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Abstract: Risk assessment studies considering the failure of embankment dams often require the prediction of basic geometric anc
temporal parameters of a breach, or the estimation of peak breach outflows. Many of the relations most commonly used to make thes
predictions were developed from statistical analyses of data collected from historic dam failures. The prediction uncertainties of these
methods are widely recognized to be very large, but have never been specifically quantified. This paper presents an analysis of tr
uncertainty of many of these breach parameter and peak flow prediction methods. Application of the methods and the uncertainty analys
are illustrated through a case study of a risk assessment recently performed by the Bureau of Reclamation for a large embankment da
in North Dakota.
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Introduction rather is idealized as a parametric process, defined by the shape of
the breach, its final size, and the time required for its development
Risk assessment studies considering the failure of embankmen{often called the failure time). Breaches in embankment dams are
dams often make use of breach parameter prediction methods thatisually assumed to be trapezoidal, so the shape and size of the
have been developed from analysis of historic dam failures. Simi- breach are defined by a base width and side slope angle, or more
larly, predictions of peak breach outflow can also be made usingsimply by an average breach width.
relations developed from case study data. This paper presents an The failure time is a critical parameter affecting the outflow
analysis of the uncertainty of many of these breach parameter anchydrograph and the consequences of dam failure, especially when
peak flow prediction methods, making use of a previously com- populations at risk are located close to a dam so that available
piled databas¢Wahl 1998)of 108 dam failures. Subsets of this  warning and evacuation time dramatically affect loss of life. For
database were used by other investigators to develop many of thehe purpose of routing a dam-break flood wave, breach develop-
relations examined. ment begins when a breach has reached the point at which the
The paper begins with a brief discussion of breach parametersyolume of the reservoir is compromised and failure becomes im-
and prediction methods. The uncertainty analysis of the various minent. During the breach development phase, outflow from the
methods is presented next, and finally, a case study is offered togam increases rapidly. The breach development time ends when
illustrate the application of several breach parameter predictionthe breach reaches its final size; in some cases, this may also
methods and the uncertainty analysis to a risk assessment recentlyorrespond to the time of peak outflow through the breach, but for
performed by the Bureau of Reclamation for a large embankmente|atively small reservoirs the peak outflow may occur before the
dam in North Dakota. breach is fully developed. The breach development time as de-
scribed above is the parameter intended to be predicted by most
failure time prediction equations.
Breach Parameters The breach development time does not include the potentially
long preceding period described as the breach initiation phase
Dam-break flood routing modele.g., DAMBRK (Fread 1984)  (wahl 1998), which can also be important when considering
andFLDWAV (Fread 1993)imulate the outflow from a reservoir  gyajlable warning and evacuation time. This is the first phase of
and through the downstream valley resulting from a developing 5p, overtopping failure, during which flow overtops a dam and
breach in a dam. These models focus their computational effortmay erode the downstream face, but does not create a breach
on the routing of the breach outflow hydrograph. The develop- through the dam that compromises the reservoir volume. If the
ment of the breach is not simulated in any physical sense, bUtovertopping flow were quickly stopped during the breach initia-
tion phase, the reservoir would not fail. In an overtopping failure,
'Hydraulic Engineer, U.S. Dept. of the Interior, Bureau of the length of the breach initiation phase is important, because
Reclamation, Water Resources Research Laboratory D-8560, P.O. Boxpreach initiation can potentially be observed and may thus trigger
25007, Denver, CO 80225-0007. E-mail: twahl@do.usbr.gov _warning and evacuation. Unfortunately, there are few tools pres-
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must be submitted for individual papers. To extend the closing date by phase.
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loading that causes a seepage-erosion failure cannot normally bélow from a breached dam. These methods are used for
removed quickly, and the process does not take place in full view, reconnaissance-level work and for checking the reasonability of
except that the outflow from a developing pipe can be observed dam-break outflow hydrographs developed from estimated breach
and measured. One useful way to view seepage-erosion failures iparameters. This paper considers the relations by Kirkpatrick
to consider three possible conditions: (1977), SCS(1981), Hagen(1982), Bureau of Reclamation

1. Normal seepage outflow, with clear water and low flow rates; (1982), MacDonald and Langridge-Monopo(i984), Singh and

2. Initiation of a seepage-erosion failure with cloudy seepage Snorrasor{1984), Cost41985), Evan$1986), FroehlicH1995b),

water that indicates a developing pipe, but flow rates are still and Walder and O’Connd1997).

low and not rapidly increasing. Corrective actions might still All of these methods, except Walder and O’Connor, are
be possible that would heal the developing pipe and prevent straightforward regression relations that predict peak outflow as a
failure. function of various dam and/or reservoir parameters, with the

3. Active development phase of a seepage-erosion failure inrelations developed from analyses of case study data from real
which erosion is dramatic and flow rates are rapidly increas- dam failures. In contrast, Walder and O’Connor’s method is based
ing. Failure cannot be prevented. upon an analysis of numerical simulations of idealized cases

Only the length of the last phase is important when determining spanning a range of dam and reservoir configurations and erosion

the breach hydrograph from a dam, but both the breach initiation scenarios. An important parameter in their method is an assumed

and breach development phases may be important when considvertical erosion rate of the breach; for reconnaissance-level esti-
ering warning and evacuation time. Again, as with the overtop- mating purposes, they suggest that a range of reasonable values is
ping failure, there are few tools available for estimating the length 10 to 100 m/h, based on an analysis of case study data. The
of the breach initiation phase. method makes a distinction between so-called large-reservoir/
fast-erosion and small-reservoir/slow-erosion cases. In large-
reservoir cases, the peak outflow occurs when the breach reaches
its maximum depth, before there has been any significant draw-

To carry out a dam-break flood routing simulation, breach param- down of the reservoir. In this case, the peak outflow is insensitive

eters must be estimated and provided as inputs to the dam-breako the erosion rate. In the small-reservoir case, there is a signifi-

and flood routing simulation model. Several methods are avail- cant drawdown of the reservoir as the breach develops, and thus
able for estimating breach parameters; a summary of the availablethe peak outflow occurs before the breach erodes to its maximum
methods was provided by Wali1998). The simplest methods depth. Peak outflows for small-reservoir cases are dependent on

(Johnson and llles 1976; Singh and Snorrason 1984; Bureau ofthe vertical erosion rate and can be dramatically smaller than for

Reclamation 1988predict the average breach width as a linear large-reservoir cases. The determination of whether a specific

function of either the height of the dam or the depth of water situation is a large- or small-reservoir case is based on a dimen-

stored behind the dam at the time of failure. Slightly more sophis- sionless parameter incorporating the embankment erosion rate,
ticated methods predict more specific breach parameters, such ageservoir size, and change in reservoir level during the failure.
breach base width, side slope angles, and failure time, as func-Thus, so-called large-reservoir/fast-erosion cases can occur even
tions of one or more dam and reservoir properties, such as storagavith what might be considered “small” reservoirs and vice versa.
volume, depth of water at failure, depth of breach, etc. All of This refinement is not present in any of the other peak flow pre-
these methods are based on regression analyses of data collectetiction methods.

from actual dam failures. The database of dam failures used to

develop these relations is relatively lacking in data from failures

of large dams, with about 75% of the cases having a height lessDeveloping Uncertainty Estimates

than 15 m(Wahl 1998).

Physically based simulation models are available to aid in the |n a typical risk assessment study, a variety of loading and failure
prediction of breach parameters. None are widely used at thisscenarios are analyzed. This allows the study to incorporate vari-
time, but the most notable is the National Weather Service apility in antecedent conditions and the probabilities associated
(NWS)-BREACH model(Fread 1988). These models simulate jith different loading conditions and failure scenarios. The un-
the hydraulic and erosion processes associated with flow over arcertainty of key parameter&.g., material propertiess some-
overtopping dam or through a developing piping channel. times considered by creating scenarios in which analyses are car-
Through such a simulation, an estimate of the breach parametersied out with different parameter values and a probability of
may be developed for use in a dam-break flood routing model, or gccurrence assigned to each value of the parameter. Although the
the outflow hydrograph at the dam can be predicted directly. The yncertainty of breach parameter predictions is often very large,
primary weakness of the NWS-BREACH model, and other simi- there have previously been no quantitative assessments of this
lar models, is the fact that they do not adequately model the yncertainty, and thus breach parameter uncertainty has not been
headcut-type erosion processes that dominate the breaching ofncorporated into most risk assessment studies.
cohesive-soil embankmentg.g., Hanson et al. 2002). Recent It is worthwhile to consider breach parameter prediction un-
work by the Agricultural Research Servide.g., Temple and  certainty in the risk assessment process because the uncertainty of

Moore 1997)on headcut erosion in earth spillways has shown preach parameter predictions is likely to be significantly greater
that headcut erosion is best modeled with methods based on enthan all other factors, and could thus dramatically influence the

Predicting Breach Parameters

ergy dissipation. outcome. For example, Wak1998) used many of the available
relations to predict breach parameters for 108 documented case
Predicting Peak Outflow studies and plot the predictions against the observed values. Pre-

diction errors of=75% were not uncommon for breach width,
In addition to the prediction of breach parameters, many investi- and prediction errors for failure time often exceeded one order of
gators have proposed simplified methods for predicting peak out-magnitude. Most relations used to predict failure time are conser-
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Fig. 1. Predicted and observed breach wid(iéahl 1998), plotted arithmeticallgtop) and on logarithmic scaledottom)

vatively designed to underpredict the reported time more often  The uncertainty analysis was performed using the database
than they overpredict, but overprediction errors of more than one- presented in Wah|1998), with data on 108 case studies of actual
half of an order of magnitude did occur several times. embankment dam failures, collected from numerous sources in
The first question that must be addressed in an uncertaintythe literature. The majority of the available breach parameter and
analysis of breach parameter predictions is how to express thepeak flow prediction equations were applied to this database of
results. The case study datasets used to develop most breach paam failures, and the predicted values were compared to the ob-
rameter prediction equations include data from a wide range of served values. Computation of breach parameters or peak flows
dam sizes, and thus, regressions in log—log space have been conyas straightforward in most cases. A notable exception was the

m_only used. Fig. 1 shows the qbserved _and p_redicted breachpeak flow prediction method of Walder and O’Conndo97),
widths as computed by Wak1998)in both arithmetically scaled \hich requires that the reservoir be classified as a large- or small-

and log—log plots. In the arithmetic plots, it would be difficult to  yageryoir case. In addition, in the case of the small-reservoir situ-

draw in upper and lower bound lines to define an uncertainty o an average vertical erosion rate of the breach must be esti-
band. In the log-log plots,_ data are scattere_d_approxmatgly mated. The Walder and O’Connor method was applied only to
evenly above and below the lines of perfect prediction, suggestingy, o6 gams that could be clearly identified as large-reservoir

:;hitleléngr?r;?:r?gfssi(\jlveoz:‘dthbeeStret:j?c?eXdp:/(ﬁﬁgdTisisazsntzrenger roofalgr?(where peak outflow is insensitive to the vertical erosion rate)
4 p ) PP small-reservoir with an associated estimate of the vertical erosion

taken in the analysis that follows. - . rate obtained from observed breach heights and failure times. Two
The other notable feature of the plots in Fig. 1 is the presence )
other facts should be noted:

of some significant outliers. Possible sources of these outliers o ] ) )
include the variable quality of the case study parameter observa-1- NO prediction equation could be applied to all 108 dam fail-
tions being used to test the predictions and the potential for mis- ~ Ure cases, due to the lack of required input data for the spe-
application of some of the prediction equations in the analysis cific equation or the lack of an observed value of the param-
described here due to lack of detailed firsthand knowledge of each  eter of interest. Most of the breach width equations could be
case study situation. Such problems should not affect a careful  tested against about 70 to 80 cases, the failure time equations
future application of these prediction equations to a specific case, ~ against 30 to 40 cases, and the peak flow prediction equa-
and we do not wish for them to affect the present analysis of the tions against about 30 to 40 cases.

uncertainties of the methods themselves. Admittedly, much of the2. The testing made use of the same data used to originally
scatter and the appearance of outliers are probably due to the  develop many of the equatiorisince the 108-dam database
inherent variability of the data caused by the variety of factors was compiled from these and other sources), but each equa-
that influence dam breach mechanics, and this variability should tion was also tested against additional cases, the number
be preserved as we analyze the uncertainties of the prediction varying depending on the method. This should provide a fair

equations. To exclude the truly anomalous déte statistical indication of the ability of each equation to predict breach
outliers)and retain the characteristic variability, an objective out- parameters for future dam failuredt is difficult to say ex-
lier exclusion algorithm was applie@Rousseeuw 1998). The se- actly how many additional cases were analyzed for each

lected algorithm has the advantage that its performance is itself method, since the exact number of failures used to develop
insensitive to the presence of the outliers, which overcomes a each method is not indicated clearly in literature for all
common problem encountered when attempting to exclude outli- methods, and some are based on a combination of statistical
ers. analysis of case studies and physically based theory.
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A step-by-step description of the uncertainty analysis method to 60% for two of the breach width equatiofBureau of Recla-

follows: mation 1988; Von Thun and Gillette 199and four of the peak
1. Plot predicted versus observed values on log—log scales. flow equationgKirkpatrick 1977; SCS 1981; Bureau of Reclama-

2. Compute individual prediction errors in terms of the number tion 1982; Singh and Snorrason 198H4e first of the two equa-
of log cycles separating the predicted and observed value,tions shown in Table 1)]. All of these prediction equations are

& =1001o(X) ~1001o(X) =10g;o(X/x), wheree; is the predic-  based solely on the dam height or water depth above the breach
tion error, X is the predicted value, and is the observed invert, suggesting that dam height by itself is a poor predictor for
value. breach width or peak outflow.

3. Apply the outlier-exclusion algorithm to the series of predic-
tion errors computed in Step 2. The algorithm is described
by Rousseeuv(1998).

e DetermineT, the median of the; values.T is the estima-

tor of location. - .
. Compute the absolute values of the deviations from the 'he€ four methods for predicting breach widtr volume of ma-

median, and determine the median of these absolute devia_terial eroded, from which breach width can be estimagidhad

tions (MAD). absolute mean prediction errors less than one-tenth of an order of
« Compute an estimator of scalyap=1.483 (MAD). magnitude, indicating that on average their predictions are on

The 1.483 factor makeS,,,, comparable to the standard target. The uncertainty bano_ls were similar0.3 to £0.4 log
deviation, which is the usual scale parameter of a normal cycles) for all of the equations except the MacDonald and

Summary of Uncertainty Analysis Results

distribution. Langridge-Monopolis equation, which had an uncertainty of
« UseSyap andT to compute & score for each observation, *=0.82 log cycles.

Z;=(e—T)/Syap » Where theg’s are the observed predic- The five methods for predicting failure time all underpredict

tion errors, expressed as a number of log cycles. the failure time on average, by amounts ranging from about one-
 Reject any observations for whig¢#;|>2.5. fifth to two-thirds of an order of magnitude. This is consistent

« If the samples are from a perfect normal distribution, this with the previous observation that these equations are designed to
method rejects at the 98.7% probability level. Testing conservatively predict fast breaches, which will cause large peak
showed that application to normally distributed data would outflows. The uncertainty bands on all of the failure time equa-
lead to an average 3.9% reduction of the standard devia-tions are very large, ranging from abot0.6 to =1 order of
tion. o magnitude, with the Froehlic(1995a)equation having the small-

4. Compute the mear, and the standard deviatiog,, of the est uncertainty.

remaining prediction errors. If the mean value is negative, it Most of the peak flow prediction equations tend to overpredict

indicates that the prediction equation underestimated the Ob'observed peak ﬂOWS, with most of the “enve|ope" equations

served values, and if positive the equation overestimated thegyerpredicting by about two-thirds to three-quarters of an order of
observed values. Significant over or underestimation should magnitude. The uncertainty bands on the peak flow prediction
be expected, since many of the breach parameter predictione(maﬁOnS are about0.5 to =1 order of magnitude, except the
equations are intended to be conservative or provide enve-raenlich (1995b) relation which has an uncertainty of0.32

lope estimates, e.g., maximum reasonable breach width, fast-jer of magnitude. In fact, the Froehlich equation has both the
est possible failure time, etc.

. i . lowest prediction error and smallest uncertainty of all the peak
5. Using the values o andS,, one can express a confidence ’ y P

band around the predicted value of a parameter as flow prediction equations.
{X-107® %% x-107°" 2%}, whereX is the predicted value.

Th f+2 i ly yiel % fi —

bart?duse o] S, approximately yields a 95% confidence Application

Table 1 summarizes the results. The first two columns identify . o . )
the method being analyzed, the next two columns show the num-10 |IIustrate_ the application of the uncertainty analysis results, a
ber of case studies used to test the method, and the next twdF@se study is presgnted. In January 2001 the Bureau of Reclama-
columns give the prediction error and the width of the uncertainty tion conducted a risk assessment study for a large embankment
band. The last column shows the range of the prediction interval 9am in North DakotgFig. 2). Two potential failure modes were
around a hypothetical predicted value of 1.0. The values in this considered(1) Seepage erosion and piping through foundation
column can be used as multipliers to obtain the prediction interval Materials, and2) seepage erosion and piping through embank-
for a specific case. ment materials. No distinction between the two failure modes was

Although the detailed data are not shown in Table 1, prediction made in the breach parameter analysis, since most methods used
errors and uncertainties also were determined prior to applyingto predict breach parameters lack the refinement needed to con-
the outlier exclusion algorithm to determine its effect. Outlier sider differences in breach morphology for such similar failure
exclusion reduced the values®fby at least 5% up to about 20% modes. Breach parameters were predicted using most of the meth-
in most cases. Since this exceeds the 3.9% reduction one wouldds discussed earlier in this paper, and also by modeling with the
expect when applying the algorithm to a normally distributed NWS-BREACH model.
dataset, it suggests that true outliers were excluded rather than The potential for failure and the downstream consequences
just occasional extreme values that one would expect in normally from failure increase significantly at higher reservoir levels, al-
distributed data. The use of outlier exclusion did not materially though the likelihood of occurrence of high reservoir levels is
change the results of the studiye., the same methods had the low. The reservoir rarely exceeds its top-of-joint-use elevation
lowest uncertainty before and after outlier exclusion). One no- (the water surface elevation corresponding to the maximum
table fact is that the outlier exclusion algorithm redu&dy 30 amount of storage allocated to joint use, i.e., flood control and
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Table 1. Uncertainty Estimates for Breach Parameter and Peak Flow Prediction Equations

Number of case studies Mean Width of

Before After prediction uncertainty Prediction interval
outlier outlier error band,=2S, around hypothetical
Reference Equation exclusion exclusion (log cycles) (log cycles) predicted value of 1.0
Breach width equations
Bureau of Reclamatiofl988) B,,4=3h,, 80 70 —-0.09 +0.43 0.45-3.3
MacDonald and Ve=0.0261§,,h,,) %7 earthfill 60 58 —-0.01 +0.82 0.15-6.8
Langridge-Monopolig1984)  V=0.00348Y,,h,,) %% nonearthfills
(e.g., rockfills)
Von Thun and Gillettg1990) B,,4=2.5h,+Cj, 78 70 +0.09 +0.35 0.37-1.8
Froehlich(1995a) Bavg— 0.1803K,V,3hp 77 75 +0.01 +0.39 0.40-2.4
Failure time equations
MacDonald and t;=0.0179\g;%* 37 35 -0.21 +0.83 0.24-11
Langridge-Monopolig1984)
Von Thun and Gillettg(1990) t;=0.015h, highly erodible 36 34 —-0.64 +0.95 0.49-40
t;=0.020h,+ 0.25 erosion resistant
Von Thun and Gillettg1990) t;=B,,/(4h,,) erosion resistant 36 35 —-0.38 +0.84 0.35-17
ty=Bayg(4hy,+61) highly erodible
Froehlich(1995a) t;=0.00254Y,,)%5%h, 34 33 -0.22 +0.64 0.38-7.3
Bureau of Reclamatio(1988) t;=0.011B,yy 40 39 —0.40 +1.02 0.24-27
Peak flow equations
Kirkpatrick (1977) Qp=1.2680,,+ 0.3)*° 38 34 —-0.14 +0.69 0.28-6.8
SCS(1981) Q,=16.6(,) "% 38 32 +0.13 +0.50 0.23-2.4
Hagen(1982) Q,=0.54(S-hy)®> 31 30 +0.43 +0.75 0.07-2.1
Bureau of Reclamatiof1982) Q,=19.1(,)"® envelope eq. 38 32 +0.19 +0.50 0.20-2.1
Singh and Snorrasofi984) Q,=13.4(y)"% 38 28 +0.19 +0.46 0.23-1.9
Singh and Snorrasofi984) Q,=1.776©)%*’ 35 34 +0.17 +0.90 0.08-5.4
MacDonald and Qp=1.154(,h,,) %2 37 36 +0.13 +0.70 0.15-3.7
Langridge-Monopolig1984)
MacDonald and Qp=3.85(V,,h,,) ! envelope eq. 37 36 +0.64 +0.70 0.05-1.1
Langridge-Monopolig1984)
Costa(1985) Qp=1.122)% 35 35 +0.69 +1.02 0.02-2.1
Costa(1985) Q,=0.981(S- hy) %42 31 30 +0.05 +0.72 0.17-4.7
Costa(1985) Q,=2.634(S-hy) %4 31 30 +0.64 +0.72 0.04-1.22
Evans(1986) Qp=0.72(V,,)*% 39 39 +0.29 +0.93 0.06-4.4
Froehlich(1995b) Q,=0.607(3**hy;*) 32 31 -0.04 +0.32 0.53-2.3
Walder and O’Conno(1997) Q, estimated by computational and 22 21 +0.13 +0.68 0.16-3.6

graphical method using relative
erodibility of dam and volume of
reservoir

Note: All equations use metric unite, n¥, m*s). Failure times are computed in hours. Where multiple equations are shown for application to different
types of damge.qg., earthfill versus rockfjll a single prediction uncertainty was determined, with4beof equations considered as a single algorithm.

conservation purposes), and has never exceeded an elevation dbam Description
440.7 m. Four potential reservoir water surface elevations at fail-

ure were considered in the study: The case study dam is located a few kilometers upstream from a

. Top-of-joint-use, elevation: 436.67 m, reservoir capacity of City with a population of about 15,000. It was constructed by the
about 45.6X10° m?, Bureau of Reclamation in the early 1950's. The dam is operated

« Elevation 438.91 m, reservoir capacity of about 105 by Reclamation to provide flood control, municipal water supply,
X 1P md, and recreational and wildlife benefits.

« Top-of-flood-space(the design maximum reservoir level The dam is a zoned-earth fill with a height of 24.7 m above the
reached during the temporary storage of flood runaffeva- original streambed. The crest length is 432 m at an elevation of
tion 443.18 m, reservoir capacity of about 2780° m®, and 448.36 m and the crest width is 9.14 m. The design includes a

« Maximum design water surface, elevation: 446.32 m, storage central compacted zone 1 of impervious material, and upstream
of about 469x10° m°. and downstream zone 2 of sand and gravel, shown in Fig. 3. The

For illustration purposes, only the results from the top-of-joint- abutments are composed of Pierre Shale capped with glacial till.

use and top-of-flood-space cases are presented here. The main portion of the dam is founded on a thick section of
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Breach Width
Predictions of average breach width are summarized in Table 2.
Table 2 also lists the predictions of the volume of eroded embank-
ment material made using the MacDonald and Langridge-
Monopolis equation, and the corresponding estimate of average
breach width.
The uncertainty analysis described earlier showed that the
Reclamation equation tends to underestimate the observed breach
width, so it is not surprising that it yielded the smallest values.
The Von Thun and Gillette equation and the Froehlich equation
produced comparable results for the top-of-joint-use scenario, in
which reservoir storage is relatively small. For the top-of-flood-
space scenario, the Froehlich equation predicts significantly larger
Fig. 2. Aerial photo of the dam and reservoir considered in the case breach widths. This is not surprising, since the Froehlich equation
study application relates breach width to an exponential function of both the reser-
voir storage and reservoir depth. The Von Thun and Gillette equa-

. . tion accounts for reservoir storage only through tg offset
alluvial deposits. Beneath the dam, a cutoff trench was excavatedp‘,mImeter buC, is a constant for all reservoirs larger than
to the shale on both abutments, but between the abutments, founl2 310 r;13 as was the case for both scenarios

dation excavation extended to a maximum depth of 7.6 m, and did Using the MacDonald and Langridge-Monopolis equation, the

EOt pr?k\:'?ﬁ adp05|_t|ve cutotf;: of t:??e th'ti]k ?("_uv'tlrjlm' :;he al:uwum estimate of eroded embankment volume and associated breach
enea € dam IS more than 3/ m thick In the channel area. g, for the top-of-joint-use scenario is also comparable to the

theTPoerre1 dlzt% rt]oieed(ra?lna\r/]v(;th;n thc?edzvé%i:]i?nn;netmsii?};rgetgt Eglarother equations. However, for the top-of-flood-space scenario, the
controlljsee Ia e bven,eath the \g:a\m since a positive Cllj'[Off was n%rrediction is much larger than any of the other equations, and in

pag S €apos ; act is unreasonable because it exceeds the dimensions of the
constructed. Based on observations of increasing pressures in th

) ; ) ) . S . dam.
foupglanon during high reservoir elevgtlons a}nd significant p0|l The prediction intervals developed through the uncertainty
activity downstream from the dam, eight relief wells were in-

stalled along the downstream toe in 1995 and 1996. To inCIreaseanaIyS|s are sobering for the analyst wishing to obtain a definitive

the seepage protection, a filter blanket was constructed in |0Wresult, alstthe ranr?est vafr);hfrom sl;nal|l( notctheé throllcjght;hetdam fto
areas downstream from the dam in 1998. a complete washout of the embankment. Even lor the top-ol-

joint-use case, the upper bounds for the Froehlich equation and
the Von Thun and Gillette equation are equivalent to about one-
Results—Breach Parameter Estimates half of the length of the embankment.

Predictions were made for average breach width, volume of
eroded material, and failure time. Side slope angles were not pre-Failure Time
dicted because equations for predicting breach side slope angle§ailure time predictions are summarized in Table 3. All of the
are rare in literature; Froehlioi987)offered an equation, but in  equations indicate increasing failure times as the reservoir storage
his later papef1995a), he suggested simply assuming side slopesincreases, except the second Von Thun and Gillette relation,
of 0.9:1 (horizontal:vertical)for piping failures. Von Thun and  which predicts a slight decrease in failure time for the top-of-
Gillette (1990) suggested using side slopes of 1:1, except for flood-space scenario. For both Von Thun and Gillette relations,
cases of dams with very thick zones of cohesive materials wherethe dam was assumed to be in the erosion resistant category.
side slopes of 0.5:1 or 0.33:1 might be appropriate. The predicted failure times exhibit wide variation, and the rec-
After computing breach parameters using the many available ommended values shown at the bottom of Table 3 are based on
equations, the results were reviewed and judgment applied to deimuch judgment. The uncertainty analysis showed that all of the
velop a single predicted value and an uncertainty band to be pro-failure time equations tend to conservatively underestimate actual
vided to the risk assessment study team. These recommendeéhilure times, especially the Von Thun and Gillette and Reclama-
values are shown at the bottom of each column in the tables thattion equations. Thus, the recommended values are generally a

follow. compromise between the results obtained from the MacDonald
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I--AX'S of dam O tamping rollers to 6-inch layers
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Fig. 3. Cross section through the case study dam
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Table 2. Predictions of Average Breach Width

Top of joint use, elevation of 436.68 m Top of flood space, elevation of 443.18 m
Predicted breach 95% prediction Predicted breach 95% prediction

Equation width (m) interval width (m) interval
Bureau of Reclamatiofi1988) 39.0 17.7-129 58.5 26.2-193
Von Thun and Gillettg(1990) 87.5 32.3-157 104 38.4-187
Froehlich(1995a) 93.6 37.5-225 166 66.4—-398
MacDonald and Langridge-Monopoli$984) 146,000 22,2006-991,000 787,000 118,006-5,350,000

Volume of erosionm®)

Equivalent breach widtkm) 85.6 12.8-582 462 69.2-3146
Recommended valugsn) 90 35-180 165 60-400

aExceeds actual embankment length.

and Langridge-Monopolis and Froehlich relations. Despite this when the breach reaches its maximum size, before significant
fact, some very fast failures are documented in literature, and thisdrawdown of the reservoir has occurred. Despite the refinement
possibility is reflected in the prediction intervals determined from of considering large- versus small-reservoir behavior, the Walder
the uncertainty analysis. and O’Connor method was found to have uncertainty similar to
most of the other peak flow prediction methadbout+0.75 log
cycles). However, among the 22 case studies to which the method
could be applied, only four proved to be large-reservoir/fast-
Peak outflow estimates are shown in Table 4, sorted in order oferosion cases. Of these, the method overpredicted the peak out-
increasing peak outflow for the top-of-joint-use scenario. The flow in three cases, and dramatically underpredicted in one case
lowest peak flow predictions come from those equations that are(Goose Creek Dam, South Carolina, failed 1916 by overtopping).
based solely on dam height or depth of water in the reservoir. The Closer examination showed some contradictions in the data re-
highest peak flows are predicted by those equations that incorpo-ported in literature for this case. On balance, it appears that the
rate a significant dependence on reservoir storage. Some of thavalder and O’Connor method may provide reasonable estimates
predicted peak flows and the upper bounds of the prediction limits of the upper limit on peak outflow for large-reservoir/fast-erosion
would be the largest dam-break outflows ever recorded, exceed-cases.

ing the 65,000 riis peak outflow from the Teton Dam failure. For this application, results from the Froehlich method were
(Storage in Teton Dam at failure was 3566 m®). The length of considered to be the best estimate of peak breach outflow, and the
the reservoir(about 48 km)may help to attenuate some of the results from the Walder and O’Connor method provided an upper
large peak outflows predicted by the storage-sensitive equationspound estimate.

since there will be an appreciable routing effect in the reservoir
|§self that is probably not accounted for in the peak flow predic- NWS-BREACH Simulations
tion equations.

The equation offered by Froehli¢h995b)clearly had the best ~ Several simulations runs were made using the NWS-BREACH
prediction performance in the uncertainty analysis, and is thus model (Fread 1988). The model requires input data related to
highlighted in Table 4. This equation had the smallest mean pre-reservoir bathymetry, dam geometry, the tailwater channel, em-
diction error and narrowest prediction interval by a significant bankment materials, and initial conditions for the simulated pip-
margin. ing failure.

The results for the Walder and O’Connor method are also  The results of the simulations are very sensitive to the eleva-
highlighted. As discussed earlier, this is the only method that tion at which the piping failure is assumed to develop. In all cases
considers the differences between the so-called large-reservoiranalyzed, the maximum outflow occurred just prior to the crest of
fast-erosion and small-reservoir/slow-erosion cases. This damthe dam collapsing into the pipe; after the collapse of the crest, a
proves to be a large-reservoir/fast-erosion case when analyzed byarge volume of material partially blocks the breach and the out-
this methodregardless of the assumed vertical erosion rate of the flow becomes weir controlled until the material can be removed.
breach—within reasonable limits), so the peak outflow will occur Thus, the largest peak outflows and largest breach sizes are ob-

Results—Peak Outflow Estimates

Table 3. Failure Time Predictions

Top of joint use, elevation of 436.68 m Top of flood space, elevation of 443.18 m
Equation Predicted failure timéh) 95% prediction interval Predicted failure tinfle) 95% prediction interval
MacDonald and Langridge-Monopoli$984) 1.36 0.33-14.9 2.458 0.59-26.9
Von Thun and Gillettg1990),t;= f(h,,) 0.51 0.25-20.4 0.64 0.31-25.6
Von Thun and Gillettg1990),t;=f(B,hy,) 1.68 0.59-28.6 1.33 0.47-22.6
Froehlich(1995a) 1.63 0.62-11.9 4.19 1.59-30.6
Bureau of Reclamatio1988) 0.43 0.10-11.6 0.64 0.15-17.4
Recommended values 1.5 0.25-12 3.0 0.3-17

3Predicted erosion volume exceeded total embankment volume; total embankment volume was used in the failure time equation.
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Table 4. Predictions of Peak Breach Outflow

Top of joint use, elevation of 436.68 m Top of flood space, elevation of 443.18 m
Predicted peak outflow 95% prediction Predicted peak outflow 95% prediction
Equation (ms) interval (m%s) interval
Kirkpatrick (1977) 818 229-5,570 2,210 620-15,100
SCS(1981) 1,910 439-4,590 4,050 932-9,710
Bureau of Reclamatiofil982) envelope) 2,200 439-4,620 4,660 932-9,780
Froehlich (1995b) 2,660 1,410-6,110 7,440 3,940-17,100
MacDonald/Langridge-Monopoli&1984) 4,750 714-17,600 11,700 1,760-43,400
Singh/Snorrasoii1984),Q,=f(hy) 5,740 1,320-10,900 5,740 1,320-10,900
Walder and O’Connor (1997) 6,000 960-21,400 12,200 1,950-43,500
Costa(1985),Q,=f(S*hy) 6,220 1,060-29,200 13,200 2,240-61,900
Singh/Snorraso1984),Q,=1f(9) 7,070 570-38,200 16,400 1,310-88,400
Evans(1986) 8,260 496-36,300 21,300 1,280-93,700
MacDonald/Langridge-Monopoli&1984) 15,500 776-17,100 38,300 1,910-42,100
(envelope)
Hagen(1982) 18,100 1,270-38,100 44,300 3,100-93,000
Costa(1985),Q,=f(S*hy) (envelope) 25,300 1,010-30,900 55,600 2,220-67,800
Costa(1985),Q,=1(9) 26,100 521-54,700 72,200 1,440-152,000

tained if the failure is initiated at the base of the dam, assumed toare large for all methods, and thus it may be worthwhile to incor-
be at an elevation of 423.67 m. This produces the maximum porate uncertainty analysis results into future risk assessment
amount of head on the developing pipe, and allows it to grow to studies when predicting breach parameters using these methods.
the largest possible size before the collapse occurs. Table 5 show®redictions of breach width generally have an uncertainty of
summary results of the simulations. For each initial reservoir el- about+1/3 order of magnitude, predictions of failure time have
evation, a simulation was run with the pipe initiating at an eleva- uncertainties approachingl order of magnitude, and predictions
tion of 423.7 m, and a second simulation was run with the pipe of peak flow have uncertainties of abott).5 to =1 order of
initiating about midway up the height of the dam. magnitude, except the Froehlich peak flow equation, which has an
There is a wide variation in the results depending on the as- uncertainty of about-1/3 order of magnitude.
sumed initial conditions for the elevation of the seepage failure.  The uncertainty analysis made use of a database of informa-
The peak outflows and breach widths tend toward the low end of tion on the failure of 108 dams compiled from numerous sources
the range of predictions made using the regression equationsn literature(Wahl 1998). Those wishing to make use of this da-
based on case study data. The predicted failure times are withintabase may obtain it in electronic forthotus 1-2-3, Microsoft
the range of the previous predictions, and significantly longer Excel, and Microsoft Access)on the Internet at http://
than the very short0.5 to 0.75 hfailure times predicted by the  www.usbr.gov/pmts/hydraulics_lab/twahl/
Bureau of Reclamationi1988) equation and the first Von Thun The case study presented here showed that significant engi-
and Gillette equation. neering judgment must be exercised in the interpretation of pre-
dictions of breach parameters. The results from use of the physi-
cally based NWS-BREACH model were reassuring because they
Conclusions fell within the range of values obtained from the regression-based
methods. However, at the same time, they also helped to show
This paper has presented a quantitative analysis of the uncertaintythat even physically based methods can be highly sensitive to the
of various regression-based methods for predicting embankmentassumptions of the analyst regarding breach morphology and the
dam breach parameters and peak breach outflows. The uncertainlocation of initial breach development. The NWS-BREACH
ties of predictions of breach width, failure time, and peak outflow simulations demonstrated the possibility for limiting failure me-
chanics that were not revealed by the regression-based methods.

Table 5. Results of National Weather ServiBlREACHSIimulations

of Seepage-Erosion Failures Notation
Initial water Initial _ Breach The following symbols are used in this paper:
surface elevation Peak  Time-to-peak width at B — average breach widtfm);
. . . avg y
z(arlﬁ)vatlon fg;(“f)r'g'(nrg) 0(‘;;2!/"5“)“' Omf:?]‘)”' t t'TrE)tP C, = offset factor in the Von Thun and Gillette breach
width equation, varies as a function of reservoir
Top of joint use volume;
436.68 423.7 2,280 3.9 15.7 e = average prediction error;
436.68 430.1 464 2.1 6.5 e; = individual prediction errors, log cycles;
h, = height of breaciim);
Top of flood space hz _ height of dam(m):
443.18 423.7 6,860 4.0 24.7 h,, = depth of water above breach invert at time of
443.18 430.1 1,484 1.4 10.3

failure (m);
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K, = overtopping multiplier: 1.4 for overtopping; 1.0 for
piping;
MAD = median of absolute deviations from
Q, = peak breach outfloum?¥s);
S = reservoir storagém®);
S. = standard deviation of the errors;
Suap = estimator of scale derived from the median of the
absolute deviations, analogous to standard deviation;
T = median of the errors, an estimator of location;
t; = failure time(h);
V. = volume of embankment material eroded®);
V,, = volume of water stored above breach invert at time
of failure (m®);
X = predicted value of parameter;
x = observed value of parameter; and
Z; = standardized error.
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