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Research Impact Statement: Risk assessment for earthen dams is improved by an aggregated dam break
database and associated web-based regression selection tool, assisting planners regarding operational and safety
decisions.

ABSTRACT: Earthen embankment dams comprise 85% of all major operational dams in the United States.
Assessment of peak flow rates for these earthen dams and the impacts on dam failure are of high interest to
engineers and planners. Regression analysis is a frequently used risk assessment approach for earthen dams. In
this paper, we present a decision support tool for assessing the applicability of nine regression equations com-
monly used by practitioners. Using data from 108 case studies, six parameters were observed to be significant
factors predicting for peak flow as a metric for risk analysis. We present our work on an expanded earthen dam
break database that relates the regression equations and underlying data. A web application, regression selec-
tion tool, is also presented to assess the appropriateness of a given model for a given test point. This graphical
display allows users to visualize how their data point compares with the data used for the regression equation.
These contributions improve estimates and better inform decision makers regarding operational and safety
decisions.

(KEYWORDS: earthen dam failure; regression selection tool; web application; earthen dam database; water-
sheds; hydraulic structures; data management; computational methods; risk assessment.)

INTRODUCTION assessment of possible failure of these earthen dams
and the possible range of inundation areas, peak flow

rates, peak flow velocities, among other factors that

Earthen dams and reservoirs are frequently used
for flood control and for storage of water supply. They
also serve to trap sediment and debris, among other
purposes. There are over 70,000 dams documented in
the United States (U.S.), and approximately 85% of
all major operational dams in the U.S. are earthen
embankment dams (Billington and Jackson 2017).
Earth filled dams are composed primarily of com-
pacted fine-grained material and are therefore subject
to erosional processes should failure occur. A topic of
high interest among engineers and planners is the

are relevant in the assessment of flood inundation
damages and risk assessment (Wahl 1998). To
develop such a risk assessment, a failure scenario is
typically assumed of the earth dam and then a hydro-
graph of the flow discharge through the earthen dam
breach developed, and the released flow hydrologi-
cally or hydraulically routed downstream. Descrip-
tions of this process can be found in the National
Dam Safety Review Board Steering Committee on
Dam Breach Equations (Pierce et al. 2010) along with
other publications. The failure of the earthen dam is
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typically assessed by a coupled hydrologic and
hydraulic computational model of the dam breach
itself with a set of assumed erosion characteristics
used to evolve the dam breach geometry over time
(Singh and Snorrason 1984; Wahl 1998).

In addition, regression equations are often used to
estimate some of the key outcome variables of the
dam breach process (Froehlich 1995; Xu and Zhang
2009; Pierce et al. 2010; Wahl 2014). These regres-
sion equations not only may provide estimates of ulti-
mate breach geometry dimensions but also estimates
of release flow characteristics such as peak flow rate,
total stored volume, and other factors. The regression
equations are based upon case studies of earthen
dam breach occurrences using field-measured data.
Few equations exist that consider a significant pro-
portion of the available earthen dam breach cases
reported in the literature. In a subsequent section of
the current paper, a review is made of some of the
more frequently referenced assemblies of available
earthen dam breach case studies used for develop-
ment of regression equations.

These regression equations can differ in their pre-
dicted outcome variable values (Wahl 2014). An
explanation for these differences is the differences in
assembled datasets used to develop the equations
(Pierce et al. 2010). In the earthen dam break case,
the study reported data assembled in the tabulations
to indicate which of the regression equations included
particular data points in their reported development
of their respective regression equations. That is,
which reported data point was included to develop
which regression equations. Some of the reported
data are used in more than one regression equa-
tion effort.

At issue is the “appropriate” regression equation to
be used for a particular situation. Furthermore, at
issue is whether any of the regression equations are
appropriate to be used as being representative of the
test situation under analysis. In the typical applica-
tion of these equations in an engineering assessment,
the case study data that form the underpinnings of a
particular regression equation are unfortunately sel-
dom examined by the user as to whether or not the
test case is well within the population of the case
study data used to develop the selected regression
equation. Previous papers have not addressed the
issue of appropriateness of selected regression equa-
tion in relation to a test case.

The main purpose of the current paper was to
assemble these various reported case study datasets
for convenient reference, and to present a web appli-
cation that will help to assess the test case situation
within the population of the case study data that
form the underpinnings of the selected regression
equation.
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THE ASSEMBLED DATABASE

Several sources of earthen dam break data were
examined in the current study and are all included in
the assembled database. These sources include
reports from the U.S. Department of the Interior
Bureau of Reclamation Dam Safety Office, articles
published in the Journal of Geotechnical and Geoen-
vironmental Engineering, and the Journal of Hydrau-
lic Engineering, among other journals and texts, and
reports submitted to the National Dam Safety Review
Board. Seven publications formed the basis for the
assembled earthen dam break data. The key selected
publications are found in Table 1.

Each of these publications contained approximately
75-125 data points. The often referenced database of
Wahl (1998) assembled 108 case studies. There were
variations in parameters between publications, but
six common parameters were observed most fre-
quently as factors of the response variable, peak flow.
The six common parameters are: volume stored above
breach invert (V,), dam height (Hy), depth above
breach (H,), reservoir storage (S), length (L), and
average width (W,,.). All parameters are observed in
the metric system.

We identified 25 parameters in our integrated
database. The different parameters in the current
database can be subdivided into four subcategories:
embankment dimensions (i.e., height, width, length,
etc.), hydraulic characteristics (i.e., storage, surface
area, and depth), breach characteristics, and time
parameters (i.e., formation time, failure time, etc.).
Of the 25 parameters identified, only six parameters
are observed being used in the published regression

TABLE 1. Publications used to assemble the earthen dam
break database.

Authors Journal Year

Dr. D. Froehlich Journal of Water Resources 1995
Planning and Management

Dr. M. Pierce et al. Journal of Hydrologic Engineering 2010

Krishan P. Singh Journal of Hydrology 1984
and Arni Snorrason
Dr. Thornton et al. ASCE Journal of 2011
Hydrologic Engineering
Dr. T Wahl U.S. Department of the 1998
Interior Bureau of
Reclamation
Dr. T. Wahl U.S. Department of the 2014
Interior Bureau of
Reclamation
Dr. Y. Xu and Journal of Geotechnical 2009
Dr. L. M. Zhang and Geoenvironmental
Engineering

Note: U.S., United States.
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TABLE 3. Nine published regression equations for peak flow that were cataloged in database and analyzed in the base application.

Equation number Model name Year Equation
1. Froehlich 1995 Qp = 0.607(V22% . H1.24)
2. MacDonald and Langridge-Monopolis 1984 Q, = 3.85(V,-H,)*!
3. MacDonald and Langridge-Monopolis 1984 Qp = 1.154(Vyy-H,,)%412
4. Pierce et al. 2010 = 0.1202(L)78%6
5. Pierce et al. 2010 @, = 0.863(V/0:335 . 1833 . yy-0663)
6. Pierce et al. 2010 Qp = 0.012(V0493 . f1205 . 10.226)
7. Singh and Snorrason 1982 Qp = 13.4(H"®
8. Singh and Snorrason 1982 Q, = 1.776(S)**"
9. U.S. Bureau of Reclamation 1982 Q, = 19.1(H,)*%
5 5
4 4
L]
3 3
o 2 2
§ . .
% | I I § 1. .
g 3 °
e ||I|-----II| s <
S )
I I I I I I I =5 4 3 2 1 ?Q 1 2 3 4 5
3

-5

FIGURE 1. Twenty-one normalized data points of depth above
breach used in the U.S. Bureau of Reclamation (1982)
regression equation (@, = 19.1(H,)*%9).

equations for estimating released peak flow rates. In
addition, of the 163 dams that were cataloged only 55
of the dams were used as data points to develop a
regression equation. The condensed database reflect-
ing only the parameters and dams that were used in
the published regression equations can be found in
Table 2 and in the web application at http:/usmath
ematics.com/PastedGraphic-1.pdf and http:/usmath
ematics.com/PastedGraphic-2.pdf.

Earthen dam failures are typically predicted with
use of analytical equations, regression relations from
numerical and analytical models, and regression rela-
tionships from laboratory tests. Most breach parame-
ter equations stem from data developed from actual
earthen dam failures. Within the assembled data-
base, these dams range in time of construction from
1893 to 1986, and had observed modes of failure iden-
tified due to overtopping, seepage, piping, and sliding.
Unfortunately, not all the reported earthen dam

JAWRA

-5
Normalized Volume

FIGURE 2. Twenty-three normalized data points of height and
volume stored after breach invert used in two MacDonald and
Langridge-Monopolis (1984) regression equations (@, = 1.154
(Vo H)**12) and (@, = 3.85(V-H,)**!h).

failure cases considered have complete information
for the parameters needed for all the associated
regression equations.

PUBLISHED REGRESSION EQUATIONS
EXAMINED

There are many equations relating to dam failure
but those for peak flow are the simplest with parame-
ters most commonly found in the database. In addi-
tion, other categories that were commonly observed
were failure time equations and breach geometry. It
is noted that the equations used to estimate peak
flow are often simple regression equations that relate
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| I I

Normalized Storage
o
Normalized Volume

-5
Normalized Height
FIGURE 3. Eight normalized data points of reservoir
storage used in Singh and Snorrason (1984) regression FIGURE 5. Twenty-two normalized data points for volume stored
equation (Q, = 1.776(S)**"). above breach invert and depth above breach for Froehlich
regression equation (@, = 0.607(V32% . H124)).

Normalized Height
o

Normalized Volume

-5

-5
Normalized Width

FIGURE 4. Eight normalized data points for dam height used in

Singh and Snorrason (1984) regression equation = 13.4(Hy)"®).
e ( ) regressi quation (@, Ha™™) FIGURE 6. Twenty-five normalized data points for volume stored

and average width for Pierce et al. (2010) regression
peak flow to volume of water behind the dam or the equation (Qp = 0.863(VO - HIE. W3o%%)).
product of depth and volume (Pierce et al. 2010).
The regression equations we analyzed are shown
in Table 3. All of the equations are associated with THE “REGRESSION SELECTION TOOL” WEB
peak flow rate estimation. We were able to take the APPLICATION
analyzed regression equations and find the data on

the failed dams that were used to develop the regres-

sion equations. We included the number of original For each regression equation, we standardized the
data points to develop the regression equation into data points used. The purpose of the Regression
our database. Future work will analyze failure time Selection Tool was to assist in determining the appro-
equations, and breach width equations. priateness of a given model for a given test point.
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Normalized Width

-5
Normalized Height

FIGURE 7. Twenty-five normalized data points for average
width and height for Pierce et al. (2010) regression
equation (@, = 0.863(V0-335 . {1833 . 1 _0663))

L d
1 e 0® 1 20 3 4 5

Normalized Volume

-1

-5
Normalized Length

FIGURE 8. Twenty-five normalized data points for volume stored
and length for Pierce et al. (2010) regression equations
(Qp — 0.012(‘/0.493 . 71205 -L0'226)).

The tool also provides a visual depiction of the test
point in comparison to the cluster of data points used
to build the regression model. Results of the web
application and fitting of variables to equations were
done by normalizing all data. Normalization was per-
formed by subtracting the data point value from the
sample mean and dividing by the sample standard
deviation.

These normalized data were then used to create
scatter plots depicting the standardized associated

JAWRA
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Normalized Height

N

-5
Normalized Volume

FIGURE 9. Twenty-five normalized data points for height and
volume stored above breach invert for Pierce et al. (2010)
regression equation (@, = 0.863(V0335 . ;{1833 .\ 0.663)) and
(Qp — 0~012(V0.493 -H1'205 _LO,ZZG))_

60

40

Normalized Height

-60 -40 -20 0 20 40 60

-20

-40

-60
Normalized Length

FIGURE 10. Twenty-five normalized data points for
height and length for Pierce et al. (2010) regression
equation (@, = 0.012(V0493 . fj1.205 . 1,0226))

marginal distributions (see Figures 1-11). The scatter
plots can help in assessing the appropriateness of a
given peak flow regression equation to an arbitrary
test point. For example, in Figure 11, two of the nor-
malized lengths used in the regression equation are
relatively high, while the other lengths are very
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N

-

Normalized Length

‘TrpppEREc
-1

-5

FIGURE 11. Fourteen normalized data points for length for Pierce
et al. (2010) regression equation <Qp = 0.1202(L)1'7856),

small. This is partly due to a large range in the
observations used to develop the regression equation.
Using an arbitrary test point, a practitioner can visu-
alize how their test point aligns with the normalized
scatter plots.

Calculator

Using the standardized scatter plots, the online web
application provides a graphical display of the data
reported in the literature that is used in the associated
regression equation. Users can view all nine regression
equations using a drop down menu to select which
regression equation they would like to view. The data-
base for the selected model is depicted on the web tool.
The user can input test point values to add the test
point to the graphical display for comparison. The
graphical display allows the practitioner to visualize
the consistency of the selected regression equation for
the test point. At issue is whether or not the data upon
which the selected model was based are appropriate for
the factors of the associated test point. If the test case
appears to be an “outlier” to the model points, then an
alternative model may be more appropriate for peak
outflow estimation. Conversely, if the test point lies
within the cluster of observations, then the selected
model is more likely to be suitable for estimating peak
flow. See Figures 12 and 13 for a preview of the web
application. In Figure 12, a practitioner can observe all
available data points used in the 1982 U.S. Bureau of
Reclamation equation. From there, the practitioner can
observe an arbitrary test point with a specific height
compared to the rest of the data. The web application
will then show where the test point will nest with the
other points as seen in Figure 13. Practitioners can
access the website at http://usmathematics.com/dist/.

U.S. Bureau Of Reclamation (1982) Reset View
Qp = 19.1(Hw)"1.85 0 5 10 15 20 25
35 |
Hw  Height ‘o @Teton, Idaho
Qp  Peak Outflow 25
.
@St Francis, CA
Calculate will only simulate 15+
RANDOM datapoints until feature @Swifl Montana
complete. 1.0
o8 @0ros, Brazil
st Colaro @Hell Hole, California
o @Granite Creek, Alaska ®Schaefier, Colorado
[ @cCastlewood, Colorado @Little Deer Creek, Utah @Austin, Texas
Datasets @Baldwin Hills, California
@Hatchtown, Utah
-0.5 @Buffalo Creek, West Virginia

U.S. Bureau of Reclamation (1982)
MacDonald & Langridge (1984) 412
MacDonald and Langridge (1984) 411

@0tto Run, Johnstown, PA

@Laurel Ryn, Pel sglﬁnaa.
m wo Medicine, Montana
®French Landing, Mc'ﬁ%'g'faﬁame& rglQSancty Run, Pennsylvania

@North Branch Tributary, Johns

®South Fork Tributary, Pennsylvania

FIGURE 12. Example of the web base application using data from the U.S. Bureau of Reclamation (1982) equation.
CA, California; PA, Pennsylvania.
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Calculator

U.S. Bureau Of Reclamation (1982) Reset View
Qp = 19.1(Hw)"1.85 0 5 10 15 20 25
35
Hw 25 .Telnn, Idaho
30
Qp Peak Outflow 25
Calculate 20 .
.St Francis, CA
Calculate will only simulate 15 L
RANDOM datapoints until feature LA
complete. 10
.Oros, Brazil
0.5 o’ Pishaps, Colorado Hell Hole, California
Granite Creek, Alaska .Schael'fe( Colorado
0| Castiewood, Colorado gLtle Deer Creek tan Austin, Texas
D Baldwin Hills, California ®
atasets Buflo Creok west vig.EiETOWn. tah
alo Creek, West Vifginia LaureIR 0. Pa
. 05 ® 38R eine, Montana
U.S. Bureau of Reclamation (1982) French Landing, MiCHi Rame rg] Sandy Run, Pennsylvania
MacDonald & Langridge (1984) 412 5 @CtRuN, Johnstown, PA sout F&:g‘l:'zzra?cg;r:‘::t:;“iohns
MacDonald and Langridge (1984) 411 ®
-1.5

FIGURE 13. Example test case data point under study transposed on the web base application
with data from the U.S. Bureau of Reclamation (1982) equation.

Thus, the visualization provided by the Regression
Selection Tool assists practitioners to better model
earthen dam breaks. The information gained by
improved understanding of key parameters that
affect these phenomena will lead to safer and higher
quality dam failure planning. The benefits of these
contributions improve estimates and better inform
decision support for leaders regarding operational
and safety decisions.

CONCLUSIONS AND FUTURE WORK

Of all major operational dams, 85% of the dams
are earthen dams. Many regression equations are
used to model earthen dam failures where some
regression equations are more applicable to use than
other models. We developed a web application to
assist practitioners using the “Regression Equation
Selection Tool.” The application provides a visualiza-
tion of all the data points used for their respective
regression equations where test case studies can be
viewed. This is an evolving project with new regres-
sion equations added and documented along with
additional datasets as they become available.

This database along with the web base application
will help aid practitioners to properly choose the
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appropriate regression to use in their model based on
the parameters of their earthen dam. With the use of
this application, there will be an overall improvement
in modeling and provide better quality, safer, and
more economical earthen dams.
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