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Primary Dam Type (from the National Inventory of Dams)

Earthfill + Rockfill embankment 
dams = 92% of all known 
primary dam types in the USA
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Embankment Dams (Earthfill and Rockfill)
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Embankment Dams Occasionally Breach

4



Empirical Trapezoidal Breach Model



Trapezoidal Breach Model Parameters: Bavg, m, tf, Hb

m

Bavg

tf = breach formation time
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Embankment Dam Failure Mode: Mode

§ About 1/3 caused by inadequate spillway 
capacities that result in overtopping by 
floodwaters (OF)

§ Another 1/3 of failures are attributed 
internal erosion (piping) (IE)

§ Remaining failures are caused by 
embankment slides (OS), wave action (OW), 
by outlet works failure (OG), intentional 
breaching by excavation (OX)

ì
= í
î

0,  if internal erosion (IE) failure
Mode

1,  if overtopping (OF, OS, OW, OG) failure

National Dam Safety Program Technical Seminar 7



Overtopping Failure
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Embankment Dam Solid Corewall: Core

Some embankment dams use a 
rigid masonry, concrete, 
bituminous concrete, or steel 
corewall to create an impervious 
barrier within the embankment.

ì
= í
î

0,  if no corewall
Core

1,  if corewall
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Average Embankment Width and Storage Volume:  Wavg and Vw

Vw

Wavg
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Approach Flow Width: La
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Embankment Dam Failure Data



Breach Data from 126 Dam Failures (124 for Bavg, 123 for m, 48 for tf)
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Bonasa Breaks Ranch Dam Failure Report
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Data Cleansing
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Standardized Variables

𝑥! =
𝑥 − 𝑥̅
𝜎"
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Neural Network Analysis



Artificial Neural Network

§ An artificial neural network is an 
interconnected group of nodes, 
inspired by a simplification of neurons 
in a brain. 

§ Here, each circular node represents 
an artificial neuron and an arrow 
represents a connection from the 
output of one artificial neuron to the 
input of another.

§ A network is typically called a deep 
neural network if it has at least 2 
hidden layers.
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Overfitting
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k-fold Cross Validation (k=5)

National Dam Safety Program Technical Seminar 20



Bavg' Neural Network Schematic

Mode H1

H2

H3

H4

H5

Core

La'

Wavg'

Vw'

Hb'

Bavg'
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Bavg' Neural Network

( )
( )

H1 tanh 0.9847 0.5058 Mode 2.680 Core 0.5196 L 0.9491 W 0.1416 V 0.1351 H

H2 tanh 5.643 0.7383 Mode 10.15 Core 6.237 L 0.1948 W 2.484 V 1.124 H

H3 tanh 0.9922 0.9627 Mode 0.3443 Core

a avg w b

a avg w b

¢ ¢ ¢ ¢= - + ´ + ´ + ´ - ´ + ´ + ´

¢ ¢ ¢ ¢= - + ´ + ´ - ´ + ´ + ´ + ´

= - + ´ - ´( )
( )

1.255 L 0.8666 W 2.431 V 2.439 H

H4 tanh 0.9132 0.5197 Mode 0.4595 Core 0.7917 L 0.2369 W 0.7210 V 1.116 H

H5 tanh 1.1169 0.3548 Mode 3.995 Core 0.6710 L 1.040 W 0.4767 V 0.

a avg w b

a avg w b

a avg w

¢ ¢ ¢ ¢- ´ - ´ + ´ + ´

¢ ¢ ¢ ¢= - + ´ + ´ - ´ - ´ + ´ + ´

¢ ¢ ¢= - + ´ - ´ - ´ - ´ + ´ -( )6112 H

B 0.3934 + 3.457 H1 1.063 H2 1.101 H3 + 2.012 H4 2.450 H5

B 49.7 56.3 B

b

avg

avg avg

¢´

¢ = ´ - ´ - ´ ´ - ´

¢= + ´
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Measured vs. Predicted Bavg
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m' Neural Network Schematic

Mode

H1

H2

H3

Core

La'

Wavg'

Vw'

Hb'

m'
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m' Neural Network

( )
( )

H1 tanh 2.808 1.672 Mode 4.144 Core 0.1524 L 0.9152 W 1.208 V 0.9376 H

H2 tanh 0.5379 2.724 Mode 1.557 Core 2.383 L 0.03849 W 0.4909 V 2.300 H

H3 tanh 0.2407 1.584 Mode 6.083 Core 1.41

a avg w b

a avg w b

¢ ¢ ¢ ¢= - + ´ + ´ + ´ - ´ + ´ - ´

¢ ¢ ¢ ¢= - ´ - ´ + ´ + ´ + ´ - ´

= - ´ + ´ +( )5 L 0.2488 W 0.6711 V 1.508 H

m 2.293 2.780 H1+2.390 H2 2.960 H3

m 49.7 56.3 m

a avg w b
¢ ¢ ¢ ¢´ - ´ + ´ - ´

¢ = + ´ ´ - ´

¢= + ´

National Dam Safety Program Technical Seminar 25



Measured vs. Predicted m
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tf' Neural Network Schematic

Mode H1

H2

H3

H4

H5

Core

La'
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Hb'

tf'
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tf' Neural Network

( )
( )

H1 tanh 1.428 0.8005 Mode 3.265 Core 0.3579 L 0.1349 W 0.4443 V 1.154 H

H2 tanh 0.2450 2.147 Mode 3.819 Core 0.1738 L 0.3629 W 0.4377 V 1.073 H

H3 tanh 0.8612 0.1007 Mode 0.8685 Core 0.

¢ ¢ ¢ ¢= - ´ - ´ - ´ + ´ - ´ + ´

¢ ¢ ¢ ¢= - ´ + ´ - ´ + ´ + ´ - ´

= + ´ - ´ +

a avg w b

a avg w b

( )
( )

1701 L 0.1674 W 1.466 V 0.2701 H

H4 tanh 0.1189 0.1870 Mode 0.1577 Core 0.1449 L 0.1592 W 1.321 V 0.6088 H

H5 tanh 0.2294 0.6111 Mode 3.529 Core 0.3297 L 0.05953 W 0.8622 V 0.

¢ ¢ ¢ ¢´ + ´ + ´ + ´

¢ ¢ ¢ ¢= + ´ + ´ - ´ - ´ + ´ - ´

¢ ¢ ¢= - - ´ + ´ - ´ - ´ - ´ -

a avg w b

a avg w b

a avg w( )
f

f f

4747 H

t 0.5275 0.8270 H1 0.7918 H2 1.848 H3 + 0.7170 H4 0.7754 H5

t 1.17 1.46 t

¢´

¢ = - - ´ + ´ + ´ ´ - ´

¢= + ´

b
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Measured vs. Predicted tf
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Breach Model Parameter Equations

ì
= ´ ´ = í

î

ì
= í
î

= ´

=

1/3

2

3

1.0,  for internal erosion failures
0.23 ;

1.5,  for overtopping failures

0.6,  for internal erosion failures
1.0,  for overtopping failures

60

 in Mm ,  in seconds, 9.807 

avg m w m
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Neural Network – Equation Comparison
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Example Applications



Gararda Dam, Rajasthan, India

Homogenous earthfill dam
Mode = 0 (Internal erosion)
Core = 0 (No corewall)
La = 1150 m
Wavg = 71 m
Vw = 24.4 Mm3

Hb = 26 m
Bavg = 74.8 m 
m = 0.59 
tf = 1.12 hours
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Gararda Dam Profile Traces
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Hirakud Dam, Odisha, India

Zoned earthfill embankment
Mode = 0 (Internal erosion)
Core = 0 (No corewall)
La = 4650 m
Wavg = 108 m
Vw = 5700 Mm3

Hb = 40.2 m
Bavg = 361 m 
m = 1.03 
tf =  7.64 hours
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Hirakud Dam Profile Traces
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Hirakud Dam Profile Traces (2)
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Contact Information

David C. Froehlich, Ph.D., P.E., BC.WRE
Consulting Water Resources Engineer
Cary, North Carolina
dcfroehlich@aol.com
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