The population at risk is taken as the population in the area where the product of depth and velocity is greater than 0.5 m2/s (as Viseu & Martins, 1998; also reasonably consistent with both Trieste, 1991 and criteria of ANCOLD/US to only include PAR where the depth of inundation is greater than 0.6/ 0.3m).  The exception is for the four dams where inundation maps exist which have been prepared on the basis of a depth of inundation greater than 0.5m.

b) Households are assumed to have an average of 3 occupants. Other components of PAR, from shops, travellers (cars, pedestrians etc), occupants of industrial and office buildings, schools, recreational areas etc are an approximate estimate from an overview of the area. 

c) Likely loss of life has been estimated using DeKay & McClelland (1993), considering the two scenarios of no warning and 90 minutes warning. High and low zones of forcefulness are differentiated using the UK criteria for inundation only namely Velocity x depth < 3m2/s and velocity < 2m/s (applying these criteria to the average velocity across the whole inundated area, rather than the average velocity at a single point, which is how they were derived).

If the Integrated System were to be developed a more consistent methodology for estimating non residential PAR would be required, in conjunction with a requirement for a site visit.  The methodology is likely to consider some form of average, or upper bound, from separate estimates for day and night time failure.

1.21.11 Physical Damage and economic loss due to dam breach flood

Notwithstanding reservations over the possible oversimplification, for the purposes of the trial it is considered sufficient to use the simplified scoring system given in RMUKR, which considers the valley in two sections, namely less and more than 5km downstream.

1.21.12 Failure of dams in cascade

1.21.12.1 General

Where the subject dam has a significant reservoir upstream there is a separate scenario of what is the probability, and what are the consequences, of the upstream dam initiating a series of consequential failures of all dams in the cascade.  In this situation 

· the probability of failure is the probability of failure of the upstream (initiating) dam

· the consequences are those due to the breach of all dams downstream of the initiating failure, which are likely to be greater than the consequences of the subject dam only failing.

This is a separate issue from the contribution of the upstream dam to the overall probability of the subject dam (discussed in Section 6.3.4).  

For the purposes of the trial, as well as the scenario of failure of the subject dam, a separate scenario will also be considered where failure of an upstream dam triggers consequential failure of the whole cascade, each with a separate probability of occurrence and hazard class.

Routing dam break hydrograph through downstream dam

RMUKR Section 5.5.2 gives the suggested approach to estimating the dam break wave resulting from a progressive cascade failure of a cascade of dams, with an example given as test case 6 on page 208.  RMUKR suggests (page 83) that 

· the flood hydrograph after the breach of the subject dam is the sum of the subject breach hydrograph (as a single dam) and the “remaining inflow hydrograph”.  

· This is then approximated to a triangular or trapezoidal hydrograph (as figure on page 208 of RMUKR)

It is suggested that simple addition of the hydrographs does not reflect the actual events that would occur, as follows.  Where the inflows from the upstream dam(s) are greater than the outflow through the breach in the subject dam (and the spillway), such that significant overtopping of the subject dam continues, then further breach(es) would form elsewhere in the subject dam (or the original breach widen significantly) until overtopping of the subject dam had ceased and all outflow is through the breach(es).  Thus the peak discharge will be limited to a height corresponding to just above the crest of the subject dam, but may result from a breach in the subject dam which is wider than if only the subject dam failed. 

For the purposes of the trial it will be assumed that once a failure of the subject dam occurs the subsequent peak outflow is the greater of 

· the remaining inflow hydrograph or 

· the breach hydrograph of the subject dam, if there were no upstream failure

The recession leg of the breach hydrograph is then adjusted so that the overall volume of the breach hydrograph equals the total volume of the reservoirs which have breached.

A similar approach will be adopted where there is a further dam downstream of the subject dam.

This raises the issue of how road and rail embankments downstream of the subject dam may influence the dambreak hydrograph.  Where they are a significant height with limited cross drainage capacity, such that the dambreak wave could be impounded and overtopping occur then they should be treated as secondary downstream dams and the resulting secondary floodwave estimated.

1.22 Assessing tolerable annual probability of failure (Sheet J.23)

1.22.1 General

This section sets out how the tolerability, or otherwise, of the estimated overall AP of failure of the subject dam is assessed.  This comprises the following

· identify the hazard class of the dam

· evaluate alternative ways in which the acceptability of the probability of failure may be assessed

· recommend the system of assessment to be used in the Integrated System

Background information is given in Section 4 and Appendix E.

1.22.2 Hazard Class

1.22.2.1 General

The methodology for estimating likely loss of life was discussed in Section 6.5.3, and it was concluded that the RMUKR system is inappropriate, and that the approach in DeKay & McCllelland (1993) would be used. Following on from this is the issue of whether Hazard Class is defined on the basis of PAR or LLOL.  Both require some estimate of length and width of the inundated zone.  It is considered that the latter should be used as this is more meaningful and differentiates dams with the same PAR but different topography as follows:

a) Dams with wide plains downstream will have a low LLOL because of “low force” flood wave /or a steep river bed will have a higher LLOL as a proportion of PAR as the flood wave will have a higher “force”.

The tolerability of risk from UK dams was discussed in Section 4.3, where it is concluded that it was illogical to have three separate definitions of consequence class in use in UK, and that one common system should be adopted.

It is proposed that the existing Flood categories be adopted as the universal consequence class system except that the criteria of “could endanger lives” be changed to LLOL and Category A be subdivided into two classes.

It is considered that the potential for loss of life needs to be considered separately from damage and loss, and as such a matrix based approach to derive the consequence class is considered appropriate.  The proposed matrix is shown in Table 6.5, and includes the subdivision of Flood Category A into two classes discussed in Section 4.3.  

Table 6.5
Matrix to determine Hazard Class (consequence category) of UK dams

Likely loss 

of life
Implied PAR  

(dam breach flood wave “high force”, no warning)1
Severity of Damage and Loss 



Low2
<100
Medium2
100 - 250
High2
>250

<1


1
D
C
C

1 to 10


1 –22
B 
B


A2



11 to 100


22 to 605
A2


A2


A1



>100


>605
“Low” damage and loss unlikely for this LLOL
A1


A1



Notes 

1. See Figure 3.1 and text Section 3.4

2. Score for damage and loss follows system in RMUKR, excluding element for PAR

Hazard Class of dams in cascade

Where a dam has other dams upstream of it, the issue arises as to whether the hazard class of the subject dam should be on the basis of the failure of the subject dam alone, or whether it should be assumed that the highest dam in the cascade has failed, thereby triggering failure of all dams in the cascade.  This is important because the magnitude of the dam break wave that would arise from failure of the whole cascade is likely to be greater than that from the subject dam alone, and thus the consequences of failure of the whole cascade would be greater.  

Relevant factors are

a) For dams in a cascade which are close together floods and other external threats are likely have a similar probability of occurrence

b) there are some scenarios where the lower dam may fail but not the upper, for example where the subject dam has a higher probability of failure due to a particular external threat (e.g. floods) than the upstream dam 

The Hazard class for a dam in a cascade should be assigned on the basis of the greatest consequences of failure, after consideration of all possible combinations of failure of the subject dam with other dams upstream and downstream.

1.22.3 FN curves

When using an FN curve as the tolerability criterion the total annual probability of failure would be considered acceptable if it is on or below the lower limit to the tolerable region as defined on the FN curves presented in Section 4.  Using this approach results in the maximum acceptable AP of failure given in Table 6.6. Additional assumptions required to define a unique AP of failure are given in the table and are that AP will be taken for the mid point (on a log scale) of each range of population at risk.

Table 6.6
Acceptable AP of failure from FN curves (lower limit to tolerable region)

Hazard Class
Upper bound of broadly acceptable AP of failure
Equivalent return period
Remarks

A1
3.1E-07
3,200,000
LLOL for Class A1 is taken as 100 to 1000

A2
3.1E-06
320,000


B
3.1E-05
32,000


C
3.1E-04
3,200
LLOL for Class C is taken as 0.32

D
3.1E-03
320
LLOL for Class D is taken as 0.03

Note: Upper limit of tolerable region has AP one order of magnitude lower than the above values

The relatively low values of the upper bound to broadly acceptable probabilities of failure for Category A dams suggest that it will be common for these dams to have an estimated AP of failure higher than the upper bound of acceptable AP.  It is therefore suggested that for Category A dams it is more appropriate to plot the probability of failure and estimated number of fatalities directly onto an FN chart to determine their acceptability, rather than first comparing them to some average AP.  This is discussed further in Section 7.

1.22.4 ALARP

This was discussed in Section 4.2.4 and Appendix H.6 of Volume 2.  It can be an alternative, or supplementary approach to FN curves, but requires more engineering input, as each dam has to be considered on its own.  HSE guidance suggests that ALARP is preferred to the use of FN curves as avoiding adopting too prescriptive an approach.

1.22.5 Limits adopted for Integrated System

For the purposes of the trial the assessment of the acceptability of risk is taken as follows

a) the estimated overall AP of dam failure due to all threats will be compared to a specific standard for that dam hazard category obtained from FN curves, as given in Table 6.6, except that for Category A1 and A2 dams the probability of failure and estimated fatalities (LLOL) should be plotted directly onto an FN curve

b) in addition a single threat should not be allowed to dominate the overall risk. For the purposes of the trial it will be assumed that the annual probability of failure for each individual threat should be less than half the overall AP for that dam hazard category.

1.23 Summary

The feasibility of estimating the overall probability of failure was discussed in Section 5, concluding that evaluating the AP of failure may be carried out by analysis for external threats, but that internal threats would have to rely on historical performance.  For all threats event trees have been prepared to capture the main processes by which a dam may fail, commencing with a series of independent threats, through mechanisms of deterioration to symptoms and then, in extremis, to failure.  

For external threats the most critical threats, and branch, or branches, have been selected representing the highest likelihood of failure, and methods of analysis identified for these.  Significant pruning has been required to provide a workable system for use in a periodic safety inspection, and a complete assessment would probably require consideration of a greater number of threats, and branches from each threat.  However, much of this would be of little value in general use since the probability of failure on these branches would be very low for most dams.

For internal threats a judgement has been made of the relationship between threats and modes of failure, in order to use historic data on modes of failure to infer the relative proportions of different threats.

Assessment of tolerability of risk has identified the need for ALARP analysis, as a more pragmatic method of assessing tolerability..

Figure 6.1
Process for application of Integrated System

Figure 6.2
Published UK growth factors for peak ground acceleration, floods and wind

Figure 6.3
System devised to estimate probability of failure due to internal threats

RESULTS OF THE TRIAL OF THE PROTOTYPE Integrated System

1.24 Introduction

This section details

· the methodology for carrying out the trial required under Objective (d) of the Specification for this research contract, 

· the criteria to select the dams and judge the success or otherwise of the system. 

· an assessment of the results of this trial.

Results of the assessment of the ten dams are presented as follows
· summary of output in Tables 7.2 and 7.3
· output shown graphically on Figures 7.1 to 7.10

· Appendix J:  set of completed assessment sheets for Dam 4, as an example of the system

· Appendix K: summary Sheets J.4.1, J.4.2 and J.5.1 for the other nine dams in the trial

The results are assessed in the following sequence (with a) to e) considered for each individual dam)

a) reasonableness of the annual probability of failure due to individual threats, 

b) overall annual probability of failure, and the balance between external and internal threats

c) consequences of dam failure

d) the impact of changing some of the assumptions made; a sensitivity analysis having been carried out for Dam 3 and given in Table 7.5

e) tolerability of dam failure, including an ALARP analysis carried out to assess the cost-to-save-a-statistical-life of the works proposed for Dam 4 and as a sensitivity analysis for Dam 3 (Tables 7.6 and 7.7)

f) overview of the value of the system (Tables 7.8 and 7.9)

g) Suggestions as to research that would improve the Integrated System, and an assessment of the priority (Table 7.10)

It should be noted that the assessment of the dams in the trial is a rapid assessment to demonstrate the use of the prototype Integrated System, without full and detailed examination of all material provided. The results should not be used for purposes other than this research contract.

1.25 Criteria to judge the success of the Integrated System

The success of the proposed Integrated System will be measured by the responses to the following questions

a) are the results consistent with what would be expected?

b) where they vary from what was expected is this, on reflection, reasonable i.e. does it provide improved insight into safety issues (or is the system unhelpful)?

c) does the system provide a credible means of quantifying all the threats to a dam and thus provide a rational basis of comparing the probability of failure due to  overtopping with the probability of failure from other threats, such as internal erosion?

d) are the criteria to evaluate whether the risk is tolerable reasonable, or should the criteria be amended in some way?

e) does the prototype Integrated System meet the target specification in Section 5.2.4?

f) is the substance of the system a prototype still in a development phase, or is it sufficiently advanced that it could be issued in the form of an Engineering Guide (with suitable improvement of presentation)?

1.26 Description of trial

The dams were selected, as far as practicable, to mimic the actual distribution of the UK population of embankment dams which come under the Reservoirs Act, as described in the guidance on selecting dams included in Appendix K.  It proved impossible to provide the target spread of all characteristics, and priority was therefore given to a spread of condition and age.  The characteristics of the 10 dams used for the trial are summarised in Table 7.1.

The dams are referred to by number to allow anonymity of individual dams, the numbering system being ordered from 1 to 10 in the order from the youngest to the oldest dam.
The assessment was carried out by the two Panel AR Engineers who are on the team of primary authors of this report, six being assessed by the Project Manager and four by the Reviewer, with a cross check of results on completion.  The field visits were carried out on the 9th to the 11th April 2002. 

The methodology that was adopted was to complete the assessment using the Integrated System on one dam, refining the system to provide what was considered to be a repeatable system with reasonable output. This led to changes in both the methodology for estimating LLOL and the way internal threats were subdivided.  The prototype Integrated System was then applied to the other nine dams, with no further adjustment of the system, but with anomalies being noted on Sheet 4.2 for that dam and discussed in this section.

As well as assessing the current condition of all ten dams, Dams 5 and 6 were assessed in their condition prior to some recent works and Dam 4 was assessed for the impact of some proposed works.

The trial was carried out as far as possible using information in the last Inspection report, supplemented by a brief site visit.  The following assumptions or simplifications should be noted

a) No hydrological analysis was carried out, the assessment relying on the assessment in the last Inspection Report. Thus, in all but one case, floods were estimated using FSR, rather than FEH (which may give higher magnitude floods in some circumstances)

b) A detailed seismic  analysis has not been carried out for any of the dams; the trial has been based on the methodology given in Section 6.3.5 
c) Estimation of PAR and the rapid dam break analysis has been carried out from an inspection of published 1:25,000 or 1:50,000 scale maps only.  The quoted estimate of inundation depth and width and PAR can only therefore be regarded as indicative.

d) The relevant published geological map and memoir (where available) was generally not obtained

Table 7.1
Details of dams on which the trial of the Integrated System was carried out.

Table 7.2 
 Summary of the annual probability of failure from the trial of the Integrated System on ten dams

Table 7.3
Summary of Intrinsic and current condition scores for internal threats

External threats

1.26.1 General

The estimated annual probability of failure due to each of the four external threats considered are included on Table 7.2 and shown on the following figures

· By dam on Figure 7.1 as a histogram. 

· By order of magnitude of annual probability on Figure 7.2

It can be seen that the highest annual probability of failure is due to floods and an upstream reservoir, with the AP of failure due to wind and seismic being relatively minor. The change of the AP of failure due to works to increase the spillway capacity is shown on Figure 7.3.   The issues associated with the estimation of the AP of failure of each external threat are discussed individually below.

1.26.2 Extreme rainfall

Figure 7.3 shows that six out of the ten dams have spillways which pass the PMF without dam failure (i.e. AP of failure of 1 x 10-6, or less).  Of the remaining, Dam 6 almost passes the PMF, Dam 7 has a capacity to pass  the 7,000 year flood, whilst Dams 4 and 10 currently have spillway capacities of between 150 and 500 years.  The latter two dams are Currently Category C and D, where the dam critical flood is marginally greater than the “Design Flood” given in FRS (for Dam 4 it will be once the planned upgrading works have been completed).

For the seven dams which can pass close to or in excess of the PMF it is more meaningful to assess the ratio of the dam critical flood to the routed PMF outflow, as follows (note they are all category A dams, other than dam 5)

Dam No
Ratio of dam critical flood to routed outflow at PMF (%)
Assessed likely behaviour of crest wall at dam critical flood
Remarks

1
190%
Retains integrity, even when overtopped
Note 1

2
160%
Retains integrity, even when overtopped


3
121%
Fails


5
98%
Fails
Flood category B

6
97%
Fails
Note 3

7
50%
No crest wall


8
179%
Modern RC wall, which retains integrity, even when overtopped
Note 1

9
300%
No crest wall


1. Value approximate as spillway is bellmouth which chokes (or other downstream control), such that full calculation required to be confident of effect of routing through reservoir

2. Dam 7 requires extensive overtopping of the embankment to discharge the PMF

3. Dam 6 –Also an exception, where a recent crest raising was not completed to the specified level, such that the AP of failure is 2 x 10-6, and dam critical flood is just less than the PMF.

There are three dams where works on spillway are planned, or have been completed on the spillway.  At Dam 4, following an Inspection in 1998, the spillway is to be widened to provide 1000 year capacity (it was categorised as Flood Category C).  At Dam 5 the full freeboard recommended in FRS was proposed to be added following the last Inspection, which has made no significant reduction in the Critical flood.  At Dam 6 there was restoration of the crest level by 0.1m, following the recommendations in the last inspection report, which has increased the AP of failure from 3x10-6 to 2x10-6/annum. 

These results are considered reasonable, and reflect the difference between FRS, which is fundamentally elastic design (i.e. requiring the dam to pass a ‘design flood’ including freeboard to limit wave overtopping to an amount which should cause no damage), and a Dam Critical Flood which is the flood with say a 95% chance of failure during that flood.

The following conclusions were drawn from the analysis

· It is doubtful whether Dam 7 could withstand the amount of overtopping flow anticipated at PMF and failure is likely at floods in excess of 7000 year return period

· The increase in spillway capacity and freeboard as a result of works at Dam 5 will make no significant reduction in the probability of failure, which was already satisfactorily low

· The crest walls at dams 3 and 6 are likely to fail rather than being overtopped. However, the probability of dam failure due to extreme rainfall remains less than 1 x10-6 because of the margin of freeboard provided at the dam

· The contribution of wave overtopping to the dam critical flood is small

· The freeboard allowance provided at the dams is ensuring that the dam critical flood is much greater than the design flood in accordance with FRS

· The proposed system makes very clear the implications (either positive or negative) of deviating from the freeboard recommendations in FRS or of permitting overtopping at the design flood. This facilities much clearer and more transparent decision making.

Feedback on the system identified some areas of uncertainty, as summarised below:-



Likely impact on result

1
Estimating the critical overtopping flow on the embankment, i.e. the flow which is sustained for a duration appropriate for the subject dam which would just cause failure. There is little data on how rates of erosion vary with the following, and sensitivity studies would be useful

a) soil type, 

b) unit discharge, 

c) duration of overtopping 

d) varying discharge.
High

High

Medium

Medium 

2
Deciding whether the crest wall would fail; for older walls designed prior to a modern understanding of wave forces were considered likely to fail rather than sustain overtopping
High

3
Overtopping due to waves considered the mean overtopping flow, as given in Besley (1999), rather than any overtopping quantity due to the largest waves in a particular wave sequence. The latter requires more detailed knowledge on the distribution of waves in the wave sequence, plus behaviour on run-up of these largest waves
Low

4
Sensitivity analysis would be useful to look further at the impact of wave overtopping and determine the value of further work into assessing the overtopping flow
Low

1.26.3  Wind

For all ten dams the AP of failure is less than 10-7/annum. The results are considered reasonable, the uncertainties being similar to those discussed above for extreme rainfall.

In the majority of cases it is likely that this would not provide a credible cause of failure on its own, although it may provide a small additional contribution to failure when considered in conjunction with other threats (usually extreme rainfall). The scenario of wind blown spray turning to ice on the downstream face and causing a stability failure requires a marginally stable downstream face and very narrow crest to be credible. Another scenario of wind blowing debris into the reservoir, and causing a consequential blockage of the spillway is probably more likely, but could equally be caused by the flood washing debris into the reservoir and thus the spillway.

A separate scenario of erosion of the upstream face was not considered in the Integrated System, but may be a credible mechanism at some reservoirs where surveillance is infrequent and storms are frequent and persistent.  Further research would be required to assess the probability of the onset of damage, and the rate of erosion once damage had occurred.  This would require increased understanding of the characteristics and distribution of waves in storms and the probability of occurrence of waves which could case damage.

Failure of reservoir in cascade upstream

Only three dams had another reservoir upstream, details being as follows

Dam No
Volume of upstream reservoir(s)
Increase in AP of failure of subject dam, due to upstream dam
Remarks


1000 m3
as % of subject dam
x 106/a
% of overall AP of subject dam


2
1000
85%
154
95%
Note 1

4
48
170%
410
6% (28% after proposed works to subject dam)


8
550
37%
69
43%
Note 2

1. Indicative only as more detailed assessment of AP of failure of the three upstream reservoirs  may show this preliminary assessment was over conservative

2. Railway embankment that acts as a temporary flood detention reservoir

The main uncertainty with this threat was estimating the probability of failure of the upstream reservoir(s), and thus the contribution to the overall probability of failure of the subject dam.  The prototype system suggests that in the absence of dam specific information on the probability of failure, the average probability of failure for UK dams prior to 1975 would be used. For dam 5 a rapid assessment of the AP of failure gave a value about half that of the average for UK dams. For Dam 8 , where the upstream dam is a 19m high railway embankment any number can only be indicative, until further research is carried out on how the railway embankment would perform as a flood detention reservoir.

For dams which are in good condition but have an upstream reservoir, this will often be one of the most significant threats.  This suggests that money spent on works at an upstream reservoir may well be of more value than works to make small improvements to the subject dam.  The Integrated System provides a tool to balance the value of the investment.

As well as upstream reservoirs increasing the probability of failure of the subject dam, downstream reservoirs may increase the consequences of failure of the subject dam (and thus the risk posed by the subject dam), if the downstream dam would suffer a consequential failure following dam break of the subject dam.  The issue of downstream dams on the risk posed by a dam is discussed in Section 7.7.1 in relation to dam break analysis. 

Seismic

The AP of failure caused by an earthquake is less than 10-7/annum for all dams, and reflects the large ratio between the critical seismic acceleration (Kc, the acceleration to bring the safety factor to unity) and the seismic acceleration required to cause sufficient displacement to cause failure (Km).  As expected the absolute safety factor is very sensitive to c’.

The only two dams where the AP was greater than 10-7/annum was for those dams constructed of, or on loose sand. For both these dams, 4 and 6, SPT N values were available and were used in the assessment of dam critical earthquake, giving an annual probability of failure of 2 and 0.4 x 10-6/ annum respectively.

The comments in Section 6.3.5 over the various simplifications apply, but are not considered to invalidate the results of the trial.

The results of the trial indicate that unless the dam is vulnerable to liquefaction, the probability of failure due to earthquake is likely to be insignificant in relation to other threats.  It is suggested that at present further research is concentrated on other areas of dam performance and safety.

1.26.4 Summary

The AP of failure for external threats predicted by the prototype Integrated System is considered reasonable and consistent with what might reasonably have been expected.  The most significant external threats are extreme rainfall and an upstream reservoir.  For flood category A and B reservoirs in general the threat posed by extreme rainfall has been adequately mitigated by work carried out to improve spillway capacity over recent years and upstream reservoirs pose the bigger threat.  Wind and seismic threats rarely make a significant contribution to the overall annual probability of failure from external threats.

The system highlights the relatively small reduction in the probability of failure being effected by works to increase the freeboard at Dams 5 and Dam 6 and the risk posed by allowing overtopping flows to overtop the embankment at Dam 7.

The issue of the completeness of the assessment of all external threats is more complex. It is considered that except in exceptional circumstances the overall probability of failure due to external threats should not be underestimated by more than say 20% by considering only floods and upstream reservoirs.

Internal threats

1.26.5 General

The estimated annual probability of failure due to each of the two internal threats considered are included on Table 7.2 and shown by dam on Figure 7.1 as a histogram and by order of magnitude of annual probability on Figure 7.2.  The range of condition scores assigned to the dams in the trial are shown on Table 7.3 and Figure 7.6.  

The prototype Integrated System is based on using the current condition score to estimate the AP of failure.  (This is composed as 80% from symptoms visible at the dam and 20% from contributory factors relating to operation and surveillance).  However, the anchor points of the AP of failure for both best and worst condition dams are adjusted for the propensity to failure through details of design and construction, as follows

· Worst condition – use the observed frequency of incidents to adjust AP, as Table C.7 (ranges from 0.1 to 10)

· Best condition – use the Intrinsic Condition score to adjust AP (in range 1 to 10)

The issues to be addressed in assessing the value of the prototype Integrated System are:-

a) whether the AP of failure estimated as above provides a reasonable estimate of failure?

b) is the correction for Intrinsic Condition to the Anchor Point for Condition Score 0 in proportion to the importance of Intrinsic condition to the AP of failure?

c) is the correction to the Anchor Point for Condition Score 8, based on differences in historic rates of incidents for different types of dam, reasonable?

d) is the weighting given to Surveillance in the Current Condition score reasonable? 

e) is there is a method of cross checking the output?

f) do works on the dam have a reasonable impact on the AP of failure?

The factual results are presented first, with a discussion of the results given in the subsequent discussion section.

1.26.6 Internal Stability (Embankment)

1.26.6.1 Annual Probability of failure

The annual probability (AP) of failure varies from 1 to 45 x 10-6/annum, apart from Dam 9 where it is 100 x 10-6/annum. The median is 7 x 10-6/a. The change of AP of failure due to works on a dam is shown on Figure 7.4.  It can be seen that works have reduced the AP of failure of the three trial dams by between 0.5 and 1.5 orders of magnitude.
Foster et al (1998) provides an independent means of estimating the AP of failure for embankment dams, their methodology being shown in principle on Figure 5.4. Their base AP of failure, before correction for dam specific features, is 38 x 10-6/a for puddle clay and 190 x 10-6/a for homogenous earthfill. This is broadly consistent with the results of the Integrated System.

Descriptors and Condition scores

Current condition scores are clustered around 4, whilst as expected Intrinsic condition scores increase with age, being 10 for six embankment dams and varying from 3 to 9 for the other four.

A number of minor improvements could be made in format of the scoring sheets, including :

· Sheet J17.1 - move outlet interface to sheet J18.1

· Sheet J17.2 – clarify “Instrument readings not evaluated” to read “Instrument readings not evaluated immediately, or no trigger levels for guidance of person taking readings”

1.26.7 Internal Stability (appurtenant works)

1.26.7.1 Annual Probability of failure

The annual probability (AP) of failure varies from 0.5 to 50 x 10-6/a., apart from Dam 4 where it is 2000 x 10-6/a. due to a seepage carrying fines emerging in the vicinity of the outlet. The median is 14 x 10-6/a. The change of the AP of failure due to works on a dam is shown on Figure 7.5.  It can be seen that works on the trial dams have reduced the AP of failure by between two and 3.5 orders of magnitude.

There are no known published methods of estimating the AP of failure due to appurtenant works; Foster et al (op cit) does not mention outlets and their correction factors do not include any element of outlet works.  However, it is noted that they may have include some elements of failure due to appurtenant works in their statistics, for example piping along the interface with a structure (this project has considered this as part of appurtenant works failure, as it would not have occurred if there had been no appurtenant works).  

1.26.7.2 Descriptors and Condition Scores

Current condition scores are clustered around 3 and 6 whilst as expected Intrinsic condition scores increase with age, being 10 for the worst structure at four dams with the rest distributed between 1 and 9. In general outlets and bellmouths with pipes through the dam had the highest (worst) current condition score.

A number of minor improvements could be made in format, including :

· Sheet J18.2 – delete “other (Independent)” from test of whether there is a structure which can be used to lower the reservoir

The cross check between the two assessors carrying out the trial showed some inconsistency in marking the severity of a symptom, and this resulted in the example of scoring for seepage shown on Sheet J.2 of Volume 2 (Item ‘c’) being used to capture the process used in the trial. It would be worthwhile producing similar examples of the grading of severity for other symptoms.

Issues that emerged while carrying out the trial were

a) The relative importance of a spillway structure compared to a bottom outlet. In the trial spillways have been given equal weighting to a bottom outlet.  On the one hand failure of a spillway would, in general, only result in release of the top metre or so of the reservoir water; on the other hand this counts as a failure in the sense that this release would be large and uncontrolled.  

b) Where a structure is believed to exist but has been buried and there is no visible sign, scoring is problematic and has to rely on the symptoms in the overlying embankment.  This applies at 

· Dam 4, where the only evidence of the bottom outlet is a 300mm pipe emerging in the downstream toe ditch, and at 

· Dam 10 where published documents on the history of the dam record that in the Middle Ages it used to be emptied annually as part of the management of fish for the local friary, but there is now no sign of such as structure. 

For dam 10 the full score of 5 has been awarded for unknown condition, which with a high score for ‘contributory factors’ results in a Condition Score of 4. On Dam 4 an additional 2 points have been awarded as seepage is suspected from the end of the pipe, resulting in a Condition Score of 5. 

c) How pipework in tunnels or culverts is dealt with.  On the one hand for many dams where pipes are laid entirely within a culvert or tunnel, if the pipes disintegrated this would not result in failure i.e. a release of water which is large (in relation to the downstream channel, large is taken to be the lesser of the mean annual flood or bank full flow).   However, when the safety of operational staff is considered then this hypothetical “disintegration of pipework” could result in a threat of loss of life to operational staff, both if present in the outlet tunnel (or shaft) when the pipe failed, and in terms of subsequent activities in trying to regain control of the release of water through the pipework.  Application of the scoring system has only scored poor pipework where pipework could not be shut off at the upstream end without endangering operatives.  However, this requires further consideration and more explicit guidance. 

d) Pipes laid in fill with no upstream control are inherently unsafe – but if thye show no symptoms  of deteroiartion thye will not be shown as a hazard.  Is a pipe laid in fill given an adequate weighting in the Integrated System

Dam 7 has a 20m long gravity masonry section forming the main spillway, the embankment being retained by downstream wingwalls on the downstream side and wrapping around the front (with the puddle clay core being aligned along the front edge of the masonry section).  It could be argued that this is a gravity masonry dam and therefore it is inappropriate to apply the prototype Integrated System, which has been devised for embankment dams.  For the trial this has been scored as a structure (appurtenant works) and this is considered reasonable.

1.26.8 Discussion

1.26.8.1 Annual probability of failure

The AP of failure due to internal stability of appurtenant works is assessed as approximately equal to that from embankments, which is considered reasonable.

The median AP of failure of 10 and 14 x 10-6/ annum corresponds to a return period of about 105 years.  On the one hand this is ten times higher than the median AP of failure due to extreme rainfall, and could be viewed as too high if it was considered that the threats are broadly similar.  On the other hand these values could be considered reasonable, because few of the dams in the trial were designed to modern standards and thus had robust design features such as filters and drains.  The low AP of failure from extreme floods is due to retrofitting (Table 7.1 shows that the seven oldest dams have all had some form of spillway upgrading, or increase in freeboard).

An important issue is the annual probability of failure of modern dams due to internal threats.  If it was considered that the AP of failure of modern dams was too high, the system could be adjusted by reducing the anchor point of AP of failure of the best dam from 1 x 10-7/a to 1 x 10-8/a, but using the correction from Intrinsic Condition score to adjust this value by up to two orders of magnitude.  The net effect for most older dams with no upgrades would be no significant change from the adjusted anchor point used in the trial, but modern dams in good condition would have AP of failure closer to that for floods.  Whether this would be an improvement depends principally on what is assessed as a representative probability of failure of modern dams due to internal threats.

For high hazard dams the spillway capacity is commonly upgraded where the design flood is 10,000 year return period or less.  If the same logic were applied to internal threats works would be required where the score was 100x10-6/a. or higher. Although this is consistent with works having been carried out on Dam 6 and planned on Dam 4 (Table 7.2); such that on completion the AP of failure will be less than 100 x 10-6/a. there are the following exceptions:-

· Dam 5 where the AP of failure prior to works was only 40

· Dam 8 where the total AP of failure from all internal threats is 90

· Dam 9 where the embankment has a AP of failure of 100 x 10-6. 

1.26.8.2 Balance between Intrinsic and Current Condition scores

The system has been devised to put most weight on Current Condition, such that if there are no symptoms of distress the AP of failure is assessed as relatively low, with the Intrinsic Condition making relatively minor adjustments to the anchor point for the best condition dam. At Dam 9 although there were few signs of adverse response to loading, it was considered that the probability of failure may have been underestimated, such that the allowance for Intrinsic Condition score in the Integrated System should be higher.  This is to a great extent a matter of judgement and further consultation within the industry is required.  It is noted that the correction for Intrinsic Condition could, in principle, vary with the element of the dam.

1.26.8.3 Allowance for quality of surveillance

An important issue is the impact of surveillance on the AP of failure, and whether the current scoring system adequately reflects this. Issues identified in discussion include

a) there should be an additional score item for surveillance less than say quarterly (the current scoring system implies that once surveillance is less frequent than once a month, there is no point in surveillance)

b) the time between the first occurrence of an indicator and failure; should the frequency of surveillance for no contribution to Current Condition score be daily, rather than weekly? 

c) The frequency and level of surveillance should be an integral part of any emergency plan, 

d) The existence, quality and level of maintenance of any emergency plan should be included in the score of contributory factors

These require further consideration and consultation with industry and Panel Engineers before best practice could be agreed.

1.26.8.4 Conclusions

Overall it is considered that the results are reasonable for the first draft of the system. Some improvements can be made, particularly in improving the guidance on scoring of the severity of symptoms.  In the longer term research using formal elicitation of expert judgement could be used to improve the estimates of the AP of failure and the associated scoring system.

1.27 Overall annual probability of failure

1.27.1 General

This section considers overall probability of failure, and the extent to which the simplifications by considering only a limited number of threats may underestimate the overall probability of failure.  The output in relation to external and internal threats considered in the Integrated System was discussed in Sections 7.4.6 and 7.5.4 respectively.

1.27.2 Comparison with estimated annual probability of failure of UK dams 

Figure 7.7 shows that the estimated overall AP of failure ranges from 3 x 10-6/ annum to 7000 x 10-6/ annum, with a median of 160 x 10-6/annum. These are compared with  values obtained from the NDD on Figure 7.7, which includes the estimates of the AP of failure:- 

· average pre and post-1975 of 150 x 10-6 and 20 x 10-6/annum,  

· poor condition dams, where the dam is in a condition corresponding to Incident category 2 to 4 (as Equation 2 in Section 2.2.6).

A further comparison is the value predicted by Cullen (1990) for one UK dam of 600 x 10-6 /annum (6 x 10-4/annum). 

These might suggest that the Integarted System as trialled overpredicts the overall AP of failure by around one half an order of magnitude, although the limited size of the sample of 10 dams from a population of 2600 should be noted.

It is considered important to consider the results from high hazard dams separately from low hazard dams (e.g. see Section 2.4.5). For Category A dams where the spillway can generally pass the PMF flood, external threats range between 3 and 14% of the overall AP of failure. This compares well with Table 2.10.

For the two dams which are currently categorised as Category C and D (Dams 4, 10)  the balance between external and internal would be expected to vary, with a higher contribution from extreme rainfall, and this is borne out by the results of the trial.

This is important when assessing the future for the NDD, as data needs to be collected and searched by Hazard Class (recognising also that it will be more difficult to collect data on the performance of low hazard dams, as owners will have less interest in this).

Bearing in mind the difficulty of reliably estimating a probability of failure due to individual threats of less than 1 x 10-6/annum, it is considered that the range of the overall AP of failure estimated in the trial is reasonable.

1.27.3 Other mechanisms of deterioration for four core threats, and other external threats

The issue of other mechanisms of deterioration was considered in the trial by completing the criticality of each of the mechanisms of deterioration on the event trains on sheets 6 to 11, and considering if there were any other mechanism that might be important.  This is a difficult area, because of the complex branching and interlinking. Thus, for example failure by internal erosion can be initiated by extreme rainfall casing a rise in reservoir level, which in turn causes hydraulic fracture.  Conversely internal instability may lead to crest settlement, which in turn leads to failure by overtopping in a large flood. There are therefore various joint probability and other issues.  

It is considered that the issue of the extent to which other mechanisms of deterioration may make a significant contribution to the overall AP of failure will only be satisfactorily resolved once further research has been carried out at more detailed levels of risk assessment, including logic diagrams and expert elicitation.  At this stage it is considered that it would be satisfactory to make appropriate adjustment in the existing estimation of dam critical event. For example for floods, the estimate could be modified, at the judgement of the Assessing Engineer, to allow a correction for blockage by debris carried down by floodwater and/ or blown into the reservoir (and thence to the spillway) by wind.

Provision for other external threats was considered in Section 6.3.6.  For the ten dams in the trial it was considered that there were no other threats that make a significant contribution to the overall probability of failure. However, the system still needs to review each reservoir on a case by case basis and where necessary adapt the methodology accordingly.

It is considered that for the purposes of a Level 2 assessment, the existing methodology captures the great majority of the total AP of failure due to the four external threats considered and is therefore reasonable. This judgement is consistent with the observation in Section 7.6.1 above that the estimated overall probability of failure is marginally higher than the estimated overall AP of failure for the period 1975-2000.

Assessment of the consequences of dam break

1.27.4 General

The results of the trial are summarised in Table 7.4 and on Figures 7.10 and 7.11.

1.27.5 Breach discharge and downstream attenuation

A number of uncertainties relating to the rapid method given in RMUKR were highlighted in Sections 6.5.1 and 6.5.5.2.  It is unfortunate that production of RMUKR did not include any comparison between the result of the rapid method and full dambreak analysis, and this should be carried out as future research.

However, as a check for this project the dam breach flow is plotted against the curve in Figure 1 of FRS as Figure 7.10 and the length to the end of high force (partial structural damage) is plotted against the results of 35 full dam break analyses given by Tarrant et al (1994) on Figure 7.11.  

Figure 7.10 suggests that dam break flow may be underestimated by the method in RMUKR (and that the routing method in RMUKR underpredicts attenuation as it travels down the valley) although Figure 7.11 suggests that the length to the end of the “high force” flood wave is reasonable 

Other queries that arose were

a) The peak breach discharge predicted by the RMUKR rapid method varies significantly from that predicted using the full DAMBRKUK

b) The inundation maps provided for Dams 1 to 3 and 5 appear to under-predict the length of “High force” (when compared to Tarrant et al)

c) The peak breach discharge of 490m3/s from dam 10 was much higher than expected as it is only 2.7m high, retaining a 750,000m3 reservoir. This would require a 65m long breach, some 20 times the dam height.  Additionally the RMUKR methodology whereby the peak breach discharge is given by (VH)0.42 means that a 2.7m high dam retaining a 750,000m3 reservoir would give the same peak flow as a 27m high dam retaining a 75,000m3 reservoir which seems unreasonable (different exponents for reservoir volume V, and dam height H would seem more reasonable).

d) The peak breach discharge for 15m high Dam 5 is less than that from the 6m high Dam 4. The reason appears to be because both have a relatively small reservoir, the breach hydrograph is set following RMUKR such that Tp equals 40H and Te equals 80H, and the peak flow is then calculated such that  the breach hydrograph volume equals the reservoir volume. As dam 5 is higher the time period is longer, giving a lower peak flow.

Nevertheless the error in the final estimate of inundated area when using the RMUKR rapid method is considered likely to be acceptable in relation to other approximations in the Integrated System, subject to the use of a trapezoidal channel cross section where appropriate (rather than only considering a triangular section as suggested by RMUKR).

Effect of reservoir in cascade

Where there are reservoirs downstream failure of the subject dam may trigger failure of these reservoirs, which in turn leads to an increase in the magnitude of the flood wave.  This occurred at dam 4, where consequential failure of a downstream reservoir too small to come under the Act means that the likely loss of life is significantly increased.

1.27.6 PAR and LLOL

The significant uncertainties in determining the assumed population distribution were discussed in Section 3, together with the relationship between LLOL and PAR.  Nevertheless the results of the trial appear credible.  

Issues raised include

a) LLOL where there is more than one community down a valley e.g. For Dam 1 the high forcefulness zone extends to 40km (3.2 hours after breach), whilst low forcefulness extends to 80km (16 hours after breach). Even if no warning were given once the first major community (PAR of 800) at 22km downstream was inundated, 1.3 hours after the breach, warning would presumably be given further downstream where the remaining 1900 PAR is, such that LLOL in communities further downstream would be small. (This is consistent with small contribution to LLOL where the flood wave is of “low force”).

b) At Dam 5 the inundation maps showed an area of inundation damage only (velocity < 2m/s and velocity x depth < 3m2/s).  However, as the water depth was 3m it was considered inappropriate to classify this as “low force” for LLOL, such that 20% of the houses affected to this depth were placed in the high force category.

1.27.7 Physical damage and economic loss

The rapid method in RMUKR cannot be used in ALARP analysis as it is only a qualitative score, and there is no information on whether the scoring system provides a repeatable system.  For the future development of a Level 2 Integrated System it is therefore considered that it would be preferable to devise some form of rapid assessment system by using and extending as necessary, either the existing methodology for flood defence works in UK, or the research work on the damage following the Dale Dyke failure (Binnie & Partners, 1991).

This latter approach has been used in the sensitivity studies of ALARP calculation later in this report.

1.27.8 Summary

The system for assessing physical damage is considered inappropriate for use in an Integrated System, and some alternative method should be devised.  There is considerable uncertainty in estimating LLOL, mainly because the distribution of the population in the inundated zone may change significantly throughout the day, and also because of the difficulty in relating LLOL to PAR.  Nevertheless it is considered that the prototype Integrated System provides a workable methodology for a Level 2 risk assessment, subject to improvement of the assessment of physical damage and economic loss.

Table 7.4
Consequences of failure and Hazard Class

Sensitivity Study of risk posed by dam

To provide some measure of the uncertainties and simplifications a sensitivity study has been carried out for Dam No 3, varying some of the key assumptions to investigate the effect on the estimate of risk provided by the prototype Integrated System.  This is summarised in Table 7.5.

Although for external threats the overall probability of failure increases in some cases by a factor of up to 50, as the initial probability is so low (i.e. less than 1 x 10-7/ annum) the overall result, even if all the worst case assumptions were actually correct is to increase the probability of failure due to external threats to 10 x 10-5, some two orders of magnitude higher than the best estimate. 

In terms of internal threats, the effect of increasing the condition class score by two (i.e. in worse condition than best estimate but not showing symptoms) the effect is to increase the overall probability of failure from 50 to 280 x 10-5, an increase in AP by  a factor of 5.
In terms of consequences assuming a higher peak discharge such that the width of flooding was increased by say 50% then the PAR would increase by about 180%, whilst LLOL increased by 35% (the calculation of actual flooded width could not be carried out, as the inundation mapping was provided, having been prepared by others).  It is noted from Table 7.4 that the summary report with the inundation mapping gives a peak discharge of 60% of that from the RMUKR methodology, suggesting significant uncertainty in the estimate of peak breach discharge.  As expected using the relationship between LLOL and PAR given in RMUKR gives a LLOL 3.5 times greater than the value obtained using the methodology proposed in the Integrated System.

This is an area where further research would be beneficial, both in carrying out sensitivity studies more systematically and in calculating confidence limits.  The conclusion from this preliminary assessment is consistent with what might have been expected, which is that

a) the probability of failure is likely to be accurate to within half an order of magnitude

b) both PAR and LLOL could vary from that estimated by a factor of 2 to 3

Table 7.5
Sensitivity test on Dam 3 of methodology used in Integrated System.

Tolerability of risk (Risk assessment)

1.27.9 General

The risk (annual probability x consequence) posed by the ten dams in the trial is plotted on an FN chart on Figure 7.8, whilst indicative ALARP calculations are given as follows

· on Table 7.6 for the works proposed to Dam 4, and 

· on Table 7.7 to investigate the reduction in probability of failure that would be required to justify the cost of upgrading or rehabilitation works

1.27.10 Hazard Class

The flood hazard class of the ten dams prior to the trial was eight Category A, one C and one D.  The revised hazard Class, following use of the rapid method to estimate PAR and LLOL and application of the Integrated System was four A1, three A2 and two B and one C.  The changes are

· Dam 5 would remain as Category B, on the basis of LLOL of 7.  This reflects the fact that the inundation map shows the whole valley downstream of this 15m high dam retaining a 60,000m3 reservoir (at dam crest level) as “low force”(inundation damage only). However physical damage is likely to be such that it may be classified as Category A2.

· the Category C dam changes to Category B and the Category D to Category C, as the rapid dam break identified that both have a population at risk of around 30, although because of the low “forcefulness” of the dam breach wave the LLOL is 3 for Dam 4 and 0.7 for Dam 10. The forcefulness of the dam break is marginal at Dam 10, as although VH is greater than 3m2/s, the velocity is only 1.8m/s; if the first 5km were taken as high force the LLOL would increase to 9.

1.27.11 FN curves

All dams were plotted directly onto a FN chart on Figure 7.8 to determine the acceptability of the risk.  With no warning Dam 5 fell into the acceptable zone, Dams 1 and 6 into the tolerable zone and the other seven dams into the unacceptable zone. Where at least 90 minutes warning was provided, then five dams fell into the broadly acceptable zone and the remainder into the tolerable zone.

For comparative purposes the data points have also been plotted onto a FN chart (Figure 7.9) where the tolerability criteria are those used by the BOR (public protection guidelines).

The only dam that fell into the tolerable region is a dam designed and constructed to modern standards, and similar dams would be expected to follow suit.  All of the older dams had higher probabilities of failure consistent with the fact that they probably pose a greater risk because of the greater number of unknowns.  For these risk management is required by a combination of carrying out work, surveillance and effective emergency plans to provide adequate time for evacuation.

This analysis confirms that criteria for tolerability are a difficult area, with no simple criteria to determine acceptability.  This is an area that HSE and others have been considering for some time; the conclusion appearing to be that each case has to be considered on its merits in terms of societal concerns. This is likely to often lead to the need to carry out some form of ALARP analysis, to investigate whether the cost of upgrades are disproportionate to the reduction in risk that would be achieved.

1.27.12 ALARP

Although it is envisaged that the Integrated System as applied in a periodic Section 10 Inspection would not automatically include an ALARP analysis, it is recognised that it is likely that this will be needed for many high hazard dams.

The trial has therefore included an example of the application of the ALARP principle in the form of evaluating the proposed works in terms of the cost-to-save-a-statistical-life as given in Appendix H.5, as follows

a) to Dam 4 where works are proposed (Table 7.6)

b) to investigate the reduction in the probability of failure that would be required to justify the cost of upgrading or rehabilitation works (Dam 3, purely for illustrative purposes) 

The annualised cost of the proposed works has been discounted over 40 years, using a discount rate of 6%, as currently required by Government for testing flood defence schemes, which gives a ratio to present value of 15 (from tables in Snell, 1997). Damage costs are taken from FLAIR (1990), but updated with RPI to 2001.  For Dam 4 they have been  increased by a further 150 to 200% for residential property to allow for the greater wealth in the area in question (a London commuter area in the south east).

For Dam 4 this analysis shows that the proposed works are very worthwhile, the CSSL of £0.2M for the whole works being below the value for preventing a fatality of £1M given in HSE (2001, see summary in Section 4.2.5).  However there is significant imbalance in CSSL between the three sub-elements of the works, the spillway upgrading and outlet works replacement being worthwhile but the installation of a toe drain to the embankment having a high CSSL of £29M.  

What is of particular interest here is the required spillway capacity.  On the one hand the current proposals are only to increase the spillway to a 1000 year capacity. However, the results of the trial suggest that the dam should be reclassified as Category B, when FRS would suggest that it should be designed for a 10,000 year flood.  The analysis in Table 7.6 suggests that if the cost of the additional increase can be limited to £60,000 then this further increase may be justified, but that if the cost was £120,000 or greater this may not be justified, depending on the value of CSSL which is considered to justify works. 

However, this ignores the spillway capacity of the 48,000m3 reservoir upstream of dam 4, which currently has a spillway designed to pass a 1000 year flood, but with no freeboard. If the spillway for Dam 4 were increased without any increase in the capacity of the spillway of the dam upstream, the AP of failure of Dam 4 would not change (although it would move from the AP due to overtopping of Dam 4, to the AP of failure of the upstream dam leading to failure of Dam 4). Thus in the ALARP calculation the cost of increasing the spillway of Dam 4 should also include increasing the spillways to upstream dams (although the risk costs should similarly include the consequences of a cascade failure). 

For Dam 3, where three different potential costs for works were considered, Table 7.7 suggests that works would only be justified if expenditure of £0.1M could reduce the AP of failure by at least half an order of magnitude.

Clearly sensitivity analysis should be carried out and some of the assumptions could be refined, but the process appears valuable.

1.27.13 Summary

The FN chart is considered to be of value in comparing relative AP of failure and LLOL, and thus to rank dams in terms of risk. However, it is a relatively blunt tool to assess tolerability, as the indicated limits of tolerability are inflexible and do not take into consideration what measures would be necessary to reduce risk, which may vary significantly between dams with the same risk.  It is therefore likely that most high hazard dams would require some form of ALARP analysis carried out to investigate whether there are any works that would be proportionate to the reduction in risk that they would achieve.

Table 7.6
 ALARP calculation for cost-to-save-a-statistical-life (CSSL) for proposed works to Dam 4

Table 7.7
Sensitivity study on Dam 3 of ALARP calculation for cost-to-save-a-statistical-life (CSSL)

1.28 Discussion 

1.28.1 Overview of output

The preceding sections have reviewed the output from each element of the system broadly in isolation. It is also important to consider the system as a whole, to see whether it meets the criteria in Section 7.2 and also what value it would add to the process of the management of dam safety in UK. 

As discussed in Section 1.4.3 there are a number of important strategic drivers to provide an Integrated System for quantitative risk assessment for assessing the safety of dams in the UK. These suggest that even if it is concluded that this is not feasible at the present time it will be accepted that this is a medium to long term goal for the dam industry, and that components of the system can, and should, be developed and put in place now. 

It is therefore considered that at a strategic level assessment of subsequent activities following this research contract should be on the basis of whether the Integrated System 

· is good enough?

· adds value?

Attention is drawn to the statement in Terzaghi & Peck (1948, Preface to Soil Mechanics in Engineering Practice):-

“On the overwhelming majority of jobs no more than an approximate forecast is needed, and if such a forecast cannot be made by simple means then it cannot be made at all”.

1.28.2 Success and value of the Integrated System

The assessment against the criteria given in Section 7.2 is presented in the form of Tables 7.8 for individual dams and Table 7.9 for an overall assessment. 

Table 7.8
Assessment of value of prototype Integrated System to individual dams
Dam No.
Any surprises in output from assessment, value from system.

1
Output reasonable, i.e. risk is tolerable even with no warning

2
Identifies the principal risk comes from the dams upstream

3
Output reasonable, i.e. risk is tolerable even with no warning

4
a) Identified that dam is actually Category B, rather than C, due to consequential failure of two small dams which are outside Act.

b) Helpful in providing scoring of relative condition of the three structures

c) Provides means of assessing justification in further upgrading of spillway

5
System shows reduction of risk by factor of 20, mostly due to works on outlet (little reduction in risk from works to increase spillway capacity)

6
Just into tolerable region after recent works (main item was grouting puddle clay core to stop seepage carrying fines into culvert). System shows reduction in risk by three orders of magnitude due to recent works

7
Clearly identifies the high risk resulting from passing 75% of the PMF across the crest of the main embankment

8
Identifies risk from 19m high railway embankment immediately upstream of reservoir, which could fail in extreme flood events

9
Clearly identifies the need to understand better the cause of the embankment leakage

10
Identified that dam is actually Category C, rather than D (the process of rapid dam break analysis identified downstream houses that may be affected by a breach). Notwithstanding this, the validity of the dam breach flow estimated using the RMUKR methodology is questioned, as discussed in Section 7.7. 

Note 1. This table highlights one or two of the issues identified on each dam; for more detail see Sheet 4.2 for each dam in Appendix K.

Table 7.9
Assessment of overall value of the prototype Integrated System


Criteria to judge value
Comment on value of system

1
Are the results consistent with what would be expected? Where they vary from what was expected is this, on reflection, reasonable i.e. does it provide improved insight into safety issues (or is the system unhelpful)?
The overall results are generally either consistent with what would be expected, or on reflection are reasonable. 

2
Does the system provide a credible means of quantifying all the threats to a dam and thus provide a rational basis of comparing the probability of failure due to overtopping with the probability of failure from other threats such as internal erosion?
Yes. Table 7.2 suggests that for Category A and B dams the median ratio of the AP of failure of external to internal threats is about 20% when upstream reservoirs are included, and 5% when upstream reservoirs are excluded. This is considered reasonable and is consistent with the observed ratio of 4% reported in Table 2.10. 

For the two Category C and D dams the AP of failure is dominated by low spillway capacity.

3
Is the system simple and reproducible, so that different panel engineers of different experience would reach the same conclusion?


Yes.  Further guidance could be given on scoring the severity of symptoms, but this would be straightforward to prepare.


Criteria to judge value
Comment on value of system

4
To what extent does the system provide confidence limits, or sensitivity studies?
The system does not provide confidence limits.  However, it does easily allow sensitivity studies for internal threats, and this could be extended to other sheets.



5
Is the system flexible i.e. providing a framework for judgement rather than being prescriptive?
Yes. Scoring of Internal threats requires both judgement in scoring the severity of symptoms and makes provision for the Assessing Engineer to adjust the final score by one class. 

The use of ALARP analysis also provides a tool to support judgement.

6
Does the system provide means to assess the impact of mitigation/ improvement measures?
Yes, by providing quantification of risk before and after the works

7
Can output from the system be cross checked using a different method?
The overall AP of failure can be checked against that for all UK dams as shown on Figure 7.7, where a sufficiently large subset is evaluated.

The AP of failure due to internal instability (embankment) can be checked against Foster et al (1998) where a sufficiently large subset is evaluated.

8
Are the criteria to evaluate whether the risk is tolerable reasonable, or should the criteria be amended in some way?
a) The use of an FN chart is useful for providing an overview of the risk; however the use of rigid limits is debatable. 

b) An ALARP calculation of the cost-to-save-a-statistical-life is another technique, but requires selection of an agreed CSSL which justifies works 

9
Does the prototype Integrated system meet the target specification in Section 5.2.4?
In most respects, as evaluated above. 

10
Is the substance of the system a prototype still in a development phase, or is it sufficiently advanced that it could be issued in the form of an Engineering Guide (with suitable improvement of presentation)?
A number of areas where improvement can be made and should be over time have been identified.  As currently developed it provides useful output to inform decision making and therefore could be issued in the form of a Preliminary Engineering Guide.  This should be for a limited period of say 5 years with feedback required of users.  During this period also the NDD should be developed and managed with improved and fuller incident reports to provide statistics to underpin the system.  Following these a definitive Engineering Guide could be issued.

Debatable Issues

Operational vs. dam failure

One of the issues identified from the trials was that the system is focussed at dam safety (failure being defined as large uncontrolled release of water) and not at operational adequacy. Thus if failure of outlet works pipework would not result in a large uncontrolled release of water its condition is not included in the overall probability of failure, other than in an indirect fashion in relation to the ability to lower the reservoir if there was a safety problem with some part of the dam. 

In principle a similar quantitative risk assessment could be devised and carried out which focuses on operational adequacy, which may be of value to dam owners in terms of evaluating and managing all assets as well as the safety of the dam. This could include

· Slope movements

· Pipe and valve condition and failure

· Tolerability criteria based on business costs, rather than LLOL

This is an important issue, as it will influence the structure and data recorded in any UK database on dam performance.  The five definitions of failure given in the Engineering Guide to pipes and valves (Reader et al, 1997) should be noted, as four relate to different levels of operational inadequacy.

Accuracy of output from Integrated System

The prototype Integrated System is by definition only a Level 2 quantitative risk assessment (QRA).  This raises the issues of 

a) the accuracy of estimates from this system

b) whether the tools for more detailed analysis are available, and if not whether this impacts on the value of the Level 2 system.  

In terms of accuracy it is important to understand that in evaluating dam safety, which  by its nature is high hazard, low probability, risk implies uncertainty.  QRA cannot remove uncertainty but it can provide a tool in the process of analysing, assessing and managing risks. The primary purpose of the Integrated System as defined in this contract (a Level 2 assessment) is to assist in separating out those dams where the risk is tolerable from those where it is clearly intolerable, and to identify the elements of the dam which lead to the intolerable risk. As such it could be argued that it is more important that the balance between threats is reasonable and that a repeatable assessment is obtained by different panel engineers on different dams, than the absolute accuracy of that estimate.

In terms of tools for more detailed assessment one of the main uncertainties is how to deal with internal threats, and tools currently available for this are not particularly robust or proven.  However, it is considered that this does not invalidate the prototype system, rather it highlights the need to gain experience with a Level 2 system before spending too much time focussing in detail on only some aspects of dam safety. 

Tolerability criteria

It is clear that for Category A dams it will be common for the probability of failure to be greater than the upper bound of broadly acceptable, such that an ALARP analysis or other detailed consideration will be required.  Further experience is required of this, but it is considered that for most dams the initial assessment could be fairly simple, following the lines of Table 7.6, which would identify dams where more detailed study was warranted and those where no proportionate option exists for reducing risk.

Sensitivity studies and confidence limits

Risk management is about understanding and managing uncertainty.  It is therefore desirable that where estimates of risk are made they include confidence limits, or where this is not possible sensitivity studies can be carried out to assess a range of “what if” scenarios. The prototype Integrated System makes some allowance for this by including two scoring columns on the sheets for scoring internal threats, and this could be extended if felt desirable.

1.28.3 Future for the Integrated System 

The process of carrying out the risk assessment using the prototype Integrated System was found to be valuable in terms of focussing attention on the prioritisation on issues that affect dam safety. One particular issue is that having to quantify the probability of failure and consequences forced a discipline of producing defendable statements about safety. In broad terms the output from the trial was also considered to be reasonably reliable, as a Level 2 assessment.  Output from the two Panel AR engineers carrying out the assessments was cross-checked, with only some minor inconsistencies in the way the analysis was carried out, such that the results should be reasonably repeatable.

The time taken to complete an assessment was about 10 hours a dam for the first one or two dams to which it was applied, then reducing to around 6 hours for subsequent dams.  If implemented it should therefore be possible, once some experience has been gained with the system, to complete the assessment within a day.

Following on from Table 7.9 it is accordingly recommended that this research contract be extended to include production of a Preliminary Engineering Guide on Risk Assessment for UK reservoirs.  Table 7.10 summarises areas where improvements could be made to the system within this contract, and also areas where further research is recommended.  

It is anticipated that such a preliminary Guide would include the system in electronic format on CD at the back of the Guide.  This could be a Excel workbook with equations visible but protected, and possibly restructured such that all input data is input on one sheet, with other sheets calculating the AP of failure from individual threats.

Table 7.10
Overview of the structure and future for the prototype Integrated System

Step of system 

in Figure 6.1
Principle underpinning element of Integrated System used in Trial
Precedent/ Remarks
Proposed change if issued as Preliminary Guide now
Recommended issues to be explored in future research 
(Priority:- High, Medium or Low)

2
Decide which threats to consider
Four core external threats of rainfall, wind, upstream reservoir and seismic 

Two internal threats (embankment and appurtenant works)
The criticality of other threats and mechanism of deterioration is considered and commented on in Sheets 4.2 and 6 to 12.

The output from RMUKR may be viewed as a method to check ranking of threats and mechanisms by criticality from event trains
For external threats consider only rainfall and upstream reservoir as standard
a) Methodology for estimating probability of failure due to wind

b) Ditto - vandalism/sabotage/other threats 
M

L

3
AP of failure due to External threats
Use Dam critical external event (cf. Imminent Failure Flood) as a simplified measure of probability of failure given load of sufficient magnitude
Imminent failure flood given in ICOLD Bulletins, and used informally as a check by some Panel Engineers when applying the various engineering guides
Disregard wind when estimating Dam Critical Flood (wave overtopping generates outflow from reservoir, similar to that from higher reservoir level and no waves)
a) Estimation of magnitude of low probability events:- Floods

b) Ditto Seismic loading;  

c) Evaluate uncertainty in simplifying distribution of probability of failure given load to single dam Critical event 
M

L

M

4
AP of failure due to Internal threats
Use anchor points of best and worst dams
Although the Australians have pioneered the use of historical data to predict future performance, they use the average AP of failure. This contract has focussed more on data on incidents, and used this to define the anchor point of AP of failure of dams whose condition is such that emergency drawdown or works are required.
Review and improve Descriptors, including guidance on scoring severity


a) Expert elicitation to review the separation of Internal threats, and methodology for dealing with several structures, and Intrinsic  and current condition scoring system 

b) Review the estimate of the Probability of Failure of median condition puddle clay and homogeneous dams, including specifically estimating the uncertainties in the estimates, through the use of formal expert elicitation and Logic diagrams 

c) Improve the understanding of the engineering of internal stability of dams (ongoing research) 

d) Improve data base of dam incidents:-  

· Scoping study to define purpose/ structure/ methodology for managing data 

· Implement scoping study
H

M

M

H

H

6
Prediction of depth and velocity of inundation in downstream valley following dam break
Use Rapid method in RMUKR
Detailed methods have been readily available in the UK over the last decade (Binnie, 1990). Although the rapid method in RMUKR is new and to some extent untried, the uncertainty is likely to be small in relation to other elements of the Integrated System.
None
a) Review method of estimating dam breach flow 

b) Compare rapid and full method, as sensitivity study of factors such as channel geometry, Manning n and La, to determine if corrections required to rapid method 
M

M

7
Prediction of likely loss of life
Use DeKay & McClelland, 1993
The Integrated System uses work done in the US for the BOR, based on observed loss of life
None



8
Prediction of damage and economic loss
Use the impact scoring system in RMUKR

Provide a framework for estimating cost of flood damage which would be of use in ALARP analysis 
Develop practicable rapid method of assessing flood damage, using and exetnding work by the Environment Agency and others (egBinnie, 1988)
M

11&12
Risk acceptance criteria 

Tolerability of risk
Use FN charts as a screen for low hazard dams; it is expected major hazard dams will use the ALARP approach recommended in HSE (2001).
ALARP is the method now favoured by HSE (2001, 2000)

Guidance for emergency plans (H)


1.29 Summary of Conclusions from trial

An Integrated System has been successfully developed for the assessment of embankment dams which uses quantitative risk assessment to evaluate the contributions of different threats to the overall probability of failure of the dam, as well as associated consequences and risk posed by the dam.  The System has been shown to provide reasonable results and useful insights into the management of the risk posed by embankment dams.

It is recommended that this research contract is extended to include the production of a Preliminary Engineering Guide on Quantitative Risk assessment for UK Embankment dams; this guide to be reviewed and finalised in a future contract in five years time following both feedback on its use and research carried out in the meantime.

Such a Preliminary Engineering Guide should include

a) overview of techniques for risk assessment

b) the proformas for a Level 2 risk assessment of existing embankment dams in service (more than 5 years old) similar to that already devised and trialled

c) a feedback form, to be sent to the Reservoirs Committee on completion and which can be taken into account when completing the definitive Guide

Following the future completion of such an Engineering Guide, similar guides should be considered and if found feasible drafted for concrete dams and service reservoirs.

At this stage a number of research issues have been identified, as summarised in Table 7.10.

Figure 7.1
Histogram of annual probability of failure from individual threats to each dam, in current condition 

Figure 7.2
Assessment of most critical threats , for ten embankment dams in trial

Figure 7.3
Histogram of effect of works on annual probability of failure due to extreme rainfall (floods) 

Figure 7.4
Histogram of effect of works on annual probability of failure due to internal stability (embankment)

Figure 7.5
Histogram of effect of works on annual probability of failure due to internal stability (appurtenant works)

Figure 7.6
Intrinsic and Current condition scores for dams in trial

Figure 7.7
Distributions of overall probability of failure of UK embankment dams

Figure 7.8
FN curve of tolerability of risk posed by dams in trial

Figure 7.9
FN curve of tolerability of risk posed by dams in trial, measured against BOR public protection guidelines

Figure 7.10
Dam breach flood peak discharge vs. Figure 1 of FRS

Figure 7.11 
Attenuation of flood down valley : Distance to end of "high force"

NEED FOR REVISION OF PUBLISHED ENGINEERING GUIDES

1.30 Introduction

This section addresses the underlined parts of the following items of the Specification (Sections 6 and 7 addressed the text in italics):-

a) propose and demonstrate such a system if it is feasible, with particular attention to the standing and possible need for revision of already-published engineering guides; and 

b) to advise further upon revisions to Floods and Reservoir Safety,  building upon the work already reported by Babtie Group but, notwithstanding what is said there and in the Department’s response to that work, considering afresh what, if any, use should be made of PMP estimates.
The Research contract defines the engineering guides as those listed in Section D5 of the Guide to the Reservoirs Act (ICE, 2000).  These guides are listed in Table 8.1, together with a summary of their content that relates to an Integrated System.

1.31 Strategy for defining ‘Design Standards’ 

The Integrated System is based on the concept of a Critical Load (as discussed in Section 5.3.4), whilst to date practice for the safety evaluation of dams has generally implicitly been based on requiring an elastic response to extreme load, which the dam must withstand with no permanent deformation or other effect. The exception to this is seismic load, where two loading conditions are normally considered as shown in Table 8.2.

Table 8.2
Load cases normally considered in relation to seismic safety of dams (ICOLD Bulletin 72 – Selecting seismic parameters for large dams, 1989)

Load
Annual probability
Required performance 

Maximum design earthquake (MDE)
a) Largest conceivable earthquake that appears possible along a recognised fault or within a geographically defined tectonic zone

b) Upper bound of expected magnitude
The impounding capacity of the dam be maintained (no catastrophic release of water) (ICE, 1998 notes that “it is accepted that quite severe damage including deformation and/or reduced post earthquake factor of safety may occur)

Operating basis earthquake (OBE)
50% probability of not being exceeded in 100 years
Dam, appurtenant structures and equipment should remain functional and damage easily repairable

A similar system is advocated in ICOLD Bulletin 61 on Dam Design Criteria (1988), which differentiates Normal and Extreme conditions, although not defining their respective annual probabilities of occurrence.

Table 8.1
Existing Engineering Guides


Title (reference)
Content that may be affected by Integrated System (section in text)
Remarks



Hazard category
Design AP
Recommended safety factor


1
Floods and Reservoir safety  (ICE, 1996)
A to D
Table 1 in Section 2
None


2
Seismic risk to dams in the UK ( Charles et al, 1991)
I to IV
Table 4
Performance Criteria in Section 4.4 (as ICOLD Bulletin 61)



Associated Application Note (ICE, 1998)

Table N4 (MCE, default of 10,000 year)
Table N3


3
Safety of embankment dams 
None
None
Slope stability - Table 7 (p26)


4
Investigating embankment dams
None
None
None
Section 2 covers the ‘Observational method’, and gives seepage and settlement indices

5
Safety of concrete and masonry dam structures
None
None
-
At present the Integrated System does not apply to these types of dam

6
Valves, pipework and associated equipment in dams
None
None
None
Sections 5 & 7 cover hazard and risk assessment

7
Risk management for UK Reservoirs
Three classes
None
None
Qualitative system 

The UK guide to seismic risk (ICE, 1998) uses the term Safety Evaluation Earthquake (SEE) instead of MDE, on the basis that for low hazard dams it may not be appropriate for the SEE to be set equal to the MDE.

We recommend adoption of a similar approach to that for earthquake described above for other external threats, where periodic safety assessment considers two loading cases, as illustrated in Table 8.3.

Setting the AP of these two loads is more problematic, and further research is probably required before they can be fixed for all threats. Some of the key issues include 

a) whether the response of a dam to extreme loads is plastic or brittle.  It could be argued that most soils will react to dynamic seismic loading with a plastic response (i.e. some deformation, but not a flow slide type failure) whilst sandy soils will react to overtopping with a brittle response (i.e. gullying leading to concentrated erosion at one point, rather than redistributing load onto the adjacent uneroded slope).

b) The extent to which the external threat is applied to other infrastructure in the vicinity of the dam. Definition of the annual probability of the Operational event may be seen as requiring that the dam behaves elastically up to a magnitude of an external threat where the damage to other infrastructure and property in the vicinity of the dam from the external threat in question is so great that a Regional State of Emergency is declared.  Thus extreme rainfall which can occur over relatively localised areas may require design for a more extreme Operational event. 

Table 8.3
Proposed new general approach in UK dam safety practice to definition of loading cases from external threats 

Loading case
Required performance 
Indicative annual probability

Safety evaluation event
a) Dam Critical Event should be no lower than that under the safety evaluation event such that the impounding capacity of the dam can just be maintained

b) it is accepted that quite severe damage including deformation and/or reduced post event factor of safety may occur


To be determined following future research

Operational event
Dam, appurtenant structures and equipment should remain functional and damage easily repairable (generally an elastic response, designed with full safety factor)


1.32 Standing and need for revision of existing Guides

1.32.1 General

It is recognised that notwithstanding the recommendations in Section 7, that the Integrated System may not progress in the short term due for example to budget constraints.  This section therefore considers two scenarios, firstly that the recommendation in Section 7 are accepted and implemented, and secondly that the recommendations are not implemented in the short to medium term.

Floods and Reservoir safety (FRS)

Irrespective of whether the recommendation of this report are implemented, FRS should be revised in the following areas

a) The definition of Hazard Class in Floods & reservoir safety should be changed from ”could endanger lives in a community” to “likely loss of life (LLOL) is greater than X”, where X is taken as 1, 10 and 100 for Classes B, A2 and A1 
b) Emergency plans are recommended for Class A1 and A2 dams, and advisable for Class B

c) The design flood for category A2 would be the same as A1

If the recommendation of this report are implemented then the following additional revisions are recommended:

d) definitions and terminology to be revised to follow the terminology in this report e.g. Table 2.3

e) The Hazard Class (A to D) should be modified to a matrix combining LLOL and physical damage, along the lines of Table 6.5

f) The design floods would remain unchanged while experience was gained with the Preliminary Guide and further research was carried out into extreme floods.  

When the definitive Engineering Guide to risk assessment is published, the following further revision is recommended

g) “Reservoir design flood inflow” given in Table 1 of the Guide should be revised to follow the new general approach in Table 8.3. (an indicative format is given in Table 8.4; however further study would be necessary to populate this table).

The AP to be assigned to the future safety evaluation flood is problematic.  One approach is to require that the annual probability of failure due to an individual threat is no higher than 50% of the broadly acceptable limits shown in Table 6.6. This however raises the following issues

· the AP of the safety evaluation flood is then much more severe than that for earthquakes (which are given in Table 4.5; this may be correct because response to overtopping is likely to be more brittle than seismic shaking)

· the equivalent return period is five times higher than the current standard for ‘elastic design’ given in Table 1 of FRS (although two out of the four Category A1 dams in the trial would meet the standard, in that the AP of failure for these is less than 0.2 x 10-6/a).

It is noted that if the BOR “public protection tier I guidelines” were adopted the values of AP would all reduce by a factor of ten, as the BOR use an estimated annual life loss of 1 x10-3/a, rather than the 1 x 10-4/a used to define the upper limit of broadly acceptable on FN curves.

Table 8.4
Indicative future format of revised Table 1 in FRS 

Dam Hazard
Initial reservoir condition standard
Safety evaluation flood inflow1
Operational flood inflow2

class (from Table 6.6)

Annual probability
Equivalent return period
Annual probability
Minimum wave surcharge allowance

A1
Spilling long-term average inflow
Values to be determined following future research 



A2
Spilling long-term average inflow





B
Just full  (i.e. no spill)





C
Just full (i.e. no spill)





D
Spilling long-term average inflow





Notes

1. Concurrent wind to be taken as mean annual wind.

2. Concurrent wind to be taken as ten yearly wind. Spillway to experience no damage at events up to and including this return period.  Where spillway chute and/ or stilling basin are remote from dam then limit of elasticity may be for a more frequent event, provided any damage at the operational event will not cause any damage to the embankment.

1.32.2 Seismic risk to dams in the UK

The Hazard Class (I to IV) should be modified to follow the system adopted as the universal system for UK (i.e. the same as that used for floods) as shown above:-

a) if this report is not implemented a hazard classification based on LLOL, 

b) if this report is implemented a system based on a matrix of LLOL and physical damage

In addition the return period of the safety evaluation earthquake should be reviewed to ensure that it is consistent with that for the safety evaluation flood, taking into account the different nature of the loadings and dam response to the loadings. 

1.32.3 Safety of embankment dams

There is no change in the basic approach given in this guide, although it would be desirable for the guide to be revised in due course to include the following (number in brackets is section in guide)

a) definitions and terminology to be revised to follow the terminology in this report e.g. Table 2.3

b) add references to the current state of a probabilistic approach to design issues, such as slope stability (3.5.4) and filter design (3.5.2)

c) note that the need for remedial works (8.1) may be assessed using risk assessment techniques

The proposed Preliminary Guide to risk assessment should relate the marking of severity of symptoms to quantitative measures of performance, such as settlement index SI (page 16) and drawdown settlement DI (page 18).

1.32.4 Investigating embankment dams

The comments on the Guide to Safety of Embankment Dams apply.

1.32.5 Valves, pipework and associated equipment in dams

There is no change in the basic approach given in this guide, although Sections 5 and 7 of this guide should be amended to be consistent with definitions in this report.

1.32.6 Risk management for UK Reservoirs (RMUKR)

If the recommendations of this report are not accepted then the following areas of RMUKR require review and updating:-

· Rapid dam break following the recommendations in Sections 7.7

· the three Hazard Classes given in Section 5.3 (* to ***) should be modified to a hazard classification based on LLOL consistent with revised Classes A1 to D

If the recommendation of this report are implemented then 

a) the hazard class should be revised to a matrix combining PAR/LLOL and physical damage, along the lines of Table 6.5, and following the system adopted as the universal system for UK (i.e. the same as that used for floods and earthquake) 

b) RMUKR should not be revised, but used in conjunction with the new Preliminary Guide to Quantitative risk assessment.  Both documents would then be superseded in due course by the definitive Guide to Quantitative Risk assessment.

2 GLOSSARY

2.1 Acronyms 

ABI
Association of British Insurers www.abi.org.uk

AP
Annual exceedance probability

ALARA
As Low as is Reasonably Achievable

ALARP
As Low as is Reasonably Practicable

ANCOLD
Australian National Committee on large Dams  www.ancold.org.au

ASDSO
USA : Association of State Dam Safety Officials. Set up in 1983, has annual conference e.g. see Kalkani, 1998. www.damsafety.org

BDS
British Dam Society  www.britishdams.org

BHS
British Hydrological Society.  Chronology of British Hydrological events on www.dundee.ac.uk/geography/cbhe 

BOR
United States Bureau of Reclamation.  www.usbr.gov.  Dam safety office Website borworld.usbr.gov/dsi.  Responsible for dams in 17 western states of USA

CBA
Cost Benefit Analysis

CDA
Canadian Dam association. website www.cda.ca/cda/main

CEH
Centre for Ecology and hydrology

http://www.nerc-wallingford.ac.uk/ih/

CI
Condition index, e.g. as defined in Section 2.1 of USAC (1999)

COSHH
Control of Substances Hazardous to Health Regulations

COMAH
Control of Major Accident Hazards Regulations (SI 1999/743) – implementing Council Directive 96/82/EC (the COMAH Directive)

DCF
Dam Critical Flood 

DEFRA
Department for Environment, Food and Rural Affairs.

Website defra.gov.uk/environment

EA
Environment Agency (England). Flood warnings now available 24 hours/ day at www.environment-agency.gov.uk/floodwarning

EC
European Commission

EGSED
Engineering Guide to safety of embankment dams (Johnston et al, 1999)

FEMA
Federal Emergency Management Agency, USA

www.fema.gov/mit/damsafe

FMEA
Failure Modes and effect analysis (defined in terminology)

FMECA
Failure Modes, effect and criticality analysis

FEH
Flood Estimation handbook (IH, 1999) 5 volumes http://www.nwl.ac.uk/feh/index.html

FERC
Federal Energy Regulatory Commission, USA

FRS
Floods and Reservoir safety.  (ICE, 3rd Edition, 1996)

FSR
Flood Studies Report (NERC, 1975), and associated Supplementary reports (1978-1988); also Guide (IH, 1978)

HSC
Health and Safety Commission

HSE
Health and Safety Executive Website www.hse.gov.uk/hse.board

HSW
Health and Safety at Work

ICE
Institution of Civil Engineers Website www.ice.org.uk

ICODS
US Inter-agency committee on dam safety (described on FEMA website; ad-hoc committee set up in 1977; by 1998 had become “Federal Guidelines Development Subcommittee”)

ICOLD
International Commission on Large Dams. website www.icold-cigb.org

IFF
Imminent failure flood 

LCI
Location, cause, indicator diagram, as described in RMUKR (CIRIA, 2000, Section 5.4.1)

LLOL
Likely loss of life, following dam failure

MCE
Maximum credible earthquake

MHIDAS
The Major Hazard Incident Data Service. Database maintained by AEA technology plc on behalf of HSE on incidents relating to materials which had the potential to cause off-site impact. www.hse.gov/infoserv/mhidas.htm

na
Not applicable

NID
National Inventory of dams for USA.

www.tec.army.mil

NDD
National dams database, located at Building Research Establishment.  A description of databases of UK dams is given in Appendix A5.1 of RMUKR.  See also BRE (1994), Charles J A and Tedd P (1996)

NPDP
National programme for Dam performance, to complement NID.  Information resource for dam performance in US and Canada, located at Stanford University (Martin McCann). Website  npdp.stanford.edu   see McCann, 1998

NRC
U.S. Nuclear Regulatory Commission (NRC) 

www.nrc.gov

PAR
Population at risk, in event of dam failure

PMF/ PMP
Probable maximum flood/ probable maximum precipitation

QRA
Quantitative Risk Assessment

R2P2
Reducing Risk, protecting people (HSE, 2001)

RAPU
Risk assessment policy unit, part of HSE

RMUKR
Risk management for UK reservoirs (CIRIA, 2000)

SFAIRP
So Far as is Reasonably Practicable

SUOED
Guidance on Stability upgrades to older embankment dams (Babtie, in press at 2002)

TOR
Tolerability of Risk

UK-ILGRA
United Kingdom Interdepartmental Liaison group on Risk assessment

USACE
United States Army Corps of Engineers.  Website www.usace.army.mil/inet/usace-docs.  Responsible for dams in eastern USA

USSD
United States Society on Dams (previously USCOLD).  Website www2.privatei.com/~uscold/

 Symbols

Symbol


Definition

APTT
Annual Probability of threat denoted by subscript T occurring (in a year); this may be the probability of a design event such as the 1000 year flood. 



PF|TTM
(Whole life) Probability of a dam failing by mode M given that threat denoted by subscript T has occurred 

(subscript may include the AP of the specified threat)



APFTM
Annual Probability of dam failure by mode M due to threat T 

(i.e. the combination of the annual probability of a threat T occurring and the probability of the threat leading to a dam failure by mode M)

= APTT  x  PF|TTM

where 

the symbols for threats T and failure modes M are given in Table 2.4 (with “ALL” used to denote all threats or modes as appropriate) 

for whole life probability (events over whole life of dam) use WP in place of AP (annual probability (events per year, frequency))



APOI FTM
For this project 

a) annual probabilities are normally taken to be during the operational period of a dam (more than 5 years after construction), rather than during the wear-in period.

b) probabilities estimated from observations are taken to be the same as the underlying probabilities

However, this can be confirmed/varied by use of the following optional additional characters

subscript after AP to denote period in life of dam to which probabilities apply e.g. O – operational, W – wear in period, A – all life




Notation for incidents similar e.g.

PI|TTM
(Whole life) Probability of a incident relating to potential failure mode M given that threat denoted by subscript T has occurred



PF|ITM
(Whole life) Probability of a failure relating to potential failure mode M given that incident caused by subscript T has occurred



APITM
Annual Probability of an incident relating to potential failure mode M due to threat T

(i.e. the combination of the annual probability of a threat T occurring and the probability of the threat leading to an incident by mode M)



Terminology

TERM
DEFINITION



ALARP (As low as reasonably practicable)


A societal risk criterion in the F/N chart.  Tolerable only if risk reduction is impracticable or if its cost is grossly disproportionate to the improvement gained.



Assessing Engineer
The engineer carrying out the safety assessment using the Integrated System.  Although this would often be the Inspecting Engineer carrying out a periodical inspection, this is not a pre-requisite for application of the system.



Boolean Algebra
This is algebra used to define the probability and frequency relationships in logic diagrams



Bayes Theorem
Bayes Theorem is a tool used to test a hypothesis (or to revise an estimate) in the light of new information. Description and examples given in Section 7.2 of Vose (2000)



Cause Consequence diagram
This is constructed by defining a critical event and then developing the causes and consequences of this event.  The forward development is similar to an event tree and the backward development is similar to a fault tree (Lees 1996, section 9/34)



Condition Score
A Condition Score is a number between 0 and 10 based on a rating procedure that describes the current condition of a structure in a uniform manner (similar in concept to Condition Index given in Table 2.1 of USACE, 1999)



Consequence
The outcome or result of a risk being realised e.g. the impact on the downstream areas resulting from a dam failure as well as the impact on the dam itself.



Criticality
Likelihood that the particular mechanism of deterioration could occur x Consequence for dam safety if it did occur



Dam critical external threat e.g. Critical Flood, Critical earthquake
The magnitude of the external threat that represents the integration of the conditional probability of failure (system response) over the range of potential load. (At this stage taken as equal to the Imminent failure event)



Dam-break analysis
An analysis which provides an estimation of downstream flooding effects resulting from dam failure.  The analysis includes a dam breach analysis and the routing of the dambreak hydrograph through the downstream channel.



Dam break affected zone
That zone of flooding where the changes in depth and velocity of flooding due to dam break are such that there is a potential for incremental loss of life.  The dambreak affected zone is sometimes limited to those areas where dambreak causes a rise in level of floodwaters greater than 300mm (this definition as ANCOLD, 2001; note that in 1998 FEMA in the US suggested greater than 600mm (Graham, 2000, page 955).



Deterministic approach
Leading to reasonably clear cut solutions based on prescriptive rules without considering the uncertainties in the analytical process.  A typical result of a deterministic safety approach is the factor of safety (Kreuzer, 2000)



Event tree analysis
A technique which describes the possible range and sequence of outcomes which may arise from an initiating event



Emergency plans


The procedures to be followed in the event of predicted likely failure of a dam, including the actions to be taken by the dam owner/operator and the emergency services.



Engineering judgement
The professional opinion of an appropriately qualified engineer (different from Expert Judgement)



Event Train
The sequence of events starting with an initiating event and ending with its consequences.  How could xxxx have happened?  The number of intermediate events is dependent on the failure mechanism being considered, e.g. leakage of a dam, an escalation of the leakage, leading to failure of the dam, a release of water, with the consequence of potential fatalities.  It varies from logic diagrams which quantify the probability of events, as event train are purely qualitative.



Event Tree
An event tree is used to develop the consequences of an event, i.e. what happens if xxxx happens?.  The event tree is both a qualitative and a quantitative technique.  Qualitatively it is used to identify the individual outcomes of the initial event, while quantitatively it is used to estimate the frequency or probability of each outcome.  An event tree is constructed by defining an initial event e.g. overtopping and the possible consequences which flow from this.  The main elements of the tree are event definitions and branch points or logic vertices; these points being precisely defined as TRUE / FALSE (see Section 9.6 of Lees, 1996)



Expert Judgement
Opinion of quantitative likelihood of an event elicited by a trained elicitor under controlled conditions, and which satisfies axioms of probability theory (see Skipp & Woo, 1993)



External threats
External loads such as floods and earthquake are random natural events which can be measured and extrapolations made to estimate the magnitude of extreme events that could cause failure of the dam. They are different from the specific mechanisms that can cause degradation of the dam, which are termed mechanism(s) of deterioration.



Failure (of a dam)
A uncontrolled sudden large release of retained water (large is in relation to the downstream channel and is taken to be greater than the lesser of the mean annual flood or bank full flow)



Failure mode(s)
Means by which a failure (uncontrolled sudden large release of water) may occur.  Four failure modes are differentiated in this contract, namely external erosion (including overtopping), internal erosion (through body of dam, or at contact with a structure), sliding and appurtenant works.



Fault tree
A logic diagram is used to develop the causes of an event.  It starts with the event of interest, the top event, such as a dam failure, and is developed from the top down.  The fault tree is both a qualitative and a quantitative technique.  Qualitatively it is used to identify individual paths which led to the top event, while quantitatively it is used to estimate the frequency or overall probability of that event, e.g. failure of complete system through the use of AND/OR TESTS at each branch point (see Section 9.5 of Lees, 1996)



F-N curve
A graph showing the relationship between the frequency of an event (F) causing N or more fatalities plotted on a log-log plot and the number of fatalities (N).  They may be plotted on a ‘non-cumulative’ basis and are referred to as fN curves, or on a ‘cumulative ‘ basis and referred to as FN curves (where F is the likelihood of N or more fatalities).  Examples of these and other forms of presentation are given in Annex 1 of Ball & Floyd (1998).



FMEA 
Tabular approach using columns to define function e.g. separate columns for 

· how function fails, 

· the failure mode that causes functional failure 

· assessing the effects of that failure both locally and globally. 

Description given in BS 5760-5:1991 and ANCOLD (2001).



FMECA
As FMEA but also assesses both the likelihood of the event occurring and the consequences (the last two columns of FMEA).  Description given in BS 5760-5:1991.



Frequency
A measure of likelihood expressed as the number of occurrences of an event in a given time or in a given number of trials.  See also Likelihood and Probability.



Hazard
A situation with a potential for human injury, property damage or other undesirable outcome.



Hazard index
A parameter for a reservoir based on the value of life and property at risk in combination with engineering matters.



Imminent failure load
External load of a magnitude such that the dam would just fail e.g. Imminent failure flood



Impact assessment
An examination of the consequence of the realisation of a hazard, e.g. the consequence of failure.



Incident
Detectable change in Indicator causing sufficient concern to lead to some action (three levels are used in NDD; Levels 2 to 4 as shown in Table C.2)



Indicator
Measurable outcome from the application of a mechanism of deterioration e.g. deformation, seepage, instrumentation results (see Table 2.3).



Inspecting Engineer
A qualified civil engineer employed by the undertakers to inspect a reservoir in accordance with Section 10 of the Reservoirs Act 1975.



Integrated system
A system for carrying out a Risk assessment on a single dam, that quantifies the overall probability of failure from all the various threats to the safety of a dam, evaluates the consequences of failure and thus the risk posed by the dam and provides some measure of whether this risk is tolerable.

 

Internal threat
Internal threats relate to mechanisms of deterioration that occur within the body of the dam.  These are 

· not necessarily random natural events (and thus amenable to statistical analysis), 

· often difficult to measure (and thus not amenable to analysis of trend or other time or dose related analysis of measured parameters) 

· much less well understood in terms of mechanism of behaviour



Intrinsic condition
Current physical property or dimension of the dam which can be measured and which affects the outcome of the application of a mechanism of deterioration.  Although initially determined by design and construction details; this may change with time due to ageing, neglect, maintenance or upgrading.



Joint probability
The probability that two or more variables will assume certain values simultaneously or within particular time intervals.



Large dam
That listed on the World Register of Large Dams published by ICOLD.  To qualify for the ICOLD register of large dams the dam must be 15m above the lowest foundation level.  However, dams between 10 and 15m in height may be included if they also exceed one of the following criteria: length of crest 500m, reservoir capacity 1 Mm3, maximum flood discharge of 2000m3/s or if the dam had difficult foundation problems or is of unusual design.



Large raised reservoir
As defined in the Reservoirs Act 1975, namely designed to hold, or capable of holding more than 25,000m3 above the lowest natural ground level adjoining the reservoir



Likelihood
Used as a qualitative description of probability and frequency.



Logic diagrams
Diagrams such as event tree, fault tree and cause consequence diagrams which quantify the probability of events through logic gates at the intersection points (i.e. have GO/NO-GO or AND/OR gates) and probabilities on each branch.



Major incident
A serious occurrence that necessitates immediate remedial action and/or drawdown and restriction on impoundment level to obviate a significant risk of subsequent progressive deterioration leading to catastrophic failure and a major uncontrolled release of water.



Mechanism(s) of deterioration
Process by which the integrity of the dam is undermined.  The mechanism can have a quantitative threshold above which deterioration is likely to occur e.g. slope protection designed to withstand waves due to 100 year wind



Monte Carlo Simulation
Determination of the probabilities or annual probabilities of events for complex systems, where the system configuration and the failure and repair characteristics of the dam’s components (input data) are known or can be estimated.  The time period is divided into small increments and simulation of operation of the system repeated until the output probability distribution stabilises.



Overtopping
Water flowing over the top of the dam, other than over spillweirs or other overflow devices.



Panel engineer
A civil engineer appointed to panels by the Secretary of State under the Reservoirs Act 1975, who can be appointed by an undertaker to inspect, design or supervise a reservoir.



Portfolio risk analysis
Assessment of risk for a group of dams within a defined responsibility



Preventative remedial works
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.



Probability (type)
It may appear intuitively obvious what is meant by probability, but the word in fact has several meanings.  Moreover, the distinctions are of some practical importance.  They are relevant, for example, to the question of the relative weight which should be attached to field data and to other information available to individuals.  The following is reproduced from Lees (1996, Section 7.4)




“a) Equal likelihood - One definition of probability  derives from the principle of equal likelihood. If a situation has n equally likely and mutually exclusive outcomes, and if nA of these out-comes are event A, then the probability P(A) of event A is:

P(A)=  




This probability can be calculated a priori and without doing experiments.  The example usually given is the throw of an unbiased die, which has six equally likely outcomes: the probability of throwing a one is 1/6.  This definition of probability is often of limited usefulness in engineering because of the difficulty of defining situations with equally likely and mutually exclusive outcomes.




b) Relative Frequency - The second definition of probability is based on the concept of relative frequency.  If an experiment is performed n times and if the event A occurs on nA of these occasions, then the probability  P(A) of event A is:

P(A)=


This probability can only be determined by experiment.  This definition of reliability is the one which is most widely used in engineering.  In particular, it is this definition which is implied in the estimation of probability from field failure data.




c) Personal Probability (Expert judgement) - A third definition of probability is degree of belief.  It is the numerical measure of the belief which a person has that the event will occur.  Often this corresponds to the relative frequency of the event.  But this is not always so, for several reasons. One is that the relative frequency data available to the individual may be limited or non-existent.  Another is that even if he has such data, he may have other information which causes him to think that the data are not the whole truth.  There are many possible reasons for this.  The individual may doubt the applicability of the data to the case under consideration, or he may have information which suggests that the situation has changed since these data were collected.




It is entirely legitimate to take into account such personal probabilities.  There are several branches of probability theory which attempt to accommodate personal probability.  These include ranking techniques (e.g. Siegel, 1956), which give the numerical encoding of judgements on the probability of ranking of items, and Bayesian methods (e.g. Breipohl, 1970), which allow probabilities to be modified in the light of additional information.  Further discussions of personal probability are given by Savage (1962) and by Tribus (1969).”




It should be noted that ANCOLD also distinguish three different types of probability, where ‘a’ and ‘b’ above are included in one type (statistical) with a separate type as follows:

Mathematical - a probability based on axioms (self evident truth).  A probability curve being a mathematical abstraction where the mathematician is interested in the formal properties of such curves independent of their interpretation.



Probability (terms)


Care should also be taken in differentiating whole life probability from annual rate (termed annual probability in this report); as there are important constraints on the way they may be combined.

Although annual probability are strictly rates the distinction becomes negligible when they are small.  If events are occurring at rate (, then the probability of one of more of these events occurring in unit time is 1-e‾(.  And when ( is small, this is almost exactly the same as (.  So a rate of ( per annum equates almost exactly to an annual probability of (, provided ( is small.  How small does it need to be?  Well, 10-3 is certainly small enough, and even 10-1 is not bad.  It is emphasised that since they are small within the context of this project we can also think of them as mean rates per annum.


It is also important to understand the difference between annual probability (AP) and annual exceedance probability (AEP).  The latter tends to be used when defining design loading, where all events in excess of the design threshold are of interest.

Both annual probabilities and annual exceedance probabilities technically refer to the probability of one or more events occurring in a year.  This is unimportant as when the probabilities are small, the chance of two or more occurring in a year is extremely small, so (to the same order of approximation as approximating annual probabilities by rates) the probability of one or more event in a year is almost exactly equal to the probability of just one.



Probability density function
A function describing the relative likelihood that a random variable will assume a particular value in contrast to taking on other values.



Qualitative risk assessment
A risk assessment process conducted purely on a qualitative basis with no numerical data.



Quantitative risk assessment
A risk assessment process involving the use of numerical data.  This is normally undertaken when a facility or operation has a major hazard potential for either the workforce, fixed assets or the public.



Reliability
Likelihood of successful performance of a given project element.  It may be measured on an annualised basis or for some specified time period of interest. Mathematically, Reliability = 1 – Probability of failure.



Return period
The average expected time (in terms of probability) between floods equal to or greater than a stated magnitude.



Risk
The probability or frequency of an event occurring with a measurement of the event’s consequences (Lees 1996, Section 9/97).

(NB: There are a number of alternate definitions for risk as described in Section A1 of RMUKR.  From a recommendation of Prof. T. O’Hagan and the E&P Forum 1996 (from the oil and gas industry) the above definition is the preferred definition for this study.)



Risk Analysis


The quantitative evaluation of the likelihood of undesired events and the likelihood of harm or damage being caused.  It involves identification of the hazard, assessment of the probability of its occurrence and the magnitude of its consequences.



Risk assessment 


Combines risk analysis with evaluation of the acceptable risk (as Figure E.1 and 6.1 of this report, derived from Figure 1 of Kreuzer, 2000)



Risk aversion
A phrase that indicates the inherent aversion to "high risk", or more correctly high consequence, events.  It is accepted that events resulting in multiple fatalities should occur at a lower frequency than events that cause a single fatality, usually at a rate proportional to the number of fatalities (i.e. an event causing ten fatalities should occur at a frequency at least ten times lower than events causing single fatalities).



Risk control
Actions to avert risk by alternative solutions and to reduce risk by surveillance.

 

Risk evaluation
Evaluation of what constitutes tolerable risk (risk acceptance criteria)



Risk management
Combination of risk assessment and risk control to manage risk to a tolerable level along with normal commercial risks.



Section 105 survey
A survey undertaken by the Environment Agency to identify areas at risk of flooding, undertaken in accordance with Section 105 of the Water Resources Act, 1991.



Societal concern
Societal concerns arise when the realisation of a risk impacts on society as a whole i.e. a large number of people may be killed at one time, where potential victims are particularly vulnerable (such as children) or where the nature of the risk inspire dread (such as long term or irreversible effects) (taken from par. 31 to 32 of HSE Guidelines (Dec 2001) on whether dutyholders have reduced risk to ALARP level)



Supervising engineer
A qualified civil engineer employed by the undertakers to supervise a reservoir in accordance with Section 12 of the Reservoirs Act 1975.



Threat
Random Event (External threat) or Potential Internal Instability (Internal threat) that poses a threat to the integrity of the dam.  The latter is subdivided as shown on Table 2.2.



Tolerable
A willingness to live with a risk so as to secure certain benefits and in the confidence that the risk is one that is worth taking and that it is being properly controlled (HSE, 2000, page 3)



Uncertainty
Previously used to refer to situations where the likelihood of potential outcomes could not be described by objectively known probability density functions.  Now used to describe any situations without sureness, whether or not described by a probability distribution.  In the context of dam safety, uncertainty can be attributed to (i) inherent variability in natural properties and events, and (ii) incomplete knowledge of parameters and the relationships between input and output values.



Vulnerability
The extent that people, property etc could be impacted by a dam failure



Wear-in
Failures in the first five years of the life of a dam 
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