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CHAPTER |

INTRODUCTION

Dams are an important part of this nation’s infrastructure providing flood control
water supply, irrigation, hydropower, navigation, and recreation. Despitertary
beneficial uses, dams present a risk to property and life due to their potentilal to fai
They are also an aging infrastructure and without proper maintenance, repai
rehabilitation, and upgrading they pose additional risk of failure. There are
approximately 80,000 dams on the National Inventory of Dams (NID) (USACE 2005).
As an indication of the potential need, one estimate places the cost of tatiaiitf
75,000 non-federally owned dams at $36.2 billion dollars (ASDSO 2003). In order to
evaluate the potential impact and risk of dam failure to life and property doamstris
necessary to determine the potential zone and timing of flooding. Additionally,
evaluation provides a means for prioritizing rehabilitation of these structyres b
determining which ones pose the greatest risk of failure.

There are several methods used for analysis of dam failures and thagesult
breach outflow hydrograph, varying from conservative rules of thumb to detailed
process-based modeling. Once the breach outflow hydrograph is determined for a
potential dam failure, methods of determining the flooding zone downstream of the

structure likewise vary from conservative rough rules of thumb to detailed icaier



routing methods. Methods used for analysis are often dictated by the levelibaet
conservatism required. Wahl (1998) grouped the common methods for breach
hydrograph evaluations into four categories; 1) process based methods, 2) parametr
models, 3) empirical equations, and 4) comparative analysis. The last three mathods r
on historical dam failure data whereas the first method is dependent on thalphysic
processes of failure and input of breach failure parameters.

Parametric models, empirical equations, and comparative analysis develope
from historical data have and continue to play an important role in charactehizing t
potential impact of a dam failure but have several shortcomings. 1) The numbdr of we
documented historical cases is small relative to the large number and wedy ofar
dams that exist and it is unclear whether the dams in historical fagig@spresentative
of the existing dams on the NID. 2) Historical data have high uncertainty (Wahl 2004,
Wahl 1998). 3) The use of historical failure data inherently assumes a dam iailur
occur, usually in a relatively short time. 4) Empirical equations negleatiofailure
processes and impact of embankment materials.

Figure 1.1 has been prepared from reports of historical failures of 64 dams,
showing the peak breach discharge versus dam height or height of water, dependent upon
whether the dam was overtopped or failed by other means, respectively (Wahl 1998,
Kalkanis et al. 1986, Kirkpatrick 1977). It is important to note the scatter in the data is
much as 3 orders of magnitude for a given dam height and appears to be greater for
smaller dam heights. The distribution of dam heights for the historical &ilufggure
1.1 is shown in Figure 1.2. This distribution, although similar, is different from the

distribution of dam heights for dams on the NID (Figure 1.3). This is also tiue as



compare reservoir storage for failed dams (Figure 1.4) versus dams on theidgNii (

1.5). This corroborates the issues raised in items 1 and 2 in the previous paragraph.

Additionally it raises an important question as to whether historical damefsidund the

resulting peak discharge prediction methods are representative of whateogrebid

from dams on the NID.
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Figure 1.1 Peak breach discharge versus dam héighfipr overtopped dams and
versus water surface elevatidy, relative to dam base for other failure modes (Wahl
1998, Kalkanis et al. 1986, Kirkpatrick 1977).

Ninety per cent of the NID are earthen dams (USACE 2005) and the two principle

causes of earthen dam failure are overtopping and internal erosion (Singh 1996).

However, Ralston (1987) reported on 27 SCS assisted dams known to have experienced

overtopping and none had failed even though in some cases reservoir stages had reached

three feet above the dam crest. Development of predictions based on histituieal fa

data inherently implies a dam failure will occur and this is not neces@icase.
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Ralston (1987) reported observed patterns of erosion during overtopping for non-
cohesive and cohesive soil embankments. The erosion pattern of non-cohesive soil
embankments has been observed to be on a uniform but flattening gradient. Whereas, the
pattern for cohesive soils has been observed to be development and migration of an
overfall or headcut. Physical model overtopping tests conducted by the Agatultur
Research Service (ARS) (Hanson et al. 2005) on soil embankments corroborate tw

the observations by Ralston: 1) not all embankments fail during overtopping; and 2) the
observed mode of erosion is development and advancement of an overfall (Figure 1.6).
Hanson et al. (2005) provide a detailed description of these overtopping failure tests on
7.5 ft and 5 ft high cohesive embankments. Results from tests 1 and 2 of the overtopping
tests provide a good example of the impact and the importance of incorporatinglmater
properties in computational model simulations. The embankment used in test 1 consisted
of silty sand with 5 % clay and test 2 consisted of lean clay with 26 % clayre&igLr

and 1.8 show discharge hydrographs results from tests 1 and 2, respectively. ilexbt 1 fa

Figure 1.6 Downstream view of embankment overtopping experiment conduct
USDA Agricultural Research Service, Stillwater, Oklahoma in 1988 observed ste
overfall and migrating headcut are typical for embankments of cohesiveat.



and resulted in a peak breach discharge in less than 1 hr of overtopping (Figure 1.7),
whereas test 2 did not fail resulting in a peak discharge equal to the inflow during 20 hrs
of overtopping (Figure 1.8).

The shortcomings of failure methods based on historical data, the observed
processes of erosion and breach during overtopping, and the implications cdlmateri
properties on breach failure point out the importance and usefulness for a procgss base
model. Process based models are more difficult to apply and have shortcomings, but
offer the capability of more detailed analysis of a potential dam daihetuding: failure
or no failure, breach initiation time, variations of breach dimensions with time, and the
breach outflow hydrograph. Process based computational modeling also allows for
detailed interpretation of the impacts of embankment surface conditions, imateria
properties, geometry, inflow, spillways, and reservoir storage.

Little work has been done to evaluate and compare process-based models to and
in the context of other prediction methods. In this study two process based computational
models are used to evaluate the implications of input parameters for the two ARS
physical model test 1 and 2 and for a series of simulations based on synthetitsdata se
The two process-based models are; 1) National Weather Service BREACH(Rredel
1991) used by the engineering community, and 2) SIMBA a research tool in development
by USDA-ARS (Temple et al. 2006, Hanson et al. 2005, Temple et al. 2005) for eventual
integration into WinDAM for use by the profession. The two are drasticallyeiiffen
the erosion equation used to predict erosion and the erosion process modeled. The
NWSB is a sediment transport driven model whereas SIMBA is primarilydctea

migration model. The series of simulations will be contrasted with



the NRCS envelope equation of the maximum breach discharge estimated from a

historical set of breach discharges.
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Figure 1.7 Measured discharge hydrograph of ARS overtopping test 1 (Hanson et al.
2005).
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CHAPTER Il

BACKGROUND

Following is a description of the two process based models used to evaluate input
parameters for embankment overtopping breach analysis and the SCS empiricah equa
used as a base comparison to the synthetic data set results. The two process-based
models used in this evaluation, National Weather Service BREACH (NWSB) mode
(Fread 1991) and SIMBA model (Temple et al. 2006, Hanson et al. 2005, Temple et al.
2005) are drastically different in the erosion equation and erosion process used in each.
The two models provide a contrast to the two erosion processes observed by Ralston
(1987). The NWSB is a sediment transport driven model simulating a uniform channel
erosion process, while SIMBA is an excess stress erosion rate driven mudatiag a

discontinuity headcut erosion process.

National Weather Service BREACH

There have been numerous process-based breach models developed, but the best
known is probably NWSB (Fread 1991), developed to evaluate both overtopping and
internal erosion events. NWSB's principal erosion driver is the sediment transpor
relation developed by Meyer-Peter and Miiller as modified by Smart &g stannels.
Slopes for embankments typically range from 33-40% (Ralston 1987), which is beyond

the recommended application range of 0.04 to 20% (Smart 1984). However, at the time



NWSB was developed the work by Smart was the state of the science.lafioa ees

expressed by Fread (1991) in non-homogeneous form is:

Dog\%? D?/3 (2.1)
Q, = 3.64 (ﬂ) P S11(DS — Q)
D5 n
where Q, = sediment transport rate, cfs,

Dy, = particle size, mm, for which 90 percent is finer by weight,
D5, = particle size, mm, for which 30 percent is finer by weight,
P = wetted perimeter, ft, of channel cross section,

D = depth of flow, ft,

n = Manning roughness, dimensionless,

S = breach channel slope, dimensionless, and

Q) = threshold term, ft (defined in detail later).

Furthermore,

—2> = uniformity, dimensionless.
30

Because it was the objective of this study to observe the effects of parameter
variation, Equation 2.1 was examined to determine the material property rioat i
the sediment transport process. The reader should note that there was no material
property in Equation 2.1 that both directly and significantly affected the sediment
transport rate.

The uniformity termDgy/D30, directly impacts rate; however taken to 0.2-power,
it has little effect within a reasonable range of variation. Indeed atders-of-
magnitude increase in this ratio results in only a 2.5 increa3g iA value of 1 would

indicate a material with no material size variation frogg t® Dzg. The default value of

10



(Dgo/D3g) in NWSB is 10 which would represent a well graded gravel. A uniformly
graded soll, representing a wide range of grain sizes from gravéstasuld have a

value in the range of 50. Table 2.1 shows the potential range of the ratwm‘gg)ﬂ'z.

Table 2.1 Influence of §D3o 0on the rate of sediment transport.

Doo/Dso | (Deo/Ds30)’?
1 1

10 1.58

100 2.51

1000 3.98

The threshold terng?, is determined by two different equations dependent on
whether the material is cohesive. For non-cohesive soils,
Q = 0.00547.Ds,, ft (2.2)
where T, = critical shear stress,liv2, and
Ds, = particle size,mm,for which 50 percent is finer by weight.
For cohesive soils, Fread (1991) modified NWSB, but only adjusted the threshold term,
Q, not the rate aspects of detachment. This results in typically but not always a

conservative estimate for cohesive embankments, relative to non-cohesivhé&sive

soils,

bl

Q=— (PN, ft (2.3)

where PI = plasticity index, dimensionless,
b" = empirical coefficient, 0.008 b'< 0.019, and

¢’ = empirical coefficient, 0.58 c'< 0.84.

11



Critical shear stress, is a function oDso, D, andS, and is sensitive to changes
in Dsp as well a® andS However, in most instanc@s<« DS, and therefore the term
(DS — Q) is rather insensitive to changedig,. While Q for cohesive materials is
determined byl and coefficientd’andc’, the result is essentially the sarfie< DS.
Thus, the distinctions between cohesive and non-cohesive are not important for
meaningful discharges and stress encountered in a breach event.

Though changes in uniformitfdey/D3o, and the threshold terml, as determined
by Dsg or PI, exert direct influence on sediment transport 1Qtethe response to
changes in these values is not strobge, however, potentially plays a more significant
role by determiningp in Equation 2.1 and in turn impac@s. By default, NWSB uses the
Strickler relation (Fread 1991):

n = 0.013D3%7 (2.4)
Becausen is positively correlated tDso, but resides in the denominator of Equation 2.1,
an increase iDsg results in a decrease@ as one should expect. While a two-order-
magnitude change Dyo/D3p or Q yield only sub-order magnitude responses ff@ya
two-order-magnitude shift iDsg elicits slightly more than a one-order-magnitude
response from and thuQs. Therefore it can be concluded tBgb is a key material
parameter affectinQs. So it comes as no surprise that Fread (1991) identified “average”
(median) patrticle sizé)so, among the most critical material properties.

The other properties singled out by Fread (1991) were internal friction angle,
cohesive strengtl€. While not appearing in Equation 2¢landC may affect the rate of
breach development through stability and collapse computations. At each time step,

NWSB considers whether the sidewalls of the breach are stable. If not, the unstable

12



portion of the slope is assumed to have fallen into the breach flow. NWSB then checks
the ability of horizontal sections of a dam to resist sliding due to the hydrdetagomon

its upstream face. These two parameters may increase toé bedach development by
triggering instantaneous enlargement, which leads to increased disdtangettirn
increases the sediment transport rate. Fread (1991) presented two exam@dgewhe
found bothy andC could be either inversely or directly related to predicted peak breach
discharge. There were also ranges ahd/orC in these analyses for which peak
discharge was insensitive to changes in the parameters.

To explain how the sediment transport and stability computations are used in the
model, it is important to discuss the underlying process simulated within theppiag
breach portion of the model (Figure 2.1). It is assumed within the model that a
predefined rectangular breach channel exists on the downstrea(fitaoe 2.1a). Once
overtopping begins, it erodes downward parallel to the downstream face of the dam
(Figure 2.1b). Therefore, lowering of the dam crest is delayed until thedezbdenel
reaches a depth slightly greater than the product of slope and crest widtle Eitr and
d). The quantity of material transported is modeled as taking place equallybmwittma
and sides, i.e. the full wetted perimeter. However, the bottom width is absoiie
equal to a multiple of the critical depth of flow at the breach channel entrance.
Additionally, breach width enlargement and a change of channel side slopmeouayf
it is determined that the sides are unstable (Figure 2.1e). Once a slogeoietiurs,
downward erosion proceeds only after the volume of the slide has been transported from

the channel. Downward erosion is considered to cease once the upstream cresi erodes t

13



the base elevation of the dam and then erosion occurs strictly as breach wiBeirg
2.11).

The routing of the reservoir is modeled based on conservation of mass.
Bathymetry, spillway discharge, and reservoir inflow are determineddsaminput
tables of elevation and area, head and discharge, and time and inflow rate, régpective
Additionally the spillway invert elevation is required. For overtopping and substeque
breach flow, the broad crested weir relationship is used to compute discharge. Using
flow rate and bottom width, the Manning equation is solved for depth. The solution is
iterative when the side slopes are not vertical. Computation time wasia maj
consideration at the time of NWSB’s development. Thus, a steady-state stuhen
hydraulics was employed.

The original model was operated on mainframe computers, with data entry
organized in 16 cards of no more than 8 variables defined in 10-character fields. Though
NWSB has been adapted for personal computers, it runs in DOS and has no inherent user
interface. Output is in the form of a text file which prints a table of inputs, a table
detailing breach formation versus time, summaries of key outputs, and a laydirpdut.
Though not explored in this study, the NWSB provides for modeling of landslide dams,
piping, zoned embankments, erosion of grass cover, and erosion through a one foot

surface layer with material properties different from dam core.
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Figure 2.1 Sequena# breach development for an overtopped dam as conceptual
National Weather Service BREACH. Discharge is from topttetiottom right of eac
figure. (a) From the first time step a small rectangcife@nnel exists on the downstre
face of the dam. (b) The channel erodes downward always pavatlelvnstream face
and (c)must erode through crest width before it enters reservoir. (d)réhaontinue

to deepen and widen. (e) Channel sides may collapse if they arenishetd to b
unstable. (f) Breach opening may continue to widen after dam has been eroded to bas
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SIMBA

The research underlying the SIMBA/WINDAM model development is driven by
the need to evaluate existing NRCS dams. A majority of these dams are homosgene
earth fill. The large number of dams involved and the limited resources available for
evaluation of each dam require that the final tool be as simple as possible taimiage
the ability to simulate the dominant physical processes. Additionallyreeguiputs to
the model, including the description of the embankment material, must be reasonably
available. The model’s name is taken from “Simplified Breach Aralydiemple et al.
(2006) provide additional discussion of the SIMBA/WINDAM development.

SIMBA is a computational model being developed for the purpose of analyzing
earth embankment breach test data and extending the understanding of the underlying
physical processes of breach of an overtopped earth embankment. It is dtesdarc
that is modified routinely to test the sensitivity of the output to various sub-models and
assumptions (hence the status of “being developed”). SIMBA is a part of a large
Windows Dam Analysis Modules (WINDAM) project that is envisioned as a field tool
for dam design and evaluation that includes breach simulation. Work is presently
underway to incorporate components of SIMBA into the WINDAM software and
component validation studies are ongoing. It also anticipated that future gersecdt
SIMBA will evaluate zoned embankments and internal erosion.

In its present form, SIMBA is limited to the evaluation of overtopping of
homogeneous earth embankments with negligible protection on the downstream face.
The model simulates four stages of the failure process observed for the p&merita

(Hanson et al. 2005).1) Surface erosion leading to development of a headcut on the
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downstream face of the embankment. 2) Headcut advance through the cresit¢otiti
breach. 3) Breach formation as the headcut advances into the reservoir.ci) Brea
expansion during reservoir drawdown.
The model as described herein represents only that part of the overall research
tool that presently appears to best represent the processes associatezbeititaiges in
the simplest possible form. SIMBA and example application are discussed bieTetm
al. (2005) and Hanson et al. (2005). With the exception of the headcut advance model
being used, these earlier discussions are consistent with the present mod05 he
discussions focused on an energy-based headcut advance model whereas the model used
here employs a stress-based headcut advance prediction (Hanson et al. 2001\ aSIMB
described in this paper utilizes the stress-based detachment rate modébtorsahges
of the erosion computations. The keys to this model, are the algorithms defining the
hydraulic stress applied during each stage and the material paraméteng dee
resistance to erosion. The governing excess shear detachment tiate irela
E=ky(t—1,) (2.5)
where ¢ =the erosion rate, ¥t hr,
k, = detachment rate coefficient fo™* hr,
7 = applied boundary stress, IFftand
1, = critical stress required to initiate detachment for the material?Ib f
In contrast to NWSB, SIMBA utilizes a more basic version of the excess stres
eqguation which requires the user to defipand z. for the soil of interest. The primary
driver for breach erosion is the detachment coefficlenijith the critical stress,

playing a secondary role. Tkgvalue can be measured (Hanson and Cook, 2004, Wan
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and Fell 2004, Briaud et al. 2001), and has been observed to vary over several orders of
magnitude (Hanson et al. 2005, Hanson and Simon 2001, Wan and Fell 2004).

Based on Equation 2.5, erosion occurs if the hydraulic stress is capable of
detaching the particle from the soil matrix. Using an erodibility raterckge model
allows for seamless movement from cohesive soils of significant clayntdnszially
more erosion resistant) to non-cohesive soils of lower clay content, as Itheg as
material is detachment limited. The removal of soil material occurs elitfeeto shear
stress of flow over the surface, or to shear stress from plunging action avinentte a
headcut has developed.

Erosion rates and the progression of the breach through the four stages are
dependent on the discharge and the stage of the erosion process (Figure 212). Initia
condition is an intact embankment of unprotected earth (Figure 2.2a). Erosion is
considered to be in stage 1 of the breach process when the headcut is not formed to a
height greater than the critical depth of flow and is located within or downstethe
crest (Figure 2.2b). Initial location of headcut formation is conservatiiedy tas the
downstream edge of the crest. Erosive attack for this stage is computatiérom
approximation of a normal depth of flow on the slope with a Mannmgaue for soil
of 0.02. Hydraulic shear can then be calculated and the rate of material removal
computed through the use of Equation 2.1. Under these conditions, the developing
headcut deepens and widens, but does not advance. Breach widening rate of the area is
taken as 1.4 times the rate of deepening (Chow 1959).

When the headcut height is greater than the critical depth of flow, the flow is

considered plunging and the headcut will advance upstream as well as deeger? dbta
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the erosion process is the advance of the headcut through the crest (Figure 2.2c). The
present test version of SIMBA uses the stress-based headcut advance moitelddeyc
Hanson et al. (2001) modified to limit the advance rate computed for unstable headcut
heights. Stresses at the base and on the face of the headcut are computed using the
relations given by Robinson (1992) for a non-aerated condition. In the case that the
headcut reaches an unstable height based on soil strength, the advancelibyimite
erosion based on detachment rate for normal depth flow on a slope of 0.5 horizontal to 1
vertical using the same assumptions as used when computing this stressrelsewhe
SIMBA (Figure 2.2d). This is recognized as a major simplification of a camplcess
and is used only for the limiting condition indicated. The widening of the eroded area as
a result of plunging action is taken to be equal to the rate of headcut advance.

As the headcut enters the reservoir (stage 3) the elevation of the hydoatlad
is dependent on the position of the headcut (Figure 2.2e). The relations used to compute
the headcut advance due to plunging action are the same as those described in stage 2.
The rate at which the hydraulic control would be lowered by the hydraulés stre
associated with critical flow over the brink is also computed. When this ratedsxitet
computed for plunging action (note when headcut height is less than critical depth, the
rate of headcut advance due to plunging action is zero). Then this downward erosion of
the hydraulic control is considered to govern. When stress governs the erosios, proces
the widening of the breach is again computed as proportional to the stress-generated
detachment rate.

Once the embankment is locally removed to the toe of the embankment (base of

the headcut is bounded by this elevation in preceding stages), then only widening can
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occur (stage 4) (Figure 2.2f). The widening is assumed to be proportional to the applied
stress for critical flow conditions (similar to the stress-controlletiggoof stage 3).
Stress on the banks is considered to be approximately 0.7 times the maximuthatress
would be computed for the bed section in the rectangular breach section. Thus, for small
values of critical stress, the widening rate would be approximately 1.4 ttimes
detachment rate associated with stress on the bed.

Soil parameter inputs used to describe the embankment material in SIBA a
the total unit weight, undrained shear strength, detachment rate coeffiotbutjtecal
shear stress associated with initiation of detachment. SIMBA was prnogaosing
Visual Basic and features a multi-page graphical user interfaa#ovits for pasting as
well as direct entry. Additionally the input file created is editable t&¥hile its output
resides in a potentially lengthy text file, it features many graptoodd for examining

results.
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) f)

Figure 2.2 Sequence of breach development for an overtoppedagaconceptualized
SIMBA. Discharge is from top letto bottom right of each figure. (a) The simula
initiates with embankment intact. (b) A headcutnie at the edge of the downstre
crest, (c) where it deepens and widens. Advande trest (gray, dashed lines) oct
when headcut height achievetical depth. (d) Headcut continues to deepen\aiaegn
Vertical face of headcut may become unstable anldpse (gray, dashed lines).
Breach formation occurss headcut enters reservoir. (f) Breach opening owatinue
to widen after dam has be eroded to bas
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SCS Equation
The authors of SCS Technical Release No. 66 (SCS 1979) noted simply that the

expected maximum discharge of a breached dam depends upon failure rate and
dimensions of the breach opening. Because the purpose of the release was to make
available a “simplified” method for routing the hydrograph of a breachéxduekment,
they proposed the maximum discharge be empirically based. The equatidteherea
referred to as the “SCS equation”:

Qp = 65H (2.6)
where Q, = peak breach discharge, cfs, and

H =elevation of reservoir water surface or crest of dam relative to
dam base at failure, ft.
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102 X X Wahl, Kalkanis et al. |
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Lesser of dam height, h 4, or height of water, h,, ft

Figure 2.3 The data used by the Soil Conservation Service (Kidpa977) tocreate
the upper envelope equation of peak breach discharge (SCS i9ptted with
larger data set comprised of compilations by Wahl (1998) and KalkaniqE9&). For
dams that failed by overtopping, the peak breach disch@gés plotted against heig
of dam,hy. For dams that failed by other mod@g,is plotted against the height of wa
in the reservoirh,, relative to the base of dam.
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as depicted in Figure 2.3 is an approximate upper envelope (SCS 1979) of 13 failure
cases published by Kirkpatrick (1977). Dam types included variations on earthfill,
rockfill, and one concrete gravity structure, while failure modes wemnaiterosion,
overtopping (Wahl 1998), and failure to design for uplift (Singh 1996). The method was
later refined to allow lower estimates for embankments less than 103 ft high.
Considerations were also made for reservoir storage, embankment crassabacta,

and valley geometry that may reduce peak discharge, but the SCS equatiordd¢he
basis (SCS 1985). The Natural Resources Conservation Service continues tbitsuppor

use in the most current technical release (NRCS 2005).
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CHAPTER 1lI

METHODOLOGY

NWSB and SIMBA have data input requirements and boundary condition
assumptions in common, but also have data and input requirements that are unique to
each specific model. The following describes how specific input requirenmehts a
boundary conditions were handled in developing data sets and conducting model
simulations for ARS test data sets 1 and 2 and the synthetic data sets. TtesidREa
sets 1 and 2 were from tests on embankments for which material propertiesidifter
geometry and hydraulic stresses were similar. Development of the ddta sesss 1
and 2 for NWSB and SIMBA did not result in any unique challenges with the exception
of consistent handling of the unit discharge for NWSB, as explained at the end of this
chapter. However, the synthetic sets were challenging. They had to be fdshiane
manner that was simple and to some extent consistent with the data for histonical da
failures with the intent to evaluate model performance and parameter impaetoh br
peak discharge. The synthetic sets therefore featured a range of embankghésit he
storage volumes relative to height, reservoir shapes, and parametersgaffeasion rate

as applicable to each of the models.
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ARS Test Data Sets 1 and 2

The ARS test data sets 1 and 2 were physical model overtopping tests conducted
by the USDA ARS, Stillwater, Oklahoma (Hanson et al. 2005). Table 3.1 provides a
summary of key data inputs for tests 1 and 2 and Appendices B and C provide additional
details. Physical model tests were conducted by the USDA ARS, Stillvii@ahoma
(Hanson et al. 2005) and were nearly identical in geometry, reservoir storagateaoid r
inflow but differed in material properties. The NWSB and SIMBA models were ased t
estimate peak breach discharges for the two laboratory experimentsnpsitsy i

determined from laboratory measurements. The exception was matepiitigs for

Table 3.1 Model inputs from ARS overtopping tests 1 and 2.

) Test

Property units 1 2

Embankment heighhy ft 5.8 5.8
Crest length ft 6 6
Crest width ft 15 16
U.S. slope H:V 3 3
D.S. slope H:V 3 3
Plasticity index Pl non-plastic 17
Bulk densitypp bt 107 103
Porosity, f 0.30 0.28
Unconfined Compressive Strength, | Ib ft™ 420 1400
Erodibility, kg ft* Ib™ ht 5.8 0.022
Critical stresst. b ft™ <0.01 0.3
D30 mm 0.075  0.0043
Dso mm 0.14 0.014
Doo mm 0.38 0.46
Reservoir shapen 1.3 1.3
Nominal overtopping depth ft 1.0 1.4
Overtopping duration hr 0.8 18.8
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NWSB; soil friction angleg, cohesiorC and the critical stresg. The parameterg and
C were estimated based on a description of materials (Sowers and Sowers 1Rit@). C
shear stresgg, is not a direct input for NWSB but rather is estimated by other material
inputs. Therefore its values were determined by NWSB dependent on the choice of non-
cohesive (test 1) or cohesive (test 2).

For test 1, a headcut advanced through the 15-ft crest in 37 minutes of
overtopping and produced a peak discharge of 230 cfs. For test 2, a headcut advanced 9
ft into the crest in 20 hours of overtopping but did not breach. Discharge hydrographs for

the tests 1 and 2 are reported in Chapter | and plotted with model output in Chapter IV.

Synthetic data sets

In this study, the two models NWSB and SIMBA were used to evaluate the
impact of the variation of specific parameters on the peak breach discharge ndttwas
within the scope of this study to evaluate all parameters due to the number of possible
parameters and variations. Thus, the most important parameters weeddeteotthose
identified in the literature: dam height, reservoir storage volume and shape, and key
material parameters affecting erosion. The evaluations were conductga s&ries of
consistently varied synthetic data sets.

In order to use the two models to conduct the evaluations, it was necessary to
understand the input requirements and limitations of each model so consistetdly simi
data sets could be developed. The following discussion describes how the input data sets
were constructed in a consistent manner including what parameters Vdecerrstant,
what parameters were varied, what parameters were different betweeis,raod

challenges to formulate consistency in simulation runs.
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Constant Parameters

For the purposes of the overtopping simulations conducted in this study, certain
aspects of the simulated embankments were held constant including: the embankment
geometry (embankment slopes and crest width), specific material pammete
overtopping depth and unit discharge, and time steps.
Geometry The embankment geometry used in the simulations included upstream and
downstream slopes of 3H:1V (horizontal to vertical), and a crest width of 0.1 ft €Figur
3.1). An upstream and downstream slope of 3H:1V was chosen because this is a
common embankment slope (Ralston 1987). The crest width of 0.1 was chosen to
minimize the breach initiation phase for each model. Both of these geometry
parameters, slope and crest width, should be included in future investigations of

parametric impacts.

Figure 3.1 Generalized cross section and initial hydraulic conditions of syrthets:

Material properties.The material properties for NWSB and for SIMBA were held

constant with the exception Dk, for NWSB andky for SIMBA, which were considered
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to be the key erosion parameters. These two parameters were varied asddieseribe

the Varied Parametersection. Both models have at least one input defining structural
strength of material. In SIMBA, undrained shear strer@this the only parameter

used to specify strength. NWSB uses cohesive stre@génd internal friction angle.
There is not enough information to relate strength as defined in one model to the other
For NWSB, the combination of parameters was cohesive strébgti250 Ib ft?,

porosity ratio,f = 0.3, dry bulk density), = 110 Ib &2, internal friction anglep = 32°,
uniformity, Dgo/D3o = 10, and median particle diamet®g, = 5mm. For SIMBA, the

material parameters we@ = 1000 Ib ft-2, and as in NWSB, = 110 Ib ft°.

Overtopping and unit discharg®ne of the challenges considered important was a
consistent approach to drawdown during the breach initiation phases during overtopping.
This was considered important so unit discharge and thus the hydraulic energgt@gsoci
with breach initiation would be effectively constant for all simulations. Inrdale
accomplish this, dam crest lengths were adjusted such that, assuming thasrest w
intact, the time required to draw down the reservoir from the elevation of 1 ft above the
dam crest to the elevation of the dam crest was approximately the sanhe for al
simulations. The smallest daimy (=5 ft, Storage.P, m = 3, seevaried parameters

below) was assigned an arbitrary crest length of 0.2 ft. The unit dischasgs tiene for
each dam was matched to the smallest by adjusting crest length to dbhitweest sum

of squares difference in water surface elevations relative to creatiefe The results

were checked against the analytical solution for complete drawdown of thgestdyove

the crest, and were found to compare favorably with a maximum difference of 6%t. Cre

lengths used in the model simulations are shown in Table 3.2. Development of the
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analytical solution, an example of the numerical solution, and a complete tablet of cres

lengths as computed by both methods are found in Appendix D.

Table 3.2 Equivalent crest lengths for simulated data sets.

Crest Length (ft)
baseline Varied parameter
and
erodibility
variations m Vs
hg-S curve UupP UP UP R LP
m 3 1 2 3 3
5 317 83 187 8.0 0.20
10 539| 160 340 13.3 0.33
hy 20 969| 300 630 23 0.56
() 50 2,195| 710 1,440 52 1.21
100 4,141 1,360 2,700 95 2.2
200 7,861| 2,600 5,200 177 4.0
400 14,971| 5,000 10,000 330 7.3

Time stepsWhile no formal study of sensitivity to time step was carried out, it is
acknowledged that time step selection is important. For NWSB it is stateldeHmtsic
time step should be about 0.02 hours for most applications (Fread 1991). Most of the
simulations were conducted at a time step of 0.02 hrs; the exceptions were for
simulations in which storage was less thanURecurve, the time step was 0.01 hrs. For
most of the SIMBA runs, a time step of 0.02 hrs was also employed. Smaller fase ste
were used in instances where changes were occurring rapidly.

Parameters held constant for the NWSB and SIMBA are summarized in Table

3.3. To the degree practicable, the simulation sets were developed and appliely simila

to NWSB and SIMBA.
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Table 3.3 Parameters held constant for synthetic data sets.

. Model

Property Unit
NWSB | SIMBA

crest width ft 0.1
U.S. slope H:V 3
D.S. slope H:V 3
Dry bulk densitypy, Ib ft> 110
Porosity, f 0.30 -
Friction anglegp Degrees 32 -
Coshesive strengtlg, Ib ft2 250 -
Undrained shear streng@®, | Ib ft? - 1000
Critical stressy. Ib ft2 * 0.2
Uniformity, Dgo/D3o 10 -
Initial head on crest ft 1.0

* function of Dsg, D.S. dam face slope, and depth

- not an input for the model
Varied Parameters

Dam height. It was desired to model a range of embankment heights that cover the range
of case history failures. Seven embankment heightgiere used in the simulations: 5,

10, 20, 50, 100, 200, and 400 ft.

Storage volume (relative to heightfor the purpose of examining the impact of changes
in reservoir volume, three relationships of storage volumes to height were developed to
cover the range of failed dams. These relations were determined froneasaoies
regression of failed dams for which both height and storage data were repoatdd (W
1998, Kalkanis et al. 1986). Storage volume for each dam height was then determined
based on the curves representing the regression reRtiang the 95% prediction

intervals,UP (upper prediction) andP (lower prediction), respectively.
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Storage volume to height relations are of the form:

where

Vs =ﬁhg

Vs = Storage volume at dam crest, ac ft

hg4 = height of dam, ft,

B = coefficient, dimensionless, and

a = coefficient, dimensionless.

(3.1)

The curves are plotted with the data from which they were developed in Figure 3.2 and

the coefficients are summarized in Table 3.4. Itis interesting to note that tineevol

storage varies three orders of magnitude for failed dams between the upper lamcet

95% prediction intervals.
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Figure 3.2 Dam heightyy, versus storage volum¥&,, of failed dams (Wahl 1998,
Kalkanis et al. 1986) with power series regressnand 95% confidence prediction
interval defined by upper predictic UP, and lower predictiorLP.
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Table 3.4 Storage curve coefficieatsindg for volume to height relationships of power
series regressiom®; and upper and lower bounds of 95% prediction envelopeand
LP, respectively.

coefficients

Storage b a
UP 53 1.9
R 1.39 1.9
LP 0.037 1.9

Reservoir shapeThe impact of reservoir storage shape was evaluated. Stage-storage
relationships were developed based on a hypsometric function of the form (Walder a

O’Connor, 1997):
m
VKS = [%] (3.2)
where VV = volume of water in reservoir, ac ft,
h = reservoir level, relative to base of dam, ft, and
m = exponent related to reservoir shape.
Therefore the height-to-storage relationship, stage-storage, wasidesine
V =Bhi ™h™ (3.3)
Walder and O’Connor (1997) referred to the exponeas a shape factor with a range of
interest in their study of 1 to & = 1 represents a reservoir with vertical walls and flat
floor, whilem = 3 corresponds to a reservoir with walls and floor at a constant slope.
Values ofm=1, 2, and 3 were used in the simulations. Figure 3.3 depicts idealized

reservoir shapes for the shape factorsysed in the study, while Figure 3.4 shows the

generalized relationship of storage voluigto heighth.
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(a) (b) (c)
Figure 3.3 Idealized reservoir shapes for reservoir shapar,fatt (a) A reservoir ¢
shape factom = 1 has vertical walls and a flat bottom. (b) A reservbisiape factc
m= 2 has a horizontal bottom with walls of constant slope. (c) Arves of shap
factorm = 3 has sides and bottom with constant slope.
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Figure 3.4. Per cent of dam height, h, versus per cent of voMinfie; dams of shaj
factorsm=1, 2, and 3.

NWSB requires that reservoir storage be defined as a table or elevations an

areas. The conversion from volume to area is

a=Tn (3.4)

where A = reservoir surface area, ac.

Substituting the right-hand side of Equation 3.3 in to Equation 3.4 yields

m
A=—Bhg A" (3.5)
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Material rate parametersin NWSB,Dsowas selected as the varied parameter for
altering erosion rate. As detailed in Chapter Il, NWSB employs Ssmaddification of
the Meyer-Peter and Miller sediment transport relation (Fread 1991). Whde ther
appeared to be several candidate parameters for conducting matesialigdtens, it
was shown thaDsg had the largest impact on the sediment transport@ateilso
identified as important material parameters were internal frictiole amgand cohesive
strength C. However, becauseandC may have regions of insensitivity, or may affect
Qo either directly or inversely, they were eliminated from considerationo fdsause
D5 affectsQs in Equation 2.1 in much the way th@tcontrolsé in Equation 2.5, it is the
best analog of SIMBA'’s erodibility coefficierity in the context of the equation
governing erosion. For SIMBA, the detachment/erodibility coeffidigns the primary
driver for predicting the rate of erosion. The values for the material ratsptars are

determined as part of constructing a base case and corresponding baseline.

Base Case and Baseline Construction

Walder and O’Connor (1997) observed that the peak disckgrigepositively
correlated to reservoir storage and shape factor. Because the SCS equation is a
approximate upper envelope, it was expected that dams of high storage and possibly of
high m would achieve th&, predicted by the SCS equation. Based on this expectation, a
base case and baseline were established in this study from the highgst atova UP,
and highest shape factor considerad; 3.

As an initial step in conducting simulations and to observe coherence of the
resulting breach peak discharge values with actual case histories,cabases

developed to match the peak dischaf@gdetermined from the SCS equation for a 50-ft
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high dam; the median of the heights modeled. For NWSB, the rate parameter value
calculated for the base case viag = 5mm. Rate variation curves were established an
order of magnitude above and belovbgg = 50mm andsp = 0.5 mm. For SIMBA, the
base erodibility was found to tig= 0.75 f€ Ib*h™. Rate variation curves above and
below were calculated usitkg of 0.38 and 7.5 #tlb*h™®. These values are summarized
in Table 3.5.

From the base case, a baseline was established by vhagywlgile holding other
parameters constant. Six other lines or curves were constructed by véoyayg s
volume, reservoir shape, or the material rate parameter from the ba3é¢lerefore,
none of the simulations differ from the base case in more than two parameters, one of
them being height of darhg.

Table 3.5 Material rate parameter values for the basetdefor variations below the
base (low), and above the base (high).

model NWSB SIMBA
rate parameter Dso (mMm) | kq (ft’ o™ h™)
base 5 0.75
curve: low 50 0.38
high 0.5 75

Consistency Challenges

NWSB required some additional inputs and workarounds to conduct the study.
The first was inputs to determine tailwater influence. For the laborasts; these were
estimated from knowledge of the test area and dimensions of the test embankroents
the synthetic set, a wide downstream cross section with a slope of 0.002 &3

were entered to reduce its influence.
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Secondly, NWSB does not allow the top width of the breach to erode beyond the
distance entered for crest length. The ARS tests 1 and 2 were affected hieeseisests
were initiated through a constructed channel or notch, but could widen farther during
testing. This was also a significant limitation for modeling the synthata skts
because the uniform discharge and drawdown requirements for breach initistikbedre
in a set initial crest length. To overcome this, longer crest lengths ntered and the
additional discharge was returned to the reservoir in the same time stepdgrusi
auxiliary spillway rating table with negative discharges equitdtethe flow through the
added crest length. More details regarding this procedure and other ietricaihe

operation of NWSB can be found in Appendix A.
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CHAPTER IV

FINDINGS

ARS Test Data Sets 1 and 2

The measured discharge hydrographs and the NWSB and SIMBA predicted
discharge hydrographs for the ARS tests 1 and 2 are compared in Figures 4.1 and 4.2,
respectively. For ARS tests 1 and 2, NWSB predicted a near instantaneotsoiaac
the reservoir filled and began to overtop. While the NWSB predictions for timing and
discharge are less than perfect for test 1, the event does take plgapuiakly and in
the realm of embankment breach predictions, peak discharge estimatagivetsame
order of magnitude are laudable. However test 2 shows that NWSB is unable to account
for the cohesive behavior of the soils. This embankment withstood nearly a full day of
overtopping without eroding through the crest. NWSB looks at this well-constructed,
clay embankment as a pile of fine non-cohesive material. SIMBA on the other hand,
based on measured material parameters, was able to predict both everits wsdl.of
an erodibility rate allows it to account for the behavior of the soils. Thesesrbaut
important implications and raise the question of what impact key parametehaweagn
breach discharge values and what information can be gleaned from a paraodbtraf st

synthetic data sets.

37



500 ~

——NWSB
— - SIMBA
—— Observed
400
K2
(&)
o 300
: \
o
<
S 200 i
0
o

K
RSN

0 0.5 1 1.5 2 2.5 3
Time, hrs

Figure 4.1 Discharge hydrograph for overtopping test 1 showing NWSB and S
predictions against observed values.
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Figure 4.2 Discharge hydrograph for overtopping testh@ving NWSB and SIMB
predictions against observed values.
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Synthetic Data Sets

As explained in Chapter 3, the synthetic data sets were establisheddily idéveloping
a single base case dam that was calibrated to mat€} tredue predicted from the SCS
equation. The base case dam was set witly arb0 ft, Vs = 89,600 ac ft (from the)P
storage curve), and having shape faoter 3. The key material rate paramegp for
NWSB andky for SIMBA was adjusted to produce the matchigyg= 90,000 cfs for both
models. The resulting breach discharge hydrographs are plotted in Figure 4.3thé&/hile
peak discharge output for the NWSB and SIMBA models are similar, the hydrograph
timing and material parameters used to matctQjwere quite different. NWSB'’s base
case material was;g9= 5mm,Dgy/D3o = 10,9 = 32°, andC = 250 Ib ft, which would be
properties similar to a weak, moderately graded, gravel. SIMBA'’s base atsgain
was:kq = 0.75 f£ Ib* h* andC, = 1000 Ib f2, which would be properties similar to a

cohesive, medium consistency, moderately erodible soll.

100
© — NWSB
% 80 //\\ S -- SIMBA
© 60 ( ) >
o - \ 3
qé 40 : -
5 O\ .
3 20 ; \ \
(| '
0 \' I I >
0 10 20 30 40
Time, hrs

Figure 4.3 Breach discharge hydrographs for the base M8#¢88 and SIMBA, where
hg = 50 ft, Storag&JP, m = 3,Dso = 5mm (NWSB)ks = 0.75 f£ Ib™ hr' (SIMBA).
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Once the base case was established for each model, overtopping breach
simulations of synthetic dam data sets were conducted. Results are prastdrdge
following order:

1) Variation ofhy and the corresponding for theUP storage curve witin = 3,

Dso = 5mm, andg = 0.75 £ Ib™* h* (baseline),

2) Variation ofhg and the corresponding for theR andLP storage curves with

m=3,Dso=5 mm, andy = 0.75 ft I b,

3) Variation ofhy, shapen = 2 and 1, and the correspondwigor theUP storage
curve,Dsp = 5 mm, andg = 0.75 ff Ib™* b, and
4) Variation ofhg, Dsp = 0.5 mm and 50 mm, arkd = 0.38 ft Ib™* h* and

7.5 f£ Ib™* h™ and the corresponding, for theUP storage curve.

TheQ, prediction results are reported in tables 4.1 (NWSB) and 4.2 (SIMBA)QT he
values are strictly for flow through the breach. In some cases, ebpBAEB, the

peak breach discharge occurred while the dam was being overtopped. Because the one
foot of overtopping and crest length commensurate to storage were merely aioonvent
for initiating the breach, the overtopping discharge is not considered. That being said,
breach discharge is not defined identically for NWSB and SIMBA. NWSB considers
only the flow through the cross sectional area of the breach below the evesiosl,

while SIMBA reports all flow through the computed width of the breach to be breach
discharge. The maximum difference is 3 cfs unit discharge. In mostttésevas

insignificant.
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Table 4.1. Peak breach dischar@s, for the synthetic dams set as predicted by the SCS
equation and NWSB.

NWSB Synthetic Dams
SCS Varied parameter
equation| Set 1 Set 2 Set 3 Set4
baseline Storage m Dsg
Storage - UP R LP uUP UP UP uP
Shapem| - 3 3 3 2 1 3 3
Dg,mm| - 5 5 5 5 5 05 50
hg, ft Q, cfs
5| 1.28x16| 5.6x106| 3.0x16 2.7x16| 5.6x10 5.6x16| 54x16 5.0x10
10| 4.6x10| 1.47x10| 1.46x18 1.28x10| 1.4x106 1.48x10| 1.47x10 1.47x10
20| 1.66x10| 7.7x16| 7.6x10 5.8x10| 7.7x10 7.7x10| 7.7x10 1.07x1d
50| 9.0x1d| 8.8x1d| 54x1d 2.7x1d| 7.9x1d 6.6x1d| 7.3x1d 1.32x16
100| 3.2x16| 3.8x106| 2.8x1G 5.7x1d| 35x16 3.1x10| 3.3x10 5.4x10
200| 1.17x16| 1.54x16| 1.25x16 1.16x16| 1.46x16 1.42x16| 1.45x16 2.1x16
400| 4.2x16| 9.1x16| 6.7x16 2.1x16| 9.0x16 8.8x16| 9.1x16 9.6x16
Table 4.2 Peak Discharg€p, for the synthetic dams set as predicted by the
eguation and SIMBA.
SIMBA Synthetic Dams
SCS Varied parameter
equation| Set 1 Set 2 Set 3 Set4
baseline Storage m Ky
Storage - UP R LP UP UP UP UP
Shapem| - 3 3 3 2 1 3 3
u?l’;trl - 0.75 0.75 0.75 0.75 0.75 0.38 7.5
hy, ft Q, cfs
5| 1.28x10| 54x16| 6x1d 1x1d| 4.7x10 3.9x10 1.93x10
10| 4.6x16| 24x16| 45x10  1x10| 2.2x10 1.84x10 7.1x10
20| 1.66x10| 1.15x10| 85x1G6  2x10| 1.06x1d 8.5x10 2.8x1d
50| 9.0x1d| 9.0x1d| 3.6x1d 25x16| 7.7x1d 5.3x1d| 5.7x1d 1.89x16
100| 3.3x10| 3.4x10| 1.46x16 6.8x16| 2.9x16 2.7x10| 2.6x10 8.4x10
200| 1.18x16| 1.60x16| 4.3x1§ 1.75x16| 1.57x16 1.58x16| 1.59x16 4.3x16
400| 4.2x16| 95x10| 1.30x10 4.5x16| 9.3x10 9.3x16| 9.1x16 2.2x1d
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Synthetic Set 1 - Baseline

The baseline case, set 1, for the NWSB and SIMBAesults were quite similar and as
expected, predicte@, increased with increasing height and storage for both models
(Figure 4.4). Less expected was that the results for both models weramgi#ets the
SCS equation even thouglh= 50 ft was the only point calibrated. This result by itself is
intriguing in both cases. The results were slightly steeper in logpageghan the SCS
equation, with th&), ranging from about 40% of the SCS equationyat 5 ft to a little
more than 200% of the SCS equatiohgt 400 ft. For the baselines, dam height is

varied and with it storage as defined by thHe curve.

calibration point

106 \

%

10° % —SCSeqgn.1 |
X NWSB —
+ SIMBA

Qp., cfs

0
10390 10" 10? 10°
hy, ft

Figure 4.4 Peak breach dischar@g,versus dam heighty, as predicted by th8C<
equation and for the synthetic dams set baselines by NW&8BSEBMBA. Calibratior
point is indicated fohq = 50ft. For the baselines storage volume is defined by the
prediction UP) envelope, shapma = 3, and material rate parametBey = 5mm (NWSB
andkg = 0.75 ¥ Io’" hr'* (SIMBA).
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Synthetic Set 2 - Storage, V

Both models were visibly responsive to the storage curve variations as shown in
Figure 4.5. This was less pronounced for NWSB, because the peak discharge tended to
occur very quickly, in less than one hour, for many of the dams, when most of the
reservoir head and volume were still available. The peak dischargesR$ite
reservoirs fell within the same order of magnitude adJfAeeservoirs, generally about
one-fourth reduction. Simulations on th curve produced reductions at or near an
order of magnitude for dams laf> 50 ft, which was quite surprising and difficult to
explain. For dams dig < 20 ft, the average reduction was 30% relativeRo

SIMBA showed marked response to each successive reduction in storage, one to
two orders of magnitude for much of tReurve. Reductions on thd® curve were in
most cases in excess of three orders of magnitude ahg<$d&0Q, was only 1 or 2 cfs.
These extremely low predictions may warrant further investigationdegaoperation of
the model. However the trend of the series suggests these values should be very low.
These results also point out the potential importance of properly accounting for the
reservoir storage relative to peak breach discharges.

A discontinuity appears in the range of dam heights of 20<<30 ft. While
present to some degree in many of the series, it is perhaps best highhghedtorage
curve variations. This can likely be attributed to height-dependent process¢d/SB,
slope failure requires some minimum height relative to the strength paranmgies. In

SIMBA overfall height and headcut advancement are positively correlated.
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Figure 4.5 Peak breach dischar@g, versus dam heighhy, as predicted by thBCS
equation and for the synthetic dams set baselines and variatiosterage volum
regressionR, and lower prediction curvLP, by NWSB (top) and SIMBA (bottorn
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Sensitivity to the changes in storage were to be expected as the range of the
storage curves is three orders of magnitude, and Walder and O’Connor (1997) found
storage with erosion rate to produce the best estimates of probable breaclyelistthar

causes some concern that NWSB is not more sensitive than demonstrated here.

Synthetic Set 3 — Shape, m

Neither model was visibly responsive to the storage shape factor as shown in
Table 4.1 and 4.2 and the plots of Figure 4.6. This was initially surprising but may have
as much to do with the material properties used and the resulting relatpielyaie of
breach formation for both models. In the scenario of a rapid breach formation, the
primary driver forQ, would be the full head of the reservoir upstream. In the scenario of
a slow breach formation, the reservoir level lowering may occur during fiomeatid
shape may have more of an influence. Interestingly, NWSB showed no response to
changes in shape whégp < 50, experienced slight reductions relative to the baseline at
hy =50, and diminished to almost no respongg at 400 ft. While a large dependence
on shape is not expected, the near absence of influence can be attributed to thg tendenc
of NWSB to predict peak discharge very quickly, as was the case for storage.

While dependence on shape was also minor for SIMBAgenerally behaved
more consistently. Shape variations had a greater effect on shorter damms taker
structures. There was essentially no effect for darhg>»®200 ft, but below that value
its influence increased with decreasig At hg =5 ft, m= 2, the reduction iQ, was

20% relative tan = 3. Atm =1, the reduction was nearly 30%.

45



10° /O/

10° O
&
o 4 /O
o 10 Q
O '
10° 5] o — SCS equation
, ' X m = 3 (baseline)
10 m=2 |
10 Om=1 B
o NWSB
10 ‘
0 1 2 3
10 10 hyg, ft 10 10
10°

107 | >
10° 1 /

Qp. cfs
5 5
&
Q

O — SCS equation
10 + m = 3 (baseline) |
m=2
10* om=1
0 SIMBA
10 ‘ 5
10° 10" hy, ft 10° 10

Figure 4.6 Peak breach dischar@g, versus dam heighhy, as predicted by th8CS
equation and for the synthetic dams set baselines and variatiasenfair shapam, by
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Synthetic Set 4 - Material Parametersg@NWSB) and k(SIMBA)

NWSB was not visibly responsive to a two order magnitude variatiBgonThe
variation that was observed was for the intermediate dam heights witHlyinoizffect
on the largest and smallest heights (Table 4.1, Figure 4.7). The effect was dpposed
what would be expected intuitively. The largest mateDgd,= 50 mm, resulted in
roughly a 50% increase @, for the intermediate heights. The smallest material,

Dso = 0.5 mm, resulted in a 10 to 20% reductioi@pfor the intermediate heights.

SIMBA results showed marked response to variatiolkg (iiable 4.2,

Figure 4.6): two to three times increaséjnfor an order magnitude increasekimand no
breach failure fohy < 50 ft for a 50% reduction iky. These results point out the
potential importance of properly accounting for material properties anedenasicess.

Altering Dsp in NWSB had less effect than expected and was confined to a central
range of dam heights. More importantly, the behavi@gends to be opposite that
which was expected. It was thought t@gtwould decrease with increasibgo. As
compared to the baseline, the opposite was true for nine cases, while no charrge occur
in four. Only for the smallest dam wibyo = 50 mm, was the response in the expected
direction.

For SIMBA, the response to changes in erodibikgywere largely as expected.
Increasingk, tended to lead to increasesQp Relative to the baseline, the lower rate,
ks = 0.38 ft I hr?, had little effect orQ, for dams of 200 ft and above. Howe@yis
cut nearly in half for the 50-ft dam. The most dramatic effect is for danes®than 50

ft in height; SIMBA predicted no breach would occur. Note that this lower ratdysa
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Figure 4.7 Peak breach dischar@g, versus dam heighhy, as predicted by th8C<
equation and for the synthetic dams set baselines and variatiomsd@tn particle si:
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one-half reduction of the baseline erodibility. It had been desired to do a full order of
magnitude reduction, but no dams of any height were predicted to breach. The upper rate
was carried out at an order of magnitude above that of the baketiries € Ib™ hr.

Relative to the baselin®, was increased by about 2 to 3x, with the higher dams seeing

less increase than smaller dams.
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CHAPTER V

SUMMARY AND CONCLUSIONS

Prediction of the peak discharge and outflow hydrograph from a dam breach is an
important component in evaluating risk to life and property downstream of a dam.
Evaluation of risk downstream is also important in prioritizing distribution otdichi
public and private funds for rehabilitation of the aging dams across the Unites. Stat
Historical dam failures have played an important role in the development of methods for
predicting peak discharge and outflow hydrographs for a dam failure but the methods
developed do have recognized shortcomings. Historical failure data and the tools
developed from them; 1) do not necessarily represent existing dams on the NID; 2) are
highly uncertain (Wahl 2004, Wahl 1998); 3) assume a dam failure will occur, and 4)
neglect breach failure processes and impact of embankment materials.

Process based computational breach models are another tool and do not assume a
dam will fail when overtopped and allow the user to evaluate the impact of failure
processes, embankment materials, surface conditions, embankment geosetrgirre
storage and shape. Two process based computation breach models were used in this
study; NWSB and SIMBA. The two models assume very different erosion equattns a
processes. NWSB uses the Meyer-Peter and Muller sediment transpadregsiat

modified by Smart and assumes the erosion process is uniformly driven. SIMBA uses
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the excess stress equation and assumes the erosion process is a discontinutty headc

driven model.

ARS Test Data Sets 1 and 2

Two physical model tests, ARS tests 1 and 2, were evaluated using the two
process based computation models, NWSB and SIMBA. NWSB predicted a greater peak
breach discharge and more rapid hydrograph development than what was observed for
test cases 1 and 2. SIMBA predicted peak breach discharges and hydrograpbsethat w
in direct alignment with what was observed for both cases. The results fronothe t
computational models point out the difference in the models and the potential importance
of properly modeling the processes involved. The results also point out that individual
characteristics and evaluation of these characteristics is importdetermining how a
dam may perform. This is an important concept when faced with hard decisians relat

to prioritizing distribution of funds for rehabilitation.

Synthetic Data Sets

NWSB and SIMBA were used to evaluate impact of parameter variations on
predicted breach peak dischar@g,for a series of synthetic data set of dams over the
range of dams found in the historical failure record. The parameterstedalvere dam
height, reservoir storage volume, reservoir storage shape, and a key matamiaitpa
Synthetic data sets hinged upon construction of the initial base case. The basescase w
developed for a dam height of 50 ft, storage volume at the upper 95% prediction interval
of historical dam failure cases, storage shape factor of 3, and a matenat{earidat

resulted in &, matching that predicted by the SCS equation. There are likely other

51



scenarios for which the prediction of the SCS equation could have been matched but this
provided a beginning point for evaluating impact of parameter variations.

For NWSB a contradiction seems to exist between the experience of settirgg up t
base case and for ARS test 2. It took several iterations to settle upon a senhetqrara
values that would produce@ matching the SCS equation for the base case as early
attempts were consistently low. Material strength parameter® ledadjusted lower
(p = 32°,C = 250 Ib ft?) until widening occurred that was adequate to produce the
desired discharge. It suggests that a poorly constructed embankment is oeedtsth t
the equation. For laboratory breach test 2, essentially the opposite was observed. The
was no way to appropriately model this well-constructed embankment, resultingsn g
over prediction of peak discharge.

In SIMBA'’s case, the materials that could match the equation are perhaps more
erodible than ideal, but not to the point that you would never expect to find them in an
engineered embankment. The erodibiligy= 0.75 ff Ib™* hr?, is considered moderate,
andC, = 1000 Ib f¢is competent material. These values fell directly between the
measured values of ARS tests 1 and 2. Laboratory breach tests highlight ageal da
within NWSB, as it requires inputs that are easily obtained or estimateid vaason.
Modelers may acquire a false sense that because the model has been providied relia
information, it will produce reliable results. However, the information is not saxbs
adequate to appropriately model the process of dam breach.

The next step in evaluation of parametric impact was variatibgredative to the
base case. This resultedQpvalues very similar to the SCS equation for both NWSB

and SIMBA. The similarities of slopes in tg versushy of this baseline scenario for
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both models and the SCS equation were observed with great interest. Because the
models were observed to be very sensitive to storage, the resulting slope sttimeba

is really a function of the slope of the storage curve. While the historicafadares

used to develop the SCS equation are only a subset of those used to produce the storage
curves, it suggests the SCS equation appropriately follows the tendenitiesavtjer

data set of historical dam failures. With the exceptidmy@nd the lowest storage curve

for large h values, NWSB), predictions were observed to be relatively insensitive to
changes in parameter values. It was concluded based on observations from results of
ARS test cases 1 and 2 and the synthetic runs, that this was due to the rapid raté of breac
predicted by NWSB. Rapid breach formation rates result in small changesrirores
elevation at full breach formation which in turn resultQpvalues dependent on the

initial reservoir elevation. The only scenario that would possibly not follow thisdwoul

be the case of tall dams with small storage which, as mentioned above, is what wa
observed.

SIMBA Q, predictions, on the other hand were observed to be sensitive to
parametric variations with the exception of storage shape. This was truehfopat
particularly true ohy < 50 ft. Qp was observed to be dramatically affected by relatively
small storage and low erodibility values. This potentially has importantaatiglns
when evaluating risk and rehabilitation needs.

SIMBA does face a hurdle as it requires the user to define erodibility. dfests
erodibility are not widely conducted, making its most crucial input more diffigult t
obtain. Modelers have less experience with this parameter and will be Igssolikave

confidence in its estimation. An additional observation is that both models require entry
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of stage-storage tables to operate. Although this information is not included in large
databases such as the National Inventory of Dams (USACE 2005), results frotdjis s
indicate that reservoir stage-storage shape may not be an important fécsowillThave
to be more thoroughly investigated with a more extensive parametric study.

In addition to limitations and challenges facing the models listed above, it is
appropriate to mention that a model is a simplification. The processes of daim émea
not fully understood. Furthermore the synthetic set of dams was itself a moitbehted!
against the SCS equation, which is yet another model. The procedure relied upon many
simplifications, such as changing erodibility or median soil particle sib®w altering
other material properties. It is understood that dependencies exist hetarg of the

inputs, but these factors were beyond the scope of the study.
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APPENDIX A

NATIONAL WEATHER SERVICE BREACH
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NWSB confronted the author with additional challenges. While some of these
were deemed worthy of noting earlier, others are detailed here tbthesisader in using

NWSB.

Circumventing Dam Crest Length Limit

As mentioned at the close of Chapter Ill, NWSB does not allow a breach to widen
beyond the initial crest lengthe. For most dams, this is not an issue as their crests are
of sufficient length that the final breach width is limited by other fact&tsl in other
instances, a modeler might enter a crest length greater than the aittoat imtroducing
significant errors, e.g. for overtopping of a minimal depth or where downstrdiay va
geometry limits the peak discharge.

This actually presented a significant challenge at first and rebcieative
experimentation with NWSB until a workable solution was developed. To circumvent
this, a larger value can be enteredlfgrand the extra discharge can be offset using a
negative spillway discharge table corresponding to the extraneous lengtstofrrich
is the spillway lengthl,sp.

This approach produced no appreciable error as long as the reservoir water
surface elevation was below the crest elevation at or before the timechtthvaibreach
widens beyond the actual crest length being modeled. For cases where tiseiMeate
elevation remained above the crest elevation at the time of peak disahérgkieh had
the potential to widen beyond initial crest length, the crest length waseatijose no
more than 1 ft greater than the top width of the breach at the time of peak dischagge. T

method is depicted in Figure A.1.

59



< Leslsp ———

—— [ —— «— ¢ *’FLSP—’ — -Lop—

— -Lp—

e

+ —
[—— -Lgp —>|

AV

+ —

Figure A.1. Conceptualized sequence of breach wit),developing beyond dam
crest lengthLc. A false crest length offset by a negative spillwaylthsge table was
used to offset the additional “spillway” lengltse. (a) Breach flow in NWSB initiates
through a predefined channel on dam face, usually 0.2ft wide. (byidéns and

deepens. (c) If it widens beyond the actual crest length, the breédithcan be greater
than the combined entered crest length and negative spillway.
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NWSB requires non-zer o hydrograph

NWSB did not successfully execute if a hydrograph table of zero flow rate wa
entered. Until discovered, this behavior caused the author considerable difficulty in
trying to conduct the synthetic data sets runs. Once discovered, a small baselfldfe of

was used to satisfy this requirement.

NWSB Breach Bottom Width Error

Documentation for NWSB (Fread 1991) states that for non-entry of the maximum
allowable breach bottom width, BMX, the parameters value will default to ertesstd
length, CRL. The observed behavior of the model was contrary to this statement. Non-
entry of BMX produced readily discernable errors, e.g. negative values) mtavented
model from executing a full run. In all cases the problem was correctatdryng

BMX = CRL.
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APPENDIX B

ARS TEST 1 EXPERIMENT SUMMARY

AND MODEL FILES
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Table B.1. ARS test 1 physical dimensic

Embankment Dimensions

Height of Embankme 7.3 ft
Elevation of Embankme  107.3 ft
Top Length 24 ft
Top Width 6 ft

3/1
Upstream Slope (H/V)

3/1
Downstream Slope (H/V)
Elevation @ Base 100 ft
Embankment Width @ T« 50 ft
Test Section Dimensions
Height of Test Sectic 5.8 ft
Notch Base width 6.0 ft

3/1
Notch Side Slopes (H/V)
Notch Depth 151t
Crest Width @ Notcl 15 ft
Elevation of Crest 105.8 ft

— —

Test 1 emb

ankment

. B — 5P Wy
S .r-f'r? .

before overtm)pkﬁe-fimen
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PROFILE

Height of
Embankment = 7.3 ft

Top Length = 24 ft

USDA ARS Test #1
Embankment Dimensions

and Elevations

Elevation of Embankment = 107.3 ft

X-SECTION

Top
Width
=6 ft

%1 Notch Side Slope

Elevation of Crest = 105.8 ft

Notch De|

f

pth =1.5ft

|

Notch Base

Width = 6 ft

Elevation @
Base = 100.0 ft

Height

Section = 5.8 ft

Crest Width @
Notch = 15 ft
of Test

Upstream Slope _3 3 Downstream Slope

y s

Embankment Width
‘ @ Toe =50 ft

Figure B.2. As-built profile and cross section of ARS test 1 embankment.
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Table B.2. Summary of soil analysis for ARS test 1.

Gradation

% Clay < 0.002 mm
% Silt > 0.002 mm
% Sand > 0.105 mm

Plasticity Index

USCS

Grain Density g/cm®

Unconfined Compressive Strength q, (Ib/ftz)

Average Dry Density (Ib/ft3)

Average Water Content @ construction %
Average Total Density (Ib/ft*3)

porosity

Erodibility Coefficient kd (fth)/(Ib/ft?)
Critical stress t Ib/ft?

Construction
Compaction Effort
Loose Lift Thickness
Compacted lift thickness
Constructed 9/1998

25
70

Non-plastic

SM
2.67
425

107.05
8.9
116.6
0.30

5.77

~4000 ft-Ib/ft"3
0.5ft
0.4 ft

Seive Analysis
0.002 mm

0.005 mm

#200 (0.075 mm)
# 140 (0.106 mm)
# 60 (0.250 mm)
# 40 (0.425 mm)
# 20 (0.850 mm)
# 10 (2.00 mm)

mm % Finer

0.002
0.005
0.075
0.106

0.25
0.425

0.85

5

7
30
39
71
93
99
100

100

Gradation Soil #1

90 -

80 j —&— Gradati

on Soil #1 i

70

R

60 -

50

40

% Finer by Weight

30

20

10

0.001

0.01

0.1

Particle Diameter (mm)

Figure B3. Plot of particle sized distribution of embankment
material for ARS test 1.



Table B.3 Elevation versus volunfor reservoir used in ARS tests 1 ar.

Elevation H A Volume ft2 Volume ft®
100.0 0.0 0
100.5 0.5 5837 5837
101.0 1.0 7754 13591
101.5 15 9278 22869
102.0 2.0 10454 33323
102.5 2.5 11326 44649
103.0 3.0 11979 56628
103.5 35 12458 69086
104.0 4.0 12807 81893
104.5 45 13155 95048
105.0 5.0 13504 108552
105.5 55 13939 122491
106.0 6.0 14462 136953
106.5 6.5 15245 152198
107.0 7.0 16292 168490
107.5 7.5 17598 186088
Elevation vs. Volume
108
107 +*
*
106 *
—_ *
£ 105 .
[ *
2 104 .
g TS
= 103 +*
i .
102 *
101 *
*
10{:' T T T
0 50000 100000 150000 200000
Volume (ft3)

Figure B.4.Plot of elevation versus volume for ARS tests 1 2
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Table B.4. Inflow hydrograph for ARS test 1.

Elapsed Discharge| Elapsed Discharge| Elapsed Discharge| Elapsed Discharge
Time (min)  (cfs) |Time (min) (cfs) [Time (min) (cfs) |Time (min) (cfs)
0 0.0 26 26.3 52 33.7 78 32.9
1 2.3 27 26.7 53 33.9 79 32.8
2 4.6 28 27.0 54 34.0 80 32.6
3 6.7 29 27.3 55 34.1 81 32.5
4 8.2 30 27.7 56 34.2 82 32.3
5 10.1 31 28.1 57 34.4 83 32.3
6 11.2 32 28.4 58 34.5 84 32.1
7 12.1 33 29.1 59 34.6 85 32.0
8 13.3 34 29.5 60 34.8 86 31.9
9 14.5 35 29.9 61 34.9 87 317
10 15.4 36 30.2 62 34.9 88 315
11 16.2 37 30.4 63 34.8 89 315
12 17.1 38 30.7 64 34.7 20 314
13 18.2 39 31.0 65 34.6 91 31.3
14 18.8 40 31.3 66 34.4 92 311
15 19.7 41 315 67 34.4 93 31.0
16 20.4 42 318 68 34.2 94 30.9
17 21.0 43 32.0 69 34.2 95 30.9
18 215 44 32.2 70 34.0 96 30.8
19 221 45 32.3 71 34.0 97 30.7
20 23.2 46 32.7 72 33.8 98 30.6
21 23.8 47 32.9 73 33.7 99 30.5
22 24.2 48 33.1 74 335 100 30.5
23 24.7 49 33.3 75 335 101 0.0
24 25.2 50 335 76 33.3
25 25.8 51 335 77 33.1
USDA Test #1
40
35

30
25 1 /
20

15 /

Qin (cfs)

O T T T T T
0 20 40 60 80 100 120

Time (minutes)

Figure B.5. Plot of ARS test 1 inflow hydrograph.
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Table B.5. Summary of key water surface elevations.

First Filling of Reservoir 6/11/1999
Reservoir Elevation at first filling 103.69 ft

Test Initiation

Initiation of Inflow 9:56 AM 6/23/1999
Time of flow over crest 10:48 AM 6/23/1999
Shutdown of Inflow 11:40 AM 6/23/1999
Elevation at Inflow initiation 103.12 ft

USDA Test #1 Water Surface Elevations

108
107
106
105
104
103

Elevation (ft)

—&— Reservoir

102
—— Tailwater |
101
100 . 1 1 T T
0 20 40 60 80 100 120

Time (min)

Figure B.6. Plot of water surface elevations upstream (reservoir) andtdeamof
ARS test 1 embankment.

Discharge Hydrographs

A plot of discharge hydrograph can be found in Figure 1.7, page 7.
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Table B.6. NWSB input file for ARS test 1.

ARS OVERTOPPI NG NO. 1

103.1 105. 8 100.0 0.0 105. 8 0.0 0.0 0.0
1.0 10.1 21.3 29.5 32.9 34.9 30.5 0.0
0.0 0.1 0.3 0.6 0.8 1.0 1.7 1.8

0.74 0. 68 0. 65 0.61 0. 56 0.5 0.4 0.0
107.5 106. 0 105.0 104.0 103.0 102.0 101.0 100.0
100.0 101.0 102.0 103.0 104.0 0.0 0.0 0.0

40.0 50.0 55.0 60.0 200.0 0.0 0.0 0.0

0. 03 0. 03 0. 03 0. 03 0. 03 0.0 0.0 0.0

3.0 3.0 0.0 0.0 0.0 0.0 0.0

0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.14 0.3 107.0 0.0 0.0 212.0 5.0

2.0 15.0 11.0 11.0 0.0 0.0 11.0 0.0
0.01 0. 001 0.1 6.0 0.0 1.0 0.0

0.0 -0.87 -2.46 -4.53 -6.97 -9.74 -12.81 -16. 14
0.0 0.15 0.3 0. 45 0.6 0.75 0.9 1.05
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Table B.7. NWSB output file for ARS test 1.

ARS OVERTOPPING NO. 1

H=  103.10 HU=  105.80 HL=  100.00 HPI=

(QN(I),1=1,8)

1.00 10. 10 21.30 29. 50 32.90
(TIN(1), 1 =1, 8)

.00 .10 .30 . 60 . 80
(RSA(1),1=1, 8)

.74 . 68 .65 .61 .56
(HSA(1),1=1, 8)

107.50  106.00  105.00  104.00  103.00
(HSTW1), 1=1, 8)

100.00  101.00  102.00  103.00  104.00
(BSTW1),1=1, 8)

40. 00 50. 00 55. 00 60.00  200.00
(CMIW 1), 1=1, 8)

.03 .03 .03 .03 .03

ZU= 3.00 ZD= 3.00 zC= .00 GL= .00 GS=

D50C= .00 PORC= .00 UAC= .00 CNC= .0000

D50S= .14 PORS= .30 UWB=107.00 CNS= .0000

BR= 2.00 W= 15.0 CRL=

DTH= .010 DBG= .001 H= . 1000 TEH= 1.8
(sPQl),1=1,8)
.00 -.87 -2.46 -4.53 -6.97
(SPH(1),1=1, 8)
.00 .15 .30 .45 .60
AFRA= .0 TH1= 45.50 Hl= 8.06

11.0 SM- 11.00 D50DF=

.00 HSP= 105.80 PI= .0 CA= .000 CB= .00
34.90 30. 50 .00
1.00 1.70 1.80
.50 .40 .00
102. 00 101. 00 100. 00
.00 .00 .00
.00 .00 .00
.00 .00 .00
.00 VMP= .00 SEDCON= .00
AFRC= .00 COHC= .0 UNFCC= .00
AFRS= .00 COHS= 212.0 UNFCS= 5.00
.00 UNFCDF= .00 BMX= 11. BTMX= 11
ERR= .50 FPT= 1.0 TPR= .0
-9.74 -12.81 -16. 14
.75 .90 1.05
TH2= 23. 25 H2= 19.71 TH3= 12. 13 H3= 42.01 SEDCON=

.50
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.138 .0095 3 0 154, 0. 154. 1.000 10
148 .0104 3 0 139. 0. 139. 1.000 10
159 .0114 3 0 126. 0. 126. 1.000 10
172 .0126 3 0 112. 0. 112. 1.000 10
186 .0138 3 0 100. 0. 100. 1.000 10
201 .0152 3 0 89. 0. 89. 1.000 10
218 .0167 3 0 79. 0. 79. 1.000 10

.236 .0184 3 0 70. 0. 70. 1.000 10
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256 .0203 3 0 62. 0. 62. 1.000 10
279 .0223 3 0 55, 0. 55. 1.000 10
303 .0245 3 0 50. 0. 50. 1.000 10
330 .0270 3 0 45, 0. 45. 1.000 10
KTT= 0 = 104 = 1.33
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TIME OF FAILURE (HR) WHI CH I'S LI NEAR EQUI VALENT OF TRS
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Table B.8. SIMBA input file for ARS test 1.

BREACH
WHA
WDC
OPTI ONS
I HW

I HH

usL

DSL
HDM
oD

CEL

BKD
ubs

KDI

Css
DWD
NSS

ELE
HCMODEL
STRUCTURE

ENDTABLE
HYD

01/ 01/ 2005

00101

3

3

5.8

15

105. 8

116. 6

212

5.77

0

6

3

103. 12

6

C

100 0

100. 5 5837
101 13591
101.5 22869
102 33323
102.5 44649
103 56628
103.5 69086
104 81893
104.5 95048
105 108552
105.5 122491
106 136953
106. 5 152198
107 168490
107.5 186088
. 0020833333

0 0. 00
0. 0167 2.29
0. 0333 4.57
0. 0500 6. 66
0. 0667 8.20
0. 0833 10. 08
0. 1000 11.19
0. 1167 12. 11
0. 1333 13. 30
0. 1500 14.52
0. 1667 15. 43
0.1833 16. 20
0. 2000 17.09
0. 2167 18. 17
0. 2333 18. 77
0. 2500 19. 71
0. 2667 20. 39
0. 2833 20. 96
0. 3000 21.53
0. 3167 22.11
0. 3333 23.23
0. 3500 23.77
0. 3667 24.19
0. 3833 24.74
0. 4000 25.23
0. 4167 25. 85
0. 4333 26. 28

PR RRRRRRRRRRRRPRRRRRPRRERERPRRRRRRPROOOCOOOC000000000000000000000000000

. 4500

4667
4833
5000
5167
5333
5500
5667
5833
6000
6167
6333
6500
6667
6833
7000
7167
7333
7500
7667
7833
8000
8167
8333
8500
8667
8833
9000
9167
9333
9500
9667
9833
0000
0167
0333
0500
0667
0833
1000
1167
1333
1500
1667
1833
2000
2167
2333
2500
2667
2833
3000
3167
3333
3500
3667
3833
4000
4167
4333
4500
4667
4833
5000

. 5167
. 5333
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ENDTABLE

PRrPRPPPRRRERE

. 5500

5667
5833
6000
6167
6333
6500
6667
6833



Table B.9. SIMBA output file for ARS test 1, reduced.

Ti me Qn
0 0
0.1 11.1
0.2 17
0.3 21.5
0.4 25.2
0.5 27.6
0.6 30.1
0.7 31.8
0.8 33
0.9 34

1 34.8
1.033 34.9
1.067 34.7
1.1 34.5
1.133 34.2
1.167 34
1.2 33.8
1.233 33.6
1.267 33.3
1.3 32.9
1.333 32.6
1.367 32.3
1.4 32.1
1.433 31.9
1.467 31.5
1.5 31. 4
1.533 31.1
1.567 30.9
1.6 30.8
1.633 30.6
1.667 30.5
1.7 0
1.733 0
1.767 O
1.8 0
1.833 0
1.867 O
1.9 0
1.933 0
1.967 O

2 0
2.2 0
2.4 0
2.6 0
2.8 0

3 0
3.2 0
3.4 0
3.6 0
3.8 0

4 0
4,2 0
4.4 0
4.6 0
4.8 0

5 0
5.2 0
5.4 0
5.6 0
5.8 0

6 0
SUMVARY:
OrBegi ns
HCAdv  0.94
TauSwi t ch
Breach St
HCDown 0. 000
BrEnd 0.000

ml—‘OOOOOOOOO@
c
=4

RPRREPRPREPREPREPNNNNNNNNNWWWOA O

0. 858

0. 000
1.423

|

~NWONPRPRPPRPOOOOOOOOOOO

RPRREPRPREPREPREPNNNNNNNNNWWWOA©

SN

NN~

E

103.
108.
108.
103.
104.
104.
104.
105.
105.
105.
106.
106.
106.
106.
106.
106.
106.
106.
106.
106.
106.
106.
106.
106.
106.
106.
105.
104.
104.
103.
108.
108.
102.
102.
102.
102.
102.
102.
102.
102.
102.
101.
101.
101.
101.
101.
101.
101.
101.
101.
101.
101.
101.
100.
100.
100.
100.
100.
100.
100.
100.

HC Pos

12 32
203 32
405 32
677 32
004 32
364 32
75 32
155 32
567 32
978 32

328 32.
426 32.
512 32.
583 32.
645 31.
699 31.
743 30.
781 28.
813 26.
839 24.
859 22.
876 20.
889 18.
892 16.
736 13.

178 10
41 8.
73 7.
197 7.
794 6.
493 6.
179 6.
918 6.
723 6.
575 6.
456 5.
359 5.
28 5.
214 5.
158 5.
11 5.
903 5.
774 4,
674 4.
587 4.
508 4.
428 3.
357 3.
291 3.
224 3.
158 3.
093 3.
028 2.
957 2.
893 2.
834 2.
778 2.
722 1.
668 1.
614 1.
56 1.
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743
884
927
639
425
272
141
025
921
827
742
663

522
175
897
651

199
989
789
592
395
201
007
815
628
453
285
121
958
797
638
479

Attack Hh

PUIWNRPOOO0O0O0OO0OO0O0O0O

COOLOLLLOOLLL00ORL0eooRRPRENNWRAD O

COOOCOOOOOoORPRRERERPRPEREPREREPREREEEENNNNNIOMNNNGRAIOOOOONRRONNRPRPOODOOO0CO0OO0OO0

101

547

PHPPROANROOOOO000000000O0Yg

dth

Hc

105.
105.
105.
105.
105.
105.
105.
105.
105.
105.
105.
105.
105.
105.
105.
105.
105.
105.
105.
105.
105.
105.
105.
105.
104.
103.
102.
102.
102.
102.
102.
102.
102.
102.
102.
101.
101.
101.
101.
101.
101.
101.
101.
101.
101.
101.
101.
101.
101.
101.
101.
101.
100.
100.
100.
100.
100.
100.
100.
100.
100.

00 00 00 00 00 00 00 00 00 0O 0O CO 00 00 ©0 00 C0 00 00 00 0O 0O OO

GON0O0OO0OOWOWOOORNWAOOOODNOUOIO
GQWNRARODORLRANOPODMRFRPOBNEFLO®OOD
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263
197
132
067
002
938
876
818
762
707
653
599
546
493



APPENDIX C

ARS TEST 2 EXPERIMENT SUMMARY

AND MODEL FILES
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Table C.1. ARS testphysical dimension

Embankment Dimensions

Height of embankment 7.3 ft
Elevation of embankment 107.3 ft
Top Length 24 ft
Top Width 6ft

3/1
Upstream Slope (H/V)

3/1
Downstream Slope (H/V)
Elevation @ Base 100.0 ft

Embankment Width @ Toe 51 ft

Test Section Dimensions

Height of Test Section 5.8 ft
Notch Base width 6.0 ft
3/1
Notch Side Slopes (H/V)
Notch Depth 151t
Crest width @ Notch 16 ft
Elevation of Crest 105.8 ft

Figure C.1. ARS tes in first minutes of flow over cre
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6.

-

PROFILE

Height of
Embankment = 7.3 ft

Top Length = 24 ft

USDA ARS Test #2
Embankment Dimensions
and Elevations

A 4

Elevation of Embankment = 107.3 ft

X-SECTION

Top
Width
=6ft

f

Notch Depth = 1.5 ft

%1 Notch Side Slope

Elevation of Crest = 105.8 ft l _____
Notch Base Crest Width @
Width = 6 ft Notch = 16 ft
Height of Test
Section = 5.8 ft
Upstream Slope 3 3 Downstream Slope
iy s
Elevation @
Base = 100.0 ft

Embankment Width
‘ @ Toe =511t

Figure C.2. As-built profile and cross section of ARS test 2 embankment.



Table C.2. Summary of soil analysis for ARS test 2.

Gradation

% Clay < 0.002 mm
% Silt > 0.002 mm
% Sand > 0.105 mm

Plasticity Index

USCS

Grain Density g/cm”3

Unconfined Compressive Strengih(Ib/ft?)

Average Dry Density (Ib/f)

Average Water Content @ construction, %
Average Total Density (IbA}

porosity

Erodibility Coefficient kd (ft/h)/(Ib/ff)
Critical stress Ib/ft?

Construction
Compaction Effort
Loose Lift Thickness
Compacted lift thickness
Constructed 9/1998

Seive Analysis
0.002 mm

0.005 mm

# 200 (0.075 mm)
# 10 (2.00 mn

26
49
25

17
CL
2.67
1423

102.96
16.4

120

0.28

0.022
0.3

~4000 ft-Ib/ft"3
0.5 ft
0.4 ft

%
mm Finer

0.002 26

0.005 32
0.075 75

2 10C

Soil # 3

S

S 80
(%)
; 60,
>
o]
s 40
L 20
s
0 T T T
0.001 0.01 0.1 1 10

Particle Diameter (mm)

Figure C.3.
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Table C.3. Inflow hydrograph for ARS test 2.

Elapsed Discharge Elapsed Discharge Elapsed Discharge
Time (hrs)  (cfs) Time (hrs) (cfs) Time (hrs) (cfs)
0.000 0.0 0.820 30.0 1.470 325
0.026 2.9 0.836 30.2 1.520 325
0.036 7.9 0.853 30.3 1.536 32.6
0.053 11.8 0.870 30.4 1.620 32.6
0.070 14.7 0.886 30.4 1.636 32.7
0.086 15.7 0.903 30.6 1.670 32.7
0.103 16.2 0.920 30.7 1.686 32.8
0.120 16.8 0.936 30.8 1.786 32.8
0.136 17.3 0.953 31.0 1.803 32.9
0.153 18.0 0.970 31.1 1.870 32.9
0.170 18.4 0.986 31.2 1.886 33.0
0.186 19.0 1.003 31.2 2.036 33.0
0.203 19.7 1.020 31.3 2.120 33.1
0.220 20.2 1.036 31.4 5.036 33.1
0.236 20.8 1.053 31.4 6.036 334
0.253 21.2 1.070 31.5 7.036 33.6
0.270 21.5 1.086 31.6 8.036 335
0.286 21.9 1.103 31.6 9.036 33.6
0.303 22.3 1.120 31.7 10.036 33.6
0.320 22.6 1.136 31.7 11.036 335
0.336 23.1 1.153 31.8 12.036 33.6
0.353 23.5 1.186 31.8 13.036 33.8
0.370 23.9 1.203 31.9 14.036 33.8
0.386 24.4 1.220 32.0 15.036 33.6
0.403 24.9 1.236 32.0 16.036 33.5
0.420 25.3 1.253 32.1 17.036 33.5
0.436 25.6 1.286 32.1 18.036 33.6
0.453 25.9 1.303 32.2 19.036 33.7
0.470 26.2 1.336 32.2 20.036 33.7
0.486 26.6 1.353 32.3 20.120 33.6
0.503 26.8 1.370 32.4 20.420 33.6
0.520 27.1 1.453 32.4 20.536 0.0
0.536 27.3
0.553 27.5
0.570 27.8 40
0.586 27.9
0.603 28.1
0.620 28.3 30 ~
0.636 28.5 -
0.653 28.6 S 5
0.670 28.7 o
0.686 29.0
0.703 29.1 10
0.720 29.3
0.736 29.6 S - .
0.753 29.6
0.770 29.8 0 10 20
0.786 29.8 Time (hrs)
0.803 29.9

Figure C4. Plot of ARS test 2 inflow hydrograph.
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Reservoir Storage

See ARS test 1, Table B.3 and Figure B.4.

Table C.4. Summary of key water surface elevations for ARS test 2.

First Filling of Reservoir 7/16/1999
Reservoir Elevation at first filling 104.68 ft

Test Initiation

Initiation of Inflow 8:58 AM 7/27/1999
Time of flow over crest 9:57 AM 7/27/1999
Shutdown of Inflow 5:30 AM 7/28/1999
Elevation at Inflow initiation 103.07 ft

USDA Test #2 Water Surface Elevations

104 —e— Resenvoir Elevation| |

—a— Tailwater
102 7T=l=l—_—lzn4 ! IT
101 l
100 -—J ‘ ;

0 500 1000 1500

Time (min)

Elevation (ft)

Figure C.5. Plot of water surface elevations upstream (Reservoir Eleatibn)
downstream (Tailwater) of ARS test 1 embankment.

Discharge Hydrograph

A plot of the discharge hydrograph can befound in Figure 1.8, page 7.

82



Table C.5. NWSB input file for ARS test 2.

ARS OVERTCPPI NG NO. 2

103. 07
1.0
0.0

0.74
107.5
100.0

40.0

0.03

3.0
0.0

0.014
2.0

0. 02

0.0
0.0

105. 8
21.85
0.29
0.68
106.0
101.0
50.0
0.03

3.0

0.0
0.28
16.0
0.001
-1.05
0.15

100.0
27. 26
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Table C.6. NWSB output file for ARS test 2.

ARS OVERTOPPI NG NO. 2

H = 103.07 HU= 105.

(QN(I),1=1,8)
21.85

1.00 27.

(TIN(1), 1=1, 8)
.00 .29

(RSA(1),1=1, 8)
.74 .68

(HSA(1),1=1, 8)
107.50  106.00  105.

(HSTW(1),1=1, 8)
100.00  101.00  102.

(BSTW1),1=1, 8)
40. 00 50. 00 55,

(CMMW(1), 1=1, 8)
.03 .03

ZU= 3.00 zD= 3.00 ZzZC=
D50C= .00 PORC= .00

D50S= .01 PORS= .28

80 HL= 100.00 HPI= .00 HSP= 105.80 PI= 17.0 CA= .020 CB= .84
26 31.55 33.10 33.10 33. 65 33. 65

.54 1.09 2.12 4.00 12.00 20. 40

. 65 .61 .56 .50 .40 .00

00 104. 00 103. 00 102. 00 101. 00 100. 00

00 103. 00 104. 00 .00 .00 .00
00 60. 00 200. 00 .00 .00 .00
.03 .03 .03 .00 .00 .00
.00 G&= .00 Gs= .00 VvMP= .00 SEDCON= .00
UANC= .00 OCNC= .0000 AFRC= .00 COHC= .0 UNFCC= .00

UWS=120. 00 CNS= .0000 AFRS= 40.00 COHS= 712.0 UNFCS=107.00

BR= 2.00 WC= 16.0 CRL= 12.0 SM= 11.00 D50DF= .00 UNFCDF= .00 BMX= 12. BTMX= 12.
DTH= .020 DBG= .001 H= . 1000 TEH= 20.0 ERR= .50 FPT= 1.0 TPR= .0
(SPQ(1),1=1,8)
.00 -1.05 -2.96 -5.43 -8.37 -11.69 -15.37 -19. 37
(SPH(1),1=1,8)
.00 .15 .30 .45 .60 .75 .90 1.05
AFRA= .0 TH1= 65. 00 Hl= 50.90 TH2= 52.50 H2=175. 87 TH3= 46. 25 H3=608. 50 SEDCON=

.50
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|
1 . 020
2 . 270
3 . 520
4 . 770
5 . 790
6 . 810
7 . 830
8 . 850
9 . 870
10 . 890
11 . 910
12 . 930
13 . 950
14 . 970
15 . 992
16 1.014
17 1.036
18 1. 056
19 1.058
20 1.059
21 1.059
22 1.059
23 1.059
24 1.059
25 1.059
26 1.059
27 1.059
28 1.059
29 1.059
30 1.059
31 1.059
32 1. 060
33 1. 060
34 1.060
35 1. 060
36 1. 060
37 1. 060
38 1.061
39 1.061
40 1.061
41 1.062
42 1.062
43 1.062
44  1.063
45 1.063
46 1.064

. 2500-
. 2500-
. 2500-
. 0200-
. 0200-
. 0200-
. 0200-
. 0200-
. 0200-
. 0200-
. 0200-
. 0200-
. 0200
. 0220
. 0220
. 0220
. 0200
. 0018
. 0000
. 0000
. 0000
. 0001
. 0001
. 0001
. 0001
. 0001
. 0001
. 0001
. 0001
. 0001
. 0001
. 0001
. 0002
. 0002
. 0002
. 0002
. 0002
. 0003
. 0003
. 0003
. 0003
. 0004
. 0004
. 0004
. 0005

T DIH KG KC
. 0200-

10

1
1
1
1
1
1
1
1
1
1
1
1

NNNNPNPNNDNNNODNNONNNNNDNNNDNNDNNDNNNNNNNNNNNNNRRRRRE

[eNololoNoNololeololololololoNoNoloolololoNoloNololoNoloNoloNoloNolololololoNoNoloNoNoNoNe]

Qror

QUWROOO0O00000000000

9
"

T T T T
EEERNNNNNNNNRORNRNNNNNRODNONNOOOO0O00IOWNRO00000000000000

OCARNOOCOOOOOLOOOOQ P!Dfa

PRrPPPPRPPRPRPRRERRRRRRRRRRPRPRPRPRPRPRPRPRRRRRRRRRRRRPRPRPRPRRRR

SuB
. 000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
. 000

BT

OO0 OONONNNNNNNNNNNNNN

HY

103

103

103

104

105.
105

105.
105.
105.
105.
105.
105.
105.
105.
106.
106.
106.
106.
106.
106.
106.
106.
106.
106.
106.
106.
106.
106.
106.
106.
106.
106.
106.
106.
106.
106.
106.
106.
106.
106.
106.
106.
106.
106.
106.
106.

COOORRFPRFPRFEPEPEPEPNNNNNNNNNNNDNNNNNNNNNRPPRPOOONNOOOORAWNNOWER

HC

105.
105

105

105.
105.
105

105.
105.
105.
105.
105.
105.
105.
105.
105.
105.
105.
105.
103.
103.
103.
103.
103.
102.
102.
102.
102.
101.
101.
101.
101.
100.
100.
100.
100.
100.
100.
100.
100.
100.
100.
100.
100.
100.
100.
100.

OFRFFPRFRPPFPFEPNNNWOWAMNIUIOOONUCIONPMOOOOR WD U1000000 00 0000 00 00 0000 0000 000 oo

BO

[oNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoN o NoNoNoNoNoNoNoNoNoN Vel \NeolololoNoNolololoNe oo Ne)

PPP

OO NNOOAPRWNOXUINNNUUOOODOOORPMMNOPRMNONPRPRPRPOORPROWOOOOOOOOOOOOO

= e

qOaaaaaaaaaaaohERbOOOWWONNNNNONDWE

HP

ONNNNNODOOODUIUOPRAWNOONOODWOOANOONINDRARWWONRPOOOOOOOOOOOOO

TW DH DHH KIT AGL

100

100

100

100

100

100

100.
100.
100.
100.
100.
100.
100.
100.
100.
100.
100.
100.
101.
101.
101.
101.
101.
101.
101.
101.
101.
101.
102.
102.
102.
102.
102.
102.
102.
102.
102.
102.
102.
102.
102.
102.
102.
102.
102.

NN

NN

ARV UOUOABRMNNNNNNNRPRPORPRPRPRPRPPRPOOOO0OO0OO0OO0OO0OO0OO0OOOO0O

eNololoololololololololololololoNololocNoloNololooNeolooNoloNoloNoNoNololololoN ol ool oNoNe)
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. 064
. 065

FRRP

PRPPPPRPPRPRPRRRERRRRRRRRPRPRPRPRPRPRPRRRRRRRRRRRR

. 328

065
066

.0005 2 O
.0006 2 O
.0007 2 O

0007 2 O

T DTH KG KC

067
068
069
070
071
072
074
075
077
079
081
083
086
088
091
095
098
102
107
112
117
123
129
136
144
153
162
173
184
197
210
226
242
261
281
303

KTT= 0

. 0008
. 0009
. 0010
. 0011
. 0012
. 0013
. 0014
. 0015
. 0017
. 0019
. 0021
. 0023
. 0025
. 0027
. 0030
. 0033
. 0036
. 0040
. 0044
. 0049
. 0053
. 0059
. 0065
. 0071
. 0078
. 0086
. 0095
. 0104
. 0114
. 0126
. 0138
. 0152
. 0167
. 0184
. 0203
. 0223
. 0245

TWWWWWWWWWWWwWwWwWwWwWwWwWwWwWwWwWwWwWWWWWWwNNNNNNNN
[eNeoloNoNoNoNoloNeololoNololololololololoNoNoNolololoNololololoNoloNoNoNoNe)

qQrs

1.33

-
cokk

CLOOOLLLOLOOO0LLO000L0000L00000000000

498.

487.

1. 000
1. 000
1. 000
1. 000

SuB
. 000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
. 000

PRPPPPRPPRPPRPRRRRRRRRRRRPRPRPRPRPRPRPRRRRRRRRRRRR

[N NN N NN N NN NoNoN o NoNoNao NN N NN No oo N Nel o) Ne ) le)Ne Nele)Ne el o) Mo lerNepl

105.
105.
105
105

105.
105

105

105.
105.
105

105.
105.
105.
105.
105.
105.
104.
104.
104.
104.
104.
104.
104.
103.
103.
103.
103.
103.
103.
102.
102.
102.
102.
102.
102.
101.
101.
101.
101.
101.
101.

9
9
9
8

NWPAPRIOINOOFRPRWOANOONPONORNDMUUONOOORNWARMNIIOOOONNO©

100
100
100
100

100

100

100

100

100

100

100.
100.
100.
100.
100.
100.
100.
100.
100.
100.
100.
100.
100.
100.
100.
100.
100.
100.
100.
100.
100.
100.
100.
100.
100.
100.
100.
100.
100.
100.
100.

0
0
0
0

[eNeoloNoNoNololoNeolololololololololololoNoNoNolololoNoloo oo oNoNooNoNe)

[N NN N NN N NN N NN NoNoNao NN N NN No oo N Nel o) Ne ) le)Ne Nele)Ne) el e Mol erNepl

[eNeoloNoNoNoNoloNeoloolololololololololoNoNoNoloNoNoNoloNeololoNoNeoNeNeRoN(e]

PR RRRRERRERRERNNMNNMNNMNNOGOOOOOOOTIO000

00 00 0O

U

OO O0ONNODOCOORPFPNWWRAIODUINNNOOOOOOOR 00 00 0 00 0 0 o

102. 75
102. 75
102. 75
102. 75

102. 75
102. 75
102. 25
102. 25
102. 25
102. 25
102. 25
102. 25
102. 25
102. 25
102. 25
102. 25
102. 25
102. 25
102. 25
102. 25
102. 25
101. 75
101. 75
101. 75
101. 75
101. 75
101. 75
101. 75
101. 75
101. 25
101. 25
101. 25
101. 25
101. 25
101. 25
101. 25
100. 75
100. 75
100. 75
100. 75
100. 75

NNONNNPNPNNNNNDNNNNNNNNNONNNNNRPRPRPRPRPRPPOOO0OO0OO0OWORADDMDMD

[eNeoNoNe)

AGL
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TFH

TFH

BO

OQUTPUT SUMVARY

MAX OUTFLON CFS) THRU BREACH
TIME(HR) AT WH CH PEAK OUTFLOW OCCURS

MAX TOTAL OUTFLOW CFS) OCCURRI NG AT TIME TP

DURATI ON( HR) OF RI SING LI MB OF HYDROGRAPH

TIME(HR) AT WH CH SI GN. RISE | N OUTFLOW STARTS

FI NAL DEPTH(FT) OF BREACH

TOP W DTH(FT) OF BREACH AT PEAK BREACH FLOW

ELEV(FT) OF TOP OF DAM

FI NAL ELEV(FT) OF RESERVO R WATER SURFACE

FI NAL ELEV(FT) OF BOTTOM OF BREACH

ACUTE ANGLE THAT BREACH S| DE MAKES W TH VERTI CAL AT QBP
OUTFLOW ( CFS) AT T=0.0

SI DE SLOPE OF BREACH (FT/FT) AT PEAK BREACH FLOW

TIME OF FAILURE (HR) WHI CH 1S LI NEAR EQUI VALENT OF TRS
OBTAI NED BY USI NG S| MPLI FI ED DAM BREAK DI SCHARGE EQUATI ON
TIME OF FAILURE (HR) WH CH IS LI NEAR EQUI VALENT OF TRS
OBTAI NED BY | NTEGRATI NG QB VS TIME FROM T=0 TO T=TP
BOTTOM W DTH ( FT) OF BREACH AT PEAK BREACH FLOW

505
1. 06
503

1. 04
5.80
11.57
105. 80
101. 21
100. 000
. 000

. 0000
.00

.01

.01
11. 57
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OTIME -2.0
. 830*
. 850*
. 870*
. 890*
. 910*
. 930*
. 950*
. 970*
. 990*
. 010*
030*
050%*
070%
090%
110%
130%
150%
170%
190%
210%
230%
250%
. 270%

PRPPPRPRPRRRRRRRR

48

0

98

0

148.0

198.0

248.0

298.0

348.0

398.0

448.0

498.0

DI SCHARGE
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Table C.7. SIMBA input file for ARS test 1.

BREACH 01/ 01/ 2005 0. 333 23. 0859826
WHA 0. 350 23. 5032386
WDC 0. 367 23. 8631292
OPTIONS 00101 0. 383 24. 4068288
I HW 0. 400 24. 8939916
I HH 0. 417 25. 3232356
USL 3 0. 433 25. 5697605
DSL 3 0. 450 25.9412368
HDM 5.8 0. 467 26. 1900105
)] 16 0. 483 26. 6275186
CEL 105.8 0. 500 26. 8158591
BKD 120 0. 517 27.0677590
ubs 711 0. 533 27.2572672
KDI 0. 022 0. 550 27.5107208
CSS .3 0. 567 27.7650596
DWD 6 0. 583 27. 8925602
NSS 3 0. 600 28.1482228
ELE 103. 07 0.617 28. 2763843
HCMODEL 6 0.633 28. 4690385
STRUCTURE C 0. 650 28.5977490
100 0 0. 667 28.7266787
100.5 5837 0. 683 28.9851947
101 13591 0. 700 29. 1147805
101.5 22869 0.717 29. 3095683
102 33323 0.733 29. 5700477
102.5 44649 0. 750 29. 6353036
103 56628 0. 767 29. 7659781
103.5 69086 0.783 29. 8313968
104 81893 0. 800 29. 8968697
104.5 95048 0. 817 30. 0279781
105 108552 0. 833 30. 1593032
105.5 122491 0. 850 30. 2908445
106 136953 0. 867 30. 3566962
106. 5 152198 0. 883 30. 4226020
107 168490 0. 900 30. 5545754
107.5 186088 0.917 30. 6867644
ENDTABLE 0.933 30. 8191689
HYD 0. 950 30. 9517886
0. 00833333 0. 967 31. 0846232
0. 000 0 0. 983 31. 1511211
0.017 2.89327808 1. 000 31. 2176727
0. 033 7.94268904 1.017 31. 2842778
0. 050 11. 8091886 1.033 31. 3509366
0. 067 14. 6964627 1. 050 31. 4176490
0. 083 15. 7110796 1.067 31. 4844149
0. 100 16. 2279300 1.083 31. 5512343
0.117 16. 7510745 1.100 31.6181073
0.133 17. 3337450 1.117 31. 6850337
0. 150 17. 9779305 1.133 31. 6850337
0. 167 18. 4123031 1.150 31. 7520135
0.183 18. 9607585 1.167 31. 7520135
0. 200 19. 6828024 1.1883 31. 8190468
0. 217 20. 2451300 1. 200 31. 8861334
0. 233 20. 7563242 1. 217 31. 9532734
0. 250 21. 2147498 1.233 32. 0204667
0. 267 21.5031829 1. 250 32.0877133
0. 283 21. 8512411 1. 267 32.0877133
0. 300 22.3185945 1.283 32.0877133
0. 317 22.5536698 1. 300 32. 1550132
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. 317
. 333
. 350
. 367
. 383
. 400
. 417
. 433
. 450
. 467
. 483
. 500
. 517
. 533
. 550
. 567
. 583
. 600
. 617
. 633
. 650
. 667
. 683
. 700
. 717
. 733
. 750
. 767
. 783
. 800
. 817
. 833
. 850
. 867
. 883
. 900
. 917
. 933
. 950
. 967
. 983
. 000
. 017
. 033
117
. 200
. 283
. 367
. 450
. 533
. 617
. 700
. 783
. 867
. 950
. 033
117
. 200
. 283
. 367
. 450
. 533
. 617

. 2223664
. 2223664
. 2897727
. 3572323
. 4247450
. 4247450
. 4247450
. 4247450
. 4247450
. 4923109
. 4923109
. 4923109
. 4923109
. 5599298
. 5599298
. 5599298
. 6276019
. 6276019
. 6276019
. 6953270
. 6953270
. 6953270
. 7631051
. 7631051
. 8309363
. 8309363
. 8309363
. 8309363
. 8309363
. 8988204
. 8988204
. 8988204
. 8988204
. 8988204
. 9667575
. 9667575
. 9667575
. 9667575
. 9667575
. 0347475
. 0347475
. 0347475
. 0347475
. 0347475
. 1027904
. 1027904
. 1027904
. 1027904
. 1027904
. 1027904
. 1027904
. 1027904
. 1027904
. 1027904
. 1027904
. 1027904
. 1027904
. 1027904
. 1027904
. 1027904
. 1027904
. 1027904
. 1027904
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. 700
. 783
. 867
. 950
. 033
. 033
. 033
. 033
. 033

033

. 033
. 033
. 033
. 033
. 033
. 033
. 033
. 033
. 033
. 033
. 117
. 200
. 283
. 367
. 450
. 533
. 617
. 700
. 783
. 867
. 950
. 033
. 117
. 200
. 217
. 233
. 250
. 267
. 283
. 300
. 317
. 333
. 350
. 367
. 383
. 400
. 417
. 533

. 1027904
. 1027904
. 1027904
. 1027904
. 1027904
. 1027904
. 3754904
. 6490346
. 5121571
. 5805695
. 5805695
. 5121571
. 6490346
. 7861228
. 7861228
. 6490346
. 5121571
. 5121571
. 6490346
. 7175524
. 7175524
. 7175524
. 7175524
. 7175524
. 7175524
. 7175524
. 7175524
. 7175524
. 7175524
. 7175524
. 7175524
. 7175524
. 6490346
. 6490346
. 6490346
. 6490346
. 6490346
. 6490346
. 6490346
. 6490346
. 6490346
. 6490346
. 6490346
. 6490346
. 6490346
. 6490346
. 6490346



Table C.8. SIMBA output file for ARS test 2, reduced.

Time Qn
0 0
0.25 21
0.5 26.7
0.75 29.6
1 31.2
1.25 32.1
1.5 32.5
1.75 32.8
2 33

3 33.1
4 33.1
5 33.1
6 33.4
7 33.6
8 33.5
9 33.6
10 33.6
11 33.5
12 33.6
13 33.8
14 33.8
15 33.7
16 33.5
17 33.5
18 33.6
19 33.7
20 33.7
20.25 33.6
20.5 12
20.75 0

21 0
21.25 0
21.5 0
21.75 0

22 0
22.25 0
22.5 0
22.75 0

23 0
23.25 0
23.5 0
23.75 0

24 0
SUMVARY:
OrBegi ns
HCAdv 9.117
TauSwi t ch
Br eachSt
HCDown 0. 000
Br End 0. 000

Qout
0

OO OCOOCOFREFFPEPNWOU

0. 867

0. 000
0. 000

OOOOOOOOOOOI—‘HI\)#U‘IU‘IU‘IU'IU'IU'IU'IU'IU'IU'IU'I#-P-POOOOI\JI\)HOOOOOOOOO,Q

S o A e s
PONNWWDE O

O WE-

TR RErANR

A ~NO0OWOOOONN©O©

N SN NN

[

El

103.
103.
104.
105.
106.
106.
106.
106.
106.
106.
106.
106.
106.
106.
106.
106.
106.
106.
106.
106.
106.
106.
106.
106.
106.
106.
106.
106.
106.
106.
106.
106.
106.
105.
105.
105.
105.
105.
105.
105.
105.
105.
105.

HC Pos Attack Hh

11 33. 4
632
459

386

271

74 33. 4
904
954
97 33.
98 33.
98 33.
98 33.
986
991
989
99 33. 4
99 33. 388
989

991

994

994

991

989

989

991

993

993

991

913

422

197

08 33. 28
011

964

932

909

892

879

87 33. 28
862

856

85 33. 28
846

AN
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0

33.4
33. 4
33.4
33. 4
0. 05
33. 4
33.4
0.34
0.74
1.13
1.52
33. 4
33.4
33. 4
3.13
3.53

33. 373 3.
33. 358 4.
33. 344 4.
33.332 5.
33.322 5.
33.312 5.
33. 304 6.

33. 296

comMRrOOOOOOOOOOOO

w

@

N

00}
CRPOORPOCOOOOORENONNNO

. 017

. 002
. 025
. 039
. 063
. 123
. 261
. 399
. 538
. 482
. 582
. 681
. 094
. 122
. 98

.08

. 179
. 279
. 379
. 479
. 578
.678
LTT77
. 877
. 902
. 927
. 945
. 956
. 231
. 968
. 971
. 973
. 975
. 976
. 977
.231
. 978
. 978
. 231
. 978

. 207
. 214
. 221

105.
105.
105.
105.

105.
105.

105.
105.
105.

105.
105.
105.
105.
105.
105.
105.
105.
105.
105.
105.
105.
105.
105.

105.
105.
105.
105.
105.
105.

105.

o 00 0O 00

o

o 00

00 00 0O 00 0O 00 0O OO0 00 OO 00 O 00 O

00 00 00 00 0O 00

(00}

105. 8

105.
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Table D.1. Summary of failed dams data used in figures and height-storage relatiopment.

'Height of dam crest or water surface elevation at failure relative tddam
’Some appear in multiple sources, most recent is used in study. Data from Wahl (@9883ahe judged to be "Best Reliable
Information.” Kalkanis indicates Kalkanis et al. 1986

Dam bFr)ee:gh Storage Present in
Name and/or nearest city Location Head® height, Storage di 9 - References”
hy ischarge, curve Figures
Qp
ft ft ac ft cfs 1.1,1.2, 3.2

Apishapa Colorado, USA 112 112 18241 241905 Y Y Y Wahl 1998
Baldwin Hills California, USA 233 233 892 39906 Y Y Y Wahl 1998
Boydstown Pennsylvania, USA 29 29 290 2300 Y Y Y Kalkanis
Bradfield England 95 95 2594 40612 Y Y Y Wahl 1998
Break Neck Run USA 23 23 40 325 Y Y Y Wahl 1998
Buffalo Creek West Virginia, USA 46 46 392 50147 Y Y Y Wahl 1998
Bullock Draw Dike Utah, USA 19 70 916 - Y Y Wahl 1998
Caney Coon Creek Oklahoma, USA 15 15 1070 600 Y Y Y Kalkanis
Canyon Lake South Dakota, USA 20 20 799 - Y Y Wahl 1998
Castlewood Oklahoma, USA 70 70 3429 126073 Y Y Y Wahl 1998
Cheaha Creek, USA USA 23 23 56 300 Y Y Y Wahl 1998
Cherokee Sandy Oklahoma, USA 17 39 360 500 Y Y Y Kalkanis
Coedty England 36 29 251 - Y Y Wahl 1998
Colonial #4 Pennsylvania, USA 33 174 31 1730 Y Y Y Kalkanis
Dam Site #8 Mississippi, USA 15 32 705 18010 Y Y Y Kalkanis
Davis Reservoir California, USA 39 34 47000 28005 Y Y Y Wahl 1998
DMAD Utah, USA 29 40 15971 36021 Y Y Y Wahl 1998
Elk City Oklahoma, USA 30 41 600 - Y Y Wahl 1998
Euclides de Cunha Brazil 174 20 11026 36021 Y Y Y Wahl 1998
Frankfurt (Main) Germany 32 32 284 2790 Y Y Y Wahl 1998
Fred Burr Montana, USA 34 63 610 23100 Y Y Y Wahl 1998
French Landing Michigan, USA 28 40 - 32807 Y Wahl 1998
Frenchman Montana, USA 41 22 17025 50147 Y Y Y Wahl 1998



¥6

Dam

Peak

Name and/or nearest city Location Head' height, Storage d.breach Storage Prgsent n References?
hy ischarge, curve Figures
Qo

Goose Creek South Carolina, USA 20 20 8594 19953 Y Y Y Wahl 1998
Grand Rapids Michigan, USA 25 220 178 65014 Y Y Y Wahl 1998
Granite Creek Alaska, USA - 85 - 65014 Y Kirkpatrick
Hatchtown Utah, USA 63 25 11999 108769 Y Y Y Wahl 1998
Hatfield USA 22 125 9972 120070 Y Y Y Wahl 1998
Haymaker Montana, USA 16 38 300 950 Y Y Y Kalkanis
Hell Hole California, USA 220 48 24808 259916 Y Y Y Wahl 1998
Horse Creek #2 Colorado, USA 41 43 3890 11000 Y Y Y Wahl 1998
lowa Beef Processors, Washington, USA 15 15 270 - Y Y Wahl 1998
Johnston City lllinois, USA 14 42 466 - Y Y Wahl 1998
Kaddam India 41 86 173493 - Y Y Wahl 1998
Kelley Barnes Georgia, USA 38 38 409 24014 Y Y Y Wahl 1998
Kendall Lake Dam, S.C. South Carolina, USA 18 18 590 - Y Y Wahl 1998
Lake Avalon New Mexico, USA 48 48 6283 81930 Y Y Y Wahl 1998
Lake Barcroft Virginia, USA 69 37 2529 - Y Y Wahl 1998
Lake Francis California, USA 50 50 701 - Y Y Wahl 1998
Lake Latonka Pennsylvania, USA 43 70 1289 10241 Y Y Y Wahl 1998
Lake Tanglewood Texas, USA 55 55 3936 47700 Y Y Y Kalkanis
Laurel Run Pennsylvania, USA 42 43 312 37080 Y Y Y Wahl 1998
Lawn Lake Colorado, USA 22 26 - 18010 Y Wahl 1998
Little Deer Creek Utah, USA 86 86 1403 46969 Y Y Y Wahl 1998
Little Wewoka Oklahoma, USA 31 52 800 1500 Y Y Y Kalkanis
Lower Latham Colorado, USA 19 18 5740 18000 Y Y Y Wahl 1998
Lower Otay California, USA 135 116 39968 - Y Y Wahl 1998
Lower Reservoir Maine, USA 32 19 490 5560 Y Y Y Kalkanis
Lower Two Medicine Montana, USA 37 37 15890 63566 Y Y Y Wahl 1998
Lyman, Ariz. Arizona, USA 65 65 40130 - Y Y Wahl 1998
Lynde Brook, Mass. Massachusetts, USA 41 41 2043 - Y Y Wahl 1998
Machhu I Guijarat, India 197 197 89178 - Y Y Wahl 1998
Malpasset Frejus, France 200 115 17800 1000000 Y Y Y Kalkanis
Mammoth USA 70 28 11026 88993 Y Y Y Wahl 1998
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Dam

Peak

Name and/or nearest city Location Head' height, Storage d.breach Storage Prgsent n References?
hy ischarge, curve Figures
Qp

Middle Clear Boggy Oklahoma, USA 15 100 360 1300 Y Y Y Kalkanis
Mill River Massachusetts, USA 43 34 2027 58093 Y Y Y Wahl 1998
Murnion Montana, USA 14 14 260 618 Y Y Y Kalkanis
Nanaksagar Punjab, India 52 52 170250 342552 Y Y Y Wahl 1998
North Branch Tributary Pennsylvania, USA 18 18 - 1038 Y Wahl 1998
Oros Cear4, Brazil 116 116 526964 340080 Y Y Y Wahl 1998
Otto Run USA 19 19 - 2119 Y Wahl 1998
Owl Creek Oklahoma, USA 16 6 97 1100 Y Y Y Kalkanis
Peter Green New Hampshire, 13 13 16 156 Y Y Y Kalkanis
Prospect Colorado, USA 12 189 2880 2100 Y Y Y Wahl 1998
Rito Manzanares New Mexico, USA 24 305 20 - Y Y Wahl 1998
Salles Oliveira Brazil 115 115 20997 254266 Y Y Y Wahl 1998
Sandy Run Pennsylvania, USA 28 28 46 15362 Y Y Y Wahl 1998
Schaeffer Colorado, USA 100 100 3178 158916 Y Y Y Wahl 1998
Sheep Creek USA 56 56 1159 - Y Y Wahl 1998
Sherburne, USA USA 34 34 34 33902 Y Y Y Wahl 1998
Sinker Creek, USA USA 70 70 2700 - Y Y Wahl 1998
Site Y-30-95 Mississippi, USA 25 25 115 5100 Y Y Y Kalkanis
Site Y-31A-5 Mississippi, USA 31 31 313 1306 Y Y Y Kalkanis
Site Y-36-25 Mississippi, USA 32 32 29 75 Y Y Y Kalkanis
South Fork Tributary Pennsylvania, USA - 6 4308 Y Wahl 1998
Southfork Dam, Pennsylvania, USA 125 26 15322 300175 Y Y Y Wahl 1998
Spring Lake Rhode Island, USA 18 18 109 - Y Y Wahl 1998
St. Francis California, USA 185 185 38000 600000 Y Y Y Kalkanis
Stevens Dam Pennsylvania, USA 14 14 64 209 Y Y Y Kalkanis
Swift Montana, USA 189 189 30000 880995 Y Y Y Wahl 1998
Teton Idaho, USA 305 305 288614 2299691 Y Y Y Wahl 1998
Upper Clear Bog Oklahoma, USA 20 20 700 2500 Y Y Y Kalkanis
Upper Red Rock Oklahoma, USA 15 15 200 300 Y Y Y Kalkanis
Wheatland Reservoir Wyoming, USA 40 45 9300 20000 Y Y Y Wahl 1998
Winston North Carolina, USA 24 24 538 - Y Y Wahl 1998



Equivalent crest length solution development for synthetic dams set

Begin with routing equation, no inflow.

Discharge is defined by broad crested weir equation.
(2) 0 = CL(h — hy)3/?
Storage is defined by hypsometric function.
3) S = BR{™M"
Substitute (2) and (3) into (1):
a-m pm 3 a-m;,m 3
(@) B~ CL(hy — hg)? = B2 1 CL(R, — hy)?
(5) 2060 ) _ o h, — hg)¥? = 2EE) | op n, — )32
(6) AL ZONETM) _ cp(, - )32 — CL(R, — ha)¥?
() LR (R — k) = CL[(hy — hq)' = (hy — hg)¥/?]
Solve for L.
®) 2Bhg " (T -hTY)

~ Cat[(hi—h)¥*~(hy-h)*?]
Define boundary conditions.
9) Leth, = hyeg = hg+1
(10) Leth, = hy_, = hy
Evaluate at boundary conditions to remove some terms:
2Bhg " ((ha+1)™=hg")

11 L=

1D CAt[((hd+1)—hd)3/2—(hd—hd)3/2]
_ 2Bhg ™((ha+D)™=hg"

(12) L= CAt[(1)3/2—(0)3/2]

(13) L = 2Bhg " ((hq+1)™—h7Y)

cat
Express as ratio of length of ddmo dama.

ap—m mp m
Ly 2Bphg” b((hdb+1) —hdbb)/cm
Lq 2ﬁahg‘g‘ma((hda+1)ma—h;”aa)/cm:

Cancel like terms.

(14)

— mp
P (Y ™)
Lo Bah§d ™%((hag+1)"*~h}}®)

Solve for length of darh, L,.

(15)
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ap—my mp mp
Bohg” ((hdb+1) —hdb>

 BanG@ ™ ((hag+1)"—h4)

(16) Ly =

Numerical Solution to determine equivalent crest lengths.
Volume at crest determined by
Ve = Bhg
where V. = storage volume at crest elevation, ft3,
hy = height of dam relative to dame base, ft, and
a,f = constants determined by regression.
Stage-storage defined by
V =BhG ™A™
where V =volume, ft,
h = water surface elevation, relative to dam base, ft, and
m = shape factor, usually 1 <fm3.
Discharge calculated using broad-crested weir equation
Q = CLH3?,
where Q = discharge, fts*
¢ = weir coefficient, ft?s*
L = crest length, ft, and
H = water surface elevation relative to crest (i.e., head), ft.
Model runs are initiated with = h; + 1 ft. Volume of water above crest
changes with relative storage, height, and reservoir shape. While all simuilagin
with the same unit discharge, different drawdowns result from the wide rangeagfest

if crest length is held constant.
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The following numerical solution was developed first and applied using a

spreadsheet program. Calculations were later verified against thecahalgiution.

Table D.2. Numerical solution calculations equivalent crest length by teépe s

t 0 H h Ve

0 hg + 1 BhE~™ (K™ — R
0+1 v Vacy — (tos1 — t0) Qo

32 AC
SLH32 | h—hy Fha
_ o 1/m Vacj_q — (t —tj-1) (Qj—l
J *ha ) Qj-1— Q,-_z)
=

Where t = time,s,

V,c = volume above crest, ftand

j =Iindex.

Length was arbitrarily set for one case. Crest lengths of subsequent dams wer
made equivalent to the first by solving for the crest length that produced the $onvest

or errors forH for 12 hours of drawdown at 0.1-hr intervals.
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Table D.3. Excerpt of spreadsheet employing numerical solution to match drawdown of
synthetic dams A and B.

shape m 3 shape m 1
coefficients C*HNi C 0.0365|L C*HN C 52.719(U Computation
d 1.8757 d 1.9341 check:
Dam A B
hd = 5 height of dam hd = 400 height of dam 2.096090406 appoximation of
L= 0.2 weir length L= 4974.35  weir length 0.20151294 VAC =
23690
t Q H h2 VAC Q H h2 VAC
hr cfs ft ft ft"3 cfs fit ft ft"3 (Ha-Hp)?
0 0.6 1.000 6 23690 15420.5 1.000 401 618926778 0

0.1 0.6 0.992 5.992051 23467 15213.5 0.991  400.991 613375401 1.0588E-06 221.871971
0.2 0.6 0.984 5.984223 23248 15011.6 0.982 400.9822 607935805 4.06038E-06 219.2413683
0.3 0.6 0.976 5.976467 23031 14813.2 0.974 400.9736 602567990 8.83549E-06 216.6532914
0.4 0.6 0.969 5.968783 22817 14618.3 0.965 400.965 597270953 1.52221E-05 214.0991784
0.5 0.6 0.961 5.96117 22606 14426.8 0.957 400.9566 592043452 2.30667E-05 211.5786284
0.6 0.6 0.954 5.953627 22397 14238.6 0.948 400.9482 586884278 3.22235E-05 209.0911968
0.7 0.6 0.946 5.946154 22190 14053.7 0.940 400.94 581792243 4.25544E-05 206.6364443
0.8 0.6 0.939 5.93875 21986 13872.0 0.932 400.9319 576766188 5.39287E-05 204.2139365
0.9 0.6 0.931 5.931414 21784 13693.4 0.924 400.9239 571804979 6.62224E-05 201.8232444

1 0.6 0.924 5.924146 21584 13517.8 0.916 400.916 566907504 7.93184E-05 199.4639438

11 0.5 0.917 5.916946 21387 13345.3 0.908 400.9081 562072677 9.31061E-05 197.1356154
1.2 0.5 0.910 5.909812 21192 13175.7 0.900 400.9004 557299433 0.000107481 194.8378452
1.3 0.5 0.903 5.902745 21000 13008.9 0.893 400.8928 552586732 0.000122345 192.5702238
1.4 0.5 0.896 5.895742 20810 12844.9 0.885 400.8853 547933554 0.000137605 190.3323469
1.5 0.5 0.889 5.888805 20622 12683.7 0.878 400.8779 543338900 0.000153173 188.1238149

1.000
0.900
0.800
0.700 -
0.600
0.500
0.400
0.300
0.200 +
0.100
0.000 T T

H, ft

time, hrs

Figure D.1. Plot of drawdown , heiglit, versus time for dams A and B after solving for
lowest sum of squares of error.
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Table D.4. Equivalent crest lengths for synthetic dams set as found bicahalyd
numerical methods and per cent difference in numerical solution relative tticalaly

solution.
Baseline & Varied parameter
material
rate m Vs
variations
hg-S
curve U U U R L
ap 1.934 | 1.934 1.934 1.905 1.876
by, 52.7 | 52.7 52.7 1.388 0.0365
my, 3 1 2 3 3
hg, ft Crest Length by Analytical Solution, ft
5 320 87 192 8.0 0.20
10 550 167 350 13.6 0.33
20 1,000 320 650 24 0.58
50 2,300 750 1,510 54 1.26
100 4,300 | 1,430 2,900 100 2.3
200 8,200 | 2,700 5,500 186 4.2
400 15,700 | 5,200 10,500 350 7.7
hg, ft Crest Length by Numerical Solution (for 12 hours), ft
5 320 83 190 8.0 0.20
10 540 160 340 13.3 0.33
20 970 300 630 23 0.56
50 2,200 710 1,440 52 121
100 4,100 | 1,360 2,700 95 2.2
200 7,900 | 2,600 5,200 177 4.0
400 15,000 | 5,000 10,000 330 7.3
hg, ft difference, %
5 -0.1| -48 -2.5 0.4 0.0
10 22| -39 -2.8 -2.0 -1.1
20 34| -57 -34 -4.9 -4.0
50 43| -52 -4.8 -3.4 -4.2
100 45| -5.0 -6.1 -4.8 -4.1
200 47| -4.9 -5.2 -4.8 -4.5
400 47| -43 -4.4 -5.0 -4.8
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TOT

i L Walder and O'Connor, 1997 V = SRS ™™ Stage-storage
V. Lkl .
L _ Stage-area let m = = a=
Vv s = ﬁ h 5’ Storage vs Height curve 4= h Fhg™™h™ 3 52.7 1
hin ft, vin ac-ft
hd
5 10 20 50 100 200 400
h Y Y Y h v h v h v h v
0.0 0 0 0 0 0 0 0 0 0 0 0 0 0
0.5 1.2 1 4.5 2 17.3 5 101.8 10 389.2 20 1487.3 40 5683.4
1.0 9.5 2 36.2 4 138.5 10 814.8 20 3113.6 40 11898.1 80 45467.5
1.5 32 3 122.3 6 467.4 15 2749.8 30 10508.3 60 40156.2 120 153452.9
2.0 75.9 4 289.9 8 1107.8 20 6518.2 40 24908.5 80 95185.2 160 363740.3
25 148.2 5 566.2 10 2163.7 25 12730.8 50 48649.4 100 185908.5 200 710430.2
3.0 256 6 978.4 12 3738.9 30 21998.8 60 84066.1 120 321249.9 240 1227623
35 406.6 7 1553.7 14 5937.2 35 34933.3 70 133493.9 140 510133 280 1949420
4.0 606.9 8 2319.2 16 8862.6 40 52145.3 80 199267.8 160 761481.3 320 2909922
4.5 864.1 9 3302.1 18 12618.8 45 742459 90 283723.1 180 1084219 360 4143229
5.0 1185.3 10 4529.7 20 17309.7 50 101846.3 100 389194.9 200 1487268 400 5683442
6.0 2048.3 11 6029 21 20038.1 51 108080.1 101 400987.9 201 1509689 401 5726174
7.0 3252.6 12 7827.3 22 23039.2 52 114563.2 102 413016.8 202 1532334 402 5769120
hin ft, ain ac
hd
5 10 20 50 100 200 400
h a a a h a h a h a h a
0 0 0 0 0 0 0 0 0 0 0 0 0 0
0.9 23.0 1.6 34.8 3 58.4 7.3 130.3 14.4 242.1 28.7 459.4 57.3 874.7
1.8 92.2 3.2 139.2 6 233.7 14.6 521.0 28.8 968.4 57.4 1837.6 114.6 3498.8
2.7 207.4 4.8 313.1 9 525.8 21.9 1172.3 43.2 2179.0 86.1 4134.5 171.9 7872.4
3.6 368.7 6.4 556.6 12 934.7 29.2 2084.1 57.6 3873.8 114.8 7350.3 229.2 13995.3
4.5 576.1 8.0 869.7 15 1460.5 36.5 3256.4 72.0 6052.8 143.5 11484.8 286.5 21867.6
5.4 829.6 9.6 1252.4 18 2103.1 43.8 4689.3 86.4 8716.0 172.2 16538.1 343.8 31489.4
6 1024.1 11 1644.3 21 2862.6 51 6357.7 101 119105 201 22532.7 401  42839.2




:3,

Table D.6. NWSB input file for synthetic base cdges 50 ft, Storag&JP, shapem

Dso = 5mm.

St or age

:3’

H=50 m

BASE CASE:

cocoocoocooo o oo
coococococoo c oo
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0.0.0.0../.0.0.0.0.0.N0.0.0.0.
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~
©cococomoomoooo—Hoo
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n Jo<s oo .
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0 no o o

™
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Table D.7. NWSB output file for synthetic base cége; 50 ft, Storag®&P, shapan = 3,Dsp = 5mm.

H=50, m= 3, Storage = U, D50 = 6, UNFCS = 10

HI = 51.00 Hu= 50.00 HL= .00 HPI= .00 HSP= .00 PI= .0 CA= .000 CB=
(QN(I),1=1,8)
1. 00 1. 00 .00 .00 .00 .00 .00 .00
(TINCI), 1=1,8)
.00 48. 00 .00 .00 .00 .00 .00 .00
(RSA(1),1=1, 8)
6358.00 4689.00 3256.00 2084.00 1172.00 521. 00 130. 00 .00
(HSA(1),1=1, 8)
51. 00 43. 80 36. 50 29. 20 21. 90 14. 60 7.30 .00
(HSTW 1), 1 =1, 8)
- .00 1. 00 400. 00 .00 .00 .00 .00 .00
)
N (BSTWI), =1, 8)
50.00 1000.00  1200. 00 .00 .00 .00 .00 .00
(CMTW 1), I =1, 8)
.03 .03 .03 .00 .00 .00 .00 .00
ZU= 3.00 zD= 3.00 ZC= .00 G= .00 GS= .00 VMP= .00 SEDCON= .00
D50C= .00 PORC= .00 UWC= .00 OCNC= .0000 AFRC= .00 COHC= .0 UNFCC= .00
D50S= 5.00 PORS= .30 UWS=110.00 CNS= .0000 AFRS= 32.00 COHS= 250.0 UNFCS= 10.00
BR= 2.00 WC= .1 CRL= 2195.0 SM:= 11.00 D50DF= .00 UNFCDF= .00 BMX= 2076. BTMX= 2195.
DIH= .020 DBG= .001 H= .1000 TEH= 48.0 ERR= .50 FPT= 1.0 TPR= .0
AFRA= .0 THI= 61.00 Hl= 16.40 TH2= 46.50 H2= 53.78 TH3= 39.25 H3=175.57 SEDCON=

.00



20T

CoO~NOUAWNE

T DITH KG KC
.020 .0200 1
.022 .0020 2
.024 .0022 2
.027 .0024 2
.029 .0027 2
.032 .0029 2
.035 .0032 2
.039 .0035 2
.043 .0039 2
.047 .0043 2
.051 .0043 2
.056 .0043 2
.060 .0043 2
.064 .0039 2
.067 .0035 2
.071 .0032 2
.072 .0016 2
.074 .0015 2
.075 .0013 2
.076 .0012 2

KSLUWP= 1
.077 .0011 2
.078 .0011 2
.079 .0001 2
.079 .0001 2
.079 .0001 2
.079 .0001 2
.079 .0001 2
.080 .0001 2
.080 .0001 2
.080 .0001 2
.080 .0001 2
.080 .0001 2
.080 .0001 2
.080 .0002 2
.080 .0002 2
.081 .0002 2
.081 .0002 2
.081 .0002 2
.081 .0003 2
.082 .0003 2
.082 .0003 2
.082 .0003 2

Qror

[eNeoNoloNoNoloolololololoNoNoloNoNoNoNe]

[eNeoNololoNoNoloNoloNololoNoNoloNoNololoNeNe]

6795.
6786.
6785.
6784.
6783.
6782.
6780.
6782.
6790.
6810.
6857.
6967.
7225.
7731.
8637.
10107.
11552.
124109.
13721.
15155.

17.33

18376.
18373.
18466.
18570.
18686.
18814.
18957.
19115.
19291.
19486.
19703.
19946.
20217.
20519.
20855.
21236.
21660.
22138.
22675.
23221.
23784.
24356.

6795.
6782.
6780.
6778.
6775.
6773.
6770.
6766.
6761.
6754.
6747.
6738.
6726.
6713.
6698.
6682.
6666.
6662.
6653.
6645.

DELT=

6566.
6563.
6562.
6561.
6561.
6560.
6559.
6558.
6558.
6557.
6556.
6554.
6553.
6552.
6550.
6549.
6547.
6544.
6542.
6540.
6537.
6535.

B

Sl

11810.
11810.
11904.
12009.
12125.
12254.
12398.
12556.
12733.
12930.
13148.
13392.
13664.
13967.
14305.
14687.
15113.
15594.
16133.
16681.
17246.
17821.

uB BT

1. 000 1.3
1. 000 1.3
1. 000 1.3
1. 000 1.3
1. 000 1.3
1. 000 1.3
1. 000 1.3
1. 000 1.7
1. 000 2.2
1. 000 3.1
1. 000 4.3
1. 000 6.0
1. 000 8.4
1. 000 11.5
1. 000 15.1
1. 000 19.1
1. 000 23.2
1. 000 23.8
1. 000 25.9
1. 000 27.9

DEL= 29. 00

1. 000 52.9
1. 000 52.9
1. 000 53.0
1. 000 53.2
1. 000 53.3
1. 000 53.5
1. 000 53.6
1. 000 53.8
1. 000 54.0
1. 000 54.2
1. 000 54.5
1. 000 54.8
1. 000 55.1
1. 000 55. 4
1. 000 55.8
1. 000 56. 2
1. 000 56. 6
1. 000 57.1
1. 000 57.7
1. 000 58.2
1.000 58.8
1.000 59.3

[eNeoNoloNoNololololoNololoNoNoloNoNoNoeNe]

[eNeoNololoNoNololololololoNoNoloNoNololoNeNe]

NOWONNPRARNUUIONWOR WUIO OO

APOUIOCUITOWNOWOOFRWRARONOORLNN

BO

orwNPRRPRERERRRERRE

OCQOONRPRPRUORMNOWRNNWWWWWWW

(O O O © W W W W W WIWWWIWIWWWWWOWWOUOO©

PPP

158.
158.
159.
159.
160.
160.
161.
163.
164.
167.
171.
176.
183.
191.
199.
204.
209.
214.
218.

218.
218.
218.
219.
219.
219.
220.
220.
221.
221.
222.
223.
224.
224.
225.
226.
228.
229.
230.
232.
233.
235.

ONOOWOONOODWUIUTOWOWOWWNNOOA~OO

NNWORFRPROOOFRPRWOORMOAOUINOOO®

HP

CONNOWWOWOUINWNNONOBR_NREO

OO UIO0OUIRPNWONRANONOPA,WEF OWOOO®

3

WWWNRNNNRNONDNDNDNNDNDNNDNNN,

BRRRRARRRARRARRRRRARRPOWWW

PRrRPONMNNEER

DHH KIT AGL
.54 .54 4
.11 .11 3
.13 .18 2
.15 15 2

17 17 2
.20 .20 1
.23 .23 1
.31 .31 3
.44 .45 3
.67 .67 4

94 .94 4

33 1.33 4

90 1.91 4

36 2.37 3

78 2.79 3

12 3.12 2

80 1.79 4

69 1.69 3

63 1.64 3

57 1.57 4
.00 .00 O
.00 .00 O
.10 .10 2
11 .11 1
.13 .13 1
.14 14 2

15 15 1
17017 1
.19 .19 2
.21 .21 2
.23 .23 1
.25 .25 2
.28 .28 2
.31 .31 1
.34 .34 1
.38 .38 2
.42 .42 1
.46 .46 2
.51 .51 1
.51 .51 O
.52 .52 1
.52 .52 O

[eNeoNoloNoNololololoNololoNoNoloNoNoNeNe]

[eNeoNoNoloNoNolololoNololoNoNoloNoNololoNeNe]



20T

. 082
. 083
. 083
. 083
. 083
. 084
. 084
. 084
. 084
. 085
. 085
. 085
. 085
. 086
. 086
. 086
. 086
. 087

. 087
. 087
. 087
. 088
. 088
. 088
. 088
. 089
. 089
. 089
. 089
. 090
. 090
. 090
. 090
. 090
. 090
. 090
. 090
. 090
. 090
. 090
. 090
. 090
. 090
. 090
. 090

. 0003
. 0003
. 0003
. 0003
. 0003
. 0003
. 0003
. 0003
. 0003
. 0003
. 0003
. 0003
. 0003
. 0003
. 0003
. 0003
. 0003
. 0003

DTH KG K

. 0003
. 0003
. 0003
. 0003
. 0003
. 0003
. 0003
. 0003
. 0003
. 0003
. 0003
. 0003
. 0003
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000
. 0000

NNNNPNPNDNDNNNONNNNNNDNDNNDNN
[cNoloololololoololololoNe oo NoNe]

NPNNNPNPDNNNODNNNNNNNDNNNNDNNNNNDNNNNNDDN
[eNeolololoNolololololololoNolololojlolololNoNololoNeNeNe]

0

24945,
25544,
26160.
26787.
27429.
28082.
28751.
29431.
30128.
30838.
31559.
32297.
33046.
33807.
34584.
35373.
36177.
36993.

Qror

37823.
38665.
39524.
40393.
41275.
42174.
43084.
44005.
44938.
45884.
46841.
47812.
48812.
48860.
48914.
48973.
49037.
49107.
49184.
49267.
49358.
49457,
49564.
49681.
49807.
49943,
50090.

6532.
6530.
6527.
6524.
6522.
6519.
6516.
6514.
6511.
6508.
6505.
6503.
6500.
6497.
6494.
6491.
6488.
6485.

Qrs

6482.
6479.
6476.
6473.
6469.
6466.
6463.
6460.
6456.
6453.
6450.
6446.
6443.
6442.
6442.
6442.
6441.
6441.
6441.
6441.
6440.
6440.
6440.
6439.
6439.
6438.
6438.

18413.
19014.
19633.
20263.
20907.
21563.
22235.
22917.
23617.
24329.
25053.
25794,
26547.
27311.
28090.
28882.
29689.
30508.

31341.
32186.
33048.
33921.
34806.
35708.
36621.
37545.
38482.
39431.
40392.
41366.
42369.
42418.
42472.
42531.
42596.
42666.
42743.
42827.
42918.
43017.
43125.
43241.
43368.
43505.
43653.

PRPRPRERPRPRPRPRRRERRRRRRRRER

PRPPREPEREPEPRPREPEPRPRRREPEPRRERERERPRPRRPERER

. 000

000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000

SUB

000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000

. 000

OCWNPFRPOOOWNPFRPOIORMAONO O U O

~NOOUOBRADMWNNRPPRPPOOOOWNRERPRAONOORMONO

[eNoNoNoNololololololololoNoNoNoloeNe]

[eNololoNoNeololololololololoNololoNololoNoNoloNoNoNeNe]

ORPROUIFRPORPNNOWOWONSOSMO

OFRPFPNWWAMNIUIUUIOODONNWOPRMOUIOOR, NNOOOW

ORI NN0OO

© © O © WO W W WWWWWWOWOWWOWo

O O WO O WO W W W W WWIWIWWWWOWWOWOWOOOWOOOOO

236.
238.
239.
241.
242.
244,
245,
247.
248.
250.
251.
253.
254,
256.
257.
259.
261.
262.

GQOPRPROWONNNOFRPRORFRPORFRORO®

PPP

264.
265.
267.
268.
270.
272.
273.
275.
276.
278.
279.
281.
283.
283.
283.
283.
283.
283.
283.
283.
283.
284.
284.
284.
284.
284.
285.

RPOOARANPFPOOOUORARWNRPEPMNOWNPFRPOORMOWNER

POOUTOPRAROWONNNNRFRPOR,OPR

CQOWOWONNOOOUARARARADWWNNORPRUIORMOWONN

cgoaoaaaaaaaaahbbbbE

PO DPOINIDIROIRIORNOIOIIOOOIOT N

OFRPOFRPOUVUIFPOWFRORFRPOFRPROROLPR

PRRPRPRPRPRPRPRPRPRPREPRPNOCCAOCIOROOEROUH

[eNoNoNoNoNololololololololoNoNoloeNe]

[eNoloNoNoNeololololoNolololoNololoNololoNoNoloNoNoNoNe]
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132

. 091
. 091
.091
.091
. 091
. 091
.091
.091
. 091
. 091
.091
. 092
. 092
. 092
. 092
. 092
. 092
. 093
. 093
. 093
. 094
. 094
. 094
. 095
. 095
. 096
. 096
. 097
. 098
. 098
. 099
. 100
. 101

. 102
. 104
. 105
. 106
. 108
. 110
. 112
. 114
. 116
. 119
. 122
. 125

. 0000
. 0001
. 0001
. 0001
. 0001
. 0001
. 0001
. 0001
. 0001
. 0001
. 0001
. 0001
. 0002
. 0002
. 0002
. 0002
. 0002
. 0002
. 0003
. 0003
. 0003
. 0004
. 0004
. 0004
. 0005
. 0005
. 0006
. 0006
. 0007
. 0008
. 0008
. 0009
. 0010

NNONNPNNNNPNNONNNONNNNDPNNNNNNNNNDNNDNNDNNNNNNNDNDNNDDNN
[eNeoNoloNololoNolololololololoNolololololeololololoNololoNo oo NeNe)

DTH KG KC

. 0011
. 0012
. 0013
. 0015
. 0016
. 0018
. 0020
. 0022
. 0024
. 0026
. 0029
. 0032

NPNNNPNDNNNDNNDDNN

0
0
0
0
0
0
0
0
0
0
0
0

50250.
50421.
50604.
50802.
51012.
51237.
51476.
51729.
51997.
52279.
52575.
52885.
53207.
53541.
53885.
54239.
54599.
54965.
55335.
55706.
56077.
56444.
56806.
57161.
57506.
57840.
58163.
58471.
58762.
59037.
59295.
59534.
59755.

Qror

59958.
60142.
60309.
60459.
60591.
60708.
60809.
60897.
60971.
61033.
61082.
61121.

6437.
6436.
6436.
6435.
6434.
6433.
6432.
6431.
6430.
6429.
6428.
6426.
6425.
6423.
6421.
6419.
6417.
6415.
6412.
6410.
6407.
6404.
6401.
6397.
6393.
6389.
6385.
6380.
6374.
6368.
6362.
6355.
6347.

qQrs

6339.
6330.
6320.
6309.
6296.
6283.
6269.
6253.
6235.
6216.
6194.
6171.

43813.
43984.
44169.
44367.
44578.
44804.
45044.
45298.
45567.
45850.
46148.
46458.
46782.
47118.
47464.
478109.
48182.
48550.
48922.
49296.
49670.
50040.
50406.
50764.
51113.
51451.
51778.
52091.
52388.
52669.
52933.
53179.
53408.

53619.
53813.
53989.
54150.
54294.
54424.
54541.
54644.
54736.
54817.
54888.
54950.

. 000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000

EREEEREEREREREREREEREEREREERERERERERERRRERREER

SuB

000
000
000
000
000
000
000
000
000
000
000
. 000

PRPPREPREPEPRRERPER

WNPFPOOORNOOORANOOOANOOWOANOONUUID WE OO

NFPRPPOOOONO U A~

[eNeoNololoNoNololololoNoNoloNolololololoNololoNololoNoNoNeololoNeNe)

[eNeolololoNoloNoNoNoNeNo)

. PPPPPPERNNDINNNOOROWOARRMRAMROCOCOOOOCOOCON
CORWAOINORNAODDONDODORWUITNOORNAUO®~N®O

I—"I\)I\)(.ln)(lt)-b-bU‘IU‘ICﬁ\IO’J8

O © © O W W W W W W W W WWWWWIWIWIWWIWIWOUWUOWOUOWOUOUOOooo

© O OO WOWWOWWYWWOWWOWO©

285.
285.
285.
286.
286.
286.
287.
287.
288.
288.
288.
289.
289.
290.
290.
291.
292.
292.
293.
293.
294.
294.
295.
295.
296.
296.
297.
297.
298.
298.
298.
299.
299.

CONOOTFRFONNNNNNNORPUOORROPMOPMOUIOONOUONOOW

PPP
299.
300.
300.
300.
300.
300.
301.
301.
301.
301.
301.
301.

NOUOR~AWRFR OO WK

POONOPRARWFRPROOORANOOOANPFPONOORARNPFPOOOODUO A WNLPRE

©CoooO~N~NOOOOIUIWN

NNNNNNNNNNNNNNNNNNSNNNNNNNOOO 200

NNNNNNNNNNNNS

NNNNNNNRRRRPRPRORRRPRPRPRPREPREPRPRPREPREPRPRPREPREPRRRE

WWWWWWWwWwNNNN A

[eNeolNolololNoNololololoNoNoloNoloNolololololololololoNoNoNeololoNoNe)

[eNolololoNoloNoloNoNe o)



Z0T

133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179

NNNNRRPRREERRPERER

. 128
. 132
. 137
. 141
. 146
. 152
. 158
. 165
.172
. 181
. 190
. 200
. 211
. 223
. 236
. 251
. 267
. 284
. 304
. 325
. 349
. 375
. 403
. 435
. 469
. 507
. 549
. 594
. 645
. 700
. 761
. 829
. 902
. 984
073
171
279
388
496
604
712
831
950
069
188
307
. 437

. 0035
. 0038
. 0042
. 0047
. 0051
. 0056
. 0062
. 0068
. 0075
. 0082
. 0091
. 0100
. 0110
. 0121
. 0133
. 0146
. 0161
. 0177
. 0194
. 0214
. 0235
. 0259
. 0285
. 0313
. 0345
. 0379
. 0417
. 0459
. 0504
. 0555
. 0610
. 0671
. 0739
. 0812
. 0894
. 0983
. 1081
. 1081
. 1081
. 1081
. 1081
. 1189
. 1189
. 1189
. 1189
. 1189
. 1308

WWWWWWWWWwWwWwWwWwWwWwWwWwWwWwWwWwWwWwWwWwWwWwWwWwWwWwWwWwWwWWWWwWwWwWwNNNNNN
[eNoloNoNoNololololololololololololololoNoNoloNololoNoloNoloNoloNoNoNolololoNoNoloNoNoNoNoNeNe]

61149.
61166.
61176.
61186.
61197.
61174.
61214.
61258.
61305.
61358.
61415.
61478.
61547.
61622.
61705.
61795.
61894.
62002.
62120.
62249.
62390.
62544.
62712.
62896.
63096.
63315.
63555.
63817.
64106.
64423.
64773.
65161.
65596.
66087.
66650.
67311.
68127.
69111.
70086.
71029.
71941.
72924,
73857.
74756.
75621.
76453.
77350.

6145.
6117.
6086.
6052.
6015.
5974.
5929.
5880.
5825.
5766.
5700.
5629.
5550.
5464.
5370.
5266.
5153.
5029.
4894.
4747.
4586.
4410.
42109.
4012.
3787.
3544.
3281.
2999.
2698.
2376.
2037.
1682.
1316.

N U1 ©
oA
NNN

N
COOLOLLROOOR!

55003.
55049.
55089.
55134.
55182.
55200.
55285.
55378.
55480.
55592,
55715.
55849.
55997.
56158.
56335.
56529.
56741.
56973.
57226.
57503.
57804.
58134.
58493.
58884.
59309.
59771.
60274.
60818.
61408.
62046.
62736.
63479.
64280.
65140.
66063.
67050.
68103.
69111.
70086.
71029.
71941.
72924,
73857.
74756.
75621.
76453.
77350.

PRPPREEPPEPEPREPEPRPERREPERRREREREPRPRPRRERERRRRERERPRERERRERERRPRRERRERERRRERER

. 000

000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
000
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225
226
227
228
229
230
231
232
233
234
235
236
237

TFH

TFHI

BO

.993 .3733 30 70832. 0. 70832. 1
.404 .4106 3 0 68549. 0. 68549. 1
.856 .4517 3 0 65918. 0. 65918. 1
.307 .4517 3 0 63008. 0. 63008. 1
.804 .4968 3 0 59837. 0. 59837. 1
.351 .5465 3 0 56218. 0. 56218. 1
.952 .6012 3 0 52123. 0. 52123. 1
.613 .6613 3 0 47486. 0. 47486. 1
.340 .7274 3 0 42204. 0. 42204. 1
.141 .8001 3 0 36197. 0. 36197. 1
.021 .8802 3 0 29469. 0. 29469. 1
.989 .9682 3 0 21689. 0. 21689. 1
.054 1.0650 3 0 12704. 0. 12704. 1
KTT= 0 I= 238 T= 21.23

OUTPUT SUMVARY
MAX QUTFLOW CFS) THRU BREACH

TIME(HR) AT WH CH PEAK OUTFLOW OCCURS

MAX TOTAL OUTFLOW CFS) OCCURRI NG AT TIME TP
DURATI ON(HR) OF RI SING LI MB OF HYDROGRAPH
TIME(HR) AT WH CH SIGN. RISE | N QUTFLOW STARTS
FI NAL DEPTH(FT) OF BREACH

TOP W DTH(FT) OF BREACH AT PEAK BREACH FLOW
ELEV(FT) OF TOP OF DAM

FINAL ELEV(FT) OF RESERVO R WATER SURFACE
FINAL ELEV(FT) OF BOTTOM OF BREACH

. 000

000
000
000
000
000
000
000
000
000
000
000

. 000

164.
165.
167.
168.
169.
170.
171.
172.
173.
174.
174.
175.
175.

ACUTE ANGLE THAT BREACH SI DE MAKES W TH VERTI CAL AT QBP

QUTFLOW (CFS) AT T=0.0
S| DE SLOPE OF BREACH (FT/ FT) AT PEAK BREACH FLOW

TIME OF FAILURE (HR) WHICH I'S LI NEAR EQUI VALENT OF TRS

OBTAI NED BY USI NG SI MPLI FI ED DAM- BREAK DI SCHARGE EQUATI ON

TIME OF FAILURE (HR) WHICH | S LI NEAR EQUI VALENT OF TRS

OBTAI NED BY | NTEGRATI NG @B VS TI ME FROM T=0 TO T=TP

BOTTOM W DTH (FT) OF BREACH AT PEAK BREACH FLOW

Discharge Hydrograph

Hydrograph omitted for brevity. A plot of the predicted discharge hydrograph danrzkin Figure 4.3, page 39.
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Table D.8. SIMBA input file for synthetic base calsgs= 50 ft, Storag&JP, shape
m= 3,kq = 0.75 ft3 I" hr.

BREACH 01/ 01/ 2005

WHA

WDC

OPTIONS 00101

I HW 8

I HH 50

USL 3

DSL 3

HDM 50

0] .1

CEL 50

BKD 110

ubs 1000

KDI .75

CSS 0.2

DWD 2191

NSS 0

ELE 51

HCMODEL 6

STRUCTURE A
0 0
5 101.8
10 814.8
15 2749. 8
20 6518. 2
25 12730. 8
30 21998. 8
35 34933. 3
40 52145. 3
45 74245.9
50 101846. 3
51 108080. 1
52 114563. 2

ENDTABLE

HYD
0.02
0 0
20 0

ENDTABLE
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Table D.9. SIMBA output file for synthetic base cdges 50 ft, Storag&P,
shapen = 3,ky = 0.75 ft3 I6" hr'. Output has been reduced 0.3-hr resolution.

Ti nme Qn Qout (0] Q El HC Pos Attack Hh Wdth Hc

0 0 6765 0 6764.8 51 150.1 0 0 0 50
0.3 0 6507 3 6503.8 50.974 150.073 2.59 0. 816 1. 008 50
0.6 0 6262 3 6258.6 50. 95 149.994 4.94 1. 669 1.087 49.998
0.9 0 6029 3 6025.6 50.926 149.949 7.21 2.494 1.131 49.983
1.2 0 5814 3 5811.1 50.904 149.906 9.41  3.313 1.175 49.969
1.5 0 5610 3 5606.6 50.883 149.863 11.54 4.126 1.218 49.954
1.8 0 5415 3 5411.6 50.862 149.821 13. 63 4.933 1.26 49. 94
2.1 0 5229 4 5225.5 50.842 149.78 15.66 5.735 1.301 49.927
2.4 0 5051 4 5047.9 50.823 149.739 17.65 6.532 1.341 49.913
2.7 0 4882 4 4878.2 50.804 149. 7 19.6 7.325 1.381 49.9
3 0 4720 4 4716.1 50.787 149.661 21.52 8.114 1.42 49.887
3.3 0 4565 4 4561 50.769 149.622 23.4  8.899 1.458 49.874
3.6 0 4417 4 4412.7 50.752 149.585  25.27 9.68 1.496 49.862
3.9 0 4275 4 4270.7 50.736 149.547 27.12 10. 459 1.533 49. 849
4.2 0 4139 4 4134.8 50.721 149.511 28.95 11.234 1.57 49.837
4.5 0 4009 4 4004.5 50.705 149.474 30.77 12.007 1.607 49.825
4.8 0 3884 4 3879.7 50.691 149.438 32.58 12.777 1.643 49.813
51 0 3764 4 3760 50.676 149. 402 34.39 13.545 1.678 49.801
5.4 0 3649 4 3645.2 50.663 149. 367 36.2 14.312 1.714 49.789
5.7 0 3539 4 3535 50.649 149. 332 38.02 15.076 1.749 49.777
6 0 3434 4 3429.2 50.636 149.297 39.85 15.84 1.784 49.766
6.3 0 3332 5 3327.5 50.623 149.262 41.69 16.603 1.819 49.754
6.6 0 3234 5 3229.9 50.611 149. 227 43.54 17. 365 1.853 49.742
6.9 0 3141 5 3136 50.599 149. 193 45.42 18.126 1.888 49.731
7.2 0 3050 5 3045.7 50.588 149.158 47.32 18.887 1.923 49.719
7.5 0 2967 5 2962.2 50.577 149.124 49.28 19.649 1.957 49.708
7.8 0 2889 5 2884 50.567 149. 089 51.32 20.411 1.992 49.696
8.1 0 2814 5 2808.5 50.557 149.054 53.39 21.175 2.027 49.685
8.4 0 2741 5 2735.6 50.547 149.019 55.51 21.94 2.062 49.673
8.7 0 2671 5 2665.2 50.538 148.983 57.69 22.707 2.098 49.661
9 0 2603 5 2597.2 50.529 148.947 59.92 23.476 2.134 49.649
9.3 0 2546 16 2529.9 50.52 147.602 112.01 23.937 3.478 49.201
9.6 0 2549 88 2461.5 50.511 143.973 299.96 24.258 7.108 47.991
9.9 0 2809 420 2388.3 50.502 137.533 772.67 24.847 13.548 45.844
10. 2 0 4118 1827 2290.3 50.489 126.472 1928.27 25.877 24.609 42.157
10.5 0 9414 7305 2108.9 50.466 108.032 4711.1 27.614 43.049 36.011
10.8 0 28724 27076 1647.6 50.399 78.127 9665.42 26.861 72.954 26.042
11.1 0 48996 48305 691.2 50.225 58.59610254.61 19.569 92.005 19.532
11. 4 0 49639 49606 32.9 50.03 56.89710138.36 19.004 92.798 18.966
11.7 0 50881 50881 0 49.808 55.184 9999.75 18.433 93.597 18.395
12 0 52167 52167 0 49.578 53.458 9846.87 17.858 94.403 17.819
12.3 0 53472 53472 0 49.342 51.718 9681.39 17.278 95.215 17.239
12.6 0 54796 54796 0 49.099 49.965 9503.11 16.694 96.033 16.655
12.9 0 56139 56139 0 48.851 48.198 9311.85 16.105 96.858 16.066
13. 2 0 57500 57500 0 48.597 46.418 9107.43 15.512 97.688 15.473
13.5 0 58881 58881 0 48.336 44.625 8889.69 14.915 98.525 14.875
13.8 0 60279 60279 0 48.07 42.819 8658.48 14.313 99.368 14.273
14. 1 0 61696 61696 0 47.797 41.001 8413.65 13.707 100.216 13.667
14. 4 0 63130 63130 0 47.517 39.169 8155.09 13.097 101.071 13.056
14.7 0 64581 64581 0 47.232 37.325 7882.66 12.483 101.932 12.442
15 0 66049 66049 0 46.939 35.468 7596.28 11.864 102.798 11.823
15. 3 0 67533 67533 0 46. 64 33.6 7295.85 11.242 103.67 11.2
15. 6 0 69033 69033 0 46.335 31.719 6981.29 10.615 104.548 10.573
15.9 0 70549 70549 0 46.022 29.825 6652.55 9.984 105.431 9.942
16.2 0 72081 72081 0 45.703 27.92 6309.57 9.349 106.32 9.307
16.5 0 73626 73626 0 45.377 26.003 5952. 32 8.711 107. 215 8. 668
16. 8 0 75186 75186 0 45.044 24.075 5580.78 8. 068 108. 115 8. 025
17.1 0 76530 76530 0 44.63 22.136 5179.7 7.422 109.02 7.379
17. 4 0 77842 77842 0 44.198 20.189 4765.37 6.773 109.928 6.73
17.7 0 79155 79155 0 43.758 18.234 4340. 47 6.121 110.841 6.078
18 0 80469 80469 0 43.311 16.271 3905. 22 5.467 111.757 5.424
18.3 0 81782 81782 0 42.856 14.301 3459.83 4.811 112.676 4.767
18.6 0 83094 83094 0 42.395 12.323 3004.54 4.152 113.599 4.108
18.9 0 84404 84404 0 41.925 10.338 2539.59 3.49 114.526 3. 446
19. 2 0 85712 85712 0 41.449 8. 346 2065. 24 2.826 115. 455 2.782
19.5 0 87017 87017 0 40.965 6.347 1581.74 2.16 116.388 2.116
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Breach St 0. 560
HCDown 10. 940
BrEnd 20. 460

88318
89591
90388
89215
87693
86186
84694
83219
81760
80318
78273
76260
74298
72386
70524
68711
66946
64539
62109
59785
57563
55439
53407
50900
48083
45458
43009
40724
38585
35309
32351
29706
27334
24938
21357
18423
15998
13891
9865
7252
5483
1861
626

88318
89591
90388
89215
87693
86186
84694
83219
81760
80318
78273
76260
74298
72386
70524
68711
66946
64539
62109
59785
57563
55439
53407
50900
48083
45458
43009
40724
38585
35309
32351
29706
27334
24938
21357
18423
15998
13891
9865
7252
5483
1861
626
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40. 474
39. 969
39. 321
38.674
38. 038
37.412
36. 798
36. 194

35.6
35. 017
34. 264
33.524
32.803
32.101
31. 417
30.75

30.1
29. 26
28.413
27.597
26.812
26. 057
25.329
24. 449
23.462
22.53
21. 649
20. 814
20. 023
18. 822
17. 71
16. 69
15. 752
14. 785
13. 305
12. 034
10. 934
9. 936
7.897
6. 425
5. 326
2.589
1. 252
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4.342 1089. 39
2.33 588.29
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117.
118.
119.

324
263
203

120. 14

121.
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123.
124.
125.
126.
127.
128.
128.
129.
130.
131.
132.
132.
133.
134.
134.
135.
136.
137.
137.
138.
138.
139.

140

067
982
887
781
664
538
399
247
082
904
714
511
295
067
822
561
285
994
689
369
029
669
292
896
483
049

140. 59

141.
141.
142.
142.
142.
143.
143.
143.
144.
144.
144.
144.

107
601
075
519
929
309
663
974
234
454
618
685

1. 447
0.777
0. 105
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