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Abstract: Uncertainty in dam breach flood routing results was analyzed in order to provide the basis for the investiga-

tion of their effects on the flood damage assessments and dam safety risk assessments. The Monte Carlo simulation based

on Latin Hypercube Sampling technique was used to generate random values for two uncertain input parameters (i.e.,

dam breach parameters and Manning's » roughness coefficients) of a dam breach flood routing analysis model. The flood

routing results without considering the uncertainty in two input parameters were compared with those with considering

the uncertainty. This paper showed that dam breach flood routing results heavily depend on the two uncertain input pa-

rameters. This study indicated that the flood damage assessments in the downstream areas can be critical if uncertainty in

dam breach flood routing results are considered in a reasonable manner.
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1. INTRODUCTION

The main tasks of dam breach routing analy-
sis for dam safety assessment are to route how
the dam breach floods would propagate through
the valley below the dam and to determine the
dam breach flood velocity, arrival time, depth,
and boundaries of inundation in the downstream
areas. Based on these outcomes from dam
breach flood routing analysis, the dam breach
flood damages such as economic damage or
human life loss are estimated in process of dam
safety assessment. Therefore, it is very critical

to obtain the exactly calculated results from dam

breach flood routing analysis for better dam
safety assessment. Current technology permits
routing the flood profiles along the downstream
when a dam is breached and estimating the
characteristics of dam breach flood using the
computer models developed for dam breach
flood routing analysis. A variety of computer
models for dam breach flood routing analysis
were introduced, and the computational accu-
racy and capability of these models have been
improved over last decades. However, the re-
sults of dam breach flood routing analysis using
any computer model are still uncertain due to
uncertainty of the input values required for the
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use of the computer models as well as the im-
perfection of the computer models. This study
was performed to identify the uncertainty in the
dam breach flood routing analysis results re-
sulting from the uncertain input parameters
rather than the defects of computer models and
to clarify the degree of uncertainty in the results
predicted by the computer models.

2. STRATEGY FOR UNCERTAINTY
ANALYSIS

A number of 1- and 2-dimensional hydrau-
lic/hydrologic dam breach simulation models
are available, and they are being used for the
practical applications in dam engineering pro-
jects. In particular, 1-dimensional hydraulic
models such as the National Weather Service
(NWS) DAMBRK model (Fread, 1984) are
widely being accepted, because they can provide
reasonable dam breach flood routing analysis
results such as the discharge and stage hydro-
graphs at the given locations downstream of the
dam under the dam breach conditions postulated
by the model users. This study also employed
one of the most advanced 1-dimensional dam
breach flood routing analysis models, i.e., the
NWS FLDWAV model (NWS, 1998), for the
dam breach flood routing analysis. For conduct-
ing the uncertainty analysis, this study used a
systematic simulation approach, i.e., Monte
Carlo simulation, based on Latin Hypercube
Sampling (LHS) technique for performing the
uncertainty analysis with the NWS FLDWAYV.
In process of uncertainty analysis using the
Monte Carlo simulation, computer programs
compiled by Microsoft FORTRAN 4.0 were
developed by this study, because the NWS
FLDWAYV model does not have capability for

conducting the uncertainty analysis.
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The LHS used in this study is a widely used
sampling method in the Monte Carlo simulation
method (Iman and Conover, 1980; Loh, 1987;
Stein, 1987). The difference between LHS and
the simple random sampling used in the stan-
dard Monte Carlo simulation method is stratifi-
cation of the probability distributions for uncer-
tain inputs, wherein # different values are se-
lected from each probability distribution. The
values are selected by dividing each probability
distribution into » non-overlapping intervals,
each of equal probability. Within each interval,
one value in each probability distribution is
randomly selected. The # values for a uncertain
input are then paired in a random manner with
the n values of the other uncertain inputs (Pali-
sade Corporation, 1996a). Because the samples
from each uncertain input tend to be more
evenly spread out over each input distribution,
the samples with LHS represent the mean, vari-
ance, and other parameters of the output distri-
bution more efficiently (i.e., a small sample
size) than with the simple random sampling
method. The LHS method, therefore, is usually
more efficient and provides better agreement
between the sample distribution and the theo-
retical true distribution (Bohn, Wheeler, and
Parry, 1988; Morgan and Henrion, 1990). Fur-
ther, this method provides better insights into
the extremes of the probability distributions of
the outputs, because the random samples are

generated from all the ranges of possible values.

3. UNCERTAINTY OF INPUT PARA-
METERS OF THE NWS FLDWAV
MODEL

This study performed the uncertainty analysis
for the dam breach flood routing analysis results
with respect to the two major uncertain input
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Table 1. Guidelines to estimate earth dam breach parameters

Sideslope@ | Breachtime (8

USBR | Earth dams b=0.5H;- 3H,4 z = Vertical to 1:1 t=0.5-4hr
(1989) {(well con- where, where, where, ty = time to fully form
structed) b = Average breach width, z = side slope (H/V) the breach
from table 1 in | Hy =Dam height
USBR
FERC | Earthen b=Hy-5Hy z=1/4-1 te=0.1-1.0 hr
(1991) | (Engineered, [(Usually 2H, - 4H,)
Compacted)
Von b=25H,+B Non-Cohe |H:V=1:1
Thun where , sive Shell
and H,, (the height of water above the bot- | Material
Gillette tom of the breach) varies with breach
(1990) type.
H,, = full height of the embankment for
overtopping / normal maximum water
level for other cases.
B varies according to
Reservoir Size B (ft) _ Types Breach for-
. H:V=1:1-1 o
(ac-ft) Cohesive | 3 mation time
<1000 20| Shell ‘ Easily eroded | 0.0046H,
1000 - 5000 60 Erosion resis- | 0.006H,, +
tant 0.25
5000 - 10,000 140 Easily eroded | b/(4H,+200)
> 10,000 180 Erosion resis- | b/(4H,,)
tant
Froehlich b = 15koVw0.32H0.19 z = 1.4, for overtopping [ t;= 3.84V, ¥ H**®
(1995) where, = 0.9, for otherwise | where,
b =average breach width (m) t= breach formation time is
ko = 1.4 for overtopping the time needed for complete
= 1.0 for otherwise development of the ultimate
Vw = reservoir volume at the time of breach.
failure (106m3)
H = height of the final breach (m)
SANCO | Earthfill b=0.5Hd - 3.0Hd z=02-2.0 te=0.5-3.0hr
LD | Well Engi- b=1.0Hd - 3.0Hd z=1.0-20 tr=0.1-0.5hr
neered
Poorly Engi-
neered

parameters, i.e., dam breach parameters and 3.1 Uncertainty of Dam Breach Parameters

Manning roughness coefficients, of the com- Dam breach parameters required by the NWS

puter models.

FLDWAY model are the dam breach side slope,
depth, bottom width, and formation time. The
proper values of these dam breach parameters
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for an existing dam are unknown, even though
the dam failure mechanisms are fairly well un-
derstood for both embankment and concrete
dams. It is because the values for these parame-
ters are strongly affected by the dam type and
size, geologic condition of foundation dam,
foundation treatment during dam construction,
etc (Wahl, 1998). Some guidelines developed by
the dam regulatory agencies and researchers, see
Table 1, are available to assist in estimating dam
breach parameter values, but the estimation of
dam breach parameters should not fully depend
on the guidelines due to the wide difference of
the values recommended by the guidelines. In
general, the values of dam breach parameters are
subjectively determined based on the values
predicted from the guidelines, historical dam
failure data, and the dam conditions such as
embankment size, materials, and foundation.
Thus, some degrees of uncertainty are unwill-
ingly included in process of determining the
values of the dam breach parameters and may
bring out the errors of flood prediction by the
NWS FLDWAYV model.

3.2 Uncertainty of Manning’s Roughness
Coefficients

Roughness coefficient, », used to calculate
frictional losses by channel resistance to flow in
natural rivers is the variable in Manning's equa-
tion that represents river-bed hydraulic rough-
ness (Kung and Yang, 1993). The value of the
coefficient is unknown and direct field meas-
urement of the coefficient values is impossible,
because the coefficient values are a function of
spatial geometry, bed materials, vegetation, flow
properties, and other physical parameters. Even
though the coefficient values cannot be obtained
directly, however, the coefficient values for pre-
cipitation floods are generally estimated based
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on field observations and calibration of observed
high water marks from historical flood events.
Unlike precipitation floods, the unprecedented
magnitude floods such as dam breach flood
make it impossible to fully calibrate Manning's
roughness coefficient based on previous flood
data due to the different characteristics of dam
breach floods with precipitation floods. In addi-
tion, there are no typical ways to estimate the
coefficient values for dam breach floods, so that
some degrees of uncertainty are included in the
coefficient values estimated using the highest
water marks of historical flood events or cali-
bration.

4. CASE STUDY

The computer programs developed for con-
ducting the uncertainty analysis against the dam
breach flood routing analysis results were ap-
plied to the Alamo Dam located in the west cen-
tral Arizona. Most of the drainage area of 4770
square miles is bounded by mountainous areas.
Alamo Dam was constructed as a multipurpose
dam to serve flood control, water conservation
and supply and recreation. It was completed in
1964 and constructed as an earth embankment
structure 283 ft tall and 975 ft wide. The top
elevation of the dam is 1265 ft, and the elevation
of the spillway crest is 1235 ft (USACE, 1986).

Alamo Dam breach flood routing analysis and
uncertainty analysis for the analysis results were
performed against 13 Alamo Dam breach sce-
narios. They consist of four flood no-failure
cases (i.e., ETFN, EPFN, and EPSN), three
flood failure cases (i.e., ETFF, EPFF, and EPSF),
and three sunny day failure cases (i.c., ESFA,
ESFB, and ESFC) under the existing dam con-
dition and four risk reduction cases (i.e., FR2B,
FR3C, FR9, and FRI12B). The effects of two



Water Engineering Research, Vol. 3, No. 4, 2002

Table 2. Dam breach model running scenarios for Alamo Dam risk assessment
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Sunny day ESFA | Failure (F) No Flood 1125 ft - earthquake failure
Failure (S) (a, Normal operating target ¢levation)
ESFB | Failure (F) No Flood 12074 ft - internal failure
- (b, Historical height)
ESFC | Failure (F) No Flood 1235 ft - intemal failure
(c, Spillway crest)
Threshold ETFN | No Failure (N) | Threshold flood N/A
Flood (TF) (USACE definition: flood which
] peaks at dam crest minus freeboard)
Exist- ETFF | Failue(F) | Threshold flood 12596 ft
ing(E) (Max. design surcharge WSE)
PMP Flood EPFN  { No Failure (N) | PMF Flood N/A(Max. WSE during reservoir rout-
(PF) (with starting WSE = 1125 ft) ing = 1267.67 ft)
EPFF | Failure (F) PMF Flood Dam crest + 1 ft= 1266 ft
(with starting WSE = 1125 ) (Rising limb failure)
SPF+PMF | EPSN | No Failure (N) | SPF + PMF N/A
(with starting WSE = 1180 ft)
EPSF | Failure (F) SPF + PMF Dam crest + 1 ft= 1266 ft
(with starting WSE = 1180 ft) (Rising limb failure)
FR2B | opp i pyr | FR2B-PS | No Failure (N) | SPF +PMF N/A
N (with starting WSE = 1180 ft)
FR3C ‘FR3C-PS | No Failure (N) | SPF +PMF N/A
N (with starting WSE = 1180 t)
FR9 FR9-PSN | No Failure (N) | SPF + PMF N/A
(with starting WSE = 1180 ft)
FR12 FR12-PSF | Failure (F) SPF + PMF Damecrest+ 1 f1=1275 ft
(with starting WSE = 1180 ft) (Rising limb failure)
Table 3. Descriptions of flood risk reduction alternatives

FR2B | Widen the existing spillway 330 fi, maintaning the existing spillway elevation + raise embankment 10.9 ft
FR3C Lower the existing spillway 30ft. The spillway was assumed to have a 1h to 4v side slope cut and comsponding
spillway lengths were 95ft + raise embankment 11.9 ft
FR9 | Combination of lowering the spillway 10 ft and widening 220 ft + raise embankment 10.5 ft
R Raise the embankment to 1274 ft NGVD (Dam crest elevation + raise embankment 9.0 ft), and design for the
PMF flood event-Partial fix.

most uncertain input parameters (i.e., breach
parameters and Manning's roughness coeffi-

cients) on the predicted flood routing results
were investigated by this study for the 13 sce-
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narios. Detailed information for dam breach
modeling running against these scenarios is
summarized in Table 2, and the descriptions of
four alternatives are given in Table 3.

4.1 Determination of Uncertainty in Dam Breach
Parameters

Among the dam breach parameters necessary
for running the NWS FLDWAV model, the
values of breach depth and breach bottom width
were treated as deterministic in the Alamo Dam
case study, because Alamo Dam is an earth dam
and its embankment consists of the materials

that can easily eroded away by dam breach flood.

With consideration of these characteristics of
Alamo Dam, the values of breach depth and
breach bottom width were determined on the
assumption that the breach depth reaches to the
bottom of the embankment and the breach bot-
tom width is fully extended to the ends of both
side of the valley, see Figure 1, if Alamo Dam is
breached by any reason. 275 ft and 100 ft were
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used as the value of dam breach depth and width
for all of Alamo Dam breach mode! running
scenarios, respectively. However, the breach
side slope and breach formation time were re-
garded as uncertain in this case study. To define
the values of two uncertain breach parameters
regarding seven Alamo Dam failure scenarios
(i.e., ESFA, ESFB, ESFC, ETFF, EPFF, EPSF,
and FR9), the guidelines in Table 1 were used,
and the values recommended by the guidelines
are summarized in Table 4. The values of two
breach parameters for six no-failure scenarios
(i.e., ETFN, EPFN, EPSN, FR2B, and FR3C)
were not calculated, because they arc not af-
fected by uncertainty in the dam breach pa-
rameters. Due to wide differences of the calcu-
lated values in Table 4, they were used as refer-
ence values for determining the values of two
breach parameters for seven failure scenarios. In
addition, with considering the characteristics of
Alamo Dam and breach conditions, this study
assumed that the embankment of Alamo Dam is
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Figure 1. Longitudinal Profile of Alamo Dam

(Source from: Alamo Dam Supplemental Reconnaissance Report, USACE, 1993)
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partially breached under the earthquake failure
case, partially and fully breached under the in-
ternal failure cases, and fully breached under the
flood failure cases. Based on these assumption
and the recommended values in Table 4, the
lower, best estimate, and upper values for the
breach side slope and time were determined. In
particular, the value of breach side slope for full
breaching was directly measured from the pro-
file of Alamo Dam in Figure 1. Furthermore, the
breach time of Teton Dam, i.e., 1.25 hour, was
considered when the breach time for Alamo
Dam was estimated, because Teton Dam has not
only the same dam type with Alamo Dam, but
also a similar dam size. The probability distribu-
tions for two breach parameters were selected
among the simple distributions such as uniform,
triangular, or normal distributions, because the
appropriate probability distribution types to two
breach parameters are unknown. In this study, a
triangular distribution was used for the breach
parameters, and the lower, best estimate, and
upper bound values were used as the minimum,
mode, and maximum values in the distribution,
respectively. Table 5 shows the estimated lower,
best estimate, and upper bounds as well as
probability distributions
breach parameters.

for two uncertain

4.2 Determination of Uncertainty in Manning’s

Coefficients

Due to the different characteristics of the dam
breach floods with normal floods such as pre-
cipitation floods, the Manning's roughness coef-
ficient values estimated for dam breach flood
routing analysis based on historic flood infor-
mation must be adjusted to account for addi-
tional energy losses associated with the dam
breach flood (Jarrett, 1984, USGS, 1989).
However, the proper amount of adjustment for
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the coefficients is unknown. Kung and Yang
(1993) used +/- 20% as the amount of adjust-
ment for the coefficients based on the dam
breach simulation experience for Teton Dam
and Buffalo Creek Dam failure and engineering
judgment in their study. This study used the
same amount of adjustment adopted by Kung
and Yang to investigate the impacts of uncer-
tainty in Manning roughness coefficients. The
coefficient values used for the deterministic
model running for Alamo Dam breach routing
analysis were given as the best estimate values
and +/- 20% adjusted values of the best esti-
mates were assigned to the upper and lower
bounds. A triangular distribution was used to
represent the uncertainty in the Manning's coef-
ficient.

4.3. Determination of the Number of Model Run-
ning

A variety number of input data sets are pro-
duced with the randomly generated values for
the uncertain input parameters, when the Monte
Carlo simulation technique used for uncertainty
analysis. The model runs are made as many as
the randomly generated number of input data
sets during the Monte Carlo simulation, the
same number of model outputs is obtained when
the simulation is completed. Therefore, to obtain
better statistical information on uncertainty in
the model outputs, a large number of randomly
generated input data sets are necessary. In the
Monte Carlo simulation, it is true that more sta-
ble analysis results can be obtained by increas-
ing the number of randomly generated input
data sets. However, for a large number of model
running, huge amount of simulation time and
computational resources are required. Therefore,
this study employed the stratified
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Table 4. Estimates from the guidelines for dam breach parameters

Water Engineering Research, Vol. 3, No.4, 2002

Sunny Day Failure @ 1125 feet | Breach Formation Time (Hours) 08] 01t010] 05t04.0| 0.685t01.330 0.5t03.0
(Earthquake failure, i.e., ESFA) Side Slope (H/V) 09| 025t01.0] 0.0t0 1.0 03310 1.0 02t02.0
Min. Top Breach Width 818.3 720.0 160.0 736 2240
Max. Top Breach Width 8183 1600.0 1280.0 950.0 1600.0
Min. Bottom Breach Width 2423 320.0 -160.0 3100 -480.0
Max. Bottom Breach Width 2423 1200.0 960.0 5244 896.0
Sunny Day Failure @ 1207.4 feet | Breach Formation Time (Hours) 18 0.1t01.0| 05t04.0] 0.669t01.824 0.5t3.0
(Intemal failure, i.c., ESFB) Side Slope (H'V) 09| 025t01.0( 0.0to 1.0 033t01.0 0.2t02.0
Min. Top Breach Width 1194.1 720.0 160.0 942 2240
Max. Top Breach Width 1194.1 1600.0 1280.0 1156.0 1600.0
Min. Bottom Breach Width 618.1 3200 -160.0 5160 -480.0
Max. Bottom Breach Width 618.1 1200.0 960.0 7304 896.0
Sunny Day Failure @ 1235 feet | Breach Formation Time (Hours) 25] 01tol.0] 05t04.0] 0.665to1.990 0.5t03.0
(Intemnal failure, i.e., ESFC) Side Slope (H/V) 09f 025t01.0| 0.0t 1.0 033t 1.0 021020
Min. Top Breach Width 1373.0 720.0 160.0 1011 2240
Max. Top Breach Width 1373.0 1600.0 1280.0 12250 1600.0
Min. Bottom Breach Width 797.0 3200 -160.0 585.0 -480.0
Max. Bottom Breach Width 797.0 1200.0 960.0 7994 896.0
Threshold Failure @ 1259.6 feet | Breach Formation Time (Hours) 3.0 0.1to1.0] 0.5t04.0| 0.663to02.138 0.5t03.0
(ie., ETFF) Side Slope (H/V) 09] 025t01.0| 00t0 1.0 033t01.0 021020
Min. Top Breach Width 1504.5 720.0 160.0 1072 224.0
Max. Top Breach Width 1504.5 1600.0 1280.0 1286.5 1600.0
Min. Bottom Breach Width 928.5 3200 -160.0 646.5 -480.0
Max. Bottom Breach Width 928.5 1200.0 960.0 860.9 896.0
Overtopping Failure @ 1266 feet | Breach Formation Time (Hours) 31| 0ltol0] 05t04.0| 0.662102.170 0.5103.0
(i.e., EPFF and EPSF) Side Slope (H/V) 14] 025t01.0] 0010 1.0 03310 1.0 02120
Min. Top Breach Width 21942 720.0 160.0 1086 224.0
Max. Top Breach Width 21942 1600.0 1280.0 1300.0 1600.0
Min. Bottom Breach Width 1298.2 3200 -160.0 660.0 -480.0
Max. Bottom Breach Width 1298.2 1200.0 960.0 8744 896.0
Overtopping Failure @ 1275 feet | Breach Formation Time (Hours) 331 01tol.0] 05t04.0| 0.661t02.224 0.5t03.0
(ie., FRI12) Side Slope (H/V) 14| 025t01.0{ 00t01.0 03310 1.0 021020
Min. Top Breach Width 2305.1 7403 164.5 11 2303
Max. Top Breach Width 2305.1 1645.0 1316.0 13315 1645.0
Min. Bottom Breach Width 13839 329.0 -164.5 6735 -493.5
Max. Bottom Breach Width 13839 1233.8 987.0 893.9 921.2
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Time to Maximum Flood Elevation (hrs)

Time to Maximum Flood Elevation (hrs)
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Figure 6. Boxplot§ for maximum flood flow at 7.88 and 22.5 mile

Table 5. Breach parameters and distribution types for Alamo Dam

(Refaé:}:vlﬁll‘; s | 0% 0.625 1.00 | Triangular | 0.75 150 300 | Triangular
Internal Failure
(Res. Elev. 0.50 0.750 1.34 | Triangular | 0.75 1.25 2.00 Triangular
1207.4ft)
(RIZZeEfVFTZI?Seﬁ) 0.50 1.000 134 | Triangular | 0.75 1.25 200 | Triangular
Flood Failure 1.34 1.34 1.34 | Triangular | 0.75 1.25 2.00 Triangular
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Table 6. Statistics for maximum flood elevation at 7.88 mile

value 891E+02 | 9.29E+02 | 9.57E+02 | 9.83F+02 | 9.89E+02 | 9.91E+02 | 9.96E+02 | 8.76E+02 | 8.79F+02 | 88I1E+02 | R8IF+02 | RRIE-02 | NR3RE+H02
Mean | 891E+02 | 9.30E+02 | 9.57E+02 | 9.82E+02 | 9.89E+02 | 9.91E+02 | 9.95E+02 | 8.76E+02 | 8.79E+02 | 8.81E+02 | 883E+02 | 8HIEH02 §.82F+02
Median | 8.91E+02 | 9.30E+02 | 9.57E+02 { 9.82E+02 | 9.89E+02 | 991E+02 | 9.96E+02 | 8.76E+02 | 8.79E+02 | 8.81E+02 | 8.83E+02 | 8.81E+02 8.83E+02
Maximum | 8.95E+02 | 9.51E+02 | 9.77E+02 | 9.98E+02 | 1.01E+03 | 1.O1E+03 | 1.01E+03 | 8.76E+H02 | 8.80FE+02 | 8.82E+02 | 8.84FE+02 | 8.82E+02 | S8.84E+02
M 8.88E+02 | 9.19E+02 | 944E+02 | 9.65E+02 | 9.71E+02 | 9.73E+02 | 9.78E+02 | 8.75E+02 | 8.78E+02 | 8.79E+02 | BEIE+02 | RROEA02 | NBIF+H02
Variance | 2.13E+00 | 1.63E+01 | 3.58E+01 | 3.96E+01 | 4.08E+01 | 4.11E+01 | 4.05E+01 | 7.15E-02 | 1.94E-01 | 3.63E01 | 6.25E01 | 3.82E01 5.68E-01
Skewness | 3.55E-02 | 3.77B-01 | 2.19E01 | -3.03E-02 | -5.52E-02 | -6.05E-02 | 6.25E-02 | -9.88E-03 | -2.50E-02 | -2.04E-02 | -5.02E-02 | -1.99E-02 -1.66E-02
Kurtosis | -759E01 | 1.12E+00 | -2.89E-01 | 4.73E-01 | 4.20E01 | 4.02E01 | -3.66E01 | -7.75E-01 | -9.68E-01 | -LISE+00 | -1.19E+00 | -116F+00 | -1.19E+00
Percentile of
. vahie 51.60% | 39.60% | 50.80% | 5560% | 54.00% | 53.60% | 55.80% | 49.80% | 49.60% 50.00% 49.80% 50.00%0 49.80%

Table 7. Statistics for maximum flood elevation at 22.5 mile

620E+02

631E+02

6.34E+02

6.35E+02

637E+H02

5.86E+02

5.89E+02

591EH2

5.94E+H02

FR3C

S92E-02

5.94E+02

5.90E+02

6.09E+02

6.20E+2

631E+02

6.34E+02

6.35E+02

6.37TE+02

5.86E+02

5.89F+H02

SOIEH2

5.94E+02

5.92E-42

SS4EH02

5.90E+02

6.09E+H02

620E+02

631E+02

6.34E+2

6.35EH02

637E+2

5.86E+(02

S.89EH2

SOIEQ2

SHEHR

5.91E-012

SS4EHR

S.92E+02

6.13E+02

6.26E+02

642EH2

6.45E+H02

6.44E+H)2

6.51E+02

5.86EH2

S.90E+H02

S.92E+H02

5.96E+H02

S93E-02

5.95E+02

5.89E+H02

6.05E+02

6.15E+02

6.24E+02

6.27E+H02

6.28F+02

6.29E+02

S5.85EH02

S.88EH02

3.90E+02

5.92E+02

S.90E-02

5.92E+02

Variance

4.57E01

249E+00

4.32E+00

8.81EH00

1.04E+01

1.OGE+0L

L17E+01

9.5TE02

2.36E-01

4.19E01

8.30E-01

4.59F0]

7.58E01

Skewness

1.O4E01

-2.03E02

9.76E-02

1.83E01

8.18E02

-5.19E04

7.38E02

-8.97E03

1.46E-02

2.17E02

433602

297502

426E-02

Kurtosis

-2.67E01

-6.67E-01

-3.50E-01

-4.34E01

-6.83501

-8.49E01

4.02E01

-841E-01

£.39E-01

-8.04E-01

-1.OTE+00

B.61ED1

-1.05E+00

Percentile of

3 inistic value

5220%

48.60%

49.60%

5240%

5220

51.80%

53.60%

S1L60%

5240%

51.00%

5040

50.80"0

4920%

Table 8. Statistics for time to maximum flood elevation at 7.88 mile

Dx ic value | 290E+00 | 290E+00 | 3.50E+00 | S18E+01 | 4.77E+01 | 442E-01 | 497E+01 | 623E+01 | 5.62E+01 | S22E+01 | 495E+01 | S20E-U)1 | 4.99E+01

Mean | 3.13E+00 | 302E+00 | 3.60E+00 | S.I8EH01 | 477E+01 | 442E-01 | 497E+01 | 622E+01 | S62E+0l | 522E+01 | 495E+01 | 520E-01 § 499FE+01

Median | 3.10E+00 | 3.00E+00 | 3.60E+00 | 5.18F+01 | 4.78F+01 | 442E-Ot | 496E+01 | 622E+01 | S62E+01 | 522E+01 | 49SE+01 | S20E-01 | 499E+01

M 4.10E+00 | 3.80E+00 | 450E+00 | S524F+01 | 484E+01 | 4.50E-01 | 5.04E+01 2TE+0] | 5.65E401 | 524E+0} | 496E+01 | 521E-01 | 500E+01

Mi 220E+00 | 2.30E+00 { 260E+00 | 5.10E+01 | 4.68E+01 | 434E-01 | 4.88E+01 | 6.18E+01 | SS8E+01 | 521E+01 | 44F+01 | 5.18E)1 | 497E+01

Variance | 148E01 | 792E02 | 1.09E0! | 65IEO2 | 670E02 | 692B(2 | 681E02 | 273602 | 329EQ | 476B03 | 367E03 [ 48IF03 | 3.09E03

Sk 227601 | 465E01 779602 | 16104 | 284E02 | -187R02 | SS7TEO2 | 1.38E01 | -153EQ1 | -334E01 | 870E02 | 993E(2 | 1.06EOI

Kurtosis | 608501 | 265E01 | 530B03 | 82E(02 | -149E01 | 992E02 | -146E01 | -523E01 | 997E01 | 387E01 | -3.78E01 | -234E01 | 4.16E01
Percentile of |

it valie B20% 2800% 33.00% 34.00% 4640% 31.80% 57400 5640% 42.80% 920% 27.00°% 33200 4960
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Table 9. Statistics for time to maximum flood elevation at 22.5 mile

Dx inistic value| 120E+01 | 820E+00 | 7.60E+00 | 554E+01 | 5.12E+01 | 477E+01 [ 531E+01 | 741E+01 | 660E+01 | 6.17E+01 | S8IE+01 | 612E+01 | S.82E+01

Mean | 1.23E+01 | 831E+00 | 7.77E+00 | 555E+01 | 5.13E+01 | 478E+01 | 531E+01 | 741E+01 | 660E+01 | 617E+01 | 581E+01 | 6.13E+01 | 583E+01
Median | 1.22E+01 | 830E+00 | 780E+00 | 5.54E+01 | S.14E+01 | 478E+01 | 532E+01 | 741E+01 | 660E+01 | 6.17E+01 | SBIE+01 | 612E+01 | 583E+01
Maximum | 139E+01 | 9.55E+00 | 890E+00 | S.64E+01 | S22F+01 | 488E+01 | SA0EH01 | 757E+01 | 677E+01 | 631E+01 | SO4EH01 | 627E+01 | S96E+01
Mininum | 1.07E+0L [ 7.30E+00 | 6.80E+00 | 546B+01 | 5.04E+01 | 468E+01 | 5.20E+01 | 724E+01 | 64SE+01 | 603E+01 | S67E+01 | S98E+01 | S69E+01
Variance| 368E01 | 146E0! | 154E01 [ L12E01 | 120E01 | 130801 | 123801 | 379801 | 352801 | 330E01 | 3.13E01 | 365E01 | 30IEQL
Skewness| 631E02 | 263E01 | S563E02 | 683802 | 3.60B02 | 438842 | 4266503 | 297E02 | 151E02 [ 40SE05 | 430EQ2 | 417E02 | -S82E03

Kurtosis | 453601 | 80IE03 | -102EOL | 284E01 | -364E01 | -3.79E01 | 436E01 | -6.58E01 | 830E01 | -889E01 | 624E01 | 868E01 | 660E01

3140% 3640% 2720% 3L80% 2880% 41.20% 46.60% 4980% 4840% 46.00% 4640% 4600% 4620%

Table 10. Statistics for maximum flow at 7.88 mile

Dx 484BH05 | 190EH06 | 26TE+06 | 341E+06 | 362E+06 | 365E+06 | 380E+06 | 536E+04 | LIOE+05 | 156E+05 | 216E+05 | L6OE+05 | 206EH0S

Mean | 483E+05 | 195E+06 | 260R+06 | 340E+06 | 361E+06 | 365E+H06 | 385EH06 | 536E+04 | LIOE+05 | 156B+05 | 216E+05 | LEOFHS | 206E+05

Median | 482E+05 | 193406 | 266F+06 | 339E+06 | 3.59E+06 | 363E+06 | 384E+06 | 536E+04 | LIOE+05 | 156E+05 | 2.16E+05 | 160E+05 | 206E+05

Maximum | S61EH05 | 243E+06 | 335E+06 | 3MEH06 | 415E+06 | 420B+06 | 444E+06 | 536E+04 | LIOE+05 | 156E+05 | 216E+05 | L6OE+05 | 206EH05

Mmnimum | 426E+05 | 1.602E+06 | 2235406 | 3.02E+06 | 321E+06 | 3248406 | 343E+06 | S36E+04 | LIOE+05 [ 156E+05 | 2.16E+05 | 1.60E+H5 | 206EHS

Variance | 686E+08 | 206E+10 | 479E+10 | 329E+10 | 345E+10 | 346E+10 | 38I1E+10 | 219E+00 | 226E+02 | 976E+01 | B62E+01 | 372EH | 354EH01

Skewness| 257E01 650E01 452801 2.83E01 283501 290E01 292E01 | 229B01 | -LIGEO1 | 291EO0L | 217E01 | -166E+H0 | -167E01

Kurosis | 62401 | 440E01 | 259801 | 493801 | 4.19E01 | 402E01 | -353E01 | 382E01 | 96901 | 225501 | 484E01 | 380E+00 | 469501
Perventik: of

iisic vaue 5360% | 4060% 5160% 5500% 5460% 4% | 000% | R2A% | 4720% 5800% B.60% 4960% 4800%

Table 11. Statistics for maximum flow at 22.5 mile

D mistic value [ 1.33E+05 | 721E+05 | 1.32F+06 | 2.04E+06 | 226E+06 | 233E+06 | 248E+06 | 533E+4 | LOBE+05 | 1SIE+05 | 211E+05 | 1.59E+05 | 202E+05

Mean | 1336+05 | 723E+05 | 1.32E+06 | 202E+06 | 224E+06 | 231E+06 | 244E+06 | 533E+04 | L.OSE+(05 | 151E+05 | 210E+05 | LSOE+05 | 2.02E+05

Median | 1.32E+05 | 720E+05 | 131E+06 | 201E+06 | 224E+06 | 231E+06 | 244E+06 | S33E+04 | 108E+05 | 151E+05 | 2.11E+05 | 1.59E+05 | 2.02E+05

Maxi L.S0EH05 | 826E+05 | 1.51E+06 | 2.30E+06 | 2.55E+06 | 2.63E+06 | 2.82E+06 | 534E+04 | 1.09E+05 | 1.53E+05 | 2.13E+05 | 1.59E+05 | 2.04E+05

Minimum | 1.18E+05 | 646E+05 | 1.16E+06 | 1.81E+06 | 202E+06 | 2.09E+06 [ 218E+06 | 532E+04 | LO7E+0S | 149E+05 | 208E+05 | 1.58E+05 | 200E+05

Variance | 527E+07 | 134E+09 | 4.89E+09 | 9.60E+09 | 127E+10 [ 136E+10 | L71E+10 | 221E+03 | 1.80E+05 | 7.13E+05 | 1.24E+06 | 1.04E+05 | 597E+05

Skewness| 149E0t | 290E01 | 241E01 | 3.06E01 | 296E01 | 3.00E01 | 320501 ]| 223E01 | -L8IEO1 | -1.90E01 ] -L8SEOI | -297E01 | 233E01

Kurtosis | 832B01 | 561EQ1 | -387E01 | 495E01 | 5.74E01 | -5.76E01 | -5.11E01 | -748B01 | -LI7E+00 | -1.09E+00 | 84901 | -959E01 | -832E01

Percentile of|

54.60% 51.00% 52.60% 5940% 57.80% 5820% 61.80% AR.60% 51.00% 5020% 51.80% 4920% 51.80%
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sampling technique, called Latin Hypercube
Sampling, instead of simple random sampling to
save the computational time and resources nec-
essary for a large number of model running.

This study determined the minimum number
of model running that can cover the whole pos-
sible ranges of uncertain input parameters using
two statistics (i.e., mean and variance) of the
NWS FLDWAYV model outputs. During the un-
certainty model running, three FLDWAYV model
outputs (i.e., maximum flood elevation, time to
maximum flood elevation, and maximum flood
flow) at two locations (i.e., 7.88 and 22.5 mile)
were recorded at each simulation of the NWS
FLDWAYV model, and their relative difference
of two statistics at each scenario between 100,
200, 300, 400, and 500 simulations were calcu-
lated. The relative differences are displayed by
the percentage in Figures 2 and 3.

Figures 2 and 3 show that the relative differ-
ences of two statistics are decreasing dramati-
cally as the number of simulations is increasing.
In particular, the relative differences of distribu-
tional mean and variance between 400 and 500
simulations are within the ranges of about 0.2 to
+0.2% and 10.0 to +5.0%, respectively. It can be
concluded that the relative differences of two
statistics are decreasing as the number of simu-

lations is increasing, although the decreasing

rates of relative differences are reducing, as well.

Therefore, no attempt was made to run more
500 simulations in this study, and this study
concluded that 500 simulations were necessary
and sufficient for this study purpose.

5. UNCERTAINTY IN THE MODEL
OUTPUTS

500 sets of the flood routing results for 13
Alamo Dam breach/no breach scenarios were
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generated from the uncertainty runs of the NWS
FLDWAY model using the Monte Carlo simu-
lation. The key statistics such as mean, median,
maximum, minimum, variance, skewness, and
kurtosis were calculated from the 500 sets of the
three flood routing results, i.e., maximum flood
elevation, time to maximum flood elevation, and
maximum flow, at the two damage centers, i.e.,
7.88 and 22.5 mile, and they are summarized in
Tables 6 to 11, respectively. In addition, this
study employed the modified side-by-side box-
plots to describe efficiently the identified uncer-
tainty associated with the three flood routing
results. The modified side-by-side boxplots used
in this study display the seven summary statis-
tics, i.e., Sth, 10th, 25th, SOth, 75th, 90th, and
95th percentile of the distributions. A line drawn
across the box is the 50th, the bottom of the box
is 25th, and the top is 75th percentile. The lines
below and above the box are the 10th and 90th
percentiles, and the dots beneath and over the
lines are the 5th and 95th percentiles.

5.1 Uncertainty in the Maximum Flood Ele-
vation

Figure 4 shows the variations of the estimated
maximum flood elevation at the two damage
centers in the downstream of Alamo Dam. It can
be seen that the amount of variation is different
with the defined the Alamo Dam breach/no
breach scenarios. The amounts of variations for
the sunny day failure cases (i.e., ESFA, ESFB,
and ESFC) are greater than the no-failure cases
(i.e., ETFN, EPFN, EPSN, FR2B, FR3C, and
FR9), but less than the flood failure case (i.e.,
ETFF, EPFF, EPSF, and FR12). In addition, the
amount of variation for each of the scenarios is
reducing as the floods through Alamo Dam
propagates along the river below the Alamo
Dam.
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The identified from Figure 4 could be nu-
merically ascertained through the variance of the
maximum flood elevations in Tables 6 and 7.
These tables also provide information on the
degrees of asymmetry and relative flatness of
the distributions of predicted maximum flood
elevations through skewness and kurtosis. The
skewness ranges of the distributions of the
maximum flood elevations are -0.06 to 0.38 at
7.88 mile and -0.02 to 0.18 at 22.5 mile and
each value of skewness in Tables 6 and 7 is
relatively small. Thus, this indicates that the
degrees of asymmetry of the distributions of the
maximum flood elevations are not much sig-
nificant. In addition, all of the kurtosis values,
except ESFB at 7.88 mile has 1.12, are negative
in Tables 6 and 7 and are within -1.19 to -0.29
and -1.07 to -0.27, respectively. Therefore, this
indicates that the distributions of the maximum
flood elevations at two downstream locations
are a little flat.

"Deterministic value" in Tables 6 and 7
means the maximum flood elevations at the two
specified locations when uncertainty of the input
parameters is ignored. "Percentile of determinis-
tic value" represents the relative percentile of
the deterministic value in the distribution of the
maximum flood elevation obtained from the
uncertainty model runs. For an example, the
percentile of deterministic value for ESFA at
7.88 mile 1s 51.60%, so this indicates that there
is a 48.40% chance that the predicted maximum
flood elevation for ESFA exceeds the determi-
nistic value (2.72E+02) while there is a 51.60%
chance that the elevation is below the value.
Therefore, the degrees of uncertainty in the de-
terministic maximum flood elevations can be
directly interpreted from the percentile of de-
terministic values. The ranges of exceedance
probabilities are 44.2 to 60.4% at 7.88 mile and
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46.4 to 51.4% at 22.5 mile, respectively. Thus,
this indicates that the deterministic maximum
elevations have considerable amount of uncer-
tainty. The variation ranges of the maximum
flood elevations at the two locations were also
calculated with the difference between the
maximum and minimum values from Tables 6
and 7. The ranges are reached up to 39 ft in
EPFF at 7.88 mile and 18 ft in ETFF, EPFF,
FR12 at 22.5 mile.

5.2 Uncertainty in Time to the Maximum
Flood Elevation

Figure 5 displays the variations of time to the
maximum flood elevation at the two damage
centers in the downstream of Alamo Dam. Al-
though it is difficult to define directly the
amount of variation for each scenarios from
Figure 5, it can be seen that the amount of varia-
tion is increasing as the dam breach floods
propagate along the valley below the Alamo
Dam. Therefore, Figure 5 indicates that the
amount of variation change as the defined sce-
narios and the flood routing distance from the
dam.

Detailed distributional characteristics of time
to the maximum flood elevation can be identi-
fied from the skewness and kurtosis in Tables 8
and 9. The skewness ranges of time to the
maximum flood elevations are -0.33 to 0.47 at
7.88 mile and -0.07 to 0.26 at 22.5 mile. Thus,
this indicates that the distributions of time to the
maximum flood elevations are not much asym-
metry. In addition, Tables 8 and 9 show that all
kurtosis are negative except that ESFB and
ESFC at 7.88 mile have the positive values, i.e.,
0.27 and 0.005, respectively. Therefore, this
means that most of distributions are a little flat,
and the degree of flatness of the distributions are
from -0.089 to - 0.097 at 7.88 mile and -0.008 to
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-0.89 at 22.5 mile. Exceedance probabilities of
time to the maximum flood elevation calculated
with the deterministic values are 42.6 to 90.8%
at 7.88 mile and 50.2 to 72.8% at 22.5 mile. In
particular, EPSN has the maximum exceedance
probability at 7.88 mile, while FR12 has the
minimum. At 22.5 mile, the exceedance prob-
ability of ESFC is the largest, but ETFN is the
smallest. The variation ranges are 0.2 to 1.9
hour at 7.88 mile and 1.8 to 3.3 hour at 22.5

mile.

5.3 Uncertainty in the Maximum Flood Flow

Figure 6 presents the variations of the maxi-
mum flood flow at the two consequence centers
in the downstream of Alamo Dam. Figure 6
shows that the variation ranges of flood failure
cases are greater than the sunny day failure
cases, and no-failure cases are even less than the
sunny day failure cases at the two downstream
location. Figure 6 also shows that the variation
ranges are decreasing as the floods through the
Alamo Dam propagates along the river below
the dam. Therefore, this indicates that the
amount of variation of the maximum flood flow
is different depending on the scenarios and the
flood routing distance from the dam.

In Tables 10 and 11, the skewness ranges of
the distributions of the maximum flood flows
are -1.66 to 0.65 at 7.88 mile and -0.30 to 0.32
at 22.5 mile. In particular, it is interested that the
distributions of the maximum flood flows for
the sunny day and flood failure cases have the
positive skewneess and no failure cases have the
negative one. All kurtosis in Tables 10 and 11
are negative except that ESFB and FR3C at 7.88
mile have the positive values, i.e., 0.44 and 3.8,
respectively. Therefore, it can be seen that most
of distributions are a little flat, and the degree of
flatness of the distributions are from -0.23 to -
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0.97 at 7.88 mile and -0.39 to -1.17 at 22.5 mile.
The exceedance probability ranges of the
maximum flood flow are 40.0 to 59.4% at 7.88
mile, and ESFB has the maximum exceedance
probability while FR12 has the minimum. The
ranges at 22.5 mile are 38.2 to 51.4%, and the
largest exceedance probability is ETFN and the
smallest is FR12. The variation ranges of the
maximum flood flow at the two downstream
locations are about 0 to 1,120,000 cfs at 7.88
mile and 200 to 640,000 cfs at 22.5 mile. In ad-
dition, the variation ranges for the failure cases
are greater than no failure cases. This means the
estimated maximum flood flows through the
valley of Alamo Dam may vary as the defined
scenarios as well as the distance from the dam.

6. SUMMARY AND CONCLUSIONS

This study has performed uncertainty analysis
for the dam breach flood routing analysis results
using the NWS FLDWAV model. Two most
uncertain input parameters, i.e., dam breach pa-
rameters and Manning's roughness coefficients,
of the NWS FLDWAYV model were selected to
explain uncertainty in the predicted model out-
puts, and the Monte Carlo simulation technique
based on Latin Hypercube Sampling technique
was used to perform the uncertainty analysis.
The outcomes and findings from this study as
follows:

1. This study developed computer programs
for conducting the uncertainty analysis with the
NWS FLDWAY model, and identified through
the application of the programs to the case study
that three dam breach flood routing results, i.e.,
maximum flood elevation, time to maximum
elevation, and maximum flow, are strongly af-
fected by the two uncertain input parameters.

2. This study increased the efficiency and re-
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duced the computational time of uncertainty
analysis based on the Monte Carlo simulation by
the Latin Hypercube Sampling technique.

3. The amounts of uncertainty included in the
dam breach flood routing results are different by
the locations from the dam and the model run-
ning scenarios, and the degrees of the uncer-
tainty could be quantified numerically using the
statistical analysis. In addition, the dam breach
flood routing results with considering the un-
certainty in the input parameters was compared
to those without considering the uncertainty.

4. In order to perform the flood damage as-
sessment or dam safety assessment mainly that
heavily depend on the dam breach flood routing
analysis results, uncertain parameters necessary
for the dam breach flood routing analysis should
be treated in a reasonable manner, and uncer-
tainty in the dam breach flood routing analysis
results must be systematically identified.

REFERENCES

Bohn, M.P., T.A. Whleer, and G.W. Parry (1988).
“Approaches to uncertainty analysis in prob-
abilistic risk assessment.” NUREG/CR -4836,
SAND 87-0871.

Bowles, D.S. (2000). “Advances in the practice
and use of portfolio risk assessment.”
Proceedings of the 2000 Australian Com-
mittee on Large Dams (ANCOLD) Annual
Meeting, Cairns, Queensland, Australia.

Federal Energy Regulatory Commission. (1991).
“Engineering guidelines for evaluation of
hydropower projects.” Federal Energy
Regulatory Commission, Office of Hydro-
power Licensing, Washington, D.C. 378 p.

Fread, D.L. (1981). “Some limitations of dam
break flood routing models.” ASCE Fall
Convention, St. Louis, MO. 15 p.

233

Fread, D.L. (1984). “DAMBRK: The NWS
Dam-Break Flood Forecasting Model.” Na-
tional Weather Service (NWS), Maryland.

Froehlich, D.C. (1995). “Embankment dam
breach parameters revisited.” 1995 ASCE
Conference on Water Resources Engineer-
ing, San Antonio, TX.

Hoeg, K. (1996). “Performance evaluation,
safety assessment and risk analysis for
dams.” Hydropower and Dams, Issue 6,
51-58 p.

Iman, R.L. and W.J. Conover (1980). “Small
sample sensitivity analysis techniques for
computer models with an application to
risk assessment.” Communications in Sta-
tistics, A9(17): 1749-1842.

Iman, R.L. and W.J. Conover (1982). “Sensitiv-
ity-analysis techniques: Self-teaching cur-
riculum.” Sandia National Laboratories,
NUREG/CR-2350, SAND 81-1978. 146 p.

Iman, R.L. and M.J. Shortencarier (1984). “A
FORTRAN 77 program and user's guide
for the generation of Latin Hypercube and
random samples for use with computer
models.” Sandia National Laboratories,
NUREG/CR-3624, SAND 83-2365. 50 p.

Jarrett, R.D. (1984). “Hydraulics of high gradi-
ent streams.” Journal of hydraulic engi-
neering, Vol. 10. No. 11. 1519-1539 p.

Karl M. Dise (1998). “Risk analysis of a seep-
age/piping dam safety issue. Managing the
risks of dam project development, safety and
operation.” Eighteenth annual USCOLD lec-
ture series, Buffalo, New York, August 10-14,

Kung, C.S. and Yang, X.L. (1993). “Dam-break
flood simulation and river parameter un-
certainty.” Royal Institute of technology,
Stockholm, Sweden.

Loh, W. L. (1987). “On Latin Hypercube Sam-
pling.” Annals of Statistics, 24(5):2058-



234

2080.

Lee J.S. (2002). Uncertainty analysis in dam
safety risk analysis, Ph.D. Dissertation,
Utah State University, Logan, UT.

Morgan, M.G. and M. Henrion (1990). Uncer-
tainty: A guide to dealing with uncertainty
in quantitative risk and policy analysis,
Cambridge university press, NY.

Moore, D.S. and G.P. McCabe (1993). Intro-
duction to the practice of statistics, W.H.
Freeman and Company, 40—46 p.

National Weather Service (1998). National We-
ather Service FLDWAYV MODEL, Version
1.0. Hydrologic research laboratory, Office
of hydrology, National Weather Service
(NWS), NOAA.

Palisade Corporation (1996). Guide to using
@Risk. Risk analysis and simulation add-in
Jor Microsoft Excel or Lotus 1-2-3. Pali-
sade Corporation, Newfield, NY. 307 p.

RAC Engineers & Economists and U.S. Army
Corps of Engineers (1999). Alamo Dam
Demonstration Risk Assessment: Summary
Report, Draft report, Los Angeles Dis-
trict.

Stein, M. (1987). “Large sample properties of
simulations using Latin Hypercube Sam

Water Engineering Research, Vol. 3, No.4, 2002

Pling.” Technometrics, 29(2):143-151.

U.S. Army Corps of Engineer (1986). General
report flood emergency plan for Alamo
Dam, Los Angeles District, 20 p.

U.S. Department of the Interior Bureau of Rec-
lamation (1989). Policies and procedures
for dam safety modification decision-
making, 269 p.

Vick, S. and R. Stewart (1996). Risk analysis in
dam safety practice, Uncertainty in the
geologic environment: From theory to
practice, Geotechnical Special Publication,
ASCE. No. 58. 586-603 p.

Von Thun, J. Lawrence, and D.R. Gillette
(1990). Guidance on breach parameters,
Unpublished manuscript, March 13. 15 p.

Wahl, T.L. (1998). Prediction of embankment
dam breach parameters: A literature review
and needs assessment, U.S. Bureau of
Reclamation publication, DSO-98-004, 59
p.

Post Doctorial, Department of Civil Engi-

neering, Kyungpook National University, Taegu.
Korea.
(E-mail : SLKTF@hanmail.net)



