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A dam and its safe operation provide economic and other
benefits to the shareholders and the people living
downstream. However, there can be tremendous adverse
consequences if the dam fails to perform as intended. As a
dam owner, operating agent, administrator, regulator or
designer, there are many areas of responsibilities to assure
that the dam is operated in a proper and safe manner.

Five of the major elements that help assure the dam
functions as intended include:

1. Operating the dam within the limits established
when designed.

24 Maintaining the structure such that it can perform
its function.

3s Reviewing the original design criteria and
determining whether this criteria is correct for
the present operation.

4, Modifying the structure or operation, if
conditions have changed so that the dam can
continue to be operated safely.

5 Inspecting the dam regularly for changed
conditions.

Instrumentation of a dam plays a key role in each of the
above five steps. Instrumentation should be thought of in
two parts. The first part is a periodic visual and physical
inspection of all exposed portions of the dam and
appurtenant structures.

This includes the upstream, downstream, crest and abutment
areas, the control or outlet works, reservoir area,
surrounding natural slopes, and downstream channel areas.

All of these areas should be documented, both in writing and
with photographs. As a minimum recommendation, detailed
photographs of the dam should be taken every three years.
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More frequent intervals may be required as dictated by field
conditions. The photographs should be cataloged, dated,
descriptions provided, and a duplicate set kept in a safe
and separate storage area. The photos should be preserved
for the life of the structure. These can be invaluable aids
in determining how the dam is performing.

The first part of the instrumentation program leads to the
second part. From the inspection, problem or potential
problem areas are identified. The existing instrumentation
data is then used to further identify the possible causes of
the problem. As an alternative, instruments may be
installed to obtain data to help determine what has caused
the problem. From the field inspection and the analysis of
the instrumentation data, possible corrective actions can be
identified. '

The instrumentation program includes the monitoring of the
dam and its foundation for both external and internal
performance. The monitoring should be conducted on a
regular basis and should ideally begin when the design is
initiated.

The instrument layout should be developed when the
geotechnical investigation work for the dam is started. The
program should continue from initial field drilling through
construction and operation and until the structure is
finally safely breached and abandoned.

Purpose of Instrumentation

The purpose of instrumenting a dam is to monitor the dam's
performance by means of measuring its structural behavior.
The objectives are:

1. To provide information for assessing the
performance of the dam, to identify any
indications of adverse conditions, and to assist
in the evaluation of the structural safety of the
dam during construction, reservoir filling and
service operation.

2, To verify that the dam performs as assumed during
the design. '

3. To provide data that will assist future designers.
Oftentimes conservative assumptions are required
by designers due to the lack of knowledge on the
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actual performance of dams. Instrumentation helps
to provide information that will help designers
make better assumptions.

4, To provide early warning of conditions that may
jeopardize the safe operation of a dam.

Types of Instrumentation

Instrumentation may be classified by types of measurements
made. There are five basic types of measurements, which
are:

1. Movements ~ horizontal and vertical, which are
sometimes referred to as translational. There are
also rotational, relative, strain and differential
movements.,

2., Stresses - reactions as a result of load(s)
applied to the dam and/or foundation.

3. Groundwater and pore pressure, which can be uplift
pressures, groundwater, and/or seepage.

4, Temperature - atmospheric, water, concrete, and/or
soil or foundation.

5. Seismic effects - accelerations or displacements.

Although the majority of these types of measurements are
applicable to both concrete and embankment dams,
measurements of all of these parameters is normally not
required except for large (heights greater than 100 feet and
storage volume of more than 50,000 acre-feet) dams.
Presently none of the large dams in Arizona have seismic
recorders installed.

The number and types of instruments installed on each dam is
very site specific. A thorough understanding of the dam and
its actual or anticipated performance is needed to develop a
total instrumentation program. The program should be
developed during the design and construction phases. The
critical areas can be properly instrumented, and the dam can
be monitored during the critical first reservoir filling
period.

The measurement methods can vary from the simplest form of
survey monuments for vertical movement or open standpipes
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for groundwater levels to very complex electronic
extensometers or piezometers. The simplest form of
instruments should be used that will perform the function
required. If there are critical sections in a dam,
duplicate or alternate methods to monitor the deflections,
stresses, or water levels should be considered.

Development of Instrumentation Program

Ideally the instrumentation of a dam should be included as
part of the design process. The design assumptions and
parameters should be used to determine how much settlement,
deflection and seepage is anticipated. From this data,
instruments can be designed and specified 'as part of the
construction contract. There will be better assurance of
installing the instruments properly and in the right
locations to monitor the dam's performance. This also
allows for a broader selection of instruments and less
expensive installation.

However, if instruments are not installed and design
information is not available, then a monitoring program can
still be installed. The process can often be more complex
in these situations. The first step is to make a detailed
inspection of the dam.

A general evaluation must be made of the structure that
should be supplemented with a review of information on the
operation of the dam. If drawings, plans, soil reports or
previous inspection reports are available, these should be
reviewed. This data may provide clues of areas of possible
problems that could be verified through installation of
monitoring equipment.

After analyzing data from the inspection and a review of
existing information, a determination should be made of what
additional information is needed. If information on the
foundation or the material and/or condition of the material
in the dam is required, a preliminary instrumentation
program should be designed. In this manner soil boring
holes could serve a dual purpose. If the drill holes are to
serve a dual purpose, the specifications must be carefully
developed. The use of drilling agents, such as bentonite or
chemical stabilizers may have adverse impacts on the
installation of piezometers. The drilling fluid can plug
the soil formation that is to be monitored and create
misleading information.
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There are several other questions that must be answered in
determining type and number of instruments to install. Some
of these include:

1. What is the anticipated service life of the dam?

2, What is the cost of the instruments? These costs
should include not only the initial installed
cost, but also the anticipated service life and
cost to take the readings. A piezometer can cost
anywhere from several hundred dollars to
thousands. To these costs, the price of the
readout or recording device must be added.

3. What is the accuracy of the readings required?
There are simple plastic gages that can be used to
monitor cracks in concrete. These cost from $10
to $15 each and can measure movements in two
directions to an accuracy of 0.1 mm (millimeters).
There are also strain gages that can measure to
0.0001 inches, micrometer measured sets of balls
that can be measured to 0.001 inch, and numerous
other devices that have varying degrees of
accuracy.

Similar variations in accuracy can be specified
for vertical and horizontal movements. The
primary consideration should be what is the
accuracy required.

4, What are the environmental conditions for the
instruments? Will they be continuously immersed
in water, is there a freeze-thaw problem, are
there extreme temperature changes, is the area
covered with snow at times, are there corrosive
elements in the soil or water, are they in direct
sun, or will local water runoff affect them? Aall
of these factors should be considered when
preparing specifications for the purchase and
installation of the instruments.

5. Are redundant systems required to validate data or
provide a back-up? If the data is critical to the
safe performance of the dam, then alternate
methods should be used to verify the measurements
and to provide back-up.
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How is the data validated? It is recommended that
if possible the same personnel take the readings
each time. The data should also be taken in the
same way. Do not use a level for one set of
readings, a transit the next time, and an EDM and
transit the following time. Be consistent with
the method, the way data is recorded, and when the
data is read. Don't take crack measurement
readings one day in the direct sun and the
following time in the shade. The results can give
misleading information.

Where will the control points be established?
Horizontal and vertical reference points should be
located in areas that will not be influenced by
the loading from the dam or reservoir. They
should be set in rock outcroppings that are
geologically stable and at least two points should
be established for reference. These references or
base points should be accurately described in a
field book and methods developed to reestablish
these points in the event they are accidently
destroyed. The measurement and reference points
should be located in areas that are easily
accessible and consider the weight and size of
instrument required to take the readings.

What is the response time of the instrument? As
an example, in the table below are the estimated
response times for standpipe and diaphragm
piezometers. The response time can vary from a
few hours to many days depending on the size of
the pipe, type instrument, and permeability of the
soil.

Table 1

Permeability 2" Diameter 3/8" Diameter Diaphragm
(cm./sec.) Standpipe Standpipe Piezometer

10 -
10 -
10 -
10 -
10 -
10 -
10 -
10 -

2 Hrs.
12 Hrs.
6 Days
50 Days 1.6 Hrs,
600 Days 12 Hrs.
5 Days
70 Days

[oNeNo]

HOOOOOOO

Approximate 90% Response Time.
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9. Who will collect, record, analyze and plot the
data? @

10, How often are the instrument readings taken? The
times may vary with types of equipment, field
conditions, and condition of the dam. In the
first few years during and after construction, the
instruments might need to be checked weekly or
monthly. During the initial reservoir filling,
the readings might be taken daily. After several
years service, a normal cycle of twice a year
might be required. Normally the instruments
should be read when the reservoir is at its
maximum and when it is minimum. It is also
recommended that the instruments be checked if an
earthquake should occur near the dam (i.e.,
vicinity close enough to be felt at the site) and
after any major floods (i.e., when spillways have
been operated).

Miscellaneous

Attached to this paper are several sketches of some of the
more common methods of installing various instruments or
measuring devices. There is also attached a bibliography of
books and publications that provide more details on
instrumentation programs. These publications cover such
topics as instrumentation for concrete dams or embankment
dams, calibration of distance measuring devices, and
automation of collecting and recording data.

There are two tables attached that describe potential
incidents (problems) which can occur with concrete or
embankment dams. Many of these conditions can be identified
through instrumentation. The instrumentation can provide an
early warning system before a significant incident occurs.

Whenever data is collected, it should be for a specific
purpose. When collected, the interpretation and analysis of
the data is as important a function as the accurate
recording of the data. The information should not collect
dust in someone's office but should be used as an important
part of the evaluation of a dam's performance.
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Whenever data is collected, the atmospheric temperature,
reservoir and tailwater elevations, and date should be

recorded.

This information plays a critical role in

evaluating the data from the instruments.

Conclusions and Recommendations

1.

Each dam should have instrumentation installed to
evaluate the performance of the structure.
Ideally the instrumentation program should be
developed during the design stage and installed
when the dam is constructed. This method will
minimize the cost and allow for monitoring of the
dam during construction and during the initial
reservoir filling operation.

Instrumentation should be designed to be simple,
serviceable, and durable. It must serve its
purpose throughout the life of the structure and
all costs should be considered when designing the
program,

The instrumentation program should be continually
monitored and modified as required to properly
evaluate the changing condition of the dam.

The degree of accuracy of measurements must be
determined and the total system evaluated to
assure that this accuracy can be obtained.

Some of the simplest instruments that can provide
valuable information are cameras (photographic
records), thermometers, stop watches (for
estimating flows), beakers (water samples), and
fences or handrails (check for offsets or signs of
lateral movement).

Even the simple, low hazard, small dam should have
some instrumentation installed. The
instrumentation can be simple but may provide an
early warning system to identify problem areas.
Some maintenance work is cheaper than losing the
benefits if a dam should fail.
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An instrumentation program becomes an integral part of the
safe operation of any dam. It should be installed at the
time of construction and should continue in operation
throughout the life of the structure. The data should be
analyzed, and the instrumentation program modified whenever
significant changes in the structure occur. The data
provides an early warning system that may help prevent a

~small problem from becoming a major one. The

instrumentation program should be designed to be as simple
as possible but provide the data required to evaluate the
dam's performance.

Larry K. Lambert, P.E.
Senior Consulting Engineer
Safety of Dams

Salt River Project
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CHAPTER VIII
SELECTED BIBLIOGRAPHY

Published 1iterature provides copious references with respect to instrumentation
and its uses, measurements and their significance, and personnel and institutional
requirements for competent and reliable monitoring systems. Hanna, included in 1ist
below, identifies approximately 1000 references related to geotechnical engineering
(cross-indexed by author and subject). The USCOLD Committee on Earthquakes
identifies over 300 references relevant to performance of concrete and earth and
rockfill dams during earthquakes. The preponderance of 1iterature contains technical
information on specific devices, site-specific applications, conceptual or
theoretical assessments, or selective performance evaluations; comprehensive
references are the exception.

The general considerations provided by members of this Measurements Committee
reflect extensive readings of published and unpublished documents, 1iaison with
practitioners and researchers, and personal experience. A few "References Cited"
identify detailed information on specific topics. "“Reference Sources in the United
States" identifies examples of entities that Periodically disseminate information
relevant to performance monitoring of dams. “References for Selected Reading"
identifies: recent publications reflecting current philosophy and general practices.

An effort has been made to minimize references to recent, more timely,
material. The inclusion of references does not constitute an endorsement, nor should
the exclusion be construed to indicate rejection.

1)  General Considerations Applicable to Instrumentation for Earth and Rockfill
Dams, 1969 ICOLD Bulletin 2i.
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5) Instrumentation for Concrete Structures (September 1980), Engineer Manual, EM
1110-2-4300, U.S. Army Corps of Engineers, Office, Chief of Engineers,
Washington, D.C.

6) Instrumentation of Earth and Rockfill Dams: Part 1 of 2, “Groundwater and Pore
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Washington, D.C.
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Earthquakes, 1985,

9) Guidelines for Selection and Installation of Strong-Motion Instrumentation,
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Table 4-1

DAM INSPECTION AND PERFORMANCE EVALUATION
INVENTORY OF POTENTIAL INCIDENTS E
EMBANKMENT DAMS

DEGREE OF

DEFICIENCY OTENT (A PosSiBLE
No. | Feature | oerect | inDicators {PossisLe causes POTENTIAL REMEDIAL
wiroR |seatous | VERY FFEC MEASURES
SERIOUS ,
CREST AND
-1 ROADWAY
LT |iransvirst CRACKS IN DIFFERENTIAL FOUN- % I LOSS OF FREEBOARD. |LOWER RESERVOIR,
CRACKING, ROADWAY, DATION SETTLEMENT. TRANS- | EMBANKMENT CRACK- |DETERMINE EXTENT
SIDEWALK AND |SHARP IRREGULARI~ VERSE |ING. INCREASED  |OF CRACKING BY
PARAPETS, TIES 1N ABUTHENT CRACKS |SEEPAGE. BREACH- |1Est P1Ts oR
DIPS AND BUMPS JGEOKEIRY, ARE  1inG AND FAILLRE  |aoRINGS.
IN PAVEMENT  |EARTHOUAKE. DEEP  |OF DAM EXCAVATE 10 DEPTH
SURFACES. SHRIMKAGE & DESIC- AND OF CRACKS AND
THLYING OF CATION OF CORE EXTEND BACKFILL WITH
POSTS AND MATERIAL sELOW COMPACTED IMPER-
PARAPETS, RES. Vious SOiL.
DISPLACENENT WATER BENTONITE
HEASURENENTS. LEVEL. GROUTING
4.1.2 LONGITUDINAL  |CRACKS IN RAPID RESERVOIR * |if EMBANKNENT CRACK~ JSEE &.1.1
CRACKING ROADWAY DRAWDOWN, EARTHOUAKE. . CRACKS | 1NG. INCREASED
SIDEWALKS AND JUNEOUAL DEPORMA= DAY~ |SEEPAGE. SLOPE
PARAPETS, TION OF SHELL & LIGHT |FAILWRE,
DIPS AND BUMPS [CORE MATERIALS. BELOW
IN PAVEMENT | TRANSVERSE WATER
SURFACES. CRACKING WITHIN LEVEL
TILTING OF  ICORE OF DAM. b EX-
POSTS AND SETTLEMENT OF TEND
PARAPETS. POORLY COMPACTED INTO
DISPLACEMENT  |ROCKFILL SHELLS. CORE
MEASUREMENTS, |
.13 EXCESSIVE MEASUREMENTS | EMBANKMENT AtD % |iF L0SS OF FREEBOARD.|RAISE DAM 8Y
. SETTLEMENT.  [OF SURVEY FOUNDAT 10N CcREST RiSK OF OvER- PLACING ADDITION-
MONURENTS CONSOL I DAT 10N, SETTLES T0PPING AL COMPACTED
OR INTERNAL 10 < SOIL AFTER
SEVTLEMENT, 2 F1 STUDY OF FOUNDA-
01PS IN ROAD. (0. 64) TLON CONDITIONS.
DEPRESS | ONS OF NOR| LOWER RESERVOIR
ON SLOPES AL
WATER
LEVEL
4.1.4 L0SS OF SUDDEN INTERNAL EROSION s |erooressive LOWER RESERVOIR.
EMBANKMENT INCREASE N |OF EMBANKMENT EROSI0N. BREACHING |REMOVE BATERIALS
MATERIAL, SETTLEMENT AND {OR_ FOUNDATION. AND FAILURE OF  |FROM SINKHOLES
LEAKAGE. SINK- [PIPING, SINKHOLES AR AND REPLACE WITH
HOLES. DISCOL- |18 SOLUBLE FOUNDA- COMPACTED FILL. &
ORATION OF  [TiOW. RESTORE DAM.
SEEPAGE WATER | - SEE ALSO 4.3.1
1.5 SLOPE LONGITUDINAL | INSUFFICIENT SHEAR % [successive SEE 4.2.2 & 4.3.2
INSTABILITY. |CRACKS WITH OR |STRENGTH OF EMBANK- FALLURES MOVE UP-
Wi THOUT MENT OR FOUNDATION SLOPE AS UNSTABLE
VERTICAL MATERIALS, SCARPS SLIDE
DISPLACEMENT. | - AGAIN.
01 SPLACEMENT POSS IBLE LOSS OF
MEASUREMENTS. FREEBOARD AND
SLIDES, LOSS OF ENBANK-
HENT BY BREACHING.
414 EXCESSIVE MEASUREKENTS  {SLIDING OF THE % |Loss of oau SEE 4.3.2
HORI ZONTAL OF SURVEY EMBANKMENT AND OR
DISPLACEMENT, JMONUMENTS. FOUNDAT ION
LATERAL WEAVES
IN WALLS OR
ROADWAY.
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Table 4-1 (continued)

DEQREE OF : POSSIBLE
EF{CIENCY
No. | FEATURE | DEFECT | INDICATORS {POSSIBLE CAUSES }—CEr: e RENEDIAL
KINOR {sERtous |, VERY MEASURES
SERIOUS
4.2 [UPSTREAM
FACE
2.1 1055 OF BUBBL NG OR INTERNAL EROSION OF % [INCREASING LEAK- ]LOWER RESERVOIR
EMBANKMENT VORTICES 1N RE-]|EMBANKMENT OR -~ |acE. PiPING & SEE 4.1.4 & 4.3.1
MATERIAL & SERVOIR SURFACE | FOUNDATION, PIPING, EROSION OF DAM
EXCESSIVE LEAK- {UNPLANNED DROP |MAJOR CRACKING IN MATERIAL. FAILLRE
AGE THRU DAW | IN RESERVOIR  JCONCRETE OR ASPHALY OF DAM,
RESERVOIR LEV- 10ISCOLORATION
EL. SINKHOLES. |OF SEEPAGE WATER
4.2.2 SLOPE CRACKING, INSUFFICIENT SHEAR % IF DEEP-SEATED,  JLOWER RESERVOIR.
INSTABILITY  |RAVELLING, STRENOTH OF LOCAL SLIDES PLACE COMPACTED OR
. sLIDING, EMBANKMENT OR PROCRESSIVELY DUMPED FILL BUT-
BULOING, FOUNDATION MOVING UPSLOPEr  |TRESS AGAINST
DEPRESSINGS.  |MATERIALS, EARTH- POSSIBLE LOSS OF JUPSTREAM SLOPE,
SCARPS QUAKE. RAPID - FREEBOARD: REMOVE  SLIDE
RESERVOIR DRAWDOAN. BLOCKAGE OF IN-  |MATERIAL & REBUILD
TAKES AND CONOUITS |PORTION OF DAM.
8Y SLIDE DEBRIS
82,3 CRACKING TRANSVERSE 8JOR|SEE 4,1.1 & 4.1.2 SEE 4,].1 & [SEE 4.1,1. SEE 4.1.1
LONG! TUDIRAL 412
- {CRACK NG
DISPLACEMENT * | ¥
MEASUREMENT,
2.4 SLOPE EROSION |SLOPE EROSIONs {INSUFFICIENT * PROGRESS IVELY REMOVE LOOSE
LOSS OF RIPRAP. |PROTECTION OF FACE DEEPER EROSION MATERIAL AND RE-
GULLIES, AGAINST WAVE ACTION GULLIESH LOSS OF * [PLACE W!TH COMPAC-
MATERIAL OR SURFACE RUNOFF RIPRAP & EMBANK- [1ED FILL. PLACE
ACCUMULATED  {WEATHERING OF MENT WATERIAL. RIPRAP FOR EROS1ON
AT TOE OF RIPRAP, PROTECTION. OR RE-
SLOPE . PLACE ORIGINAL
WITH LARGER S1ZE.
USE OF GABIONS,
625 CONCRETE FACING|CRACKING OF  JUNEVEN EMBANKMENT FOR  [FOR  JLOSS OF WATER. REPLACE DAMAGED
OETERIGRATION |SLABSY SEPARA- |SETTLEMENT ROCK~ JEARTH- JEROSION OF EMBANK~ |PANELSI PLACE 1M-
TION OF JOINTSI |FREEZE-THAW ACTION FILL  [FILL  IMENT MATERIALS.  [PERVIOUS MATERIALS
DAMAGE 10 DAMS  [DAMS  |FAILURE OF EARTH- |IN LOCAL DAMAGED
WATERSTOPS. FILL DAM. AREASY CONSIDER
TILTING OF USING SYNTHETIC
SLABS MEMBRANES OR COM-
BINATIONS OF B11U-
RINOUS EMULSIONS
AND POLYRERIC
COMPONENTS
4.2.6 CORROSION OF  |DETAILED STEEL EXPOSED 10O * SEE 4.2,5 REPAIR OR REPLACE
STEEL REIN- INSPECTION . [ATMOSPHERE, DAMAGED PANELS
FORCEMENT 1N : WITH ADDHTIONAL
CONCRETE FACING COVER & REINFORCE-
MENT,
4.2.7 DETERIORATION  |BUCKL ING. UNEVEN EMBANKMENT * ¥ ISEE 4.2.5 REPLACE DAMAGED
OF STEEL FACING|BENDING, - ISETTLEMENTI IHPACT PANELS
PUNCTURES . |oF LARGE ROCK OR
LEAKAGE oeeris
629 CORROSION OF  |VISIBLE CORRO- |STEEL EXPOSED 10 * SEE 4.2.5 REPLACE DARAGED
STEEL FACING  [SION. OROANIC MATTER PANELS, APPLY
LEAKAGE IN RESERVOIR WATER PROTECTIVE COATING
8.2.9) DETERIORATION. [ROTTEN {IMBERS. [ROTt FUNGI FOR  |FOR  |SEE 4.2.5 REPLACE DETERIQ-
OF TINBER LEAKAGE ROCK- |EARTH- RATED TIMBERS OR
FACING FILL L PANELS.
DAMS  |DAMS APPLY PROTECTIVE
COATING,

4-4




Table 4-1 (continued)

DEFICIENCY. PassIBLE
NO. | FEATURE | DEFECT | INDICATORS |POSSIBLE CAUSES POTENTIAL REMEDIAL
« KiNoR [semous | VERY EFFECTS MEASURES
. SERIOUS
4.3 jDOWNS TREAM
FACE_AND TOE
4.3.1 EXCESSIVE EXCESSIVE OR  [CONCENIRATED FLOW 3% |PROGRESSIVE INTER- |EMERGENCY MEASURES
EMBANKMENT INCREASED FLOW JALONG EMBANKMENT NAL EROSION OF EM- | INCLUDE:
LEAKAGE FROM DRAINS.  JCRACKS. INTERNAL BANKMENT AND LOWER RESERVOIR
FLOW TURBIDITY, [EROSION OF ENBANK- INCREASING LEAKAGE {LEVEL. BULLOOZE
CHANGE OF FLOW |MENT. POSSIBLE EMBANK- MATERIALS INTO THE
COLOR. SINKHOLES MENT FAILURE RESERVOIR FROM THE
EMBANKMENT CREST,
WET SPOTS. SOFT [SEEPAGE ALONG PERVI- % |1F_ |mot eiweatic cevee [TASE SHPACTER
AREAS. AREAS  )OUS LAYERS BYPASSING] THERE | IN DOMNSTREAR SLOPE | e roran <\ opE
WITH GROWTH OF |INTERNAL DRAIN ARE  |couLD LeaD TO WiTH PROPEALY
HEAVY GREENER }SYSTEM. OR ALONG SOFT  ISLOPE INSTABILITY {necicnen FICTER
VEGETAT 10N CONTACT WITH ROCK AREAS AND DRAIN LAYERS.
OR STRUCTURES PERMANENT MEASURES
801LS EXCESSIVELY HIGH %  |PROGRESSIVE INTER- |!NCLUDEs
EXIT GRADIENT If NAL EROSION OF CONSTRUCT CUTOFF
CONES | EMBANKMENT, THROUGH DAM AND
BUILD- |POSSIBLE FOUNDAT 10N,
ING  {EMBANKMENT FAULLRE gw}\mﬂ" GROUT
| CHANGES IN CHANGE IN | NTERNAL * NEW SEEPAGE PATHS [CONSTRUCT IMPERVI-
! EFFLUENT TEMP~ |DRAINAGE PATTERNSI IF TEMn 0US UPSTREAR
‘ ERATURE CHANGE BLAMKET WITH EMPER
i NoT VIOUS CLAYEY SOIL
RELATED! OR SYNTHETIC MEM-
10 BRANE LINER,
AMBIENT
CHANGES
SEEPAGE FROM  |CHANNELS FORMED BY * EXCESSIVE SEEPAGE |EXCAVATE ROOTS
ANIMAL BURROWS |DECOMPOSITION OF AND WEAKENING OF  [AND BURROWS,
OR ALONG TREE [ORGANIC MATERIAL. EMBANKMENT REPLACE WITH
ROOTS LEAKAGE ALONG ANTMAL COMPACTED FILL.
| BURROWS CONTROL RODENIS
4.3.2 SLOPE RAVELL ING. INSUFFICIENT SHEAR % |vERY ]PROGRESSIVE SLOUGH-[FLATTEN DOWNSTREAM
INSTABILITY SHALLOW SLIDES |STRENGTH OF SOIL SERIOUS ING AND DEEPER SLOPE BY CONSTRUCTH
AND CRACKS. WHEN SATURATED BY IF ASSASLIDES. FAILURE OF ]ING COMPACTED FILL
SCARPS. HEAVY RAINFALL CIATED | DAM. . |surtRess witi
. wiTH i ADEQUATE FILTERS
WET 20 AND DRAIN LAYERS
NES OR INSTALL PRESSURE
SEEPAGH RELFEF WELLS
AT THE THROUGH FOUNDAT 10N
DOWN- MATERIALS,
STREAR INSTALL DRAINS 1N
- 1voe DOWNSTREAW PORT{ON
DEEP CRACKS INSUFFICIENT SHEAR % IstccessIve SLIDES ‘C’f,N‘;’,",:;,c, IWPERVE~
AND SLIDES. STRENGTH OF EMBANK- AS  lMOVE UPSLOPE AS  {oic g1 ANKEY ON UP-
BULGES AND MENT OR FOUNDATION ABOVE [UNSTABLE SCARPS  lsypeam FACE
DEPRESSIONS.  JMATERIALS EARTHOUAKE SLIDE AGAIN,POSSI- i
'SCARPS. LOADING. BLE L0SS OF FREE-
BOARD AND LOSS OF
ENBANKWENT BY
BREACHING
433 SLOPE EROSION [EROSION GULLIES|INSUFFICIENT PRO- * PROGRESSIVE WEAK = {REMOVE LOOSE MATE-
AT SLOPE AND  {TECTION OF SLOPE ENING OF SLOPE RIALS AND REPLACE
ALONG EMBANK- |AGAINTS SURFACE AND DEEPER ERQSION |WiTH COMPACTED Fiti
MENT-ABUTMENT  |RUNOFF GULLIES SEED-HULCH SLOPE
CONTACTS. PLACE RIPRAP.
6.3.4 TRANSVERSE OR  [MEASUREMENTS OF JSEE 4.1.1 * |see 411 SEE 4.1.1
LOMGITUDINAL  [SURVEY MOMUMENTS|O{FFERENT 1AL
CRACKS. OR INTERNAL DIS-{SETTLEMENT OF
PLACEMENT INSTR. | EMBANKMENT OR
FOUNDAT 1ON
4.3.5 CLOGGED DRAINS | INCREASED PIEZO] INTERNAL DISPLNCEMENﬂ ¥ HIOH PHREATIC LEVEL|SEE 4¢.3.1
METRIC PRESSURE JOF FINE PARTICLES. IN DOMISTREAM SLOPE ] INSTALL NEW DRAIN-
EXCESSIVE VEGETATION POSSIBLY LEADING TO[AGE SYSTEM,
AND ROOT OROWIH. SLOPE INSTABILITY |REMOVE TREES AND
CHERICAL DEPOSITS, ROOTS. CLEAN OUT
IRON BACTERIA DRAINS,




Table 5-

1

DAM INSPECTION AND PERFORMANCE EVALUATION
INVENTORY OF POTENTIAL INCIDENTS
~__CONCRETE DAMS

DEGREE OF

. POSSIBLE
No. | FEATURE | DEFECT | INDICATORS [POSSIBLE CAUSES |—DoitoieiCY FOTENTIAL REMEDIAL
RINOR JSERIOUS [ ooy o MEASURES
1.0 | CREST OF DAM
1.1 | CRACKING SHALLOW CRACKS | RANDOM PATTERMY | SURFACE SHRINKAGES * NO EFFECT ON NONE NECESSARY
AD NOT NOTICEABLE | AMBIENT TEMP. CHANGES DURABILITY
SPALLING WHEN CONCRETE
bRY
TRANSVERSE EASILY DETECTED | OVERLOADING OF DAMY 13 IF 1F [LEAKAGE)I ACCELERA-
CRACKS EXTEND- |OPENING > .DA"| EARTHOUAKE: CRACK | CRACK | CRACK {TED DETERIORATION
ING FROM €1 MMOCIN COLD- § FOURDATION <12® | 12" | >10* |OF CONCRETEY OVER-
UPSTREAM 10 ER WEATHER) SETTLEMENT DEEP | DEEP | OEEP |SIRESSINGY PENETRA-
DOWNS TREAM . TION OF WEATHERING
EXTENSION OF
CRACKING
TRANSVERSE EASILY DETECTED | DIFFERENTIAL SETTLE- % | If PROGRESSIVE LOWER RESERVOIR
CRACKS WITH OPENING > .04"| MENT OF FOUNDAT 10N INCREASE OF ADDITIONAL FOUDA-
VERTICAL OR (1 W) EARTHOUAKEY OVERLOAD OFFSET. CAN LEAD | TION TREATMENT
LATERAL OFFSETS | OFFSETS  >.08"| ING OF DAM BLOCKS 10 INSTABILITY
(2 W) ’
DEEP RAMDOM RANDOM OPEN ALKAL|-AGGREGATE % {SEE 2.1 SEE 2.1
CRACKS AND CRACKSt CRUM- | REACTION
“SWELLING" OF | BLY CONCRETE
CONCRETE ALONG CRACKSH
SILICA GEL
CRACKS AND RANDOM SHALLOW | EXCESSIVE HEAVY * HIGHER MAINTEMANCE | TRAFFIC CONIROL
ABRASTON IN CRACKS1 CON- TRAFFIC cosis AND FREOUENT
ROADWAY CRETE DAMAGED REPAIRS
COMCRETE NEAR JOINTS
1.2 | CONTRACTION | OPENING OF 1) NOTICEABLE | SEASOMAL TEMPERA- * NO ADVERSE EFFECT ] NONE REQUIRED
JOINTS JOINIS AT THE SUR- {TURE CHANGEY RESER- ON PERFORMANCE OF
FACEL OPENING | VOIR DRAWDOWN AN
<. 0842 W)
2y OPENING DEFORMATION OF * LEAKAGE, TF WATER | JOINT GROUTING WIit
3.10"(2.5 WA)| FOUNDATIONI EARTH- STOPS DAMAGED WITH CEMENTS
WHEN RESERVOIR | QUAKE :
NEARLY FULL
AMD N SUMMER |
3) OFFSETS OR | DIFFERENT IAL DEFOR- IF PROGRESSIVE AND | LOWER RESERVOIR:
DIFFERENTI- | MATION OF FOUNDATI- IF | conTINUOUS CAN ADDITIOMAL FOUNDA-
AL MOVEMENT AT ] ONS OF ADJACENT > | CAUSE INSTABILITY | TION TREATRENT
JOINT BLOCKSs EARTHOUAKE 0.10% }OF A BLOCK OF A
GRAVITY OR BUT-
TRESS DAM
2.0 ] UPSTREAM FACE OF DAM
2.1 |CRACKING SHALLOW CRACKS | RANDOI PATTERNs | SURFACE SHRIMKAGES * NO EFFECT ON NONE NECESSARY
AD NOT NOTICEABLE | AMBIENT TEMPERATURE DURABILITY
SPALLING WIEN CONCRETE | CHANGES
DRY
VERTICAL AND EASILY DETECTEDY EXCESSIVE STRESSESH iF 13 If | PROGRESSIVE CRACK- | EPOXY GROUTING 10
DIAGONAL OPENING > 04" | TEMPERATURE DROP IN | CRACK | CRACK | CRACK | ING INTO 80DY OF | SEAL CRACKS NI®
CRACKS (1 MM)CIN COLD- | AREAS OF RESTRAINT § <5° 1 >S5* | >20* ]oan awo INiO . RESTORE STRENGTH
ER WEATHER) LONG | LONG | LOMNG | GALLERIESY STRESS |OF CONCRETE
<12® | »12° | >5° | CONCENIRATIONSY
DEEP | DEEP_| DEEP |LEAKAGE
SPALLING OF LARGE PIECES | FREEZE-THAW ACTION: IF IF IF | CONSEQUENCES SERI- | PATCH-UP CONCRETEY
CONCRETE OF CONCRETE DIFFERENTIAL MOVE- | SPALLS | SPALLS | SPALLS | OUS FOR BUTTRESS | APPLICATION OF NEW
DISLODGED: MENT AT JOINTSH <6" § 12" | > 24" |OAMS WHERE REIN- | CONCRETE FACHG OR
RE INFORCING STRESS CONCENIRA- D AND ]SEVERAL| FORCED CONCRETE SHOTCRETE IF
EXPOSED M TioNs FEW |SEVERAL]& CONC.] DECK CAN DETERIO- | DAMAGE 15 EXTEN-
BUTTRESS DAMS REINF. { RATE SIVE
EXPOSED)
DEEP RANDOM RANDOM. OPEN. | ALKAL[-AGREGATE % | REDUCE USEFUL LIFE | LOWER RESERVOIR
CRACKS AND EXTENS IVE REACTION OF DA% OR CAUSE | LEVELY RESIRICT
“SWELLING" OF | CRACKSS CRUNOLY INSTABILITYY GENE~ | OPERATIONI EXTEN-
CONCRETE COMCRETE ALONG RAL PROGRESS IVE SIVE RECONSTRUCT-
CRACKS! SILICA PHYSICAL DETERIOR- | 1ON OR DEKOLITION
GEL ATION OF_DAM
2.2 |CONTRACTION |OPENING OF 1) NOTICEABLE | SEASONAL TEMPERA- * NO ADVERSE EFFECT | NONE REQUIRED
JOINTS JOINTS AT SURFACEY [ TURE CHANGEt RESER- ON PERFORMANCE OF
OPENING <. 08" |VOIR DRAVDOWN DAR
(2 1) TR
27 OPENING FOUNDATTON DEF ORMA- * CAN DAMAGE WATER- | JOINT GROUITIG
>.10" vMEN | T10M EARTHOUAKE STOPS AND CAUSE WiTH CEMENT WHEN
RESERVOIR EXCESSIVE LEAKAGE | JOINT WAXINUM OPEN
NEARLY FULL . |
3Y OFFSETS AD | DIFFERENT TAL FOURDA- [1; TF | TF PROCRESSIVE AND | TRPROVE FOUNDATION
DIFFERENTIAL T1OH DEFORMAT ION OF .05-,10] >.10% | CONTINUOUS CAN RESISTANCEY STRENG-
HOVEMENT AT ADJOINING BLOCKSH 1CH “o | CAUSE INSTABILITY | THEN DAMs LOWER
JOInt EARTHOUAKE OF A BLOCK OF RESERVOIR
GRAVITY OR BUTTRESY
DAM
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Table 5-1 {continued)

DEGREE OF

: DEFICIENCY i POSSIBLE
NO. | FEATURE | DEFECT | INDICATORS |POSSIBLE CAUSES "°“'E" AL REMED 1AL
AR [serious | VERY EFFECTS MEASURES
SERIOUS
3.0 | DOMNSTREAN_FACE OF DAL
3.1 JCRACKING SEE 2.1 SEE 2.1 SEE 2.1 SEE 2.1 SEE 2.1
AD
SPALLING
3.2 [COHNIRACTION JOPENING OF SEE 2.2 SEE 2.2 SEE 2,2 SEE 2.2
JOINTS JOINTS
LEAKAGE THRU WEY SPOTS, FLOW| DAMAGED WATERSTOPS. |IF FLOW]IF FLOW|IF FLOW] LOSS OF WATERe SEAL THE JOINT
JOINTS AND LEACHATE CRACKS OR OPEN STEADY | PULSA- HINCR*NG| LEACHING! DAMAGE DRAIN WITH
STAINSs PAR~ CONSTRUCTION JOINTS AND JTING &] AND |[DUE TO FREEZING BENTONITE, GROUT
TICULARLY NEAR ] CONNECTING WITH <1.0GPM> 20GPM |> 10GPM | THAWING CONTRACTION
BASE OF DAM CONTRACTION JOINTSy PER PER PER JOINTS WITH
DIFFERENTIAL MOVE- JOINT | JOINT | JOINT CEMENT
MENT OF BLOCKS
3.3 {HORIZONTAL {OPENING AND WET SPOISe SEE-] INADEQUATE BOND: IF FLOW}IF FLOW[IF FLON} LOSS OF WATERs DRILLED DRAINS TO
CONSTRUC- LEAKAGE PAGE AND LEACH-] POROUS CONCRETE NEAR| STEADY | PULSA~ JINCR'NG| LEACHING! DAMAGE CONTROL SEEPAGE
TI0H JOINTS ATE STAINS JOINTS AND TING & AND OUE TO FREEZING AND GROUT ING
<1.0GPM[> 20GPH |>100GPR| THAWING
PER PER PER
BLOCK | 8LOCK { BLOCK
3.4 [DRAINS EXCESSIVE OR FNCREAS NG INTERNAL CRACKING tF FLON|IF FLOW] LOSS OF WATER: PLUG EXISTING
INCREASING FLOWN DRAIN DJSCHARGE > 50GPM {>100GPM]| LEACHINGt PROGRES- [ DRAINS AND DRILL
MILKY WATER WITH STEADY AND AND SIVE INTERNAL NEW RELIEF DRAINS
RESERVOIR RATE OF |RATE OF | CRACKINGS FREEZING
INCRSE | INCRSE } THAWING DAMAGE
>IGPR | > SGPM
PER DAY|PER DAY
2.0 | GALLERIES & SHAFTS IN DAR
£.1 [CONDITION CRACKINGY VISIBLE CRACKS ] THERMAL GRADIENTS IF DRY JSEEPAGE |SEEPAGE] FLOODING OF GALLERY] SEAL CRACKS BY
OF CONCRETE | IN UPSTREAM WITH NOTICEABLE| BETWEEN RESERVOIR OR FEW | >5GP# §>20GPM § PROGRESSIVE CRACK- | EPOXY INJECTION
LONGI TUDINAL SEEPAGE -AND UPSTREAM WET THRU AND ING
GALLERIES (GALLERTES SPOTS | CRACK {INCR'NG
CRACK INGY VERTICAL CRACKS. |COOLING OF MASS NOY CONT, 1 CONT, [BUILOUP OF INTERNALJGROUTING WITH
IN TRANSVERSE JCONTINUOUS THRU FCONCRETE AND RE- CONT. JOPENINGIPROG*NGIPORE PRESSUREY EPOXY
GALLERIES WALLS, CEILING |STRAINT NEAR FOUN- JOPENING] >.04% [OPENING]|STRESS CONCENIRA-
AND FLOOR DATION <02 (1 Mm)} >.08" JTIONSY RISK OF
(.5 MR)] AND 1(2 M) JINSTABILITY
AND SOME |LEAKAGE
DRY SEEPAGE[> 10GPM
4.2 | CONTRACTION [ OPENING OF SEE 2.2 SEE 2.2 SEE 2.2 SEE 2.2
JOINTS JOINTS i
4.3 JDRAINS IN JEXCESSIVE OR SEE 3.4 [ SEE 3.4 SEE 3.4 SEE 3.4
OAR INCREAS NG FLOM s
NILKY WATER
PLUGGED DRAINS ] FLON IN DRAIN JLIME AND SILICATES 112 BUILDUP OF INTERNAL}REAMING OF EXIST-
CHOKED BY CAL- | LEACHED FROM DRAINS PORE PRESSURES ING DRAINSt DRIL-
CIUM AND OTHER | CONCRETE COMPL 'Y OPENING OF INCIPE- JLING NEW DRAINS
DEPOSITS PLUGGED. ENT CRACKS IN DAM
§.4 { FOURDATION | EXCESSIVE OR INCREASE N INADEQUATE GROUT > S0GPK > 100GPK] UNDERMINING AND GROUTING OF FOUN-
DRAINS ENCREASING FLOW ] DRAIN DISCHARGE | CURTAINY PIPING OF AD AND ] WEAKENING OF FOUR- | DATIONS AMD THEN
WITH STEADY RE- | FINES FROM FOUND- INCR* NG INCR*NG] DATIONI HIGHER UP- JORILLING HEW
SERVOIR ATION AND ABUTMENT <1GPM | > 5GP | LIFT : DRAINS
k STRATA PER DAY|PER DAYl
MILKY WATER SEDIMENT IN PIPING OF FINES SEDI- UNDERMINING AND GROUT ING OF FOUN-
(SEEPAGE WATER FROM FOUNDAT IONS MENT WEAKENING OF FORN- JDATIONS AMD THEN
. . AROUNT DATIONs HIGHER UP- | DRILLING NEW
INCR*NG LIFT DRAINS
PLUGGED DRAINS [ FLOW AND DRAIN . { MINERALS LEACHED DRAINS EXCESSIVE UPLIFTY | REAMING OF EXIST-
CHOKED BY MIN- | FROM GROUT OR ROCKS PLUGGED REDUCED FACTOR OF ] ING DRAINSt DRIL-
ERAL DEPOSITS FOR SAFETY AGAINST LING NEW DRAINS
| = >I W SLIDING
4.5 |GUTTERS | NOT FUNCTIONING | OVERFLOWING | SEDINENTATION, POOR | % CAN IWPEDE DRAIN | PERIODIC THOROUGH
MAENTENANCE FUNCTION AND CLEAN P AD :
- MONITORING OF NAINTENANCE
UPLIFT METERS
4.6 JUTILITIES POVER FAILURE FLOODING OF WALFUNCTION OF IF IF EMERGENCY PUMPING
GALLERIESS EQUIPMENTs SHORT CIRLS | ACCESS 10 RE-OPEN ACCESSt
NO VENTHLATION ] CIRCULTSt POOR & EQPT | IMPOS~ REPAIR AND RE-
| MA LNTENANCE ACCES- | SIBLE PLACEMENT OF
SIBLE FAULTY EQUIPMENT
5.0 | DRAINAGE_AND GROUT ING( FOUNDATION) TUNNELS
S.1 ] COCRETE CRACKING HORTZONTAL FOUNDAT ION OR ABUT- | CRACK | CRACK ] CRACK |IF CRACK OPENING ADDITIONAL GROUTING
LINING CRACKS) OPEMING | MENT HOVEMENTY €5 | 310° | 320° |AND OFFSET PROGRES-JAND DRAJHAGE OF
.>.04" AND SEE-] EARTHOUAKE LONGY | LONGL | LONGY JSIVE. CAN CAUSE FOURDATIONS AND
1PAGE FLOW DRYs FLOW FLOW JFOUNDATION INSTA- [JABUTMENIS
1 OPNG 1> SGPMs > 20GPMeBILETY
£.08" OPNG> { OPNG >
. 2" AND{. 5% AND
OFFSET | OFFSET
5.08¢ | S.2v




Table 5-1 (continued)

NO. | FEATURE | DEFECT | INDICATORS |POSSIBLE CAUSES |— DEFICIENCY POTENTIAL REMEDIAL
st Jsertous] VERY EFFECTS MEASURES
SERIOUS
5.2 JORAINS {SEE 4.3 SEE 4.3 SEE 4.3 StE 4.3 NOTEs
TUNELS OFTEN
CONNECTED 10
GALLERY SYSTEM
' 1N DAM
5.3 |RocK SWELLING OR  |ROCK WALL{FACE) | STRESS RELIEFT IF | IF |ABUTAENT INSTABI- |RESIRICT RESERVOIR
CODITION SQUEEZING ROCKy {MOVEMENTY OFF~ [EARTHQUAKEY MAJOR MQVE- § CONT. JLITY OPERATION. ADD{TI~
{N UNLINED JROCK FALLS SETS AT JOINIS ISULIDEe FAULT MOVE- MENT | MOVE~ ONAL GROUTING AND
TUEL MENT AT MENT &1 . . DRAINAGE OF ABUT-
JOINTS | JOINT MENT AND FOURDAT [ ON|
CONT. | OFFSET
v 320
5.4 [GUITERS SEE 4.5 SEE 4.5 SEE 4.8 SEE 4.5 SEE 4.5
5.5 JUTILITEES SEE 4.6 SEE 4.6 SEE 4.6 SEE 4.0 NOTE,
TUNNELS OFTEN HAVE
SAME UTELITIES AS
GALLERIES IN DAM
6.0 | ABUTHENTS AND FOURDATION CONTACT ~
6.1 |DRAINAGE EXCESSIVE SEE~ |SPRINGS AND INADEQUATE GROUT cut *— IF FLOX INCREASING JADDITIONAL GROUT ING]
SYSTEM PAGE THRU FLOW THRU -0FF. SOLUBLE ROCKs MAY (NDICATE LEACH-
ABUTMENTS ROCK JOINIS MOVEMENT AT JOINTS, 1NG OUT AND WEAKEN-
FAULTSY EARTHQUAKE NG OF FOUNDATION
- ABUTMENT
PLUGGED DRILLED JOBSTRUCTION OF |SEE 4.3 SEE 4.3 SEE 4.3
DRAINS FREE FLOW M1-
NERAL DEPOSITS . 1
6.2 JCONDITION ROCK INSTABI- SLIDESYT JOINT DIFFERENT IAL MOVE- L\ 8 PROG, INSTABILITY OF DAM]LOWER RESERVOIRe
OF iy, MOVEMENTY LARGE JMENT IN ABUTMENTY HALTEDs] MVT.0 | AND ABUTMENTS, RE INFORCE AND
ABUTMENTS L00SE BLOCKSY EARTHQUAKES MAJOR SLOPE UPLIFT | HAZARD TO DOWN- SUPPORT ABUIMENTY
SLOPE PROTECY- |[SL{DE PROTEC-| BUILD-] STREAR STRUCTURES §GROUTING AND DRAIN-
10N DAMAGE TiON w AND ACCESS TAIL- ACE,
LOOSE ANCHORS INTACT RACE BLOCKED
7.0 | BUTTRESS DS
7.1 |FACE DAMAGED EXPOSED WEATHERINGY SULFATE | CRACKS |RUSTY [REBAR ] DETERIORATION AND {REM, OF DAMAGED
SLAB OR CONCRETE RESTEELY ATTACKY ALKALI-AGGRE| TIGHT . | REBARS:] CORROD-] FAILURE OF SLAB OR |CONC, 'CLEAN®P OF
ARCH BARREL 3 LEAKAGEY GATE REACTION & DRYr | SEEPAGE] ED)SO’{ ARCH BARRELY LOSS JRUSTY STL.s ADDI-
CRACKED AND REBARS | > SGPM | SEEPAGE] OF WATERs TIONAL STL. ¢ PATCH-
SWOLLEN NOT PER >10GPM UP Wi EPOXY MORTAR:
CONCRETE RUSTY |BLOCK [PER PART, RECONSTUCT 10N
 Ietock OF SLAB OR ARCH.
DAMAGED CON- DAMAGED WATER- | DIFERENTIAL MVI, OF LEAKAGE] LEAKAGE] LOSS OF WATERs SEAL JOINT WITH
TRACTION STOPSs LEAKAGEs | DAM BLOCKSt DETERIO- > SGPM 1> 10GPR | FREEZE-THAW DAMAGE | FLEXIBLE GROUTY
JOINTS. JOINT MASTIC RATION OF WATERSTOP PER & INCR.| AT JOINT FILL JOINT DRAIN
OAMAGED. & JOINT FILLERS W/ JOINT |STEADY WITH ASPHALTIC
AGE1 EARTHOUAKE, RSVR. MATERIAL
1.2 {BUTTIRESSES JVERTICAL CRACKS | CRACKS NOTICE- | FOURDATION SETTLE- JCRACKS JCRACKS ] CRACKS JOVERSTRESS INGI GROUT CRACKS WiTH
ABLE N COLD MENTY TEMPERATURE s LoNgl > 10t > 20° JINSTABILITYs PRO- £POXY IN COLD
SEASONI EXTEND-| CHANGES IN MASS TIGHT |LONG LONG  JGRESSIVE DETERIORA-] WEATHERY STRENG-
1NG P FROM CONCRETE BUTRESSES ¢ IN > 0.04" [ TION OF BUTTRESS THEN AND BRACE
FOUNDAT I ON EARTHQUAKE WINTER JDETECT-] OPEN BUTTRESS
€0 IN
SUWKER
DAMAGED SEE 7.1 SEE 7.1 CRACKS [RUSTY | REBARS | DETERIORATION AND | SEE 7.1
CONCRETE TIGHT. {REBARSH) COR- FAILURE OF STRENGTHEN AMND
- REBARS JLARGE ] ROOED | BUTIRESS BRACE BUTIRESS
NOT SPALLS {> 50%
RUSTY LARGE
SPALLS
7.3 | FORDATION |HIGH PIEZOE- | JOTNTS GPEN IN | WIOH UPLIFT GRAD- | NG |SOME  |CONTIN-] REDUCED RESISTANCE | ADDITIONAL SHALLOW
& WPSTREAA [TRIC PRESSIRE | FOUNOATIONY | 1ENTs INADECUATE  |FOUNDA-|FOUDA-JUOUS | AGAINST SLIDINGI | GROUTING AID THEN
SLAB R AND UPLIFT EXCESSIVE SEE~ {UPLIFT RELIEF TIoN Tion FOUNDA- INSTABILITY OF NEW DRILLED DRAINS
ARCH PAGE AND FOUN- CREEP. MOVE- {TION B8LOCK TO RELIEVE UPLIFY
CONTACT DAT ON DEFORMA- SEEP- IMENT, [CREEP.
TION AGE SEEP- | SEEPAGE
<20 WN{AGE )100@’“1
PER PSO 6P| PER BLK
slock [per | & IN-
BLOCK | CREAS-
ING




ARIZONA DAM OWNER AWARENESS WORKSHOP
Sponsored By:

Arizona Department of Water Resources
Arizona Consulting Engineers Association
Association of State Dam Safety Officials .

Federal Emergency Management Agency

In order to improve future workshops, we would appreciate your taking a
few minutes to complete the following questions on the Arizona Dam
Owner Awareness Workshop. Your thoughts and opinions will be extremely

helpful to us.

1. How would you rate the overall gquality of the workshop’s program?
The quality was:

({a) Excellent
(b) Good
(c) Fair
(d} Poor

2. How would you rate the overall quality of speakers at the workshop?
The speakers were:

(a) Excellent
{b) Good
(c) Fair
(d) Poor

3. The length of time spent on each topic was:
(a) too short
(b) too long )
(c) 1long enough to fit topics under consideration

Additional comments about time spent on specific topics?

4. Did you particularly enjoy or find any of the topics especially
interesting?

Why was that one of particular interest?




RISK ASSESSMENT FOR DAMS

David .S. Bowles, PhD, PE, PH Loren R. Anderson, PhD, PE
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RISK ASSESSMENT FOR DAMS

David S. Bowles, Loren R. Anderson, and Terry F. Glover

Utah State University
Logan, Utah 84322-8200

ABSTRACT

Risk-based procedures for assessing appropriate safety levels for new
and existing dams have been proposed for use in planning and design of -
dams and screening of unsafe dams. The risk assessment framework and its
application to dams is presented. Approaches for estimating the various
types of probabilities and consequences needed to perform a comprehensive
dam risk assessment are described. Several methods for planning,
screening, and design level risk assessment are summarized. The paper
closes with a discussion of the advantages of, commonly stated objections
to, and some conclusions related to, risk assessment for dams.

1. INTRODUCTION

1.1 Background

-

Interest in dam safety has grown in the past decade. According to
the National Research Council (1985), reasons for this growth include:
several disastrous dam failures or near failures in the United States and
‘other countries; the classification of approximately 3,000 high-hazard
dams as "unsafe" by the National Dam Inspection Program conducted by the
U.S. Army Corps of Engineers; the high cost of improving these "unsafe"
dams to meet current design standards; and the consideration, by many
states, of more stringent regulation of privately-owned dams.

Simultaneously there has been a growing interest in the potential for
using risk assessment procedures to provide a framework for addressing dam
-safety problems. Such procedures can provide a basis. for evaluation of
-proposed safety improvements. for new or existing structures. The purposes
of this paper are to present the risk assessment approach as it is applied
to dams, to compare several alternative procedures for dam risk
assessment, and to discuss some of the advantages, limitations, and other
issues relating to this application of risk assessment.

In this paper the term "risk" will be used to mean "the potential
(probability) for the realization of unwanted consequences from impending
events" (Rowe, 1977). According to this definition, the term risk has two
dimensions associated with an undesirable event: the probability of its
occurrence, and the magnitude of its consequences. By this definition
economic damages resulting from a dam failure are considered to be a
component of the consequences which may include potential 1ife loss and
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environmental damage. The term "risk cost" is used to describe the
expected value of economic damages on an annual basis.

1.2 Levels of Risk Assessment

Different levels of detail in the risk assessment procedures used for
dam safety evaluations are appropriate at different stages in the life of
a dam. As the data base for a dam grows and as the issues to be addressed
change from general questions of site selection, to specific issues of the
selection of design parameters, the degree of detail which can be
justified in the risk assessment grows correspondingly (Bowles et al.,
1978, Howell et al., 1980). Three levels of risk assessment applications
to dams can be distinguished. In order of increasing detail they are the
planning level, the screening level and the design level.

At the planning level it 1is desirable to introduce an estimate of
risk cost associated with dam failure into the benefit-cost analysis as a
means of including societal risk into the process of deciding to build a
dam (Pate-Cornell and Togaras, 1986). At this Tlevel the estimated
probabilities and consequences of dam failure are only approximate and
usually will rely heavily on historical information (U.S. Water Resources
Council, 1979).

The screening problem is the identification and ranking of "unsafe"
dams in order of priority for expenditure of limited funds to pay for
remedial action. In this context the absolute values of probability and
consequence estimates are less important than a consistent procedure for
estimating them so that an accurate ranking will be achieved., At the
screening level site-specific conditions would typically be evaluated
using reconnaissance level investigations and only approximate engineering
and economic analyses. An example of the screening level is the method
developed for the Federal Emergency Management Agency (FEMA) by Stanford
University (McCann et al., 1985).

A design level risk assessment involves detailed questions such as
the selection of design standards and choices between design alternatives
for the dam and its appurtenance structures. Carefully estimated
probabilities and consequences must take into account site-specific
conditions based on detailed site investigations and engineering and
economic analyses. In addition the sensitivity of conclusions must be
investigated with respect to uncertainties in the estimates of both
probabilities and consequences. The only documented procedures at the
design level are by the U.S. Bureau of Reclamation (USBR, 1986). Work
which contributed to these procedures includes work at Utah State
University (USU) which is described by Howell et al. (1980).

1.3 Outline of Paper

This paper is divided into five sections. After this introductory
section the overall framework for risk assessment and its application to
dams is presented in Section 2. A description of approaches for
probability and consequence estimation is provided in Section 3. The
approaches described 1in Sections 2 and 3 are those utilized by the USU
procedure (Howell et al., 1980). Several methods of risk assessment which




are currently 1in use or have been proposed are classified by risk
assessment level and are summarized in Section 4. In Section 5 the
advantages of, and commonly stated objections to, risk assessment of dams
are discussed. The paper is closed in Section 6 with a presentation of
conclusions and other issues.

2. RISK ASSESSMENT FRAMEWORK AND ITS APPLICATION TO DAMS

2.1 General Framework

Risk assessment involves the identification, estimation and evalua-
tion of risks associated with a natural or man-made system. The purpose
of risk assessment is to evaluate whether the present margin of safety or
reliability of the system is acceptable, or to select an alternative for
controlling risk in terms of either the probability or consequences of
system failure (see Fig. 1). Risk management comprises both the
identification, estimation, and evaluation aspects of risk assessment and
the implementation aspects of risk control (see Fig. 2). This paper
emphasizes risk assessment although some references are made to the larger
problem of risk management.

Figure 3 illustrates the relationship between the steps of risk
identification, estimation, evaluation and control for environmental risk
management. The implementation of risk control measures, which could be
structural or nonstructural in nature, would typically introduce new risk
factors which could lead to the need for a second-order risk analysis.
The first two steps of risk identification and estimation are usually
performed by an analyst, such as an engineer or an economist. Risk
evaluation and control are usually determined by a decision maker and
typically involve political judgments as to risk acceptability (e.g., how
safe is safe enough?). Examples of approaches used in each of these four
steps in an environmental risk management problem are given in Figure 3.

2.2 Application to Dams

Dam engineering 1is not an exact science. The successful design and
construction of dams requires the application of judgment by highly
experienced engineers, geologists, hydrologists, and others. Traditional-
ly the approach to dam design focuses deterministic analyses on extreme
events, such as the probable maximum flocod (PMF) or the maximum credible
earthquake (MCE), and uses conservative estimates of such properties as
concrete or soil strength. Safety factors are used to evaluate the ratio
of resisting to overturning moments for such failure modes as slope in-
stability. As a result, through the practice of the traditional approach,
which is based on the accumulation of many decades of dam engineering
experience, an impressive safety record has been achieved.

However, the traditional approach does not attempt to explicitly
quantify all significant risk factors for a dam. Nor does it explicitly
determine the degree of safety which can be justified for a particular
structure considering the potential consequences of a sudden release of
the contents of a reservoir following dam failure. The risk assessment
approach provides the framework to make such a quantitative determination.
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Figure 3. Environmental risk management (after O'Riordan, 1979).

The approaches to applying risk assessment to dams differ at the
planning, screening and design levels. The approach appropriate at the
most detailed, or design level, .is presented below. This presentation
follows the identification, estimation, aversion, and acceptance steps of
the approach as shown in Figures 1 and 2.

2.2.1 Risk identification. Firstly a sequence of events is
jdentified beginning with events that can initiate dam failure and ending
with the consequences of the failure (see Fig. 4 and 5). Initiating
events can be classified as external or internal. External events include
earthquakes, floods, and upstream dam failure. Internal events include
chemical changes in soil or concrete properties or latent construction
defects. At Tow levels these events would not lead to dam failure.
However, at high inflow rates a rapid rise in pool Tevel could lead to
overtopping, or a severe earthquake could result in structural deformation
or liquefaction. These and other dam-foundation-spillway-reservoir system
responses are failure modes which can lead to the outcome of the sudden
release of the reservoir contents. The magnitude of the resulting
property damage and T1ife loss will depend on various exposure factors.
These include flood routing to determine the path of the fiood wave, the
area of inundation, and the travel time; the time of day and season of the
year; and the effectiveness of any warning systems and evacuation plans.
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Consequences are classified as life loss and economic loss which includes
property damage, cost of dislocations, and loss of project benefits.

During the identification step, professional judgment and experience,
review of available information, and site visits are used to develop a
list of the types of initiating events, system responses, outcomes,
exposure factors, and consequences which apply to a particular dam-
foundation-spillway-reservoir system. A diagram such as that shown in
Figure 5 is then constructed to describe the event-consequence sequences
or initiating event-system response-outcome-exposure-consequence pathways.
Using the information assembled in Figure 5 an event tree (see Fig. 6) is
developed to describe each pathway associated with a particular range of
magnitudes of an initiating event (e.g., a range of reservoir inflow
magnitudes or a range of ground accelerations at the dam site associated
with seismic activity). The event tree is the risk model for the design
level risk assessment.

2.2.2 Risk estimation. The second step in the (design level) risk
assessment procedure is the estimation of the probability and consequence
components of risk. The types of probabilities to be estimated are shown
on Figure 4 and are as follows:

. Annual probability of occurrence of loading (e.g. flood) in a range
of magnitudes, E - Prob(E)

. Conditional (response) probability of dam failure by a specified
failure mode (system response), F, given that loading occurs in the
range, £ - Prob (F/E) )

. Conditional probability of the outcome, 0, release of reservoir
contents, given that failure mode, F occurs - Prob (0/F)

. Conditional probability of 1ife loss-(and in some cases property
damage), L, for a population at risk given that the outcome 0
occurs - Prob (L/0)

Alternative methods for estimation of these probabilities are discussed in
Section 3.1.1. A1l event sequences defined by the event tree risk model
are considered. Estimation of economic (Lg) and life (L) loss and
consideration of exposure factors are discussed in Section 3.2.

The partial risk cost for the ith pathway is obtained by taking the

product of the four probabilities and the economic consequences as
follows:

ci = Prob (E) Prob (F/E) Prob (O/F) Prob (L/0) Lf (1)

The total risk cost is obtained by summing the partial risk costs over all
N mutually exclusive pathways as follows:

N
C= I ¢j (2)
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10

The probability of 1ife loss for a population at risk due to a
failure described by the itN pathway is given by:

pi = Prob (E) Prob (F/E) Prob (O/F) Prob (L/0) (3)

A histogram, P(L{s), of 1ife loss can be constructed by summing the
pathway probabilities associated with pathways with potential magnitudes
of 1ife loss consequences falling in several magnitude intervals:

P(LLj) = Pi
in which

s = set of all pathways for which LLj <L < LLj+1

2.2.3 Risk aversion. The product of the second step is an estimate
of the probability of failure, the risk cost, and life loss that would be
associated with each failure mode, or combination of failure modes, for
the baseline or do nothing alternative (see Fig. 1). If these risks are
unacceptable, the analyst moves to the third step. This involves
formulation and evaluation of alternatives for risk aversion, which are
commonly referred to as remedial action or rehabilitation alternatives for
dams. Risk aversion can be achieved by reducing the probabilities
associated with a pathway or by reducing the consequences. In both cases
structural or nonstructural measures may be considered. Figure 4 1lists
some examples of aversion measures and shows the probability or
consequence that would be expected to be reduced by their implementation.
An important and sometimes difficult part of the evaluation of risk
aversion measures is the estimation of the reduction in the probabilities
or consequences that would be expected as a result of implementing a
measure. For example, what would be the reduction in Prob (F/E) for
foundation failure during an earthquake if rock anchors were placed in the
foundation? Or, what would be the reduction in Prob (L/0) if a flood
warning system and evacuation plan were implemented?

The product of the aversion step is an estimate of the reduction in
probability of failure, the risk cost, and life loss that can be
attributed to the implementation of a risk aversion measure. Such
reductions are used as an estimate of the benefits of the measure and
hence a benefit-cost analysis can be performed.

2.2.4 Risk acceptance. The final step in the risk assessment
process is the decision as to what degree of safety should be achieved, or
equivalently what residual risk will be accepted. Although the analyst
can supply information and recommendations for this decision, it is
usually made by a decision maker such as the dam owner, operator, or
regulator. The decision is especially sensitive and difficult where lives
are at risk and where large investments will be required to improve safety
with 1ittle or no effect on the project benefits, except of course to
their expected longevity considering the reduced likelihood of dam
failure.
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3. ESTIMATION PROCEDURES

3.1 Probability Estimation

3.1.1 General approaches. There are three general approaches to
probability estimation: historical/empirical, judgmental, and analytical.
The historical/empirical approach utilizes historical frequencies of
events as probability estimates. The larger the available sample size
used the better the estimates are expected to be. Thus a long record of
flows or seismicity can be expected to yield better (i.e., less uncertain)
estimates of extreme floods or earthquakes than a short record. Similarly
a large data base of dam failures, categorized according to such factors
as the type, size, age, and Tlocation of the dam, can be expected to
provide better estimates of the probability of failure due to a specified
failure mode than would a small data base. However, the available data
base for dam failures is usually small for a particular category of dam,
especially large dams, and in any case will provide only an estimate of
probability of failure for "average" conditions rather than for the
specific conditions of the dam which is under evaluation.

In order to incorporate additional information about the study dam
obtained from-field work, Taboratory testing, engineering analyses and
expert Jjudgment, the historical/empirical probability estimates are
treated as initial estimates which can be updated judgmentally using the
additional information. The Bayesian approach to estimation provides a
formal method for updating historical probability estimates using
"judgmental" information, as follows:

Prob ' (F)L{X/F) + Prob'(F)L(X/F)
in which

_Prob"(F/X) = updated estimate of probability of failure given
additional information X about the dam

Prob'(F) = prior estimate of probability of failure

Prob'(F) = prior estimate of probability of no failure

L(X/F) = likelihood of observing information X given that the dam
were to fail

L(X/F) = likeTlihood of observing information X given that the dam

were not to fail

McCann et al. (1985) provide values for the likelihood functions, L, for
several dam failure modes although it is not clear what is the basis for
the suggested values.

The third method of probability estimation is the analytical method
in which models are used to transform probability distributions of loads
and strength parameters into an estimate of the probability of failure.
For example, the probabilistic slope stability method of Sharp et al.
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(1981) can be used to estimate the probability of slope failure due to the
spatial variability in shear strength in a zoned embankment.
Unfortunately the analytical approach usually requires additional
expensive field work in order to estimate distributions for strength
parameters. Also, site specific information is often lacking and
realistic models necessary for estimating failure probabilities for such
phenomena as piping are not available. At this time the analytical
approach is generally considered to be an approach which needs additional
research and development before it is ready for use in practical dam risk
assessments. Therefore, the historical/empirical approach with judgmental
updating where appropriate is most commonly used.

The four types of probabilities to be estimated in a dam risk
assessment were listed in Section 2.2.2 as Prob (E), Prob (F/E), Prob
(O/F) and Prob (L/0). Estimation of the first three probability types is
briefly discussed below and estimation of the fourth type is discussed in
Section 3.2.

3.1.2 Probability of initiating events, Prob (E). Most commonly,
three types of loading conditions are considered for a dam risk
assessment: static reservoir load, hydrologic (flood) load and seismic
load. Other loading conditions may be identified for a particular
structure but only these three will be considered here.

Static loading can lead to various failure modes such as piping or
embankment instability. The probability of reservoir loading (i.e.,
reservoir stage) being in a range that could lead to such failure modes
can be evaluated from information on the operating policies for the dam.

Hydrologic loading is evaluated in terms of peak inflow design rates.
Where measured flow data are available, a flood frequency analysis can be
performed to estimate the probability of occurrence of more frequent
events. Depending on the length of record it might be reasonable to
extend such a frequency curve to events with return periods of 100 or 200
years (see for example Bulletin No. 17B, U.S. Department of Interior,
1982). However, the probable maximum flood (PMF) is associated with much
rarer events and  its return period cannot be determined with confidence.
Since a probability must be estimated for flow ranges up through the PMF
in order to perform a quantitative risk assessment it is customary to make
an arbitrary probability ass1gnment for the estimated PMF. Typically this
would be in the range of 10-% to 10-® per year. USBR (1986) suggests an
approach. whereby the 5% and 95% confidence limits on the PMF are assigned:
probabilities of 10-6  and 10'4, respectively. The frequency curve is
extended to the plotted point corresponding to the PMF, and thus a
probability of peak reservoir inflow being in any flow range up to the PMF
can be obtained. Typically in a risk assessment the dividing points
between flow ranges are on critical flows associated with thresholds for
failure modes of the existing dam or its rehabilitation alternatives, or
with changes in the downstream stage-damage relationship.

The estimation of probabilities of seismic load ranges has certain
similarities to the case of estimating the probabilities of hydrologic
load ranges. Frequency analysis is performed on available historical
seismic data and then extensions are made to the maximum credible
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earthquake (MCE). A1l known faults (and random locations if appropriate)
which could affect the dam site after attenuation is taken into account
must be considered and the probability of accelerations at the dam being
in various ranges are estimated. As with the case of hydrologic loading,
acceleration ranges are based on critical values of acceleration
associated with thresholds for failure modes of the existing dam or its
rehabilitation alternatives.

3.1.3 Conditional system response probability, Prob (F/E). For each
loading type the event tree constructed during the risk identification
step (see Fig. 6) specifies failure modes or system responses which could
occur during initiating events with magnitudes in each loading range. In
some cases such as overtopping of an embankment dam this relationship
between Prob (F/E) and E may approximate a step function (see Fig. 7a).
In other cases, such as a seismically induced failure mode in a region of
low seismicity, the relationship may be a smooth curve which does not
reach a probability of 1.0 at the maximum acceleration at the site.

Response .probability relationships are based on engineering analysis,
experience, and Jjudgment. Research in the form of scale model studies,
numerical modeling, and evaluation of historical dam failures is needed in
order to improve our current estimates of these relationships.
Uncertainty in estimates of the threshold at which Prob (F/E)
significantly departs from zero, or the steepness of the response
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Figure 7. Examples of system response probability relationships.
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probability curve, leads to wider confidence limits on estimated
probabilities of dam failure and risk costs.

3.1.4 Outcome probabilities, Prob (0/F). The outcome of a failure
mode may be a partial or complete failure of the structure. A complete
failure implies a breach with release of the reservoir contents and a
partial failure implies damage to the structure but no catastrophic
release of the reservoir contents.

For a seismically induced failure mode the type of outcome would
typically be dependent on the level of the reservoir at the time of the
failure. Thus an evaluation of the reservoir operating policy can lead to
an estimate of Prob (0/F). For a hydrologically or statically induced
failure mode the outcome probability may be set equal to 1.0 since the
probability of reservoir level is usually accounted for in Prob(E) or it
can be used to account for other factors such as the duration of an
overtopping event which could determine the difference between a partial
and complete failure.

3.2 Consequence Estimation

3.2.1 Types of consequences. The consequences of a catastrophic dam
failure can be grouped into various categories such as economic, life
loss, environmental, social, etc. In this paper consequence estimation
for only the first two categories will be discussed. = This discussion
includes reference to estimation of exposure probabilities, Prob (L/0).

3.2.2 Economic damages. The quantification of economic damages
requires identification of the inundated areas for each dam failure mode.
The inundated areas are obtained from dam break modeling and flood
routing. Land use characteristics and business activities which would be
affected by flooding and public facilities and service operations which
may be interrupted by flooding must be identified. Potential losses which
could result from dam failure, <include property damages, incomes foregone,
and project benefits which are foregone because of the failure.

Damages that will occur without dam failure are defined as baseline
damages (see Fig. 8). They include operational damages resulting from
normal spillway operations or overtopping prior to or without structural
failure. Baseline damages precede dam failure and are not properly
attributable to the uncontrolled release of reservoir storage. As such,
they must be deducted from the total estimate of flood damages in order to
determine those that are directly related to structural failure. These
damages are not preventable by dam safety modification, except by
providing additional storage. They would occur regardless of the changes
made to spillways or outlet works.

Damage estimates for a given failure mode must be made for
alternative loading conditions (e.g., flow range as a percentage of the
PMF) . These damages are estimated for agricultural, instream,
residential, public and industrial losses incident to dam failure. Stage-
damage ratio curves have been developed by the Federal Insurance
Administration (FIA) and used for residential structures. The U.S. Army
Corps of Engineers has developed stage-damage ratios which can be used for
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commercial and industrial structures and for public facilities. The
losses to residential areas from flood inundation include damages to
dwellings, costs of displacement during the time dwellings are repaired or
rebuilt, and damages to personal property which can be estimated from
Tocal insurance records. Dwelling values can be obtained for broad
residential districts from local records.

Business losses can be estimated for two categories of loss: capital
losses and employment and income losses. The former involves the Tlosses
of equipment, structures and contents. Values are taken from industrial
indices for various standard industrial code (SIC) industry
classifications. Employment losses involve the jobs and associated
incomes that are lost due to flooding. Current population reports and
census reports are also of value in estimating commercial as well as
residential conditions.

The cost of repairing or replacing public facilities and services are
assumed as a proxy for damage estimates. For example, bridges in the
flood path may be destroyed with the result that traffic will be forced to
take longer routes until they are replaced.

Agricultural Tlosses are divided into capital losses, crop losses and
losses of the productive capacity of land. Capital losses are damages to
equipment and structures. Crop losses include foregone income from crop
operations which are partially or totally interrupted by flooding. The
losses are estimated by crop type, average productive capacity of land
bases, and normalized prices for the crops involved. Input costs, such as
fertilizer and seed costs, should be included in the estimated damages
since their services in production are partially or totally lost due to
destruction of the crop. Most of the analyses related to these 1loss
estimates are similar to the economic benefit evaluations of standard
water development projects and loss estimation procedures and farm
enterprise budgets for use in the U.S. Such procedures are available from
the Division of Planning Technical Services of the USBR. If any of the
inundated areas are expected to experience severe erosion or flood debris
damage, the productivity of the land is diminished. Lost value of the
land should then be estimated and included in the damages.

The amount of warning time and emergency evacuation procedures affect
the amount of property damage. Given sufficient time, people can
generally evacuate with some amount of property, including equipment,
personal cars and other high value but mobile items. Livestock may also
be moved to higher ground or away from areas where they may be isolated by
flood. These actions can reduce damages considerably. Therefore, an
assessment of any currently installed or proposed emergency warning system
and subsequent warning times and the emergency evacuation procedures needs
to be completed in order to apply reduction factors (exposure
probabilities) to the damage estimates, particularly capital and personal
property estimates. Figure 9 shows graphically a probabilistic analysis
of a monitoring system and warning system.

' In addition to property damages, loss of reservoir benefits must be
estimated and included 1in the damage calculations. These losses are
included for the period of time that reservoir storage is lost or reduced.
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If the structure is to be repaired, then these losses are included for a
partial rather than project Tife basis, but the repair costs are included
in the estimates of losses.

3.2.3 Potential Tlife loss. The importance of considering the
potential impact of a dam failure on downstream populations cannot be over
emphasized. This issue is discussed in Section 5.2. In order to estimate
potential Tlife loss the population at risk must be identified from
inundation maps. Often there will be more than one population at risk
(e.g., recreational use below dam, ranchers below dam, downstream town)
where populations are distinguished by location (and warning time) and
exposure characteristics (e.g., sparse such as farmers, dense as in a
town, seasonal as for campers, residential or business with different day
and night time characteristics).

Each population at risk must be evaluated separately with respect to
the effectiveness of a warning system, the length of warning time
considering the travel time for the flood wave, and the effectiveness of
evacuation plans. An evaluation of historical dam failures by USBR (1986)
indicates a very significant reduction in exposure probability for smaller
communities with adequate warning time over similar communities without
adequate warning time. USBR (1986) found an exposure probability of
0.0002 for situations in which the warning time exceeded 1.5 hours.
Estimates of exposure probabilities for large metropolitan areas, or for
other special situations, can be improved by using evacuation modeling
(Jaske, 1985). Differences in exposure probabilities associated with
different failure modes must be considered. For example, if failure
occurred as the result of an earthquake, warning time would likely be Tess
than a failure resulting from hydrologic causes for which inflow forecasts
might provide forewarning of exceptionally lTarge inflows.

3.3 Sensitivity Analyses

Traditionally, estimates of loads on material strengths  in
engineering design are made on a conservative basis. In a risk based
approach additional estimates are made to describe a range of estimates of
each load or probability or consequence. With this “internal" estimate
approach the effects of uncertainty in the estimation of the inputs to a
dam safety decision can be explored and documented through sensitivity
analysis. Where the recommended decision is sensitive to uncertain
factors additional efforts to reduce the degree of uncertainty can be
considered. Alternatively, if the Tevel of uncertainty cannot be
economically reduced the conservative design approaches can be used to
achieve acceptable safety standards. Since uncertainty exists in all the
inputs (e.g., probability and consequences) to a risk assessment the use
of sensitivity analyses is an important part of a comprehensive dam risk
assessment.
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4. BRIEF REVIEW OF METHODS

4.1 Scope of Review

Methods compared are grouped into three categories based level of
risk assessment. The traditional or subjective engineering design
approach which does not explicitly quantify risk or assess its
acceptability is excluded from this comparison. Neither does the
comparison include generic evaluation approaches such as surrogate worth
trade-off (Haimes and Hall, 1984), ELECTRE (Gershon and Duckstein, 1983),
or multi-attribute utility analysis (Keeney and Raiffa, 1976). A recent
evaluation for the U.S. Army Corps of Engineers (University of Southern
California, 1985) includes the traditional engineering design and generic
evaluation approaches with an apparent emphasis on considering hydrologic
Toading.

4.2 Planning Level Methods

At the planning level an estimate of risk cost associated with dam
failure can be introduced into the benefit-cost analysis which is used to
provide the economic justification for a decision to build a dam. Baecher
et al. (1979, 1980) describe a method for estimating the risk cost at the
planning stage based on an average (or default) historical/empirical
failure rate of 10-4 per year for large dams. In a recent paper Pate-
Cornell and Togaras (1986) presented three case studies of planning Tevel
risk assessments and extended the procedure to the case of sequential dam
failure. The level of detail used in these planning level methods is
consistent. with the level of effort which is expended on other planning
studies and the availability of site specific -information. Therefore,
this level would not be suitable for comparing the risks associated with
specific design alternatives for a proposed structure or for remedial
action alternatives at an existing structure.

4.3 Screening Level Methods

The screening problem is the identification and ranking of "unsafe"
dams in order of priority for expenditure of limited funds to pay for
remedial action. By its very nature the screening probiem implies that
several, and perhaps many, dams must be assessed. Therefore, the level of
detail required for analysis must be limited, and consistent procedures
will be important to achieve an accurate ranking. Screening level methods
are divided into index or qualitative methods and quantitative methods.

4.3.1 Index (qualitative) methods. Both the U.S. Army Corps of
Engineers and the U.S. Bureau of Reclamation have developed index methods
for ranking existing dams in terms of a subjective measure of "risk."
Hagen's (1982) method, developed for the Corps of Engineers, defines a
"relative risk index," R as the sum of an "overtopping failure score," 0
and a "structural failure score," S.

These scores are determined subjectively based on site inspection,
review of design and construction records, and other available
information. The maximum or worst case index value would be 250 and a
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high score would lead to assignment of a high priority for remedial action
to reduce the risk of dam failure.

The Bureau of Reclamation index method was developed as part of their
Safety Evaluation of Existing Dams (SEED) (USBR, 1980) program. The
evaluation process includes a site inspection and a review of available
information on dam design, construction, and operation. A detailed
evaluation report is prepared and a numerical measure of the dam's
condition and damage potential, referred to as a site rating (SR) is
assigned. The SR is obtained by summing the scores assigned to four
elements relating to the conditions of the dam (age, general condition,
seepage problems, and structural behavior measurements) and four elements
describing the damage potential (capacity, hydraulic height, hazard
potential/hydrologic adequacy, and seismic zone). Each element is scored
on a scale of 0 to 9 with 0 being the most favorable value.

During the evaluation a list of recommendations for upgrading the dam
is made and their significance is represented by a weighting system (USBR,
1980). The sum of the weights for all recommendations is added to the SR
to give a "SEED" value which is used to rank the dam with respect to other
dams.

4.3.2 Quantitative methods. Quantitative procedures for screening
Tevel risk assessment of dams have been developed by Stanford University
for the Federal Emergency Management Agency (McCann et al., 1985) and by
MIT (Vanmarcke and Bohnenblust, 1982). The framework for both procedures
is similar to that described in Section 2.2. Each is summarized below.

The Stanford procedure is divided into three parts. The first part
involves identification of the expected losses from dam failure and
utilizes the information which is wusually required for a Phase I
inspection of the National Dam Safety Inspection Program. It involves
+ collection of data, estimation of the probability of .failure of the dam
due to various initiating events, dam breach modeling and flood routing,
and estimation of direct economic losses.

In the second part of the procedure the expected loss due to dam
failure is estimated from the failure probability and economic loss
estimates in the first part. Under the third part the cost and degree of
safety improvement for each rehabilitation alternative is considered.
This information is presented on a cost-effectiveness basis in order to
rank a portfolio of unsafe dams for the expenditure of Timited remedial
action funds. Since ranking is the objective of the Stanford procedure it
emphasizes standardized methods of analysis which can be expected to lead
to reasonably consistent and reproducible results. Typically these
methods are simplifications of what would normally be done at the design
stage.

The MIT Screening Procedure is similar to the Stanford approach. It
is illustrated by a case study in which 16 Vermont dams are ranked for
remedial action using information available in inspection reports from the
National Dam Inspection Program. The wupdating of historical
frequency/empirical probability estimates of dam failure using information
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contained in the inspection reports using a Bayesian procedure is
illustrated.

4.4 Design Level Methods

A framework for design level methods of risk assessment for dams was
proposed by Bowles et al. (1978) at Utah State University (USU) and was
detailed by Howell et al. (1980). The USU method is presented in Sections
2 and 3 of this paper. A related approach was developed by the U.S.
Bureau of Reclamation (USBR) and has most recently been described by the
USBR (1986). The design level approach has been in use by the Engineering
and Research Center of the USBR for several years and by the writer in
conjunction with risk-based assessments of remedial action alternatives at
several dams.

The USBR approach is divided into two major phases: a hazard
assessment and a risk cost analysis of rehabilitation alternatives for
existing dam or design alternatives for new dam. In the first phase the
consequences of dam failure are evaluated in order to establish the
minimum acceptable level of protection for an existing structure. For
most dams this minimum protection level will be determined largely by the
consideration of potential 1ife loss assuming that an effective warning
system and emergency action plan has been adopted. For a new structure
the maximum loading conditions of the PMF for the inflow design flood and
the MCE for seismic loading would normally be used.

Once the minimum acceptable level of (protection) loading before
failure has been selected, the risk cost analysis is performed to
determine whether or not higher Tlevels of protection can be economically
justified. The risk assessment follows the basic steps described in
Sections 2.2 and 3 of this paper and is illustrated by a hypothetical
example in USBR (1986).

Although the overall framework for the USU and USBR approach
resembles that of the Stanford or MIT screening approaches the methods of

~analysis and probability and consequence estimation are more detailed for.

the USU and USBR methods and correspond to those normally used at the
design stage of dams. A crucial factor in the successful performance of
design level risk assessments is the incorporation of professional
judgment in the identification of rehabilitation alternatives,
identification and evaluation of failure modes and outcomes, the
subjective estimation and updating of probabilities, the performance of
meaningful sensitivity studies, and the interpretation of risk assessment
results. Therefore, it is essential that qualified and experienced
professionals, who would normally be responsible for dam design, should
also be responsible for design level dam risk assessments. Individuals
are are experienced in risk assessment can serve best as consultants to
the responsible engineers and should preferably have dam engineering
experience of their own in order to be able to effectively perform risk
assessments for dams.
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5. ADVANTAGES AND COMMON OBJECTIONS

5.1 Advantages

Proponents of quantitative risk assessment of dams arque that it
provides a comprehensive framework for the evaluation and presentation of
dam design or remedial action alternatives. It requires the consideration
of the interaction between initiating events, failure modes, possible
outcomes, exposure conditions and consequences over the full range of
magnitudes of each. Therefore, it aids in the identification of which
factors (e.g., loading types, failure modes, and exposure factors), or
ranges of factors, contribute most to the total risk associated with dam
failures, and which options are most promising or cost effective for
achieving risk reduction.

Presentation of the results of a quantitative risk assessment
provides a concise and systematic display of the economic and noneconomic
consequences of each alternative which is considered. The open
presentation of all alternatives requires a high degree of objectivity in
both the presentation and the supporting analyses. The effects of
uncertainty in both the analyses and the exercise of professional judgment
can be displayed in a manner which allows for understanding of the degree
of technical confidence in the risk assessment. In fact the rational
framework of risk assessment Teads to clear documentation of the
information necessary for a good appreciation by Tlay people of the
significance of complex technical issues. It, therefore, facilitates
constructive debate among opposing parties in the decision making process.
The information obtained from a risk assessment is an input to the
decision making process, and not the decision itself.

The -decision maker can readily compare risk of failure at one dam
with that at another, or with the risk associated with other types of
public works projects. Also he can compare estimated risks with
acceptable risk criteria and can consider such quantitative measures as
estimates of risk reduction, residual risk, benefit cost ratios, cost
effectiveness or cost to save a life. Such measures can provide a useful
input to decision making on dam safety which is often a very emotional and
politically sensitive issue. As the information base available to the
analyst grows, a risk assessment can readily be updated to include revised
estimates of probabilities and consequences, changes in uncertainty
bounds, new insights into the likely performance of the structure, or new
alternatives to be evaluated.

5.2 Common Objections

Frequently those unfamiliar with, or unconvinced about, the merits of
the risk assessment approach to the evaluation of dam safety will focus
attention on the limitations of the approach. Also, on occasion their
objections are based on misconceptions about the approach.

~ An example of the latter is the statement that "risk assessment
diminishes the role of engineering judgment." This statement has been
made by some highly experienced engineers who fear that risk assessment is
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an attempt to replace professional experience and judgment with automatic
decision rules which imply a level of knowledge of dam structure
performance which they know is currently beyond our reach. The truth is
that there can be no meaningful risk assessment of a dam without the
involvement of highly competent and experienced dam designers, geological
engineers, hydrologists, and others. A risk assessment can only be as
good as the input provided by these professionals. The risk assessment
approach requires the quantification of the judgments of these
professionals and this can only be effectively achieved through involving
them in the entire risk assessment process. The risk analyst can help to
manage the collection and synthesis of information provided by dam
engineering professionals, but he can never substitute for the role of
experienced professionals. Under the risk assessment approach the role of
such professionals is expanded rather than diminished, since a much wider
range of loadings and other conditions is considered than would
traditionally be the case under the traditional "worst case" approach to
design.

In a similar vein, it is sometimes pointed out that "deterministic
approaches to analysis and design are time-tested and that no competent
professional can be expected to replace them with new probabilistic
methods until these have been similarly proven." It is unlikely that
anyone would disagree with this statement. However, it should be pointed
out that an 1important basis for the inputs to a comprehensive risk
assessment is the deterministic analyses of slope stability, dynamic
structural stability, dam break, flood routing, seepage, etc. Where new
analytical probabilistic methods are available they should be run in
parallel with the deterministic approaches in order to estab11sh a basis
for their evaluation for potential future use.

Other commonly expressed objections to the risk assessment approach
focus on its present Timitations. These include the fact that probability
and statistics are not broadly understood and are viewed with suspicion by
many. This objection is not a fundamental limitation of the approach, but
rather a handicap to its rapid acceptance which must be addressed by those
who pioneer its use. In the long term it presents a challenge to
educators to better prepare the public to understand and deal rationally
with risk which impacts virtually every aspect of our lives. Another
objection 1is that engineers, geologists and other professionals are
generally inexperienced at making subjective probability estimates. This
is certainly a valid concern and one that the pioneers in this field are
having to address. Sensitivity analysis should be used to assess the
relative importance of errors in subjectively updated or estimated
probability estimates.

Others express concern that the use of risk assessment implies
acknowledgment that there is "some chance of a dam failure occurring."
However, this fact is unchanged whether or not a risk assessment is
performed. It would seem preferable to systematically identify and
examine all “reasonably probable" failure mechanisms and to invest wisely
in safety improvement measures rather than deceive ourselves that the
chance of dam failure is mysteriously reduced if we do not acknowledge
that such a possibility exists.
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Currently, certain causes of dam failure, such as inadequate grouting
of an abutment, or piping of an embankment cannot be adequately assessed
with analytical tools and therefore the basis for their inclusion in a
risk assessment is highly subjective. However, this is not an inadequacy
of risk assessment per se, but rather of the current state-of-the-art in
dam engineering.

Another topic which is highly sensitive is the incorporation of life
loss potential into a risk assessment. Dam failure frequently results in
the loss of human 1ife. No one would dispute the undesirability of this
anymore than they would dispute the undesirability of people losing their
1ives from any other accidental cause. However, risk is unavoidable. It
is only the degree of risk which we can control, and then we are subject
to limitations of how much safety we can afford to purchase. In the case
of dam safety the lives threatened are not necessarily those of the direct
beneficiaries of the presence of the dam and reservoir, and therefore they
are usually considered to be exposed to the risk of dam failure
involuntarily.

At one extreme of this sensitive topic are those who would advocate
placing an economic value on life and thereby integrating 1ife loss into
an overall economic assessment of the consequences of dam failure. At the
other extreme are those who would require that the risk of Tife loss from
dam failure should be reduced to zero, which of course, is an impossible
requirement, although it can be approached as the investment of funds to
save a life become "infinitely" large. Obviously as individuals and as a
society we cannot afford such levels of safety. However, the simple
inclusion of the value of life into an economic evaluation appears to be
equally unattractive, and even immoral. On the other hand, to “ignore the
issue implies a zero value of life which 1is obviously an unacceptable
alternative also.

Risk assessment does not require its users to take either extreme

position, or any other position on this issue. But as with the idea of .

accepting some, albeit very small probability of dam failure, it does
enable us to openly address the issue in such a way that high levels of
human safety should be achieved with cost effectiveness. If the potential
life loss from a dam failure is significant, then a hazard evaluation
would suggest the use of probable maximum flood and maximum credible
earthquake design criteria. In other cases the most significant
reductions in the probability of life loss often can be made through the
nonstructural approach of a monitoring system, emergency warning system,
and evacuation plan. Such systems are typically quite inexpensive to
design, install, and operate relative to the cost of structural measures.
If these systems can be used to reduce the probability of life loss to
very small levels, then the main basis for a decision on selection between
structural alternatives for rehabilitation can be economic.

6. CONCLUSIONS

None of the Tlimitations to the risk assessment approach which have
been identified to date appear to warrant dismissal of the approach.
Further research 1is needed in order to develop improved approaches for
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dealing with them, but meanwhile application of risk assessment to dams
can provide valuable insights into the choices available to the decision
maker. Such research can be effectively conducted through collaboration
between universities and experienced practicing dam engineers in the
public and private sector. Joint case studies on actual dams can be an
effective means for developing improvement in the risk assessment
approach.

The need for providing engineers and other professionals with better
backgrounds in probability and statistics has already been identified.
For the next generation of professionals this need can be addressed
through the undergraduate and graduate curricula, but for the present
generation of professionals, workshops and short courses will be needed to
familiarize these individuals with the utility of risk-based approaches.

Related to the topic of education is the challenge of communicating
the results and conclusions of a risk assessment to the lay public and to
decision makers. In this regard, carefully prepared graphics and tabular
presentations combined with the use of analogies to more familiar business
and insurance situations can be very effective. Even when provided with
quantitative risk estimates, individuals are highly influenced by their
perceptions of the risk even if these are at variance with the estimates
obtained from a formal risk assessment performed by highly experienced
professionals. An excellent example of this 1is in the nuclear field.
Just what the role of perceived risk should be in the field of dam safety
decision making needs to be defined.

Risk assessment should be recognized as a part of the overall cycle
of risk management referred to in Section 2.1 of this paper.  The cost
effectiveness of nonstructural measures for improving and "managing" dam
safety should be remembered (see Fig. 4). Such measures include operator
training for detection of problems with a dam, frequent safety inspections
by qualified professionals, steps to limit growth of downstream.
development 1in the potential inundation area, and implementation and
updating of an emergency action plan.

Successful application of risk assessment and risk management
approaches to evaluating dam safety requires a combination of the skills
of experienced dam design professionals and risk assessment consultants.
At this time pioneering work has been completed by USBR or is currently
underway, involving the writers, on the application of design level risk
assessment approach to evaluating remedial action alternatives on several
dams. It is a field with both technical and communications challenges but
when properly used it can be a valuable tool, particularly for those
responsible for deciding remedial action at existing dams. Risk
assessment can be expected to lead to improved dam safety and more
effective use of limited funds available for rehabilitating existing dams.

ACKNOWLEDGMENTS

Many of the ideas presented in this paper have developed over
approximate1y ten years as the result of a series of research projects and
consulting assignments in which the writers have been involved.




26

REFERENCES

Bowles, D. S., L. R. Anderson and R. V. Canfield (1978) A systems approach
to risk analysis for an earth dam, Proceedings of the International
Symposium on Risk and Reliability in Water Resources, Waterloo, Ontario,
Canada, 13 pp.

Bowles, D. S. and H. Y. Ko, Eds. (1984) Probabilistic characterization of
soil properties, American Society of Civil Engineers, 182 pp.

Gershon, M. and L. Duckstein (1983) Multiobjective approaches to river
basin planning, J. Water Resour. Plan. and Mgt., Vol. 109, No. 1, pp.
13-28.

Hagen, V. K. (1982) Re-evaluation of design floods and dam safety,
Transactions of 14th International Congress on Large Dams.

Haimes, Y. Y. and W. A. Hall (1974) Multiobjectives in water resources
systems analysis: the surrogate worth trade off method, Water Resour.
Res., Vol. 10, No. 4, pp. 615-624.

Howell, J. C., L. R. Anderson, D. S. Bowles and R. V. Canfield (1980) A
framework for risk analysis of earth dams, Report submitted to Water and
Power Resources Service (U.S. Bureau of Reclamation), Engineering and
Research Center, Denver, Colorado, 87 pp.

Jaske, R. T. (1985) FEMA's computerized aids for accident assessment,
Preprint No. IAEA-SM-280/85, International Symposium on Emergency
Planning and Preparedness for Nuclear Facilities, Rome, Italy.

Keeney, R. L. and H. Raiffa (1976) Decisions with Multiple Objectives,
John Wiley, New York.

0'Riordan, T. (1979) Environmental impact analysis and risk assessment in
a management perspective, In: Emergency Risk Management, Edited by G.
T. Goodman and W. D. Rowe, Academic Press, New York, p. 23.

Pate-Cornell, M. E. and G. Togaras (1986) Risk costs for new dams:
~ economic analysis and effects of monitoring, Water Resour. Res., Vol.
22, No. 1, pp. 5-14.

Rowe, W. D. (1977) An Anatomy of Risk, Wiley, New York.

Sharp, K., L. R. Anderson, D. S. Bowles and R. V. Canfield (1981) A model
for assessing slope reliability, Invited paper in Frost Action and Risk

Assessment in Soil Mechanics, Transportation Research Record 809, pp.
70-78.

U.S. Bureau of Reclamation (1980) Safety Evaluation of Existing Dams
(SEED), Government Printing Office, Washington, D.C.

U.S. Bureau of Reclamation (1986) Guidelines to decision analysis, ACER
Technical Memorandum No. 7, Denver, Colorado.




27

U.S. Department of Interior (1982) Guidelines for determining flood flow
frequency, Bulletin No. 17B, Hydrology Subcommittee, Interagency
Advisory Committee on Water Data.

University of Southern California (1985) Evaluation of risk assessment
methodologies for prioritizing remedial dam safety projects, Final
Research Report submitted to National Science Foundation.

Vanmarcke, E. H. and H. Bohnenblust (1982) Risk-based decision analysis in
dam safety, Report No. R82-11, Massachusetts Institute of Technology.

Yen, B. C. (1986) Reliability of hydraulic structures possessing random
leading and resistance, In: Engineering Reliability and Risk in Water

Resources, Edited by L. Duckstein and E. Plate, Martinus Nijhoff
PubTishers BV, Dordrecht, The Netherlands.




DAM
SAFETY

GUIDEBOOK

ARIZONA EDITION




TABLE OF CONTENTS

CHAPTER 1 - INTRODUCTION

I. Purpose

IT. Federal Roles in Dam Safety
i State Roles in Dam Safety
Iv. Scope

CHAPTER 2 - GLOSSARY

I. Definitions

II. References

CHAPTER 3 - YOUR STATE GOVERNMENT'S ROLE IN DAM SAFETY
I. Historical Background

II. Current Regulations

III. Inspections

Iv. Application Requirements
V. State Contacts
VI. Financing

CHAPTER 4 - LIABILITY AND RESPONSIBILITY OF DAM OWNERS
I. Potential Liabkility Problems for Dam Owners
II. Potential Personal Injury Liability

I1I. Potential Liability Due to Operation of the Dam

Iv. Environmental Concerns
V. A Final Word About Liability
VI. Insurance




TABLE OF CONTENTS (CONTINUED)

CHAPTER 5 - INSPECTION
I. When to Inspect
II. Types of Dam Inspection

III. What Dam Parts Need Owners Inspection

Iv. An Engineering Inspection
V. Repair Priorities
VI. Where to Get Help

VII. Summary

VIII. References

CHAPTER 6 — MAINTENANCE

I. Why Maintain?

1I. Common Maintenance Items

I1T. Summary

Iv. References

CHAPTER 7 - REPAIR, ALTERATION AND REMOVAL
I. Seek Help from Engineers and Contractors
IT. Common Deficiencies and Remedies
III. Dam Removal

CHAPTER 8 — OPERATION

I. Know Your Watershed

II. Plan Your Operation

III. Operation Plan Details




TABLE OF CONTENTS (CONTINUED)

CHAPTER 9 - EMERGENCIES

I. Can an Emergency be Anticipated?
II. Types of Failures

III. Emergency Action Plans

Iv. Summary

V. References

CHAPTER 10 - FINANCIAL ASSISTANCE

I. Public Sector Funding

II. Private Funding Sources

III. Hydroelectric Possibilities

Iv. References

10-2
10-3
10-5

10-6







CHAPTER 1

INTRODUCTION

I. Purpose

The purpose of this guidebook is to promote dam safety and
to inform you, the dam owner, of yéur responsibility to safely
operate, maintain and repair your dam. This guidebook is
intended to be nontechnical yet provide a basis for discussion
between dam owners and state dam safety agencies. By the
nature of the topic[ some technical terms must be used. It is
believed that‘the basic dam safety terminology contained in the
glossary (Chapter 2) will assist you in understanding your dam
and the impoundment behind it. The responsibilities and
liabilities of dam ownership, the role of governmental agencies
and emergency response will also be discussed.

To help you evaluate the condition of your dam, a dam
safety checklist is included. 2An operation plan form and
guidelines for emergency action plan preparation are-also’
provided for you to use in meeting your responsibilities as a
dam owner. This guidebook does not override state specific

requirements. All state standards must be followed.

II. Federal Roles in Dam Safety
Several government agencies play active roles in dam

safety.




The Federal Emergency Management Agency (FEMA) develops
and maintains policy guidelines for dam safety. FEMA develops
programs for preparedness planning and emergency response.
They also coordinate federal dam safety programs and encourage
nonfederal programs to reduce the public hazard of unsafe dams.
This Dam Safety Guidebook is one of FEMA's methods of
fulfilling this charge.

The Federal Energy Regulatory Commission (FERC) supervises
the dam safety program of the Federal Power Act. They issue
rules and regulations to ensure 1licensed projects are
adequately éonstructed, operated and maintained to protect
life, health and property. FERC's jurisdiction includes dams
at hydroelectric projects on navigable streams or on federally
owned 1land; projects using surplus water or waterpower from
federally owned dams; or dams affecting the interest of
interstate or foreign commerce.

The Department of the Army, Corps of Engineers, is
authorized by the Federal Water Pollution Control Act of 1972
and the River and Harbor Act of 1899 to issue bermits for the
filling in of the nation's waterways. Under the National Dam
Safety Act of 1972, the Corps, working with individual states,
inventoried 68,153 dams and inspected 8,818.

Five agencies within the Department of Agriculture are
involved with nonfederal dams. These include the Agricultural
Stabilization and Conservation Service (ASCS), the Farmer's

Home Administration (FMHA), the Forest Service, the Rural




Electrification Administration (REA) and the Soil Conservation
Service (scs). Technical engineering responsibility for dams
is assigned to the Soil Conservation Service. The other
agencies are involved with funding of projects.

The U.S Department of the Interior Office of Surface
Mining (OSM) provides support to state regulatory agencies in
dam inspection and monitoring as it relates to surface mining.
The Department's Bureau of Reclamation has a multipurpose water
development function which includes providing water for
irrigation, hydroelectric power industry, and recreation. This

is done with dams, canals and pipelines.

ITI. State Roles in Dam Safety

The role of individual states in dam safety. varies
from state to state. States do have regulatory authority over
dam safety, and require the owner to be responsible in the
design and construction, operation, maintenance and repair of

the dam. Details are contained in Chapter 3.

IV. Scope

This guidebook will introduce the dam owner to dam safety
items and dam terminology. Stimulated by this guidebook, the
dam owner is encouraged to seek, when necessary, professional
legal, regulatory and engineering assistance. This guidebook

cannot replace the site specific study and evaluation of a dam

by the conscientious owner and professional consultants.







CHAPTER 2

GLOSSARY

I. Definitions

This chapter provides basic terminology used in this guidebook.
It is not a complete list but is meant to introduce some basic
terminology. Other terminology may be obtained from dam safety
books (see reference at end of chapter).

Abutment - That part of the valley side or concrete walls
against which the dam is constructed. See Page 2-4. Right and
left abutments are those on respective sides of an observer
when viewed looking downstream.

Alterations - Such changes in the design of the dam as may
directly affect the integrity of the dam and thereby affect the
safety of persons, property or natural resources.

Appurtenant Works - The structures or machinery auxiliary to
dams which are built to operate and maintain dams; such as
outlet works, spillway, powerhouse, tunnels, etc.

Berm -~ A horizontal step or bench in the sloping profile of an
embankment dam. See Pages 2-4 and 2-5.

Breach - A break, gap or opening (failure) in a dam which
releases impoundment water. See Page 2-5.

Core - A zone of material of low permeability in an embankment
dam. See Page 2-5.

Dam - A barrier built for impounding or diverting the flow of
water.

Dike (Levee) - An embankment, usually applied to embankments or
structures built to protect land from flooding. See Page 2-5.

Drain, Layer or Blanket - A layer of pervious material in a dam
to facilitate drainage. Includes toe drain, weephole and
chimney drain. See Page 2-4.

" Drawdown - The resultant lowering of water surface level due to
release of water from the impoundment.

Embankment -~ Fill material, usually earth or rock, placed with
sloping sides. See also Embankment Dam and Page 2-5.

Embankment Dam (Fill Dam) - Any dam constructed of excavated
natural materials or of industrial waste materials. See Page
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Homogeneous Earth Fill Dam - An embankment constructed of
similar earth material throughout, except for possible
inclusion of drains. Used to differentiate from a zoned
earth fill dam.

Zoned Embankment Dam - An embankment dam is composed of
zones of selected materials having different degrees of
porosity, permeability and density.

Emergency Action Plan - A predetermined plan of action to be
taken to reduce the potential for property damage and loss of
lives.

Engineer - A licensed or registered engineer in a given state;
offers experience and expertise in the design and inspection of
dams.

Failure - An incident resulting in the uncontrolled release of
water from a dam.

Freeboard - The vertical distance between a stated water level
and the top of a dam. See Page 2-4.

Gate or Valve - In general, a device in which a leaf or member
is moved across the waterway to control or stop the flow.

Impoundment - Water or wastewater held back by a dam.

Instrumentation - Permanent devices which are installed in/near
a dam to allow monitoring of the dam and impoundment. These
devices may include a staff gage (to measure impoundment
levels), piezometers, observation wells, settlement or
alignment points, rain gage, etc. See Page 2-6.

Maintenance - The upkeep hecessary for efficient operation of
dams and their appurtenant works. It involves labor and
materials, but is not to be confused with alterations or

repairs.
Operator - The owner, or an agent or employee of the owner.

Outlet - An opening through which water can freely discharge
for a particular purpose from an impoundment. See Page 2-4.

Owner - Any person who owns, leases, controls, operates,
maintains or manages a dam or impoundment.

Phreatic Surface - The upper surface of saturation in an
embankment. See Page 2-4.

Piping - The progressive development of internal erosion by
seepage, appearing downstream as a hole or seam discharging
water that contains soil particles.
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Plunge Pool - A natural or sometimes artificially created pool
that dissipates the energy of free-falling water. The pool is
located at a safe distance downstream of the structure from
which water is being released. See Stilling Basin and Page
2-4,

Repair - To essentially restore a dam to its approved design
condition. :

Riprap -~ A layer of large stones, broken rock or precast blocks
placed in a random fashion on the upstream slope of an
embankment dam, on a reservoir shore, or on the sides of a
channel as a protection against wave and ice action. See Page
2-4,

Silt/Sediment - Soil particles and debris in an impoundment.

Slump Area -~ A portion of earth embankment which moves
downslope, sometimes suddenly, often with cracks developing.
See Page 2-5.

Spillway System -~ A structure over or through which flows are
discharged. If the flow 1is controlled by gates, it is
considered a controlled spillway; if the elevation of the
spillway crest is the only control, it is considered an
uncontrolled spillway. See Pages 2-4 and 2-5.

Emergency Spillway - A secondary spillway designed to
-operate only during exceptionally large floods.

Principal Spillway - The main spillway for normal and
flood flows.

Stilling Basin - A basin constructed to dissipate the energy of
fast-flowing water, eg. from a spillway or bottom outlet, and
to protect the river bed from erosion. See Plunge Pool. See
Page 2-4.

Stoplogs - Logs or timbefs, steel or concrete beams placed on
top of each other with their ends held in guides on each side
of a channel or conduit.

Toe of Embankment - The junction of the face of the dam with
the ground surface. ‘

Trash Rack ~ A structure of metal or concrete bars located in
the waterway at an intake to prevent the entry of floating or
submerged debris.

Other technical terms are explained in the text.
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II.

Reference

"Safety of Existing Dams, Evaluation and Improvement" by

Committee on Safety of Existing Dams,

Press, Washington, D.C., 1983.

National Academy







CHAPTER 3

YOUR STATE GOVERNMENT'S ROLE IN DAM SAFETY

I. Historical Background

Recognizing the potential hazard created by construction of a
aam, the State Legislature acted in 1929 to provide the general
public with protection from loss of life or property through
malfunction or failure of a dam. With this legislation, the
supervision of the dams and reservoirs of Arizona became a State
responsibility and was delegated to the State Highway Engineer.
This jurisdiction extended to all dams within the State that were
15 feet or ﬁore in height from ground level to the spillway
crest, or that impounded more than 10 acre-feet.

House Bill 3, enacted by the first session of the 30th
Legislature and signed into law by the Governor on April 13,
1971, transferred the responsiblity for the supervision of dams
brogram from the Highway Department to the Water Commission. The
House Bill provided for the transfer of the activity in its
entirety and specified that all nonfederal dams should bé under
jurisdiction of the State Water Engineer.

On July 1, 1971, the program for Supervision of Safety of
Dams under the direction of the Arizona Water Commission, was
fully operational, and with its own staff assumed complete
responsibility for the program.

The Arizona Revised Stétutes, defining the program, were
changed by Senate Bill 1271, which was signed by Governor

Williams on April 26, 1973 and went into effect July 26, 1973.

Significant among the changes was in increase in the




jurisdictional size of dams to 25 feet or more in height or with
a storage capacity of 50 or more acre-feet. The statutes were

again revised in 1977, specifically excluding mine tailings dams

from state jurisdiction.

II. Current Regulations

The Arizona Revised Statutes (ARS 45-701. to 45-717; a copy
is included in the Appendix) currently give regqulatory
responsibility to the Arizona Department of 'Water Resources
(formerly the Arizona Water Commission). Arizona law includes
all of the méjor areas suggested by both the U.S. Committee on
Large Dams and the national Association of State Dam Safety
Officials. The State has the authority to and does (1) Review
and approve plans to construct, enlarge, repair, alter or remove
dams, (2) Perform periodic inspections of construction, (3) Issue
“licenses to operate, (4) Investigate every dam at least once each
five years, (5) Issue orders as needed to correct deficiencies,
(6) Adopt rules, (7) Require a fee as part of the application
process, (8) Require emergency action plans.

Additionally, the statutes establish the duties and
responsibilities of both the State and the individual dam owners
regarding the proper maintenance and repair of dams, as outlined
in Table 1. The law requires owners of any dam to properly
maintain the structure, giving due regard for life and property
while applying sound and accepted engineering principles.

Currently, there’are about 190 dams within the state that

fall under these regulations (an inventory showing the number and




locations of dams in each county is included in the Appendix).
Nineteen are concrete or masonry. With the exception of one
steel dam, the remainder are earth and/or rock. The average dam
is 37 feet high and stores 3330 acre-feet of water. Ownership is
as follows: City, County and State Governments 81, Private

Corporations and Individuals 72, Water Development and Irrigation

Districts 36, and Boy Scouts 1.




DUTIES AND RESPONS

TABLE 1

IBILITIES REQUIRED BY LAW

General Item

1. Maintenance
& repair, in
general

2. Standards
for Proper
Maintenance

3. Inspections

4, Correcting
Deficiencies

5. Emergency
Conditions

State Responsibility
Supervise and monitor
the maintenance & up-
keep of dams within
the state.

(Ref. ARS 45-712.Aa.)

Prepare guidelines for
the maintenance and/
or operation of dams
within the state.
(Ref. ARS 45-712.A.)

Make engineering
inspections of all
dams as frequently
as warranted.

(Ref. ARS 45-712.A.)

Issue orders direct-
ing owners within a
certain time-frame to
correct any mainten-
ance and/or operating
condition deficiencies
found during inspec-
tion of the dam.

(Ref. ARS 45-712.A.)

In emergency condi-
tions, take whatever
measures are appro-
priate (eg. lowering
the lake), and may
recover the cost from
the dam owner.

(Ref. ARS 45-712.)

Owner Responsibility
Maintain and keep in
good repair and/or
operating condition,
by exercising prud-
ence and due regard
for life or property,
and by applying sound
engineering princi-
ples.

(Ref. ARS 45-715.B.)

Maintain and/or oper-
ate in accordance
with all of the
rules, regulations &
guidelines of the
Department.

- Cooperate with state

employees conducting
engineering inspec-
tions; provide access
to site and furnish
upon request any
pertinent informa-
tion.

a. Comply with pro-
visions of any state
order requesting
correction of any
deficiency noted.

b. Failure to comply
with an order of the
Department is a Class
2 Misdemeanor and
every day is a
separate offense.
(Ref. ARS 45-716. &
45-717.)

If emergency condi-
tions exist, contact
local and state emer-
gency authorities and
the State DWR (See
Section V of this
Chapter.




III. Inspections

In order for you to carry out your first duty and
responsibility of providing general maintenance for your dam, it
is recommended that yéu perform regqgular inspections of the dam.
These inspections, along with the State's periodic inspections,
should make vyou aware of any problems that develop so that
appropriate corrective measures can be taken in a timely
manner. To assist you in your inspection, a checksheet has been
provided in the Appendix, with explanations given in Chapter 5 -
Inspections.

The State's periodic inspection program involves an on-site
inspection of your dam at least once every 1 to 5 years
(depending on size, downstream hazard potential and condition) by
an experienced staff member of the Department of Water Resource's
Safety of Dams Section. This inspector will be evaluating how
well your dam is being maintained and will identify any
noticeable deficiencies or problems. An inspection report is
then prepared and sent to you, outlining the results of the
inspection, noting any problems or deficiencies, and recommending
what corrective measures should be taken. A nominal inspection
fee of $50.00 plus $1.00 per foot of height is charged for each
- state inspection.

If deficiencies are noted by these inspections and corrective
measures are recommended, it may be necessary for you to obtain
the services of a registered professional engineer who is
experienced in the design, construction and maintenance of

dams. For your information a list of some qualified engineering




firms that have experience in this area is provided in the

Appendix.

Iv. Application Requirements

Any routine maintenance or minor repair work needed to be
done on your dam does not require approval from the Arizona
Department of Water Resources. However, if major repair or
rehabilitation work is envisioned for your dam, approval from the
Department is required prior to beginning the work. Submit an
application for approval, including appropriate plans and
specifications. (A copy of an application form and instructions
are included in the Appendix). A $50 filing fee and a further
fee based on the estimated cost of the project must accompany the
application form.. Staff from the Safety of Dams Section of the
Department will review the proposed work and make its
recommendation to the Director of the Department. Once the
Director approves the proposed work, an approved copy of your
application will be issued to you, authorizing you to proceed
with the repairs.

Be sure to submit your application for a permit at least 2 to
3 months before you plan to begin major repairs or rehabilitation
work., Once you have submitfed a complete application to the
‘State, you should expect it to take from 60 to 90 days before the

Department will act on your application.




State Contacts

General Information

If you would like some information about the Dam Safety
Program, oOr any other information concerning your dam, you

should contact:

Arizona Department of Water Resources
Safety of Dams Section

99 E. Virginia

Phoenix, Arizona 85004

(602) 255-1541

Insurance

Insurénce is a worthwhile opportunity for you to "Share
the Risk" of being an owner of a dam. For information
concerning insurance for your dam, you can contact:

: Arizona Insurance Department
801 E. Jefferson, Room 200 402 W. Congress

Phoenix, Arizona 85034 Tucson, Arizona 85701
(602) 255-5400 (602) 628-5386




Emergencies

In extreme emergencies, such as, if:
1. Your dam should be overtopped by floodwaters:;
2. You anticipate your dam will be overtopped by
floodwaters in the very near futﬁre;
3. Your dam begins to fail; or
4. You anticipate your dam will fail in the very
near future;
Immediately notify:
--—- Arizona Department of Public Safety (602) 262-8011
—-——- Your local county Emergency Services/Civil Defense
Director/Coordinator (roster included in Appendix)
--—- State of Arizona, Emergency Services Division
(602) 244-0504 ‘

--~ Arizona Department of Water Resources

(602) 255-1541 (Monday-Friday, 8:00 am - 5:00 pm)

VI. Financing

For private dam owners, the usual financing sources available
for obtaining funds for maintenance/repair work are banks,
savings and loans, credit unions} etc. For cities, towns and
conservancy districts, taxes usually provide the necessary
funding for operation and maintenance/repair expenses. The State

currently has no specific funding program for assisting dam

owners with any of their expenses.







CHAPTER 4

LIABILITY AND RESPONSIBILITY OF DAM OWNERS

Dam ownership carries with it significant legal
responsibilities. The dam owner should be aware of the
potential liabilities and how to conscientiously deal with
these liabilities.

This chapter will deal with general legal and insurance
matters to help you minimize eprsure to liability due to dam
ownership or operation. #®ou will become familiar with the
responsibiliﬁies imposed by dam ownership. Since - this
guidebook is intended to provide general guidance to dam
owners, it cannot answer specific legal issues. Dam owners and
operators should obtain competent legal - - counsel when dealing

with specific issues.

I. Potential Liability Problems for Dam Owners

A dam owner should first be familiar with the‘legal
obligation to maintain a dam in a safe and reasonable
condition. The general rule is that a dam owner is responsible
for its safety. Liability can be imposed upon a dam owner if
he or she fails to maintain, repair or operate the dam in a
safe and proper manner. This liability can apply not only to

the dam owner, but also to any company that possesses that dam,

or any person who operates or maintains the dam. If an unsafe

condition existed prior to ownership of the dam, the new dam




owner could not be absolved of liability should the dam fail
during his term of ownership. Thus, the owner must carefully
inspect the structural integrity of any dam prior to purchase
and then provide inspection, maintenance and repair thereafter.

Since the dam owner is responsible for dam safety, it is
important to note what you must do to comply with that legal
duty. The dam owner must do what is necessary to avoid
injuring persons or property. This wusually applies to
circumstances and situations which can be anticipated. A dam
owner would generally not bé& responsible for those
circumstances that a reasonable person could not anticipate.
One key action is almost universally recognized: In order fo
meet your responsibility to maintain your dam in a reasonable
and safe condition, wvirtually every jurisdiction will require a
dam owner to conduct regular inspections of the dam and
maintain and/or repair deficient items. Regular inspections by
qualified professionals are viptually mandated if a dam owner

is to identify all problems and correct them.

II. Potential Personal Injury Liability

Dams and impoundments are popular places, even if located
in remote areas. A dam may be visited by employees,
contractors, invited visitors or trespassers. The presence of
these persons is a potential liability to the dam owner.
Liability or worker's compensation insurance should cover

employees, contractors or invited guests. However, the

trespasser presents a unique problem.




The majority of trespassers at a dam site are probably
members of the public who wish to use the site for fishing,
boating or swimming. While they may mean no harm, their
unauthorized use of the site is a serious liability problem for
the dam owner.

The dam owner is responsible for making and keeping his
premises safe. The general rule is that the dam owner must
avoid conduct or conditions which could injure any person, even
one who trespasses. If the dam owner knows that an unsafe
condition exists he is responsible to correct it and/or post
warnings (See Page 4-4). fTypical dangers at a dam site include
fast moving water, open spillway (pipes) and thin ice. A
particularly dangerous area is the spillway which not only has
fast moving water but undertow at the spillway bottom.

Owners of dams are charged with greater responsibility
when the trespassers are children. By reason of children's
inability to understand the danger which a condition may pose,
a dam owner is expected to protect children from the dangers of
a dam site. In effect, this rule requires you to anticipate
what parts of the facility would be particularly attractive to
children. Since signs may not adequately warn children,
security fencing is necessary. Dam sites located near state or
>county roads, campgrounds or picnic areas, or near populated
areas will attract many more people. These popular dam sites
require frequent visits by the dam owner to inspect and assure

safety.
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III. Potential Liability Due to Operation of the Dam

In addition to 1liability problems arising oug of dam
ownership, operation of the dam is also a significant legal
issue. First and foremost is the simple right to operate.
State law requires a permit to construct, repair and/or operate
a dam. Your state dam safety agency should be consulted for
particular matters regarding this issue. (Also, read Chapter 3
of this Guidebook.) In addition, a dam on a navigable stream
may involve federal government regulations which may govern
operation. |

Beyond the basic permitting question, all dam owners must
consider the effect of dam operation on the rights of other
water users, whether they are upstream or downstream from the
facility. For both upstream and downstream users, this
responsibility includes a duty to avoid negligent flooding of
their property.

A general rule in all states is that the dam ownef must
protect downstream land owners from additional flooding, if
those downstream owners have come to rely on the existence and
operation of the dam to reduce flooding. The extent of this
duty will vary from state to state, so the.dam owner is advised
to consider dam operations in the light of the downstream land
owners' expectations and dependency on the dam to prevent

flooding.
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In situations where there is no specific duty to protect
downstream owners from flooding, the dam owner must still
operate the dam conscientiously. As the dam owner, you must be
in a position to clearly show that your dam did not increase
flooding.

Upstream users may also have the right to be protected
from damage caused by operation of the dam. Therefore, the dam
owner 1is advised to assess the legal as well as the physical
impact of any change in the level of the impoﬁndment, including

dam removal.

IV. Environmental Concerns

While there .are an infinite number of ©potential
environmental issues, a few basic areas of concern should be
addressed before a dam is purchased or its method of operation
altered. Since this guidebook cannot address all environmental
issues, you should seek professional evaluation of potential
environmental problems. However, we can give you some general
guidance.

Dams with gates for regulating the impoundment and
downstream flow can cause water levels to fluctuate. These
fluctuations can cause gain or loss of wetland  habitat
affecting fish spawning, waterfowl, and shorebird nesting.
Fluctuations of water levels can also increase shore erosion,

cause unsafe ice conditions and the like. At this time,

virtually all states have laws concerning wetlands.




Variations in the impoundment and downstream elevations
can also impact fish in the impoundment or the river.
Evaluation of existing fisheries and the impact of changes will
require consultation with the state agency responsible for
fisheries.

Within a dam impoundment, it is likely that sediments have
accumulated over the years. Release of these sediments
downstream by operation of the dam, changing the impoundment
level, or removing the dam could result in significant damage
and liability to the dam owner. In addition, release of
sediments downstream could adversely impact plant and wildlife
for significant time periods. It is also Quite common that the
sediments contain pollutants. Thus, the dam owner should
carefully consider the possible impacts of dam operation and

how it affects the environment.

V. A Final Word About Liability

The dam owner is liable. This section on 1liability is
only a general introduction to the many issues regarding.dam
owner liability. The discussion is only intended to provide a
basis for you to consider liability potentials and to encourage
you, the dam owner, to seek competent legal counsel and/or
technicai experts to help resolve your problems. Where the
ownership and operation of dams and impoundments are concerned,

the old saying, "an ounce of prevention . . ." is appropriate.

Following it will truly save you the "pound of cure."




VI. Insurance

The purpose of this section is to provide dam owners with
general information about dam insurance. The primary goal of
dam insurance is to share the risk and protect the assets and
financial well being of the dam owner. Insurance cannot make a
dam safe, or make an inherently faulty construction or
renovation project into a good one. Inadequate coverages or
insufficient limits on those coverages,; coupled with a major
loss, can mean the financial ruin of a dam owner. 1In order to
obtain insurance and get a reasonable rate, the dam owner will
have to show that the dam meets all state standards with regard
to design, construction and operation.

When insuring a dam, the owner should select and involve a
competent insurance agent or broker as early as possible.
Whenever a dam project requires new construction,
reconstruction or renovation, any lender involved will be very
interested in the adequacy of the dam owner's insﬁrance
program.

The primary job of the agent is to serve as a contact
point between the client and the insurance companies, and to
place the insurance coverage with appropriate companies. The -
agent, depending on his skill, dedication and relationship with
insurance markets, can greatly affect both the premiums quoted

by the companies and the availability of certain coverages.

Although most types of insurance have standard contract forms,




many of the details of the coverage are open to negotiation and
can be tailored to meet the needs of the dam owner, except in
those areas mandated by law. It is important to work with your
agent to define conditions of the policy that are of real
importance and those that need modification.

Although the size of an agency is not an indication of its
quality or experience, large national firms will frequently
have more extensive consulting services available. Also, dams
are an unusual risk to most insurance companies and large
agencies often have personnel who have worked with other dam
owners and iﬁdustries with dam experience.

Contact your - insurance agency or state insurance
commissioner (Chapter 3) to get a list of insurance agencies
who may assist you with dam insurance.

There are various types of insurance the dam owner should
consider, in consultation with his agent. These include the
standard "All Risk" property damage policy with a flood
coverage amendment, business interruption insurance, ‘boiler
machinery coverage, general 1liability, automobile 1liability,
workers compensation,; and umbrella liability policy coverage.

Because of the many types of insurance protection required
and available, the development of an effective insurance
program requires care and planning. If you involve a gqualified
insurance agent in the early planning and work diligently to

define your insurance needs, then an effective and economic

program can be developed.







CHAPTER 5

INSPECTION

The purpose of a dam inspection program is to identify
problems and/or unsafe conditions. Periodic inspections,
conducted\either by the dam owner or by an engineer, may be
required under state statute. Inspection is an integral part
of a proper maintenance program for a dam. Failure to correct
identified maintenance and repair items could result in the
failure of a dam. ‘Failure of a dam through lack of inspection
and maintenance can severely impact upstream and downstream
properties. Widespread personal injury and property damage
could result. Severe financial losses would be suffered, not
only from the dam failure, but through liability élaims against
the owner.

This chapter will introduce the dam owner to two levels of
dam inspection. The major parts of a dam will be defined.
Common dam problems and how to recognize them wiil be
explained. Finally, the dam owner will learn where to get

additional technical assistance.

I. When to Inspect
An inspection pfogram for the dam starts during
construction and continues on a regular basis for the life of

the dam. A dam is an active structure, constructed of

materials that are subject to erosion, corrosion and




f
deterioration by wind, water, ice and temperature. Manmade

influences such as vandalism may speed up deterioration or
damage to the dam. Water passing over, under and through a dam
exposes it to continuing deterioration and possible weakening
of its structural elements. A well documented inspection
program will observe this deterioration, and identify needed
repairs and maintenance items that, if carried out, can prevent
structural failure of the dam.

All dams, new or old, require constant monitoring and
inspection. It has been well documented by the engineering
profession that a high percentage of dam failures occur during
or just after the initial filling of the impoundment. The
force of water on the dam as the impoundment is filled causes
significant stresses in the dam. Similarly as a dam ages,
inspection remains important because deterioration and

accumulated stresses take their toll,

II. Types of Dam Inspection

An inspection program usually has at least two types of
inspection. The first type is regularly conducted by the dam
owner or operator and is called an operation and maintenance
type inspection. This owﬁer inspection includes, but is not
limited to, frequent visual inspections of the dam surface, and
recording of data from instrumentation at the site.

The second type of inspection, the engineering inspectiop,

will provide a thorough, systematic evaluation of the dam
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condition. This engineering inspection often requires special
equipment and should be performed by a qualified engineer or by
a consulting firm with experience in the construction and
inspection of dams. The frequency of engineering inspections

may be dictated by state statute.

II1. What Dam Parts Need Owners Inspection

To conduct an owners inspection, the dam owner should be
familiar with the type and parts of the dam, and with the words
commonly used to describe them. The brief glossary in Chapter
2 of this guidebook will give you most of the terms you will
need to know.

There are many possible dam types and designs. Some are
shown on Pages 5-4 and 5-5. Despite the differences in dam
types and styles, most dams will have principal parts that are
typical. Some of these parts are the spillway and/or outlet
works and associated mechanical equipment; earth embankments;
abutment areas; operating equipment; and appurtenant works.
Pages 5-6 and 5-7 show principal parts of dams.

Spillway Outlet Works

Spillway and/or outlet works are a means of passing water
around or through a dam structure. The spillway may or may not
have gate control. The spillway should be of sufficient
capacity to permit passage of flood flows without overtopping
the dam. Common terms used to describe spillway or outlet

works are as follows:
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Principal Spillway - The principal spillway may be a
concrete chute, concrete pipe, or metal pipe, with or
without gates. In either case, the principal spillway
passes water and regulates the water level of the
impoundment. Inspéction of this structure for cracks,
settlement, rusty pipes, pipe Jjoint separation, pipe
alignment and deterioration is very important.

Emergency Spillway - An emergency spillway is
normally used when there is too much waterlfor the
principal spillway to handle. Besides checking for
settlement or cracks, make sure it isn't blocked with
logs, fences, treé/brush growth or other debris. 1If your
dam doesn't seem to have an emergency spillway, advice is
available from your state dam safety agency.

Intake and Outlet Works - These may be gates, valves
or stoplogs which are used to regulate water for a
specific purpose. For example, an intake and outlet works
structure would be the gates in front of a hydroeléctric
powerhouse or an irrigation channel. The operation of the
gates should be checked. Gates, chains, cables and guide
channels should be checked for rust and cracks, to be sure
they are in good condition. Any logs or debris should be
removed.

Trash Racks - These are part of the principal

spillway gates or intake and outlet works of the dam.

Trash racks and spillwéy gates must be inspected on a




periodic basis to make sure they are unobstructed,
operating well and allowing free flow of water.

Appurtenant Works

All mechanical and dam operation related equipment should
be frequently inspected to ensure it will operate as
designed. If equipment hasn't been usedv recently, the
inspection should include a test operation. One important item
is the drawdown facility and whether it is operational.

Besides the basic parts described above, dams often have
many other components. Operational parts should be checked
frequently and maintained.

Earth Embankments

Ear;h embankments are a main part of most dams. Concrete
or masonry spillways may have earth embankment portions that
connect the spillway to the natural ground area. This
combination of earth embankments and some type of spillway is
common.

Earth embankments are very susceptible to deterioration by
weathering and the erosive forces of wind, water, ice and
temperature changes. The older the structure, the more the
owner must be concerned about the embankment. Observations and
inspections should be concentrated on seepage (piping), cracks,
settlements, slumps, erosion, scour, vegetative cover and
animal burrows (Page 5-10). Each one of these is an indicator

of potential problems.
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Seepage -~ The passage of water through and/or
underneath the earth embankment or at the contact between
the embankment and other structures is called seepage. It
appears on the downstream side of the embankment and can
be indicated by cattails or other wet environment
vegetation. Sometimes a drain system is provided to
collect and control the seepage water. If a collection
system 1is not prbvided, water normally finds its way to
the natural stream bed, creating an erosion channel.
Water can also saturate the slope, leading to slumping of
the embankment face. Seepage must be monitored for the
presence of soil particles. If soil is moving, a piping
condition (internal erosion) may exist. This is a
dangerous condition and requires immediate contact with
the state dam safety agehcy and/or engineer.

Cracks - Cracks in the earthen embankment indicate
movement of the dam and/or foundation. Cracks can weaken
the structure, leading to potential failure. Cracks
should be repaired and monitored to detect any subsequent
changes. Before cracks are repaired, seek advice from an
engineer.

Settlement - Settlement indicates a loss of material
or compression of material either within the dam or the
foundation. It causes a decrease in elevation of all or a

part of the dam. If the settlement is not uniform, cracks

may form or depressions (low spots) may result. The




settlement of the top of the dam reduces the amount of
freeboard. Observable settlement or settlément that
changes with time should be documented and evaluated by an
engineer.

Scour - Scour 1is underwater erosion caused by the
rapid flow and turbulence of water from a spillway or high
velocity seepage. Because scour generally occurs
underwater, it cannot always be directly observed. Scour
can sometimes be indicated by an island forming
downstream. Probing can be used to detect it. Scour
beneathba concrete slab may cause the slab to c¢crack or
collapse. A special effort, even hiring a sbecialist in
underwater inspection, is often warranted to identify this
condition.

Vegetative Cover - The earth embankment dam should
have a suitable cover of grasses. Woody vegetation such
as brush, trees and shrubs is undesirable since it
inhibits the inspection of the dam ahd can cause‘other
problems. For example, the root systems of large trees
help water get into the dam or large trees can be.uprooted
during a storm and cause gaps in the embankment. Also,
brush is good habitat for burrowing animals. It is very
important that grass be cut and brush and trees not be
allowed to grow on embankments. If you have trees on your
embankment, see your state dam safety agency for advice on

removal.
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‘ Animal Burrows in the earth embankmen‘t': are a SOutcer
of potential problems;‘ Animal burrows result in a loss of

earth material, and can provide seepage paths. Animals

should be removed and holes backfilled with soil. Their
habitat should be destroyed.

Surface Erosion - When vegetative cover is removed
due to water action or traffic patterns (people, vehicles
or animals), erosion can occur. Deep ruts or gullies
could form and threaten the'safety of the dam. Frequently
used paths should be stabilized with stone aggregate or
pavement. Eroded areas should be filled and seeded.

Slumps (slide or slough) - A slow or sudden movement
of an earth embankmeht slope 1is an indication of

. ' Ainstab‘ility and requires immediate response. Often cracks - |
'will also form which could lead to further slumping. The
slumps can occur on the upstream or downstream side.
Contact the state dam safety'agenc§ or engineer for
adVice.’ |

Abutment Areas

Abutment areas are the contact points between the ends of
the earth embankment or spillway and the natural ground, or the
contact points between embankments and spillways. These areas
éhould be closel& and frequently inspected for any signs of

seepage, cracks or erosion. Though seepage is common in this

area, it can cause serious problems.




Owner's Checklist

To help you start your dam inspection, a simple checklist
is included as Page 5-15. Your state agency has more detailed

inspection/checklist forms.

IV. An Engineering Inspection

The owner may be required by state statutes to have a
formal inspection conducted by an engineer. An engineering
inspection should include the following procedures: a review
of past inspections, dam history, construction plans and
specifications, analysis of all data and information gathered
including that from an on-site inspection.

Review Process

The review will only be as good as the data that is
available to the engineering consultant. If the owner has
conducted his inspections, that information should be provided
to the consultant. The first inspection by the engineer should
include a history of the dam with photographs 1if éossible.
Quite often design plans and specifications are not available
for older dams. It is also important for the engineer to know
about any dam modificapions or repairs. A review of the state
dam safety agency's files on the dam is a good source for dam
history and records of modifications.

When conducting the inspection, the engineer should obtain
all available monitoring data. This includes impoundment

levels, discharge rates, gate openings, occurrences of floods
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. ' OWNER'S INSPECTION CHECKLIST

Dam Name:

Date of Inspection:

Your Name:

NO YES IF YES
Surface cracks? O O Contact state agency or engineer.
Slumping or cracking on O O Contact state agency or engineer.
the upstream or downstream
side?
Erosion from runoff, wave 0 0 Repair and stabilize.

action or traffic?

Embankment/spillway seepage? Contact state agency or engineer.
Water muddy?

.Top of the dam settled? Contact state agency or engineer.

Loss of riprap? Contact state agency or engineer.

O oo g
O o0 o oo

Trees, brush or burrows Clear trees, brush and seed.

on embankment?

Spillways blocked? O O Clear spillway immediately.
Exposed metal rusty? O 0 Clean and paint.
Concrete deterioration or O a Contact state agency or engineer.

cracks?

Cracks or uneven movement? Contact state agency or engineer.

Scour? Contact state agency or engineer.

Pipe joint separation? Contact state agency or engineer.

Gates operational? Repair and make operational.

O 0O
a o
O 0O
g a
o 0O
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and excessive precipitation, observation well (piezometer)
readings and settlement/alignment data. This information will
indicate how the dam has functioned.

A book or diary of activity occurring at the dam is very
useful. Many dam owners make entries on a daily basis. If not
established, one should be started. This log book should
contain visual observations, dates of inspections, visitors to
the dam site, gate openings and settings, water levels,
maintenance performed and any unusual occurrences. Keeping a
log book could also prove to be invaluable in the event of
litigation pfoceedings.

Past inspection reports are also important. These reports
assist the engineer in evaluating the structure.

Provided with the information above, the engineer will
become familiar with the dam and develop a good base for a
sound analysis of the dam structure.

Inspection Procedure

The owner should review or have the state dam Safety
engineers review the proposed inspection procedure before
authorizing the engineer to proceed. The initial inspection
should include an underwater inspection.‘ The engineer should
be recording each inspection detail on a checklist. The
checklist usually is included‘in the report as an appendix. It
should be emphasized fhat the checklists are not inspection
reports. Inspection reports must always include professional
judgements and opinions and be thoroughly documented (names,

dates, photographs, measurements, etc.).
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Analysis

The owner will not be directly involved in the detailed
analysis conducted by.his engineer. The owner should insist
that the engineer has identified problem areas and
deficiencies; recommended remedial actions for problem areas;
established a priority list for dealing with the problems:
included a cost estimate for the repair items or other
inspections; and contacted the state dam safety agency to
arrange for a third party review of the dam safety inspection

report.

V. Repair Priorities

Timely repairs are a must after problem areas have been
identified. Conducting the two level inspection program will
provide evidence that the dam owner has properly éared for the
dam only as far as the recomméndations for repair are followed.
Scheduling the repair of problem areas will guide a good
rehabilitation and maintenance program.

The owner should be aware of the various items that will
be provided in an engineering ihspectidn report. They are
emergency indicators, warning indicators and clues to potential
problems.

Emergency Indicators - During a visual inspection of
the dam, emergency indicators would alert the engineer to

a severe problem at the dam that could result in a dam

failure. The engineering consultant should notify the




owner and the appropriate state agency of the observed
deficiency in the dam. Accompanying such notification, an
immediate course of action should be provided to the
owner. This information will be verbal and may be given
during the on-site visit. Written confirmation should
follow. At this point, an emergency indicator would
activate the emergency action plan which is discussed in
Chapter 9 of this guidebook.

Warning Indicators - To a lesser degree, warning
indicators represent items of concern, requiring close
watching and monitoring. At this point, the engineer
should notify the owner and the state dam safety agencies
about the level and type of response that would be needed.

A warning indicator may result in on-site spoken
notification to the owner, followed by a written letter
prior to final drafting of the inspection report.

Clues to Potential Problems - Clues to potential
problems are items that need further detailed technical
analysis. 1In the final report, the enéineer will notify
the owner of these items. Corrective actions may require

further detailed study and analysis, or remedial repairs

and programmed maintenance of the items.




VI. Where To Get Help
Manuals or literature available from the state éam safety
agency will help you develop an owner's inspection program.
State personnel are also av;ilable to review and discuss an
inspection program with you. See Chapter 3 for more details.
The state dam safety agency can provide you with a list of
qualified engineering consultants to assist you in conducting
an engineer's inspection. Further, professional engineering
societies can provide you wifh guidelines for selecting an
engineering consultant. In general, the owner should check the
qualifications of an engineer based on:
Experience -~ Request references on previous dam
inspections and_construction projects.
Expertise - Engineering consultants should have
expertise in hydrology, hydraulics, structural design and

analysis, and geotechnical engineering.

VII. Summary

A good inspection program is an integral part of the
operation and maintenance of the dam. Dam inspection
identifies deficiencies and the maintenance required to ensure
>the integrity of the structure and to protect life, health and
property. Tﬁe dam owner, working with a qualified engineering

consultant and in cooperation with the state dam safety agency,

can develop a sound inspection program.




VIII.
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Colorado, June 1983.
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CHAPTER 6

MAINTENANCE

T Why Maintain?

A good maintenance program will prolong the life of the
dam and protect against deterioration.

A poorly maintained dam will deteriorate. Nearly &all dam
components and materials are susceptible. A good maintenance
program provides not only protection for the owner, but for the
public in general. The cost of a proper maintenance program is
small compared to the cost of major repairs (caused by lack of
maintenance) or litigation. Lack of proper maintenance can be
used against the dam owner in civil and/or criminal negligence

suits resulting from damages caused by a failure of the dam.

II. Common Maintenance Items

The dam owner can develop a basic maintenance program from
his systematic and frequent inspections. An inspection should
be performed monthly and after major flood events. During each
of the inspections, a checklist of items to be maintained and
items to be observed should be recorded. See Chapter 5, Page
5-15 (Owner's Inspection Checklist).

Minor and routine maintenance items, such as cutting
grass, painting and equipment repair, should be regular and may
be handled by the owner. The maintenance items illustrated on

Page 6-2 should have special attention.




blocked toe drain

rein Forcinq steel

concrete deterioration (epal\)

sScouvy

common maintenance fems




Spillways

Spillway entrances and/or intakes must be . clear of all: -

debris to allow uninterupted flow. Debris roften accumulates
after storm events. A plugged spillway can lead to a rising
pool elevation which may overtop and breach the dam. Regular
and timely removal ‘of trash and. debris is recommended.
Trash rack maintenance or replacement is a critical item.
Undersized or improperly spaced trash racks can significantly
reduce spillway capacity and endanger the dam. Your dam safety
agency should be contacted. Emergency spillways (earth
overflow typé) should be mowed and checked for erosion after

each use. Metal outlet pipes can also deteriorate by rusting

and corrosion. Leaking joints are also a problem that will

need attention.

Discharge Areas

High flow can cause underwater erosion (scour) which may

affect the stability of the dam, spillway slabs or walls. Some

spillways have a plunge pool or a stilling basin to dissipate

energy. Frequent surveillance of the discharge area is
required to identify excessive erosion. It may be advisable. to
inspect or to probe underwater. If erosion is minor, the owner
can probably correct these items himself. However, if severe,
professional assistance will probably be required.

Drainage

Most. concrete spillway structures and earthen embankments

require the control of seepage and uplift pressures with




drains. With the concrete spillway, this is accomplished with
small drain holes (weep holes) in the concrete wall to permit
water to drain from behind the wall. These holes should be
periodically inspected and cleaned to prevent plugging.
Seepage through earth embankments can be controlled with a toe
drain. Periodic inspections and cleaning of these drains will
ensure they are free flowing.

Slope Protection

Trees and brush should not be allowed to grow on
embankments or in emergency spillways. Periodic
cutting/controlling of the embankment vegetation and adjacent
areas is recommended. It will also prevent the growth of trees
and brush.

Upstream slope protection is needed to protect against
erosion. This can be provided by coarse riprap with a properly
designed soil or fabric filter underneath. Failed riprap
should be repaired. If the failures are frequent, professional
help should be obtained.

Concrete

Concrete s8palling and cracking is a common problem.
Spalling concrete (chipped, flaked or "pock-marked") or cracks
can lead to further deterioration of the structure over a
period ©of \time. Spalled - concrete can expose steel

reinforcement and further deteriorate the structural integrity

of the dam. When it is observed, it should be repaired and




patched to protect the structural integrity of concrete parts
of the dam. Concrete joints and concrete pipe joints should be
periodically checked and kept water tight.

Appurtenant Works

Dams may have some type of mechanical, electrical and/or
hydraulic equipment used to activate gates, valves, hoists, air
systems and other moving parts. These mechanical items are
essential to the safety of the dam because they provide the
means to pass flood flows and to draw down the impoundment in
case of emergencies. Instrumentation which is used to monitor
dam performance also requires maintenance.

Gates and valves are part of the overall water retaining
structure. They must be structurally sound and functional.
These parts will need lubrication and painting. The dam owner
should be familiar with gates and valves and their operation.

Hoists which move gates, slide gates, stoplogs, etc. are
either mechanically or hydraulically operated. Mechanical
hoists can be hand operated or powered by electrical motors or
gas engines. Hydraulic systems require a compressor whiéh can
either be operated by an electric motor or gas engine or an
accumulator tank. Some hydraulic devices can also be manually
operated. It is recommended that all components be test
operated at least annually. Backup electric generators may be

advisable in some situations.
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Sometimes air systems (bubblers) are provided near gates
in climates where ice can form on the impoundment. 1In the
northern states, it is common to find thick ice in the
impoundmént that can exert extreme preésure against the dam and
its operating gates. The air system may not keep the gates
from freezing, but will help reduce the ice buildup around the
gate structure. The air system and compressor should be tested

to make sure they are functional.

ITI. Summary

This chaptér lists common maintenance items that should be
addressed by the dam owner. Failure to maintain a dam in a
proper operating condition can lead to potential liability and
could cause failure of the dam. Systematic and proper
maintenance will help to extend the life of the dam and may

prevent a failure.
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1. "A Recommended Maintenance Program for Owners of Dams" by
Charles L. Hahn, MS, P.E., Division of Water,  Ohio
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. 3. "Dam Safety Manual," State Engineer's Office, State of

Colorado, June 1983.

4, "Operation, Maintenance and Inspection Manual for Dams,

Dikes and Levees, Ohio Department of Natural Resources,
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CHAPTER 7

REPAIR, ALTERATION AND REMOVAL

An engineering inspection report, or even the owner's
inspection, may identify the need for repair or modifications
of the dam. Repair is performed to essentially restore a dam
to its approved design condition. The dam owner may need to
seek engineering assistance to develop design plans and
specifications for the repair, alteration or removal of the
dam. The dam safety agency should be consulted. Such repairs
or removal of the dam may require permits. Permit requirements
are described in Chapter 3. Please read that chapter
carefully. This chapter will identify some of the issues the

dam owner must address.

I. Seek Help from Engineers and Contractors

If an engineering inspection reveals the need for repairs
and/or further investigations, then an engineer shoﬁld be
retained to prepare plans and specifications and oversee the
repair work. It is very important that the dam owner select a
qualified engineer in the area of dam design, construction,
operation and inspection.

Just as important as selecting a qualified engineer, the

owner must select a qualified contractor. The construction or

repair work activity around a water retaining structure such as




a dam requires specialized skills, knowledge and experience.
It is important that the dam owner and/or engineer seek
references from the contractor to prequalify them for the work.
The competitive bidding process 1is not always the best
procedure. Although it may appear to save the dam owner some
cost, long-term effects from an improper repair job or cost

overruns due to contractor inexperience can also occur.

II. Common Deficiencies and Remedies

Identifying dam deficienqies and remedies will probably
require the assistance of an engineer who is able to assess the
relative severity of a problem, which most laymen cannot do.
Some maintenance items, if not promptly attended to, can
deteriorate to the point where major repair is required.

Common items that could require repair include slumping
and settlement, loss of riprap, seepage, piping,. scour,
‘embankment erosion, and severe concrete and metal
deterioration. |

A common hydraulic deficiency is an undersized spillway
(that is, inadequate capacity), through which a major flood
cannot‘be passed without overtopping the dam. This deficiency
is serious and can be gxpénsive to correct. The state dam
safety agency can help the owner evaluate the spillway

capacity.




III. Dam Removal

Dam removal or breaching so as not to damage downstream
areas 1is the choice an owner must sometimes make after
considering safety conditions and costs of repair and removal.
It is recommended that an engineer be engaged not only to
prepare plans and specifications, but also to supervise
construction (actually "destruction") and removal phases. The
ehgineer should provide documentation that all environmental
protection measures are taken, and assure that upstream and
downstream uéers are protected during removal of the dam.

Removal does not necessarily mean total removal of the
earth embankment. Removal may simply involve taking away the
stoplogs and lowering the impoundment. The state dam safety

agency should be contacted to determine the extent of removal.
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CHAPTER 8

OPERATION

The purpose of a dam is to create an impoundment which may
be used for flood control, irrigation, water supply.,
recreation, hydroelectric power production, land development,
or fish and wildlife habitat. Proper operation will ensure
that the purposes are achieved. This chapter will discuss the
daily operation of the dam and what the dam owner should

understand to safely operate his dam.

Is Know Your Watershed

A watershed is the area of land drained by a river or
river system. Within a watershed, precipitation will
infiltrate into the ground, move as surface runoff, evaporate
and transpire. Surface water runoff is part of the Hydrologic
Cycle shown in Page 8-2. Although a detailed study of
hydrology and the hydrologic cycle is not the intent of this
section, the dam owner should recognize that river flow is
dependent on precipitation (the quantity of rainfall or snow in
the watershed area) as well as soil types, land use, slope and
other factors. Large, rapid river flows into an impoundment
can result in rapid changes in impoundment levels. High river
flows are usually the result of heavy precipitation within a
watershed. However, other combinations of climatic and ground

conditions can cause large runoff. An example would be a
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. moderate rain on frozen ground, combined with snow melt. In
this case, there would be little or no infiltration and nearly
all the rainfall would move as surface runoff. ‘Many other
situations could occur.

In any event, the dam owner»must be prepared to respond
correctly to high flows by adjusting the dam gates.

There are two approaches to undérstanding the watershed.
One would be the scientific approach and the other would be the
"rule of thumb" approach. The scientific approach 1is beyond
the scope of this guidebook, but guidance is available ffom
your state dah safety agency.

The "rule of thumb" approach is developed from éxperience
and observation. By compiling a history of precipit%tion,

. ground conditions and corresponding river flow, the dam owner
can become aware of the length of time between rainfall évents
and flow increases at the dam.

Specific information is available to develop the history
of a particular river and watershed. For mény river bésins,
the United States Geological Survey (UusGs), a branch of the
U.S. Department of Interior, maintains a stream gaging station
that provides information on river flow. Dam owners should
contact the state dam safety agency for locations of USGS
gaging stations. Stream flow data from gaging stafioné is

published yearly. Precipitation data can be obtained from the

National Weather Service. Based on a review of this




information and consultation with the dgm'safety agency, the
dam owner can learn more about the response of the river to a
particular rainfall event.

For émaller river basins, the USGS can also provide
information or de&elop a correlation study to the particular
dam site. Dam safety agencies within the state government can
also provide you with guidance or sources of information
concerning flood events in and around your particular
watershed. An inquiry to the state agency involved with flood
insurance studies developed for your particular area can also
provide useful information.

Other sources of information are flood forecast stations
operated by the Weather Service, as well as television and

radio weather stations.

II. Plan Your Operation

Your response to rainfall events will be determined by the
operation plan you develop with the watershed information. To
pass flood flows, critical equipment must be operable and well
maintained.

It is also advisable to have backup equipment to operate
gates and pass flood flows in case equipment breaks or there is
‘power failufe.

In'developing an operation plan, the owner should also be

aware that log jams, debris and ice buildup can block a

spillway and prevent passing the flood flow.




The operation plan should be in writing. This will
provide you, the dam owner, with a logical set of instructions
for yourself, your operating personnel, or future owners of the
dam.

The operation plan should also provide for limiting
access. Fencing, gates and locks should be provided on the
structure so unauthorized people do not damage or misoperate
the dam. Particular areas to fence are the spillways,
mechanical equipment and the outlet tubes. Signs that detail
the specific dangers must be posted. For example, if
electrical tranémission lines from a power generating plant are
essential in the dam's operation, signs should state "High
Voltage." Another example is a spillway sign stating "Danger
of Swift Currents, Undertow and Thin Ice."” Page 4-4 shows some
of the recommended features of a limited access dam. The

operation plan should include maintenance of these signs.

III. Oberation Plan Details

Detailed operation plans are a good idea and may be
required by the state. This plan should be passed on Fo new
owners. If there is an operating plan already, it can be kept
with this guidebook.

A sample operation plan which you can use to get started
is on Pages 8-6 and 8—7; The operation plan addresses the
questions: Who? What? When? How? and Where? For example, to

detail the cleaning of trash racks, the owner should know: who




SAMPLE DAM OPERATION PLAN

Dam Name:

Date:

Owner Name:

WHO

1. Who operates the dam? (Owner or other agent/employee.)

Address:

Telephone number: ( )

2. Who is the backup operator?

Address:

Telephone number: ( )
3. Who maintains the dam:

Address:

Telephone number: ( )

4, Who must be called in an emergency?

Address:

Telephone number: ( )

WHAT

1. What downstream structures would be affected by a flood?

2. What minimum flow, if any, is required for downstream
users?

3. What impoundment levels are required to protect upstream
users?

Maximum Elevation
Normal Elevation
Minimum Elevation




. SAMPLE DAM OPERATION PLAN (Continued)

WHEN

1. When are gates operated during storm events?

2. When are gates operated during normal conditions?
WHERE

1. Where is emergency power?

2. Where is engineering assistance?

HOW

1. How are gates operated?

2. How often is mechanical equipment operated?




is responsible; what problems can develop; what equipment is
used; when or how the trash racks should be cleaned; and where
they are located.

Your operation plan should specify how and when to release
water in normal and flood times, what equipment is needed and
who is responsible. The operation plan must take into account
that a minimum flow release may be required for downstream
users, as well as fishery and wildlife habitat protection.
These minimum flows should be determined in cooperation with
downstream water users and the state dam safety agency.

In addition to the items on Pages 8-6 and 8-7, the
operation plan shouid detail the impoundment levels required to
protect upstream users. This may require that minimum, normal
and maximum impoundment 1levels be established. If the
impoundment is raised, flowage rights or easements must be
checked. The operation plan should also contain the Emergency
‘Action Plan which will be discussed in further detail in
Chapter 9. | |

Any drawdown of the impoundment will require detailed
calculations of the amount of flow that can be released from
the structure without causing downstream flooding.
Investigating silt load in the impoundment and analyzing its
potential for downstream damage should be addressed.
Prqvisions for a drawdown should be in the operation plan, but
it must be carefully‘planned by consulting with your state dam

safety agency or other qualified professionals. Also, the rate



of the drawdown (or speed at which the pond level is dropped)
should be controlled so as not to cause structural damage to

the dam or any damage to properties upstream or downstream from

the dam.
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CHAPTER 9

EMERGENCIES

I. Can an Emergency be Anticipated

“Dams should be designed with sufficient safety factofs so
as not to fail. However, conditions beyond the control of the
dam owner and engineer can occur due to natural forces,
mistakes in operation, negligence or vandalism. The purpose of
this chapter is to identify typical dam failure scenarios. We
will explain the effect of dam failures on upstream and
downstream users and help the reader formulate an emergency
action plan. The emergency action plan will include procedures
for warning local units of governments. Local evacuation plans
should be coordinated and developed with the local government
agency. |

Since the existance of a dam can pose a threat to public
health, safety and welfare, the dam owner is responsible for
keeping these threats to a minimum. A carefully conceived and
impleménted emergendy action plan is one positive Step the dam

owner can take.

II1. Types of Failures
In preparing emergency plans, two types of failures are
usually.cbnsidered. They are termed rainy day and sunny day

failures. A  rainy day  failure could occur when heavy’

precipitation, in excess of that normally observed in the




watershed above the dam, leads to a high runoff period. If the
high water was to overtop the dam or add too much pressure, a
rapid failure could result. The dam owner should be an astute
weather watcher and be responsive to precipitation events.

A normal storm event could lead to overtopping the dam if
the outlet works are plugged with debris, if the gates jammed
or were broken, or if a power failure prevented operation of
key mechanisms. All the items can be controlled by proper
operation and maintenance of the dam.

Dams have also failed without any heavy precipitation.
These failures are called sunny day failures. They are usually
the resulf of neglected inspectisn programs and poor
maintenance and operation of the dam.  As an example, failure
to consider embankment seepage could lead to piping (internal
erosion). A sunny day failure could be caused by vandalism of
the outlet works, such as damage to gate mechanisms, or if the
outlet works are plugged with debris. Sunny day failures are
more likely at unattended dams than frequently visited dams.

Both rainy and sunny day failures can occur at new dams.
New.dams are very susceptible during initial filling and for a
few years after filling. In fact, many dams have failed their
first filling. Emergency action plans are a good idea for all
dams. Some states even require one prior to construction.

The downstream effect of a dam failure can be devastating.
When a break in a dam (breach) develops, water discharge

increases due to the uncontrolled release of water stored by




the dam. Destruction‘of>homes and property has been well
publicized. The force of water through existing bridges and
culverts and over roads can cause their collapse. It has been
documented that the flood wave from a small dam can overtop
roads and wash cars from ‘the roadway. Overtopping of the roads.
also makes them impassable for emergency vehicles. Dam
failures can kill people.

Damage to the environment and to upstream users from a dam
failure can also be «catastrophic. A breach in the dam and
rapid loss of the impounded water can cause heavy silt loads to
be passed dowhstream; These sediments, after a period of time,
will settle: out, clogging and covering the flooded land and

stream bed. Fish and wildlife habitat can also be damaged.

~ Upstream slopes can fail and boaters could be washed:

"downstream.

The Federal Emergency Management Agency (FEMA) has
prepared guidelines for thé preparation of emergency action
plans for dam owners. The following sections of this guidébook
discuss, in general, the contents of an emérgency action plan.
Each should be modified for a specific dam site. Dam owners.
may need to retain an engineer to help prepare the -emergency

action plan.
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ITI. Emergéncy Action Plans

Emergency action plans for dam failures usually consist of
three sections: preplanning, on-site assessment and initiating
warning and evacuation plans. Each part of the plan calls for
action by the dam owner.

Preplanning for an emergency may require detailed analysis
by an engineef. (Normally, the state dam safefy group would
not supply this service). The engineer will analyze and
determine flooding that would happen after a dam failure. He
or she will preéare flooding maps to be used for the evacuation
portion of the emergency action plan. The analysis will also
predict and map flood wave height and speed. All affected
downstream land owners and buildings will be identified, so you
can develop a list of who to contact with flood warnings and
evacuation notices.

It is also important to provide early warning of possible
dam failure. This may include installation of sound alarms at
unmanned dams. The consulting engineer or your state dam.
safety group can advise you as to whether or not alarms are
needed.

During the time preceding a‘possible dam failure, the dam
owner is responsible for implementation of the emergency action
plan. Page 9-5 is a simplified "flow chart" to help you make

decisions and respond correctly to a failure of your dam. Two
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types of failures are normally considered, the instantaneous or
rapidly developing failure (the failure will occur
immediately), and the slowly developing failure.

For a slowly developing failure, there may be time to take
remedial or corrective actions to reduce the impact of the
failure. For example, a controlled drawdown of the impoundment
could be done. For ihe rapidly developing failure, immediate
contact with local emergency authorities is essential.

The dam owner is responsible to provide early warning of
the problems at the dam to the local emergency unit. The owner
is responsible to convey the message; however, it is the
ultimate responsibility of the local and state agencies to make
the decision to initiate eﬁacuation plans and re-entry plans.

It is a good idea to have a telephone list like that shown
on Page 9-7. [Keep this list up to date and readily accessible.‘
Many dam owners post it by their phones. In an emergency, it
will save time searching for a number. Also, if you or your
normal operator are absent, the substitute can rapidly respond

to the emergency.

IV. Summary

The development of an adequate emergency action plan
requires coordination between the dam owner and the local and
state agencies. It is important that each individual
participating in the warning procedures and evacuation plan be
provided with a copy of the plan. The plan should be updated

annually and reviewed by all participants involved.




DAM OWNER/OPERATOR TELEPHONE LIST

1. Local Police/Sheriff Department

()

2. State Police/Patrol

()

3. Downstream and Upstream Dams and Operators

- Dam

Telephone ( )

-~ Dam

Telephone ( )

- Dam

Telephone ( )

4. Downstream Residence/Business

( )

5. Hospital/Ambulance

()

6. Contractor

Name

Telephone ( )

7. State Dam Safety Agency

Name

Telephone ( )

8. Engineer

Name

Telephone ( )

Post this list in a prominent place at the dam and give a copy
to all of your operators.-
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Developing and preparing an emergency action plan gives
the dam owner the ability to make correct responses in times of
emergency. As we have stated throughout this guidebook,; you
are responsible for the operation, maintenance and activities

at your dam. This remains true - even in an emergency.

V. References

1. "Emergency Action Planning Guidelines for Dams," by
Subcommittee on Emergency Action Planning of Interagency

Committee on Dam Safety, Federal Emergency Management

Agency, February 1985.







CHAPTER 10

FINANCIAL ASSISTANCE

This guidebook points out thét the  dam owner is
responsible for the repair, security, maintenance, and
operation of the dam. It is common that the dam owner will
need professional assistance in fulfilling = these
responsibilitiés. Repairs and maintenance of a dam can also be
costly. So the dam owner is often faced with the dilemma of
the lack of finances along with the responsibility  of
maintaining a éafe dam. This dilemma is not easily resolved.
Conscientious dam owners always prepare for the time when
costly repairs will be needed.

There are many possible sources of financial assistance
including federal, state, local government and private sources.
However, chances of obtaining federal, state and 1local
‘governmental . financial assistance are remote. Financial
assistance is further complicated by the fact that ﬁany
programs depend on the dam location, type of ownership, jobs.
created and the like. The dam owner should not be discouraged
by the many conditions to be met to obtain such financial
assistance. You should instead become innovative in applying
for assistance.

This chapter will present some basic information on
sources of financing for dam and dam safety projects from

federal and state sources. Funding through private sources-and

hydroelectric projects will also be described.




I. Public Sector Funding

The federal government has played an important role in
providing funds for dam owners. Obtaining federal funding
often requires meeting complex and varied requirements, and
doing a myriad of paperwork. The successful use of these
programs requires the dam owner to present the project with
innovation and sophisticétion. In addition, most programs
require local matching funds, while private projects must
utilize funds from private sources.

The U.S. Department of Agriculture, Farmers Home
Administration (FMHA) has several different programs to assist
dam owners with renovation projects. The agency functions as a
lender of last resort, only when private sector funding is not
available at reasonable terms.

The Environmental Protection Agency, through its office of
Research and Development, offers a series of grants related to
energy and water quality. Other programs are available thfough
the Soil Conservation Service and the U.S. Forest Service.

The U.S. Department of Commerce, Economic Development
Administration provides business development assistance loans
under three different programs to businesses and industries.
Hydroelectric power projects may qualify if they are generating
power for new or expanded business and industrial operations.

The U.S.. Department of Interior, Bureau of Reclamation

serves the 17 westernmost contiguous states and offers several
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financing programs to public and,privately owned dams in that
region. The Bureau's Regional and Washington offices may be
contacted for additional information on the following programs:
Irrigation Distribution System Loans
Irrigation Systeﬁs Rehabilitation and Betterment Loans
Small.Reclamation Projects
State government funds may be requested for dam repair
projects. Since these programs are constantly changing, any
definitive statément regarding the availability of funding from
the sources is not possible. However, as a general guideline,
Page 10-4 is.included to indicate applicability of various
funding programs for a given state. Specific‘information
regarding such programs - should be obtained from the

administering agency, or from the state dam safety agency.

II. Private Funding Sources

‘Dam owners are most often faced with funding dam repair
projects without government assistance. Owner genefated
funding could come from conventional sources such as commercial
banks, savings and loan organizations, insurande companies, or
private foundations.

In order to tap such conventional funding sources, the
‘borrower must "sell the proﬁect." This will undoubtedly
require the owner to retain specialists in the field of_dam
repair or modification to assure that proper engineering and

construction practices are followed.
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p-01

FUNDING SOURCES BY STATE

Indiana

Illinois Michigan Minnesota Nebraska Wisconsin
Community Development
Block Grants XX XX XX XX XX XX
Bureau of Reclamation ' XX
Great Plains
Conservation Program XX
State Certified _
Development Co. . XX XX, XX XX
Rural Development
Loan Fund Intermed XX XX XX
Small Business , ‘
Revitalization XX XX XX
State Equity/Venture : ,
Capital Corporation XX XX XX
Industrial Revenue /
Bonds-Local Level XX XX XX XX XX XX
Industrial Revenue
Bonds-State Level XX XX XX
Umbrella Bonds XX XX XX .
Loan Guarantees XX XX
Direct Loans XX XX
Development Credit Corp. XX XX
Job Trainlng XX XX XX XX
Property Tax Abatements XX XX XX XX
Investment Tax Credit XX XX XX
Job Creation Tax Credit XX
Energy Tax Credit XX XX XX XX - XX XX
Industrial Fuels XX XX XX XX XX XX
Machinery and Equipment XX XX XX XX XX XX
Pollution Abatement XX XX XX XX XX XX
Water Supply
Loans and Grants XX XX
Water Recreation
Loans and Grants XX XX
Flood Control
Loans and Grants XX XX
Source: "“Financing Dam Safety Projects"




A dam owner whose dam benefits others may attempt to
spread the costs of damimaintenance and repair by forming a
lake management district, a noﬁ;profit otganization or unit of
governmeht. In this way, dues from the membership could be
used to finance dam repair projects. Refer to Chapter 3 for
specific/state statutes that provide for this. It is advisable
for the dam owner_to establish a "sinking fund" in preparatidn
for the day when repairs or modifications to his dam will be

necessary.

III. Hydroelectric Possibilities

The rising cost of fossil fuels, together with the high
cost of nuclear generated electricity, has renewed interest in
the use of water to generate electricity. Currently, there are
many dams which are retired Hydroelectric sites or dams which
could be retrofitted to hydrqelectric generation. A dam owner
would be well advised to research the possibilities of
retrofitting the site for the purpose of generating
electricity. The biggest benefit from retrofitting is that the
dam may become income producing and hence self-supporting. The
revenue can vary greatly depending on the flow characteristics
of the river, environmental constraints, size of dam and other
variables.

Hydroelectric sites are often expensive to develop.
Besides the conventional sources previously listed, there are

hydroelectric developers who specialize in financing and

developing these projects. -




=1 rsTheresarescertain Friternal Revenue ‘code::benefits’ that
apply:mto. small ihydroelectric: projectsis . Also;’ investment:  tax:
credits: may be%avaiiaple.f;ﬁoweverq as is the icase with:Federal
Legislation, ichanges in: the:law:can occur,:and thus specialists
knowledgeable in these areas:'should be consultedregarding
specifici:projects. = .

FRSE I o S
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IV. ' References '
"Financing Dam Safety Projects,” Federal Emergency:

Management Agency, Washington, D.C. 20472.
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DAK HEIGHT

STATE OF ARIZONA
DEPARTMENT OF WATER RESOURCES
ENGINEERING DIVISION/SAFETY OF DAMS SECTION

w)
7

Acre-Feet

RESERVOIR CAPACITY
A JURISDICTIONAL DAM is either twenty-five feet or
more in height or stores more than fifty acre-feet.
If it is less than six feet in height regardless
of storage capacity or does not store more than
fifteen acre-feet regardless of height, it is not
in jurisdiction.

THE HEIGHT is the vertical distance from the lowest
elevation of the outside limit of the dam at its
intersection with the natural ground surface to the
spillway crest elevation.

THE CAPACITY is the maximum storage, in acre-feet

which can be impounded by the dam when there is no
discharge of water.




STATE OF ARIZONA
DEPARTMENT OF WATER RESOURCES

ENGINEERING DIVISION
SAFETY OF DAMS SECTION

ARIZONA REVISED STATUTES
TITLE 45-WATERS, CHAPTER 3, ARTICLE I

SUPERVISION OF DAMS, RESERVOIRS AND PROJECTS

SEPTEMBER 1983




ARIZONA REVISED STATUTES - TITLE 45, WATERS, CHAPTER 3 - DAMS AND

PROJECTS

e

45-701.
45-702.

§ 45-703.

- N W 7] (774 W |77 0]

45-704.
45-705.

45-706.
45-707.

45-708.
45-709.
45-710.
45-711.
45-712.
45-713.
45-714.
45-715.

45-716.
45-717.

RESERVOIRS, ARTICLE I SUPERVISION OF DAMS, RESERVOIRS AND

Definitions :

Jurisdiction of Director of Water Resources; records;
rules and regulations ‘ ‘

Approval by Director of proposed dams or enlargements
of existing dams; application for construction or

enlargement v
Estimated cost of dam; application fees

Charges against irrigation projects; disposition of
proceeds :

Approval of repair, alteration or removal of dam
Approval or disapproval of applications; commencing
construction

Inspections and investigations during construction;
modifications; notice

Notice of completion; 1license of final approval;
removal of dam

Petition for review

Time for filing petition; board of review

Supervision over maintenance and operation; remedial
measures; lien ' :
Inspection upon complaint

Investigations for review of design and construction
Liabilities of state and owners of dam in action for
damages ’

Violations; classification
Action and procedures to restrain violations




ARTICLE”I - SUPERVISION OF DAMS, RESERVOIRS AND PROJECTS

§ 45-701.

§ 45-702.

A.

Definitions
In this article, unless the context otherwise requires:
"Dam" means any artificial barrier, including appurte-

nant works for the impounding or diversion of water
except those barriers for the purpose of controlling
liquid borne material, twenty-five feet or more in
height or the storage capacity of which will be more
than fifty acre feet, but does not include any such
barrier which is or will be less than six feet 1in
height, regardless of storage capacity, or which has or
will have a storage capacity not in excess of fifteen
acre feet, regardless of height.

"Height" means the vertical distance from the lowest
elevation of the outside limit of the barrier at its
intersection with the natural ground surface to the
spillway crest elevation.

"Owner" includes any person or entity who owns,
controls, operates, maintains, manages or proposes to
construct or modify a dam, except the United States
government and its agents or instrumentalities, if a
safety program at 1least as stringent as the state
program is applicable to and enforced against such
agent or instrumentality.

"Person" means any person, firm, association, organiza-
tion, partnership, business trust, corporation, company
or district. ‘

"Storage capacity" means the maximum volume of water
that can be impounded by the reservoir when there is no
discharge of water.

Jurisdiction of director of water resources; records;

rules and regulations

All dams shall be under the jurisdiction of the
director of Water Resources. Dams of the state, or any
political subdivisions thereof, or dams of public
utilities, and all dams within the state except those
of the United States or its instrumentalities are
included within the jurisdiction conferred by this §.
It is unlawful to construct, reconstruct, repair,
operate, maintain, enlarge, remove or alter any dam
except upon approval of the director.

The records pertaining to dam supervision shall be
public documents. The director shall adopt and revise

rules of procedure and regulations and issue general
orders to effectuate this article.




§ 45-703. Approval by director of proposed dams or enlargements

of existing dams; application for construction or

enlargement

Construction of a dam or enlargement of an existing dam
shall not be commenced until a written approval of
plans and specifications has been obtained from the
director.

A separate application for each dam shall be filed with
the director upon forms provided by him, reciting the
name and address of the owner or his agent, the
location, type, size and height of the proposed dam and
appurtenant works, the storage capacity of the
reservoir, and such other information as the director
requests. The application shall also set forth the
area of the drainage basin, rainfall and stream flow
records, flood flow records and estimates and other
similar information required by the director. The
director may require information concerning subsoil and
foundation conditions and may require that the site be
drilled or otherwise prospected.

When the physical conditions and the size of the dam do
not require the information provided in subsection B,
such information may be waived by the director.

The means, plans and specifications by which the stream
or body of water is to be dammed, by-passed or control-
led during construction shall be stated in the
application, or such means, plans and specifications
shall be submitted to the director for approval prior
to beginning construction. The director shall have the
same authority over the construction and maintenance of
such means of damming, by-passing or controlling the
stream or body of water during construction of the dam
as he has over similar work on the dam itself.

The application shall further state the proposed time
of beginning and completing construction, the estimated
cost of construction, the use to which the impounded or
diverted water is to be put, and shall be accompanied
by maps, plans and specifications and state such
details and dimensions as the director may require.

The maps, plans and specifications shall be a part of

the application.

Prior to the approval of plans and specifications, the
director may require a surety company bond in an amount
sufficient to secure the costs to the state in assuring
the safety of any dam left partially constructed. The
bond may be required only when the director questions
the financial ability of the owner or contractor, or
otherwise deems the bond advisable.




§ 45-704,

A.

§ 45-705.

A.

Estimated cost of dam; application fees

The estimated cost of the dam or alterations thereof
shall include the c¢ost of all 1labor and materials
entering into the construction of the dam and appurte-
nant works. The cost of the preliminary investigation
and surveys, the construction plant and all other items
properly included in the cost of the dam shall be
chargeable to the cost of the dam.

Application fees shall be based on the cost of the
dam. Applications shall be accompanied by a filing fee
of fifty dollars. There shall be a further fee paid at
the time of filing the application, or upon receipt of
the proceeds of bonds and prior to beginning actual
construction if the dam is to be constructed from the
proceeds of bonds, on the following basis::

1. For the first two hundred fifty thousand dollars,
one per cent of the estimated cost.

2. For the next seven hundred fifty thousand dollars,
one~half of one per cent,

3. For the next four million dollars, one-fourth of
one per cent.

4. For all cost in excess of five million dollars,
one-tenth of one per cent.

An application shall not be considered until the filing
fee has been paid, and no construction shall be permit-
ted until the additional fees required by subsection B
are received.

Charges against irrigation projects;

disposition of proceeds

Upon all projects for which approval is required by the
state certification board, or which involves examina-
tion, supervision and inspection by the director,
whether in connection with the construction of a dam or
otherwise, the following shall be paid:

1. For irrigation projects of any kind involving
twenty-five thousand acres or less, an annual tax
levy of ten cents per acre shall be levied and

collected.

2. For such irrigation projects in excess of twenty-
five thousand acres, an annual tax levy of five
cents per acre shall be levied and collected.




§ 45-706.

A L] .

§ 45-707.

A.

The levy shall be made only in the years required for
construction of the project, and shall be made and
collected in the same manner as provided for the levy
and collection of taxes made for other expenses of the
particular district. Such collections shall be trans-
mitted to the state treasurer and credited to the state
general fund.

All fees collécted by the director under this article
shall be paid to the State treasurer who shall credit
them to the state general fund.

The fees provided by this article shall be required of
all applicants including the state and its departments,
institutions or agencies.

Approval of repair, alteration or removal of dam

Before commencing the repair, alteration or removal of
a dam, application shall be made for written approval
by the director, except as otherwise provided by this
article. The application shall state the name and
address of the applicant, shall adequately detail the
changes it proposes to effect and shall be accompanied

by maps, plans and specifications setting forth such

details and dimensions as the director requires. The
director may waive any such requirements. The applica-
tion shall give such other information concerning the
dam and reservoir required by the director, such infor-
mation concerning the safety of any change he may
require, and shall state the proposed time of commence-
ment and completion of the work. The application shall
otherwise conform to the requirements of § 45-703.

When repairs are necessary to safeguard 1l1life and
property, they may be started immediately, but the
director shall be notified forthwith of the proposed
repairs and of work under way, and they shall be made

to conform to his orders.

Approval or disapproval of applications;

commencing construction

Upon receipt of an application, the director shall
approve, disapprove or approve subject to conditions
necessary to insure safety.

A defective application shall not be rejected, but
notice of the defects shall be sent to the applicant by
registered mail. If the applicant fails to file a
perfected application within thirty days, the original
shall be canceled unless further time is allowed.




§ 45-708.

A.

No application shall be approved in less than ten days
from its receipt, nor shall an application be retained
more than sixty days after it is filed unless the
director finds that additional information is neces-
sary.

If the director disapproves an application, one copy
shall be returned with a statement of his objections.
If an application is approved, the approval shall be
attached, to the application and a copy returned by
registered mail. Approval shall be granted under
terms, conditions and limitations which the director
deems necessary to safeguard life and property.

Construction shall be commenced within one year after
the date of approval of the application or such
approval is void. The director upon written applica-
tion and good cause shown may extend the time for
commencing construction. Notice by registered mail
shall be given to the director at least ten days before
construction is commenced. :

Inspections and investigations during

construction; modifications; notice

During the construction, enlargement, repair,
alteration or removal of a dam the director shall make
such inspections, investigations or examinations as he
deems necessary to -enforce the  provisions of his
approval and the plans and specifications as
approved. If thereafter as the work progresses the
director believes amendments, modifications or changes
are necessary to insure safety, he shall revise the
approval.

If, during construction, reconstruction, repair, alter-
ation or enlargement of any dam, the director finds the
work is not being done in accordance with the provi-
sions of the approval and the approved plans and
specifications, he shall give written notice by
registered mail or personal service to the person who
received the approval and to the person in charge of
construction at the dam. The notice shall state the
particulars in which compliance has not been made, and
shall order immediate compliance with the terms of the
approval, and the approved plans and specifications.
The director may order that no further construction
work be undertaken until such compliance has been
effected and approved by the director. A failure to
comply with the approval and the approved plans and
specifications shall render the approval revocable
unless compliance is made after notice as provided by
this section.




§ 45-709. Notice of completion; license of final approval;

A,

removal of dam

Immediately upon completion or enlargement of a dam,
notice of completion shall be given to the director.
As soon as possible thereafter supplementary drawings
or descriptive matter showing or describing the dam as
actually constructed shall be filed with the director
which shall include:

1. A record of all grout holes and grouting.

2. A record of permanent location points and bench
marks. '

3. A record of tests of concrete or other material
used in the construction of the dam.

4, A record of other items of permanent value bearing
on safety and permanence of construction.

When an existing dam 1is enlarged, the supplementary
drawings and descriptive matter need apply only to the
new work.

The owner of a completed dam shall file an affidavit of
the total cost of the dam comprised of items set forth
in § 45-704, and furnish such evidence in support
thereof as the director requires. No license of final
approval shall issue until the affidavit is filed. The
completed dam shall be inspected by the director, and
upon finding that the work has been done as required
and that the dam is safe, he shall issue a license of
final approval forthwith, subject to such terms as he
deems necessary for the protection of 1life' and
property. In the event the total cost exceeds the
estimated cost, the fee shall be recomputed in accor-
dance with the schedule in § 45-704, subsection B. The
owner shall pay the difference between the fee already
paid and the recomputed fee.

Pending issuance of the license, the dam shall not be
used except on written consent of the director, subject
to conditions he may impose.

When a dam is removed the owner shall file with the
director evidence showing that a sufficient portion has
been removed to permit the free passage of flood
waters. Before final approval of the removal of the
dam the director shall inspect the work to ascertain
its safety.




§ 45-710.

§ 45-711.

A.

§ 45-712.

A.

Petition for review

Except as otherwise provided in this article, a peti-
tion for review by a board of review of any approval,
disapproval or order of the director concerning plans,
specifications, construction or maintenance pertaining
to any dam may be filed by the owner or applicant, or
by three land owners whose property would be endangered
by the failure of the dam.

Time for filing petition; board of review

The petition for review shall be in writing and shall
be filed with the director within ten days after
issuance of the approval, disapproval or order of which
complaint is made. Upon receipt of the petition, the
director shall prepare a 1list of ten qualified
experts. Within ten days the petitioner shall select
three individuals from the list who shall then serve as
the board of review. The board shall serve at the
expense of the petitioners. Within thirty days from
its designation, or within such further time as the
director allows, the board shall report to the director
and he shall forthwith affirm, change or modify the
report, and his action shall be final and not subject
to further review. No board of review shall be
appointed to consider any action taken by the director

relative to emergency regulation and control of a dam

under § 45-712.

Pending examination, change or modification by the
director, his approval, disapproval or order issued
shall remain operative. Operations shall be suspended
if an applicant or owner files a petition for a board
of review unless the director orders work to proceed
because of emergency conditions.

Supervision over maintenance and operation;

remedial measures; lien

Supervision over the maintenance and operation of dams
to safeguard life and property is vested exclusively in
the director. He shall make complete inspections,
require reports from owners or operators and shall
issue rules, regulations, and orders necessary to
secure maintenance and operation of dams which will
safeguard life and property.

If the director determines that the dam under consider-
ation is dangerous to the safety of life and property,
and that there is not sufficient time to issue and
enforce an order relative to its maintenance or
‘operation, or if the director believes that imminent

floods threaten ' the safety of the dam under




consideration, the director shall immediately employ
remedial measures necessary to protect 1life and
property.

In applying remedial measures the director may 1lower
the water 1level of a reservoir by releasing water
impounded, may completely empty the reservoir, may
destroy the dam or reservoir or such portions as appear
necessary, or may construct, reconstruct, repair or
enlarge the dam, and may exercise any other control of
the dam, reservoir and appurtenances essential to safe-
guard life and property. The director shall remain in
full charge and control of the dam, reservoir and
appurtenances until they have been rendered safe or the

emergency has terminated.

The costs and expenses of the control, regulation and
abatement provided by this §, including costs of
construction work done to render the dam, reservoir, or
appurtenances safe, shall constitute a lien against all
property of the owner, and the lien shall be prior and
superior to all other mortgages, liens or encumbrances
or record. The lien shall have the force and effect of
a mechanic's and materialman's 1lien, and may be
foreclosed at any time within two years.

The lien referred to in subsection D may be perfected
and foreclosed in advance of construction or repair or
after completion of the repairs. If in advance, the
lien shall be perfected by the filing of an affidavit
of the director setting forth the estimate of the costs
of construction or repair with the county recorder in
the county in which the dam is located in the same
manner as prescribed for mechanics' liens in Title 33,
Chapter 7, Article 6 and may be foreclosed in the same
manner as a mechanic's and materialman's lien. When
the affidavit is filed, the amount set forth in the
affidavit shall be a lien in such amount against all
property of the owner. 1If the actual cost of construc-
tion or repair exceeds the estimated cost, the director
may amend the affidavit setting forth the additional
estimated cost. If the estimated cost exceeds the
actual costs of construction or repair at completion,
the director shall file an amended affidavit at comple-
tion., If a lien is perfected in advance and the
construction or repair is not commenced with two years
from the date of perfection, the lien shall be void.
The director shall file a satisfaction of lien upon
payment of the costs of construction or repair by the

owner.




§ 45-714.

§ 45-715.

A.

§ 45-716.

A'

Inspection upon complaint

Upon receipt of a written complaint that the person or
property of the complainant is endangered by any dam,
the director shall inspect such dam unless his records
disclose that the complaint is without merit., 1If the
complainant insists upon an inspection and deposits
with the director an amount sufficient to cover costs
of inspection, the inspection shall be made. If an
unsafe condition is found, the director shall cause it
to be corrected, and the deposit shall be returned. 1If
the complaint was without merit the deposit shall be
paid into the general fund.

Investigations for review of design and

construction

The director shall make investigations and assemble
data for a proper review and study of the design and
construction of dams, reservoirs and appurtenances, and
shall make watershed investigations to facilitate
decisions on public safety. The director or his
representatives may enter upon private property for
such purposes.

Liabilities of state and owners of dam

in action for damages

No action shall be brought or maintained against the
state, or any of its departments, agencies or officials
thereof, or any of their employees or agents, for
damages sustained through the partial or total failure
or any dam or its maintenance by reason of control and
regulation thereof by any of them pursuant to duties
imposed upon them under the provisions of this chapter.

Nothing in this article shall relieve any owner or
operator of a dam from the legal duties, obligations
and liabilities arising from such ownership or opera-
tion.

Violations; classification

It is unlawful for an owner, director, officer, agent,
employee, contractor or his agents to construct,
reconstruct, repair, enlarge, alter or remove a dam
without an approval as provided in this chapter, or
contrary to an approval issued. It is unlawful for the
agents or employees of the director to permit such work
to be done without immediately notifying the director.

A person who violates this article, except as otherwise
provided, is guilty of a class 2 misdemeanor, and each

day such violation continues constitutes a separate
offense,.




§ 45-717. Action and procedures to restrain violations

A.

B.

The . director may take any 1legal action proper and
necessary for the enforcement of this chapter.

An action or proceeding under this § may be commenced
whenever any owner or any person acting as a director,
officer, agent or employee of any owner, or any
contractor or agent or employee of such contractor is:

1. Failing or omitting or about to fail or omit to do
anything required of him by this chapter or by any
approval, order, rule, regulation or requirement
of the director under the authority of this

chapter; or

2, Doing or permitting anything or about to do or
permit anything to be done in violation of or
contrary to this chapter or any approval, order,
rule, regulation or requirement of the director
under this chapter; or

3. In the opinion of the director, in any manner in
violation of this chapter.

Any action or proceeding under this section shall be

commenced in a court of appropriate jurisdiction in

which:
1. The cause or some part thereof arose; or

2. The owner or person complained of has his princi-
pal place of business; or

3. The person complained of resides.

10




NOTE:

RULES AND REGULATIONS
PERTAINING TO THE
SUPERVISION OF DAMS

CHAPTER 15

DEPARTMENT OF WATER RESOURCES
(Authority: A.R.S. § 45-101)

All former Sections renumbered. Refer to Historical Notes
following each Section (Supp. 82-5).

ARTICLE 1. DEFINITIONS, FEES, PROCEDURAL
RULES FOR HEARINGS

R12-15-151. " Fee schedutle.

R12-15-152, Fee credit account.

ARTICLE 12, DAM SAFETY PROCEDURES

R12-15-1201. General provisions.

R12-15-1202. Professional -engineering }equiremenf.
R12-15-1203. Application procedure.

R12-15-1204. Final inspection and |icense of approval.
R12-15-1205. Plans and specifications.

R12-15-1206. Construction control.

THESE RULES AND REGULATIONS ARE THE MOST CURRENT ON FILE WITH THE SECRETARY OF STATE.
THE FOLLOWING CLERICAL CHANGES SHOULD BE NOTED:
1. THE STATE WATER ENGINEER 1S NOW THE DIRECTOR OF THE

DEPARTMENT OF WATER RESOURCES.

2. THE DIRECTOR'S OFFICE IS LOCATED AT 99 E. VIRGINIA, PHOENIX, ARIZONA,




Chapter 15 NATURAL RESOURCES

ARTICLE 1. DEFINITIONS, FEES, PROCEDURAL,

RULES FOR HEARINGS

R12-15-151. Fee schedule

The Department shall not accept or take action on an application or filing without payment

of the appropriate fee as listed below., Payment may be made by cash, check or by entry in an

existing Department fee credit account established pursuant to R12-15-152,

7.

9.

SAFETY OF DAMS
Application for review.....ceceee ............,.........,S0.0Q
Review of plans, studies
As a portion of Dam Cost (in dollars):
first 250,000...c.00uieiennciennnnnnas crsiersesieneses 1,003
next 750,000, ..cceieiiiiiienatcniececesnnrocnsananns .50?
next 4,000,000,............ ...; ..... Cestienenanes cesnes o25%
over 5,000,000, . ..0cieececcncececsconcnacessacscscess o108
Safety Inspections
Per Inspection..vceieiiienerisaerncnsastenanancasanens 50.00

Pius, per foot of height.......... teeecesscsssasesaress 1.00

OTHER CHARGES

PROTOCOPIES e vetnssessnsevsesisassssosscossssscassasassns .20each

Computer reports: First page of report...ieivecveeeeess15.00
Addifiohal.pages..;......;........... .25each

Certified "True Copies"........ cereeee Cereesnaas veessess 2.50each
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R12-15-152., Fee credit account

Any person who may pay more than fwo hundred doliars in fees.annually may apply to the
Department to have a fee credit account estabiished for periodic billing. The Department retains
discrefion to refuse to establish a credit account and shall set reasonable terms for payment and
interest for ény crédif account established pursuant to this Rule. Any person who has
esfabiished a credit account for fees with the Department who does not comply with the terms of

the account shall lose the privilege of maintaining such an account,.

ARTICLE 11,
ARTICLE 12, DAM SAFETY PROCEDURES
R12-15-1201. General provisions
A. The State Engineer's office is located at 222 North Central Avenue, Suite 800,
Phoenix, AZ. All notices and contracts with the State Engineer shall be sent to and made
at this address.
B. Forms with respect to these Rules and Regulations may be picked up or requested by
mail at the address of the State Engineer. Copies of these Rules will also be available
at the office of the State Engineer. A copy of the application form is shown as Exhibit

A following this Article,

Historical Note

Adopted eff. Nov. 2, 1978 (Supp. 78-6). Former Section R12-15-01 renumbered without

change as Section R12-15-1201 eff. Oct. 8, 1982 (Supp. 82-5).
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R12-15-1202. Professional engineering requirement
A. The plans and»specifécafions accompanying an application for construction of a new
dam or gtferafion, repair, enlargement, or removal of an existing dam shall be prepared
by or under the direction of a professional engineer registered under the laws of
Arizona, having proficiency in civil engineering as related to dam technology.
B. Engineers of the United States Soil Conservation Service who design and construct
dams for owners other than the United States are not required to be registered in Arizona

for purposes of these Rules.

Historical Note
Adopted eff. Nov. 2, 1978 (Supp. 78-6). Former Section R12-15-02 renumbered without

change as Section R12-15-1202 eff. Oct. 8, 1982 (Supp. 82-5).

R12-15-1203. Application procedure
A. An application for the consfrugfion of a new dam or enlargement, repair, alferation,
or removal of an existing dam ghall be prepared in duplicate and. sent to the State
Engineer on forms furnished by the State Engineer.
B. The applicafign shail include at least the foliowing information:
1. One complete set of plans and specifications prepared by a registered professional
engineer (or U.S. Soil Conservation Service engineer).
2. Geotechnical engineering data including the results of foundation and materials
exploration.
3. Engineering design data including basis assumptions as fo loads and limiting stresses

and as to methods of analyses for all structures, inciuding the dam.
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4, Hydraulic Qngineeting data used in determining capacity of spiliways and outlet works
and hydrologic data used in deriving required spilliway capacity.
C. Upon compléfion of the project, the total cost shall be tabulated and the fee
recomputed in accordance with the law, If the recomputed fee exceeds the fee paid with
the application then the owner shall pay the difference between the fee already paid and
the recomputed fee.
D. Plans. for the proposed work shall be filed in the form of paper prints, Notification
- of any changes required by the State Engineer will be given to the applicant.
Thereafter, the drawings designated for approval by the State Engineer shall be submitted
in triplicate together with two sets of specifications. After approval by the State
Engineer one set of signed prints and approved application shall be returned to the
applicant, one set of the drawings shall be retained for the permanent State records of

- the State Engineer and the third set shall be used for construction.

Historical Note
Adopted eff., Nov. 2, 1978 (Supp. 78-6). Former Section R12-15-03 renumbered without

change as Section R12-15-1203 eff. Oct. 8, 1982 (Supp. 82-5).

R12-15-1204. Final inspection and |icense of approval
A. Upon completion of construction, the State Water Engineer shall be notified in

writing and shall finally inspect the work as soon as practicable.
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B, After final inspection by.-a field engineer, the applicant is required to file the
following:

1. Affidavit of cost of construction., Attach breakdown of costs, including engineering.
2., Additional ‘fee if finél cost exceeds estimated cost, pursuant to Arizona Revised
Statutes.

3, As-constructed plans, in the form of paper prints.

C. A license of approvai shall be issued by the State Engineer after payment of all fees
and upon-a finding that the dam and reservoir are safe to impound water. No water shall
be stored nor shall the reservoir be used without written permission of the State

Engineer, pending issuance of a license of approval.

Historical Note

Adopted eff. Nov. 2, 1978 (Supp. 78-6). Former Section R12-15-04 renumbered without ‘

change as Section R12-15-1204 eff., Oct. 8, 1982 (Supp. 82-5).

R12-15-1205, Plans and specifications
A. Engineering drawings shall be in sizes ranging from 22 inches by 36 inches to 28
inches by 42 inches. Letter size drawings are not permitted. Drawings shall be prepared
on conventionai drawing material suchi that clear legible prints. can be obtained.
Submiffaliof blue line or black line prints for final approval and signature will be
satisfactory. In preparing the drawings, each sheet shall contain, fn addition to the
normal title block in the lower right hand corner, space approximately 4" x 5" somewhere
in proximity to the lower right hand corner for application of the State Engineer

signature block.
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B. The minimum requirements of maps and drawings for small dams consist of the
foliowing:

1. Location map of the dam and the drainage basin above the structure.

2. A topographic map of the dam, spillway, outlet works and the reservoir. The scale
should be large enough to accurately locate the dam and appurtenances and to indicate cut
and fili lines, Elevations should be fo a real datum base, rather than an assumed
elevation., Contour intervals shouid be compatible with height and size of the dam and
its appurtenances. An area capacity curve of the reservoir can be shown on this sheet.

3. Profile and section of the dam. The profile of the dam may be drawn to different
horizontal and vertical scales. However, the maximum section of the dam should be drawn
to a true scale. For a small dam the outlet conduit can be shown on the maximum section
if this is typical of the proposed construction.

4., Details of the outlet works. This should include the intake structure, the gate
system, conduit details, the trashrack, and the downstream outlet structure. Details
should be sufficiently complete to accurately lay out the structure and build it.
Schematic drawings are not acceptable.

5. Plan, profile, and control section of the spillway. This will also include detaiis
of any concrete work that may be contemplated. A complex control structure, a concrete
chute, or an energy dissipating device for a ferminal structure, will require additional
design details.

C. Drawings required for technical review of a major structure cannot be listed in
detail because each dam is different. The following maps and drawings are required for
the typical large structure:

1. Drainage basin above the proposed dam.

2. Location map for all foundation drill holes, auger holes, test pits, trenches, and
borrow areas. Also, bench marks with elevations, reference points, permanent ties,

should be shown. These may be shown on a reservoir map.
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3. Log of foundation drill holes and auger holes.

4. Topographic map of the damsite.

5. A topographic map of the reservoir, with area and capacity curves,

6. Ptlan, profile and sections of the dam, all at natural scales. Camber, crest details,
interior drains, and zone details should be inciuded.

7. Foundation plan showing excavation with proposed grout and drain holes.

8. Outlet works showing plan, profile, sections, and details.

9, Spillway showing plan, profile, sections and details.

10, Details of diversion scheme if applicable.

D, |f there is question as to whether a dam is considered a small dam or a large dam the

owner may present any information he deems pertinent to the State Engineer. and the State

Engineer will then decide which category applied.
E. Spécificafions concerning the proposed method of construction shall be filed in
duplicate with the application. The specifications shall inciude a detailed description

of the work to be performed and a statement of the requirements for the various types of
‘maferials that will enter into the permanent construction, including but not |imited to,

foundation preparation, placémenf of materials and concrete quality controi. Also any

special techniques should be carefully described.

F. {f not included in the specifications, the construction schedule and a statement of

the sequence of construction operations shall be filed in duplicate with and form a part

of the application.

Historical Note
Adopted eff. Nov. 2, 1978 (Supp. 78-6). Former Section R12-15-05 renumbered without

change as Section R12-15-1205 eff, Oct. 8, 1982 (Supp. 82-5).
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R12-15-1206, Construction control

A. The owner is responsible for safety during and after completion of any construction
of a new dam, enlargement, repair, aiteration, or removal of an existing dam, and is
responsible for inspections and completion of the work in accordance with the plans and
specifications approved by the STaTé Engineer.,

B. The State Engineer shall determine that proper construction control is being
exercised by the owner or the owner's engineer and any unsatisfactory condition shall be
remedied by the owner or his engineer with the contractor.

C. The foundation of the dam shall be inspected by the State Engineer or his designee.
The foundation shail not be covered over prior to such inspection and written approval of
the foundation by the State Engineer or his designee. Inspection for the foundation for
the outlet and spillway structures is also required and written .approval of the State
Engineer or his designee is required before covering over these foundations,

D. The State Engineer and his designee shall have access to the job for purposes of
inspecting alil phases of the construction, incliuding, but not limited to, mechanical
instaliations, concrete work, placement methods and strength test records,

E. Any deviations from the approved plans and specifications must be approved in writing
by the State Engineer or his designee before proceeding therewith. Any problems
encountered during construction which required any deviation from the plans and
specitications approved by the State Engineer shall be immediately reported to the State

Engineer,

Historical Note
Adopted eff. Nov. 2, 1978 (Supp. 78-6). Former Section R12-15-06 renumbered. without

change as ‘Section R12-15-1206 eff. Oct, 8, 1982 (Supp. 82-5).




State of Arizona
Oepartment of Water Resources

Divison of Safety of Dams

Application No. ‘ Filed
(Applicant shall not fill in above blanks)

APPLICATION FOR THE APPROVAL OF THE PLANS AND SPECIFICATIONS
FOR THE CONSTRUCTION, ENLARGEMENT, REPAIR, ALTERATION OR REMOVAL
OF A DAM AND RESERVOIR

(This anplication involves in no way the right to appropriate water. To secure the right to appropriate
water, application has to be made to the Department of Water Resources, Division of Water Rights on forms
which will be furnished upon request.) ,

This application is for the of the ‘ ] . Dam.
(Construction, Repair, Alteration, Etc.) ‘

LOCATION OF DAM

This dam is in ' County, in the — . Sec. I i <

R. ., G&SR, B&M, and is located on

(Creek, River or Watershed)
tributary to _

(Creek or River)

OWNER

Name

Address
{Street and Number, or P.O. Box)

(City) | (State) ‘ (Zip) _ (Telephone)

if this application is for construction of a new dam complete all items (1 thru 21) exceptitem 15, For alteration, repair,
enlargement or removal of a dam complete Items 15 thru 21 and those other items where a change is being made.

DESCRIPTION OF DAM AND RESERVOIR

1. Type of dam .
(Earth, Rock, Concrete Gravity, Concrete Arch)

2. Crest length ft. Crest width ft.
3. Slope. upstream Slope, downstream N
4, Dam crest elevation ft. Spillway crest elevation ft.

5. Dam heightis ________ feet (Measured from original ground level at the downstream toe to the spillway crest).

6. Volume of material in dam : cubic yards.

7. Water surface elevation is feet at the time of maximum spillway discharge.

8. Spillway (type, size and capacity)

9. Qutlet (type, size and capacity)

10. Reservoir capacity at spillway crest elevation is acre feet.

11. Reservoir surface area at s~"'' ‘ay crest elevation is acres.

{See Reverse Side)




J

HYDROLOGIC DATA

12. Maximum Recorged Rainfall . " inches in hours.
Date ‘ Location . s
13. Maximum Recorded Streamflow __ : : cubic feet per second.
Date - Location .
14. D{rainage»’Are‘a‘. : - __square miles.
GENERAL INFORMATION
15. Description of Work (repair. alteration, etc.)
16. Use of Stored Water
17. What provisions to divert tlood flows during construction?
18. Construction will begin S Estimated Completion S ‘
(Date) - . (Date)
19. Estimated cost of dam, reservoir, and appurtenances: $
20. Fees accompanying this application: §
21. Investigations, plans ahd_speciﬁcations prepared by
Signed:
Address:
Legal capacity if other than owner:
Date:
APPROVAL OF APPLICATION No. . INCLUDING THE PLANS AND SPECIFICATIONS .
This is to certify that Application No. ., including the plans and specifications for

Dam and Reservoir has been examined and the same is hereby approved, subject to the followmg terms and limita-
tions:

1. Construction work shall be started within one (1) year from date.

2. No foundatlons or abutments shall be covered by the material of the dam until the Department has been
.given an aopportunity to inspect and approve the same.

Dated this

SU— -\ 0] { , : . 19

DIRECTOR, Department of Water Resources

By ¢ et Divisior *Safety of Dams

EEEEEEEEEEEEEEE————— ]




STATE OF ARIZONA
DEPARTMENT OF WATER RESOURCES
ENGINEERING DIVISION/SAFETY OF DAMS SECTION

INSTRUCTIONS FOR FILING AN APPLICATION

OCTOBER 1986

An application is required fbr;construction of a new dam or
enlargement, repair, alteration, or remo&al of an existing dam.
Applications shall be prepared in duplicate and sent to the
Department of Water Resdﬁrces ﬁpon fdrms which will be furnished
frée on request. The Department's address is: 99 East Virginia,
Phoenix, Arizona 85004; Attention: Engineering Division, Safety
of Dams Sectién.

In addition to the application form, two complete sets of
engineeriﬁg drawings, specifications and an engineering design
report shall be considered a part of the application and shall be
submitted to the Department with the proper application fees.

The drawings, specifications and engineering report shall bé
prepared by a professional éngineer registered in Arizona and
experienced in the design and consfrucéion of dams. The engi-
neer's seal and signature shall appear on all drawings, the spec-
ifications and the design report. The Director may waive or
enlarge any requirements for information to accompany an applica-
tion.

As prescribed in the Statutes, ho application shall be given
consideration unless accompanied.by'a filing fee of $50 and a
further fee based upon the esfimated cost of the project (see

paragraph on Fee Requirements) as well as appropriate support

data.




Plans for the proposed work shall be filed in the form of
paper prints. After review of the plans and specifications, the
Department will notify the applicant of any required changes. A
conference may also be arranged to work out revisions which will
meet the Department's requirements. The revised drawings shall
be submitted to the Department in triplicate along with two sets
of fevised specifications for approval. Upon approval, one set
of signed ?rints and'the approved'application will be returned to
tﬁ; applicant, 6ne signed set of drawings retained for permanent
State fecofd and the third set retained for use by the Department
during construction. A half-size set, if available, will be

acceptable for the construction set.

FEE REQUIREMENTS

- PaYment of the application fees, including the filing fee and
the further fee, is required for all new construction, altera-
tion, fepair, enlargement or removal applications for dams. The
filing fee for all applications is $50.00. The further fee is
based upon the estimated project cost. The project cost shall
include all costs associated with construction of the dam and
appurtenant works. Preliminary investigations and.surveYS, engi-
neerihg design, supervision of construction and any other engi-
-neering-costs shall be included. All costs of construction of

the project shall also be included.




Based upon these total costs the further fee will be computed
. according to the follov?ing schedule:
1. For the first $250,000, one (1%) percent of the
estimated cost.

2. For the next $750,000, one-half of one (0.5%) per-

cent.

3. For the next $4,000,000, one-fourth of one (0.25%)
percent.

4. For all costs in excess of $5,000,000, one-tenth of

one (0.1%) percent.

Upon complétion of the project, the actual total cost shall
be tabulated and the fee recomputed for this amount in accordance
with the schedule above. If the recomputed fee exceeds the fee

‘ paid with the application be $50.00 or more, then the owner shall
pay the difference between the fee already paid and the recomput-

ed fee. If the recomputed fee is less than the original fee by

an amount of $50.00 or more,.then the owner shall be entitled to
a refund by the amount of the difference between the fee aiready
paid and the recomputed fee. When the amount indicated in less
than $50.00 there will be no refund, and likewise there will be

no additional fee if the indicated amount is less than $50.00.

Example of amount of fee to accompany application.

ESTIMATED COST $6,420,000.00
Filing Fee 50.00
1% x $250,000 2,500.00
0.5% x $750,000 ' 3,750.00
0.25% x $4,000,000 10,000.00
0.10% x $1,420,000 1,420.00

. TOTAL FEE $ 17,720.00




If the actual cost for this project were $6,482,500.00

the recomputed fee would be:

ACTUAL COST - $6,482,500.00

Filing Fee 50.00
1% of $250,000 _ 2,500.00
0.5% x $750,000 3,750.00
0.25% x $4,000,000 10,000.00
0.10% x $1,482,500 1,482.50
Recomputed Fee $ 17,782.50
Original Fee - : $ =17,720.00

DIFFERENCE $ 62.50

In this case the owner would be required to payvan addi-
“tional fee of $62.50. If the actual cost were
‘ $6,320,000.00 then the recomputed fee would be
$17,620.00, the difference would be $100.00, in the
owner's favor, and the owner would be entitled to a
refund of $100.00. |
If,-after re§iew of the final cost statement by the Depart-
ment, a refund is indicated, a refund may be obtained by request~-
ing it in writing. Upon receipt of a refund request, the‘Depart—

ment will initiate the refund process.

PLANS AND SPECIFICATIONS

ENGINEERING DRAWINGS - All drawings submitted shall be from

22" x 36" to 28" x 42" in size.
Drawings should be prepared on conventional drafting material
such that clear, legible prints can be obtained. Submittal of

blue line or black line prints’for final approval and signature

will be satisfactory. 1In preparing the drawihgs, each sheet




shall contain, in addition to the normal title block in the lower
right hand corner, a space at least 2-1/2" x 4" in proximity to
the lower right hand corner for application of the Department's
approval signature block.

Drawings accompanying the application shall include:

1. A topographic map of the dam, spillway, outlet
works and the reservoir on a scale large enough to
accurately locate the dam and appurtenances and to
indicate cut and fill lines. Elevations shall be
to a real datum base, rather than an assumed eleva-
.tion. Contour intervals shall be compatible with
the height and size of the dam and its appurten-
ances,

2. Area and storage capacity curves and tables for the
reservoir.

3. Spillway and outlet rating curves and tables.

4. A location map.showing all exploration drill holes,
test pits, trenches, adits, borrow areas and.bench
marks with elevations, reference points and perma-
nent ties.

5. Geologic information including geologic maps of the
damsite and reservoir area at scales compatible
with the site and geologic complexity; soils and.
geologic profile along the dam centerline, showing
logs of exploration drill holes, test pits, trench-

es, and adits.




6. A foundation profile showing the existing ground
and proposed.cut and f£ill elevations. |

7. A Profile and sufficient cross sections at the dam
to adequately describe it; Embankment camber,
crest details, interior drains and zone details
must be shown. The profile of the dam may be drawn
to different horizontal and vertical scales. As a

Aminimum; a maximum section of the dam shall be
included. It shall be drawn to a true scale (ver-
tical = horizontal). The outlet conduit may be
.éhown on the maximum section if this is typical of
the proposed construction.

8. A foundation plan showing excavation with proposed
grout and drain holes.

9. Details of the outlet works,. including the intake
structure, the gate system, conduit details, tﬁe
trashrack and fhe downstream outlet structure.

10. The plan, profile and control section of the'spill—
way, including details of any concrete work that is
contemplated. A complex control structure, a con-
crete chute or an energy dissipating device for a
terminal structure will require additional design
details.

11. Hydrologic data, drainage area and flood routing
criteria, as appropriate.

The Director may waive or enlarge any requirements for infor-

mation to accompany an application.




SPECIFICATIONS - The specifications shall include a detailed

description of the work to be performed and a statement of the
requirements for the various types of materials that will enter
into the permanent construction. Of particular importance are
those sections describing foundation preparation, placement of
materials and concrete quality control. Any special techniques
should also be carefully described.

If not included in the specifications, the construction
schedulewand a statement of the anticipated sequence of construc-

tion operations shall be filed in duplicate with the application.

DESIGN REPORT

In addition to plans and specifications, a design report is
required for all structures. As a minimum, this report should
contain the following:

1. Hydrology calculations and a summary table of data
used in determining the required spillway capacity
and freeboard. |

2. Hydraulic characteris?ics and engineering data of
the structure used in determining the capacity of
outlet works and spillway.

3. Results and analysis of subsurface investigation
including logs of test borings and geologic cross-
sections.

4, Material testing results and the location of test
pits and the logs of these pits.

5. Design of the grout curtain and cap.




6. Sample calculations and basic assumptions on' loads .

and limiting stress as for the reinforced concrete
" design.

7. A stability analysis of tﬁe dam including appropri-
ate seismic loading, safety factors and embankment
zone characteristics. The seismicity of the proj-
ect area and activity of faults in the vicinity

- must be discussed.
8. Geologic investigation of the damsite and reservoir
- basin.

9. ?lans to adequately compensate for geological weak-
ness in the dam foundation or in the abutment
areas.

10. Flow net considerations including the cutoff trench

design or other cutoff facilities.
11. Internal drainage design including instrumentation
necessary to ménitor the drainage system. |
12. Foundation treatment and abutment contact design.

1 13. Post-construction‘vertical and horizontal movement
monitoring system. Systems for monitoring piezo-
metric levels and seepage flows. Strong motion
instrumentation may be required at some sites.

14, A statement of the designer'S’intent with regard to
testing frequencies, foundation guidelines, etc.
The Director may’waive or enlarge any requirements for infor-

mation to accompany an application.




CONSTRUCTION CONTROL

Application approval is valid for a one year period in which-
construction must begin. If construction does not begin within-
one year, the Department must review the application again ih
light of changes which“may have occurred since the approval was
originally given. Upon written application and good cause shown
by the owner, the time for commencing construction may be extend-
ed.

The owner and his engineer shall assure that construction of
a new dam, or enlargement, repair, alteration or removal of an
existing dam ié carried out in accordance with the plans and
specifications approved by the Director. Construction super-
vision shall be under the direction of a registered professional
engineer having proficiency in the design and construction of
dams.

The Safety of Dams Section will inspect construction and
determine that proper constrﬁction control is being exercised by
the owner's engineer. Any unsatisfactory condition shall Ee
remedied by the owner or his engineer with the contractor.

The Department shall have access to the damsite for purposes
of inspecting all phases of the construction including the foun-

dation, embankment or concrete placement, inspection and test

records and mechanical installations.




The owner or his engineer shall immediately report to the

Department any conditions encountered during construction which | .
require any deviation from the plans and speéifications approved

by the Director. The owner or his engiﬁeer shall promptly submit

a written request for approval of any necessary change and suffi-

cient data to justify the proposed change. Construction pursuant

to the proposed change may not commence without the written

approval of the Director.

AFTER COMPLETION

Upon completion of construction, the Department shall be
notified to that effect in writing and a final inspection will be
made as soon as practicable.

As soon as possible after completion of the work and final

inspection by an engineer from the Section, the following shall
be filed by the owner or his engineer:
A. An Affidavit of thévactual cost of construction.
Attach a detailed breakdown of the costs, including
all engineering costs (see paragraph on fee
requirements). |
B. An additional fee or refund request, as appropriate
(see paragraph on fee requirements).
c. One set of full sized as-construcﬁed plans, in the
form of paper prints.
D. Construction records such as grouting, materials

testing and permanent bench marks.




E. A brief completion report summarizing the salient B
features and causes for changes or deviations from-
the approved drawings and specifications which were
made during the construction phase.

F,v An Emergency Alert Plan including inundation map.

G. An operating manual for the dam and its appurtenant
structures including schedules for surveillance
activities.

Upon completion of these items and finding that the dam has
been constructed in accordance with the approved plans and speci-
fications, a license of final approval will be issued. Pending

issuance of a license, use of the reservoir shall require written

permission from the Department.




LIST OF REFERENCES

Included below is a Brief list of references which have prov-
en useful in coping with basic dam design problems. The list is
not intended to be all-inclusive. However, most of these refer-
ences do include comprehensive bibliographies which may provide
additional assistance in locating more detailed reference materi-
als. When complex dam design problems are encountered, it is

advisable to retain a qualified specialist.

AMERICAN SOCIETY OF CIVIL ENGINEERS, U.S. COMMITTEE ON LARGE DAMS

'DeSign and Construction of Dams 1967.

ARIZONA DEPARTMENT OF WATER RESOURCES, ENGINEERING DIVISION,

SAFETY OF DAMS SECTION, Guidelines for the Determination of

Spillway Capacity Requirements, (Revised 1986).

CEDERGREN, H.R. - Seepage, Drainage, and Flow Nets, Second Edi-
tion New York: John Wiley and Sons, Inc. 1977.

COMMITTEE ON SAFETY OF EXISTING DAMS. Safety of Existing Dams--

Evaluation and Improvement. Prepared under auspices of Water

Science and Technology Board, Commission on Engineering and
Technical Systems, National‘Research Council. Washington,
D.C.: National Academy Press. 1983.

‘DAVIS, C.V. and K.E. SORENSEN, New York: McGraw-Hill Book Com-

pany, Inc., Handbook of Applied Hydraulics, 3rd Edition.

1969.
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HANSEN, E.M., J.T. RIEDEL, and F.K. SCHWARZ. Probable Maximum
Precipitation Estimates--Colorado River and Great Basin

Drainages. Hydrometeorological Report 49. Silver Spring,

Maryland: National Weather Service, National Oceanic and
Atmospheric Administration, U.S. Department of Commerce.
1977.

KING, H.W. and E.F. BRATER, Handbook of Hydraulics, 5th Edi-

tion, New York: McGraw-Hill Book Co., Inc. 1963.
SHERARD, J.R.,'R.J. WOODWARD, S.F. GIZIENSKI & W.A. CLEVENGER,

Earth and Earth-Rock Dams, New York: John Wiley and Sons,

Inc., 1963.

U.S. DEPARTMENT OF THE ARMY, CORPS OF ENGINEERS, Recommended

Guidelines for Safety Inspection of Dams.

U.S. DEPARTMENT OF THE INTERIOR, BUREAU OF RECLAMATION, Design

of Small Dams, A water resources technical publication, 2nd

Edition, Washington, D.C.: U.S. Government Printing Office,

1973.
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OWNERS LETTERHEAD

AFFIDAVIT OF TOTAL COST

. AR1ZONA DEPARTMENT OF WATER RESOURCES
: DIVISION OF SAFETY OF DAMS
99 EAST VIRGINIA, SulTE 150
PHOENIX, ARIZONA 85004

GENTLEMEN:

I, ' i
"(OWNER)
AM THE :
: (OWNER, OR AUTHORIZED REPRESENTATIVE OF OWNER)
OF THE

(NAME OF DAM AND RESERVOIR)

THE FINAL TOTAL COST OF CONSTRUCTION (REPAIR, ALTERATION) OF
THE DAM AND APPURTENANT WORKS TO COMPLETE THEREOP IS AS FOLLOWS:

* 1. ENGINEERING .
1.1 PRELIMINARY INVESTIGATIONS AND SURVEYS $

1.2 PRECONSTRUCTION SURVEYS, GEOLOGIC, )
- HYDROLOGIC, TESTING, DESIGN svavivees @

1.3 CONTRACT ADMINISTRATION AND CONSTRUC-
TION SUPERVISION vevvsnnansennebhainsas

1.4 CONSTRUCTION QUALITY CONTROL TESTING  $
TOTAL ENGINEERING tvvvvsvrvinsosesnnnsnnss 9
* 2. CONSTRUCTION CONTRACT PAYMENTS
. ' *#* 2.1 FINAL PAYMENT FOR CONTRACT BID QUANTITY
0 -3
*% 9 9 FINAL PAYMENT FOR CHANGE ORDERS TO BID
QUANTITY LIST wuvvvvnvrnansnnnersanns
TOTAL CONSTRUCTION CONTRACTS tvursnsnsarss 9
TOTAL CONSTRUCTION COST savevesrvsonsrnstnnerins $

I HEREBY DECLARE UNDER PENALTY OF PERJURY THAT THE ABOVE STATE-
MENT IS TRUE AND CORRECT.

EXECUTED ON AT ' » ARIZONA,

(OWNER'S SIGNATURE)

- (NOTARY) (DATE)

The cost breakdown must include all applicable costs as indicated.
For projects with two or more features an allocation of total
project cost items to each appropriate feature may be made.
Allocations of project cost 1tems may be combined when properly
identified to fit the individual circumstances.

* ¥

Attach forms showing corntract bid gquantities with prices and
. final pay quantities including change order 1tems.
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State of Arizona
DEPARTMENT OF WATER RESOURCES
Division of Safety of Dams
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LICENSE OF APPROVAL

Pursuant to Chapier 3, Title 45-Waters, of the Arizona Revised Statutes, the DIRECTOR, Department of Water

TS WOR

Resources authorizes the use Of: .........oooooiceoooiecceineeeee Dam and Reservoir, Application Number ........ ... ..
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impound water in accordance with and subject to the following terms and conditions:

™
2

b ".
IR

.
|

W
+

LR

This license of approval supersedes every. previous consent for use

issued by the State of Arizona relative 10 said dam and reservoir.
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GUIDELINES FOR THE DETERMINATION
OF SPILLWAY CAPACITY REQUIREMENTS

INTRODUCTION

The Arizona Revised Statutes assign the responsibility for
the supervision of the safety of dams to the Director of the
Department of Water Resources. The statutes require that, in
order ‘to maximize protection of the public against loss of life
and property by virtue of the failure of the dam, the construc-
tion, repair, enlargement, maintenance and operation of such dam
must be under the approval and supervision of the Director, act-
ing under authority vested in the Department of Water Resources.

One of the most important among the many factors affecting
the safety of a dam is that of the adequacy of the emergency
spillway. The Department of Water Resources is frequently asked
to provide guidelines and hydrologic criteria for spillway and
freeboard requirements for dams within juriséiction. These
guidelines have been prepared to assist the owner, his engineer,
and other interested individuals involved in the design or modi-
fication of spillways on jurisdictional dams. The Guidelines
will be reviewed periodically and revised as needed.

The following procedures and requirements will apply to all
existing dams which are being enlarged or improved, dams which
are being reevaluated for safety and proposed new dams which will

be under the statutory jurisdiction of the Director.




GENERAIL REQUIREMENTS

The basis for éssigning the hydrologic requirements for
spillway capacity determination lies primarily in the potential
hazard posed by the dam. The hazard classification assigned to a
dam is dependent on many factors all of which must be carefully
evaluated in terms of their effects on the safety of the dam and
on the magnitude of economic, environmental and human losses in
the event of failure of the dam. These factors include, but are
not necessarily limited to: height of dam; storage capacity;
existing and probable future downstream development; uses of
reservoir; operational procedures; condition of dam; type of dam;
type of spillway; site and foundation geology; size, slope, mate-
rial composition and configuration of downstream channel; dis-
tance from dam to nearest significant downstream development; and
the relative location of the spillway to the dam.

Spillways acceptable to the Department of Water Resources
must be sized in accordance with the classification of hazard
potential for the dam and may range in capacity from a size cap-
able of safely passing the outflow from a stdrm with a recurrence
interval of 100-years for dams of low hazard potential to that of
the Probable Maximum Flood for high hazard potential dams.

The minimum acceptable size of the spillway must have a

capacity large enough to safety handle the 100-year flood inflow.




DOWNSTREAM HAZARD POTENTIAL CLASSIFICATION

Classification of downstream hazard potential has no rela-

‘tionship to the condition of the dam but rather is dependent on

an evaluation of probable loss of life and damage downstream in

the
for

the

event of a dam failure. The hazard potential classification

each dam is determined by the Department in accordance with

following table. This assessment will be reevaluated period-

ically and revised as needed.

TABLE 1
HAZARD POTENTIAL CLASSIFICATION

CATEGORY URBAN DEVELOPMENT ECONOMIC LOSS

Low No permanent structure Minimal (undeveloped
for human habitation to occasional

structures or
agriculture

Significant No urban development and Appreciable (Notable

: no more than a small agriculture, - .-
number of habitable industry, or other
structures* structures)

High Urban development with Excessive (extensive
more than a small community, indus-
number of habitable try, agriculture)
structures*

Because this definition does not cite a specific number of

“lives that could be lost, some difficulty has been experienc-

ed in determining whether dams should be categorized as hav-
ing "significant or high hazard potential"”. The issue is
clarified by emphasizing that the hazard potential classifi-
cation should be based on the density of downstream develop-
ment containing habitable structures. For example, dams '
located upstream of isoclated farmhouses would be classified
as having significant hazard potential, and those located
upstream of several houses or residential development would
be classified as having high hazard potential.




SIZE CLASSIFICATION

Dams are classified into small, medium and large sizes. A .
numerical rating procedure, based on the descriptive characteris-
tics of hgight and reservoir capacity has been developed to
determine the dam size classification.

Height is measured from the lowest elevation of the outside
limit of the dam (usually the downstream toe) to the spillway
crest, or top of spillway gates if so equipped. For dams with no
spillway, the height is measured to the crest of the dam.

Capacity, in acre-feet, is measured to the spillway crest or
top of the spillway gates, if so equipped. For dams with no
spillway, capacity is measured to the dam crest.

The categories and corresponding rating factors are shown

below:
TABLE 2
SIZE CLASSIFICATION'
CATEGORY RATING FACTOR CATEGORY RATING FACTOR
Height (feet) Reservoir Capacity

(acre-feet)

15-499 .....cce.
500-999 ..cce0ee
1,000~-2,999 ......
3,000-9,999 ......
10,000-24,999 .....
25,000+ .......

6-24 ciieceennn
25-39 . eiecnnn
40-59 siceeeennn
60-79 c.icieneenn
80-99 (iciveecen
1004+ ceeeecoaces

WO
U WNDHFHO

A numerical rating is computed for each dam by adding the
corresponding rating factors for each of the two categories. For
example, a dam that is 65 feet in height and has a reservoir
capacity of 22,000 acre-feet would have a rating of (3+4=7).

Small dams have a rating in the range 0-2, medium dams in the

range 3-7 and large dams, 8 or greater. .




REQUIRED HYDROLOGIC CRITERIA

An evaluation of theipefformance and»capacity.of an existing
spillway or a hydrologic design study for a spillway at a propos-
ed dam is required to determine the ability of the structure to
safely pass a flood whose magnitude is’established on the baeis

of the size and hazard potential classifications assigned to the

dam.

L3

The Inflow Design Flood (IDF) for a specific spillway is
determined by the runoff hydrograph selected primarily on the
basis of the size and hazard classifications assigned to the
dam. As fhere are many factors to consider in the selection of
the magnitude of this flood, it is not the purpose of these
.guidelines to'require e specific fleod freqﬁency, volume or rain-
fell depth for each classification. However, the following table
does prov1de ranges of flood magnltudes from which the Inflow ”
Des1gn Flood may be selected on the basis of the de51gnated haz—
ard potentlal and 51zevclas51f1catlons. These ranges of flood
magnitudes generally define the limits acceptable to the Depart—

ment of Water Resources for use as the basis for sizing the

spillway.




TABLE 3 oo
SPILLWAY CAPACITY REQUIREMENTS
RECOMMENDED SPILLWAY DESIGN FLOODS

INFLOW DESIGN FLOOD

HAZARD CATEGORY SiZE DESIGNATION ~ MAGNITUDE
- Small 100-year
Low Medium 100~yr. to 1/2 PMF
s Large 1/2 PMF
Small 100-yr. to 1/2 PMF
Significant Medium , 1/2 PMF
Large 1/2 PMF to PMF
: Small . .~ 1/2 PMF
High Medium 1/2 PMF to PMF
' Large - PMF

The flood magnitudes shown in the above table are derived
‘from rainfall depths for various durations_and severities of
storms. Both general frontal and thunderstorm type storms should
be studied with.due consideration given to tropiéal storm poten-
tial and orographic influences that may greatly increase rainfall
amounts.

Recorded rainfall and flood flows in Ariiona are rather
- sparse, and the period of record is uéually sﬁort. Consequently,
rainfall data are usually obtained from data published by the
National Weather Service as listed in the References. Synthetic
flood hydrographs are than developed by modeling the watershed's

rainfall/runoff response and employing the unit hydrograph

approach.




The peak inflow flow rate usually has a greater influence
‘ than the runoff volume on the spillway capacity requiremefnt for a
dam with a small reservoir storage that is subject to storm in-~
flow from a large watershed. In this case, the Inflow Design
Flood (IDF) peak flow is essentially equal to the peak outflow
rate. Conversely, a reservoir that is relatively large compared
to contributing watershed will usually attenuate the IDF peak; in
this case, the spillway peak discharge may be considerable less

than the IDF peak.

A spillway capacity less than outlined above will be accept-
able, for (1) all new dams, (2) existing dams which are being
enlarged or improved, and (3) dams being reevaluated for safety,

. where the owner (or his engineer) can demonstrate to the Depart-
ment that the incremental damages due to failure of the dam are
insignificant and will not cause loss of lifé. The analysis
shall be based upon the dam failure caused by a flood which just
exceeds the routing capacity of the reservoir. The result shall
be compared to the pre-failure conditions such as the spillway
discharge and any reasonable rainfall runoff occurring between’

the dam site and the point(s) of interest below the dam. The

burden of proof rests with the owner.




RESERVOIR ROUTING REQUIREMENTS

The adequacy of the spillway for an existingvdam is norhally
determined by routing the Inflow Design Flood through the reser-
voir and spillway. Flood routings for spillway capacity deter-
minations will normally be required to commence with the reser-v
voir storage level at the spillway crest elevation. Infrequent
exceptions would be: (1) normal conservation storage level is
below the spillway crest of a reservoir without a flood storage
pool, (2) the normal upper surface of the conservation pool is
limited to a level that is coincident with the bottom level of
the flood control pool allocation or (3) the reservoif is used
exclusively for flood control and would normally be empty. Devi-
.ations from the normal starting level of routing at the spillway
crest elevation must be considered on the basis of risk and

reservoir operating procedure.

FREEBOARD REQUIREMENTS

Total freeboard (the distance between the top of the dam and
the spillway crest) is determined by the type of dam, the maximum
water surface during diécharge of the Inflow Design Flood,vmaxi—
mum anticipated wave height and runup, and by economic factors.

The minimum permissible total freeboard shall be four feet.




Residual freeboard (the distance between the maximum water
surface and the top of the dam) depends on dam type, wave height
and runup, the slope and finish of the ﬁpper part of the upstream
facé, and the Inflow Design Flood. Generally, the minimum per-
missible residual freeboard for an earthfill or rockfill dam
shall be the greater of either the sum of wave height and runup
or three feet. This requirement may be reduced in those cases
where the Inflow Design Flood is the 1/2 PMF or greater.

The minimum residual freeboard for a concrete daﬁ of any type
without either a parapet wall or protection against overpour
shall be the same as that of an earthfill or rockfill dam.

Concrete dams provided with parapet walls exceeding the mini-
-mum residual freeboard height, or concrete dams provided with
adequate splash impact protection at the toe, need no other
residual freeboard requirements except those which the owner may

wish to provide.

'DEFINITIONS

The following definitions may be helpful to those concerned
with the design of an emergency spillway. The terminology is
largely based on data published by Federal agencies.

100-Year Flood - The flood runoff whose magnitude is expected

to be equaled or exceeded, on the average, once in 100 years.

Stated another way, it is a flood that has a one percent change

of being equaled or exceeded in any one year.




Concrete Dam - Any dam constructed of concrete. Some exam-

ples are: arch, gravity, arch-gravity, slab and buttress, multi-
ple arch. A dam having only a concrete facing should not be

referred to as a concrete dam.

Drainage Area - The area that drains naturally to a partic-

ular point on a river or stream.

Earth Dam (Earthfill‘Dam) - An embankment dam in which more

than 50% of the total volume is formed of compacted fine-grained
material obtained from a borrow area.

Embankment Dam (Fill Dam) - Any dam constructed of excavated

natural materials or of industrial waste materials.

Fetch - The straight line distance between a dam and the
.farthest reservoir shore. The fetch is one of the factors used
in calculating wave heights in a reservoir,

Flood - The runoff from rainfall or snowmelt of significant
magnitude and often related to a theoretical frequency of occur-
rence. Flood is inflow to the water control structure.

Flood Routing - The determination of the attenuatingieffects

of storage on a flood passing through a valley,‘channel, or res-

ervoir.

Hydrograph -~ A graphical representation of discharge, stage,

or other hydraulic property with respect to time for a particular
point on a stream. (At times the term is applied to the phenome-

non the graphical representation describes: hence a flood hYdro—

graph is the passage of flood diScharge past the observation

point).
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Inflow Design Flood (IDF) - The reservoir flood inflow whose

magnitude has been selected for design requirements based on the
size and assigned hazard classification of the dam. The magni-
tude of the IDF may range from the 100-year flood to the PMF.

Masonry Dam - Any dam constructed mainly of stone, brick, or

concrete blocks that may or may not be joined with mortar. A dam
having only a masonry facing should not be referred to as a

masonry dam.

Maximum Water Surface (MWS) - The maximum elevation of the

reservoir water surface attained during routing of the Inflow
Design Flood (IDF).

Normal Water Surface (NWS) - The storage level at which the

.reservoir is usually operated. This level is usually at or below
the spillway crest, except in the few instances where the storage
level is normally maintained above the spillway crest by means of
gates or flashboards. |

Outlet Works - A closed channel under the dam or through an>

abutment for the discharge of water. An outlet works may be
controlled or uncontrolled. An outlet works is subject to plug-
ging by debris and is generally not eligible for classification
as a spillway.

Parapet Wall - A solid wall built along the top of a dam for

ornament, for the safety of vehicles and pedestrians, or to pre-

vent overtopping.

11




Peak Flow - The maximum instantaneous discharge that occurs
during a flood. It is coincident with the peak of a flood hydro-
graph.

‘Probable Maximum Flood (PMF) - The flood runoff that may be

expected from the most severe combination of critical meteorolog-
ic and hydrologic conditions that are reasonably possible in thé
region.

1/2 PMF - That flood hydrograph with ordinates equal to one-
half the corresponding ordinates of the Probable Maximum Flood .
Hydrogréph. |

Probable Maximum Precipitation (PMP) -~ The precipitation

depth which generates the PMF.

Reservoir Capacity - The storage capacity of the reservoir

when the storage level is at the crest of the spillway, or at the
top of permanently mounted spillway gates in closed position.
For dams with no spillway the capacity is measured to the dam
crest.

Reservoirxr Routing - The computation by which the interrelated

effects of the inflow hydrograph, reservoir storage, and dis-
charge from the reservoir are evaluated.

Residual Preeboard - The vertical distance between the maxi-

mum water surface elevation and the minimum dam crest elevation.

Rockfill Dam - An embankment dam in which more than 50% of

the total volume comprises compacted or dumped pervious natural

or crushed rock.

12




Spillway - A structure over or through which flood flows are
discharged. If the flow is controlled by gates, it is considered
a controlled spillway; if the elevation of the spillway crest is
thebénly control, it is considered an uncontrolled spillway.

Spillway Design Hydrograph {SDH) - The routed outflow flood

derived from the Inflow Design Flood (IDF). 1In some cases the
IDF and the SDF hydrographs are essentially identical; however,
the SDF hydrograph will usually have a lower peak discharge value
because of atténuation of the IDF peak due to reservoir rout-
ing. The SDH peak discharge is the maximum discharge capacity of
the spillway..

Surcharge Storage - The storage volume above the spillway

.crest.

Total Freeboard - The vertical distance between the spillway

crest and the crest of the dam.
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|| fi7. DEPT. OF WATER RESOURCES DAMS UNDER JURISDICTION : NOV, 5, 1986
DAM NO. - DAM NAME SECTION TOWNSHIP M or S RANGE E or W HEIGHT-FT  CAPACITY-AF TYPE
Lool ubALL 21 14 N 27 E 24 5000 EARTH
1,002 CONCHD SPRINGS ' -1 12 N 26 E 20 918 ERARTHROCK
1003 LYMPN 3 It N 28 E ' ] 30600 EARTHROCK
1,005 TYLER RESERVOIR 7 an 27 € 9 375 ERRTH
1,907 NORTON 29 BN 27 E 10 232 EARTH
1,008 ELLIS WILTBANK 1% 4N 2T E 12 205 EARTH
1,010 BUNCH RESERVOIR 36 8N 27T E 22 512 EARTH
1,011 NELSON 2 an OE 34 770 EARTH
1,012 WHITE MOUNTRIN 17 TN 21T E 16 - 2330  EARTH
1.014  RIVER RESERVOIR #3 b 7N 28 E 58 2146 EARTHROCH
1.015  HOG WALLOW 19 7N 28 E 7 1000 EARTH ‘
1.016 - POOL CORRAL 29 TN 28 E 12 930 ERRTH
1,018 ATCHISON 13 TN 28 E 8 203 EARTH
1,019 CANYON 13 7N 28 E 17 63 EARTH
1.020  MEXICAN HAY LAKE 2 N 28 € 9 821 EARTH
1,021  EAGAR-SLADE 18 7N 29 E 18 52 EARTH
1.024  BLEN LIVET 6 TN 0E 18 110 EARTH
1.083  GLEN COE 1 TN 23 E 14 81 EARTH
1.026  JARVIS : 20 7N 30E 7 120 EARTH
1,087 NUTRIOSO 3 7N 30E 6 1435 EARTH
1,088  LEE VALLEY 4 6N 2TE 20 3 EARTH
1,029  RIVER #t 3 &N 2T E 19 724 EARTH
1,030 CRESCENT LAKE 18 BN 28 E 22 5800 EARTH
1,031  BIG LAKE 29 &N 28 E 24 9300 EARTH
1,033  ROGERS 3 BN 29 E 12 183 EARTH
1,036 - LUNR® 16 &N 31 E 27 1330 EARTH
1.043  5HEEP SPRINGS 31 BN 21 E 28 393 EARTH
1.044  BOYNTON LAKE 4 IN 26 E 21 98 EARTH
1,046  CORONADD GENERATING STATION 3 13N 29 E a3 5600 EARTH
1,048  SPRINGERVILLE GEN. STA. ABF #1 36 1IN 29 E 27 : 122 EARTH -
2,002~ PARKER CANYON . 18 23§ 19E a0 3710 EARTH
3,001 KAIBAB 19 22N 2 E 36 830 EARTHROCK
3.002  WEST CATARACT CREEK 30 22 N ek 36 415 EARTH. !
3,004  RAILROAD 2N eE 42 215 MASONRY
3,006  STEEL #1 3 21N 1 30 97 STEEL
3,007  MASONRY #2 4 21 N 1 W 48 247 MASONRY
3.008  McLELLAN 4 21 N 1E 24 60 GRAVITY
3.009  CITY _ 4 2i N 2E 35 i1 EARTH
3.010  DOGTOWN 12 2i N 2E 32 1129 EARTH
3.013  WILLOW SPRINGS 29 {1 N 14 E 80 3634 EARTHROCK
3.017 = LOWER LAKE MARY 17 20N BE 35 8600 EARTH
3.018  UPPER LAKE MARY 27 20 N 8 E 38 16576 EARTH
3.019  MORTON 36 i8 N 10E 12 285 ERRTH
3.022  HAY LAKE 13 16 N {11 E 26 3300 EARTH
3.023  COCONINO 25 19N 9t 30 255 EARTH
3.024  KINNIKINICK 33 i8N 10E 13 2820 EARTH
3.085  WODDS CANYON 13 {1 N 13E 43 1014 EARTH
3.027  HNOLL 16 12N 12 E 58 1350 EARTH
3.030  BLUE RIDGE 33 4N - 1 E 130 15000 ARCH
3.034  BERR CANYON 29 2N 13.E 30 1430 -EARTH
3.039  CHEVELON CANYON 14 13N 14 E 84 7000 EARTHROCK
3.042 - ASHURST LAKE 13 19N 9E 8 : 334 - EARTH
3.043  FREDONIA 13 41 N 2W 23 1136 EARTH
3.044  CONTINENTAL 1 18 21N 8E 32 71 EARTH
3.045  CONTINENTAL ¥2 19 i N 8E 36 6l EARTH
3.046  CONTINENTAL #3 19 21 N 8E 42 193 EARTH
3.047  ODELL 22 18 N TE 14 206 EARTH
3.048  NAVAJO EVAPORATION POND 60-2 35 AN SE 30 . 606 EARTH
3.049  NAVAJO EVAPORATION POND NE-1 36 A1 N. 9E 33 : 384 EARTH
4,010  GOLD GULCH 24 {N 13E 72 370 EARTH
4,012 RAFFINATE 24 IN 13E %5 23 EARTH
4,013 GOLD GLACH #2 24 1N 13 € 9 420 EARTHROCK
. 4,014  ASARCO 82 14 58 I5E 43 113 EARTH




A7, DEFT. OF WATER RESOURCES , DAMS UNDER JURISDICTION NOV. 5, 1986.
5,002 ROGERS REGERVDIR 23 &5 24 E 24 412 EARTH
5,004  CLUFF RANCH #3 23" 78 24 E 29 140 EARTH
5.005  RIBGS FLAT 26 88 23 E 45 123 EARTH
5.006  CENTRAL DETENTION 4 78 23 E 20 339 EARTH
5.007  FRYE CREEK 7 88§ o9 E ) 135 ARCH
5.008  RIBGS RESERVOIR 34 T8 23 E 31 ' 39 EARTH
5,009  LEBANON RESERVOIR #2. (LOWER) 13 88 &k a2 143 EARTH
5,010  LEBANON RESERVOIR #1 (UPPER) 14 85 &3 E £ 9% EARTH
5.014  JUDY WASH RETARDING 20 78 27t 24 © 159 EARTH
5. 016 - GRAVEYRRD WRSH RETARDING 30 75 26 E b 1270 EARTH
5.017  FREEMAN WASH RETARDING 24. 758 2 E 21 : 400 EARTH
5,018 STOCKTON WASH RETARDING a8 78 26 E 3 6704 EARTH
5.013  FRYE CREEK RETARDING #3 14 78 23 E 29 1900 ERRTH
S.021  ROPER - 8 8s 2 E 17 313 ERRTH
5,028 SAVAGE ‘ a7 785 a5 £ 30 141 EARTH
3.023  HARALSON 34 78 23 E 29 73 EARTH
5.024  GRANT MORRIS 23 638 23 E 43 : 194 ~ - ERARTH
5.025  HOWARD : , 23 65 & E 44 <17 EARTH -
5.026  CHESLEY-WAMSLEE ' 16 65 e E 41 1276 EARTH
5,027 FODTE WASH ' 26 75 & E 38 2782 ERRTH
5.028 . NO NAME WASH 27 78 26 £ 22 251 EARTH
5089 LEE 6. 65 3 E 60 2 EARTH
3.030  INDIAN FARMS &7 38 23 E 49 161 ERRTH
5,031 BILLINGSLEY i 65 24 E b 2234 EARTH
6.002 .~ SILVER BAGIN 33 4§ 29 E 140 5200 EARTHROCK
6,003  TRILINGS WATER RECLAIM 11 38 29 E 45 17 EARTH
£.003 + COLUMBINE cb 4§ 29 E 42 337 EARTH
7.017  CAVE CREEK - 4 4N 3E 33 11000 MULTIPLE
7.021  McMICHEN 13 4 N 20 23 - 16800 EARTH
7.022°  WADDELL el 6N l1E 170 15759¢ © MULTIPLE
7.023 - CAMP DYER DIVERSION 28 BN 1E 33 - 837 BRAVITY
7.024  BILLESPIE 28 25 3HW 2l 3600~ . MULTIPLE
7,028 - WHITE TANKS #3 FRS 8 2N oW 21 2633 EARTH

7,029 WHITE TANKS #4 FRS 6 1IN 2 H 14 1036 EARTH
7.030.  LITCHFIELD PARK FRS 15 2N 1 W 6 150 - - EARTH
7,031 FOUNTRIN HILLS 14 3N BE 3 32 EARTH
7.032  FOUNTAIN HILLS 7 FRS 17 3N 6 E 40 110 EARTH
7.033 . FOUNTRIN HILLS #4 FRS 10 3N 6 E 20 150 EARTH
7.035  WEST PARK FRS ‘ 20 3N IE 29 109 EARTH
7.036 - EAST PARK FRS 29 3N JE eb el - EARTH
7.038  FOUNTAIN HILLS #36 FRS 4 3N b E 36 284 EPRTH
7.039 - FOUNTRIN HILLS #6 FRS 4 3N 6E 25 164 EARTH
7.040 - FOUNTAIN.HILLS #11 FRS 9 3N 6 E 34 : 163 EARTH
7.041  FOUNTRIN HILLS #19 FRS a2 3N 6E 24 72 EARTH
7.042  BUCKEYE-FRS #1 3 1N SH 26 8195 EARTH
7.043  GUADALUPE 8 18 4 E a7 298 EARTH
7.044  BUCKEYE FRS #2 7 IN 34 16 780 EARTH
7.045  BUCKEYE FRS #3 10 I N 3 21 920 EARTH
7.066 - NORTH MTN. FLOOD DETENTION #2 16 3N 3E el 39 EARTH
7.047 - NORTH MTN. FLODD DETENTION #3 ae 3N 3E 22 66 EARTH
7.048 - SUNNYCOVE FRS i1 TN SH 40 219 EARTH
7,043 .- SUNSET FRS 11 7N 3 H 20 ‘ 59 ERARTH
7,030 - SPOOKHILL FRS 31 2N 7E 15 ’ 992 ~ EARTH
7.051. DETENTIDN BASIN #7 17 3N 3E 23 120 EARTH
7.052  SADDLEBACK FRS 2t 2N B Y 21 7600 EARTH
7.053 - HARGUAHALA FRS 31 3N 8 38 8000 EARTH
7.054 - PUNBS EVAPORATION POND 4 18 6H 30 £200- EARTH
7,035  NEW RIVER FRS 35 SN 1E 74 43520 EARTH
7.056 ~ DREAMY DRAW FRS _ 20 IN 3E 40 317 EARTH
7.057  ADOBE FRS 21 4N ek 49 13630 EARTH
7.038  CAVE BUTTES FRS ' 4 4N 3E 99 © 46600 EARTH
7.059  THUNDERBIRD PARK RESERVOIR 18 4 N- 2E 44 37 EARTH
7.060  SIGNAL BUTTES FRS 12 1 I TE 17 1363 EARTH
7,061 APACHE JUNCTION FRS -8 IN BE 22 300 EARTH
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8,002
8.008
B. 009
8. 010
9. 003
3. 004
9. 005
9,007
9. 003
q,011
3,013
3,014
9. 016
9,018
9.019
3. 020
9,021
9.027
9.028
9,029
9. 030
9,031
9,032
9,033
10. 002
10. 006

10,007

10, 008
10.012

10.013
10,014
10.015

11.002
11,003
11,006
11. 011
11.012
11.013
12,001
12,005
12,006
12. 008
13.001
13. 002
13.003
13. 004
13,005
13.013
13.014
13. 015
13.016
13.017
13.018
13.019
13.020
13.021
13.022
13. 026
13. 027
13,034
13,033
13.036
13,038

JOSHUA CROSBY

W. F. CATTLE COMPANY
SHORT CREEK SOUTHSIDE #2
SHORT CREEK SOUTHSIDE #1

" CLEAR CREEK #1

FIVE MILE WASH
WOODRUFF
MILLETT SWALE
LONE PINE
DABGS

JAGUES

8COTT

LAKESIDE
WOODLAND

FOOL HOLLOW
BLACK CANYON
LAKE OF THE WOODS

CHOLLA BOTTOM ASH POND -

CHOLLA FLY ASH POND
CHOLLA COOLING POND
TROPHY LAKE

CLEAR CREEK #2

TWIN LAKES

SCHOENS

ROCKING K RANCH ESTATES
GOLDER #2

DUVAL LEACH FLOODD #!
LOWER ROSE CANYON
ARIVACA

KENNEDY PARK

SABINO CANYON RESERVOIR
BREEN VALLEY
POWERLINE FRS

MAGMA RETARDING
FLORENCE RETRRDING
VINEYARD ROAD FRS
RITTENHOUSE FRS
MINERAL CREEK ARCH FRS
ORD BLANCO

PENA BLANCA

LAKE PATAGONIA

KING SPRINGS

CANYON MOUTH

RAILROAD EMBANKMENT

PAN

WILLISCRAFT

FORT ROCK RANCH
WILLOW CREEK
GRANITE CREEK

LYNX CREEK

MESA RESERVOIR
LOWER GOLDWATER
UPPER GOLDWATER
HPSSAYAMPA CHECK
LYNX LAKE
BILLINGSLEY #2
BILLINGSLEY #3
BILLINGSLEY #4
STEHR LAKE

SLURRY POND #{
BOULDER FLOOD BASIN
MAMMOTH WASH DETENTION
JUMBO

DAMS UNDER JURISDICTION

35N
24 N
42 N
41 N
18 N
17N
16 N
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EARTH
EARTH
EARTH
EARTH
MASONRY
EARTH
EARTH
EARTH
EARTH
EARTHROCK
EARTH
EARTH
EARTHROCK
EARTH
ERRTHROCK
EARTH
ERARTHROCK
EARTH
EARTH
EARTH
EARTH
EARTH
EARTH
EARTHROCK
EARTH
EARTH
EARTH
GRAVITY
EARTH
EARTH
EARTH
EARTH
EARTH
EARTH
EARTH

EARTH
ERRTHROCK
EARTH
EARTH
EARTH
ERRTH
MASONRY
EARTH
EARTH
ARCH
ARCH
ARCH
EARTH
GRAVITY
BUTTRESS
BRAVITY
EARTHROCK
EARTH
EARTH
EARTH
EARTH
EARTH
EARTH
EARTH
EARTH




ARIZONA DEPARTMENT OF WATER RESOURCES

CHECKLIST FOR
EVALUATION OF OPERATIONAL DAM

Name of Dam, Dam No., Reservoir Storage lLevel, Freeboard and Contacts.

MAIN STRUCTURE:

CONCRETE STRUCTURE:

CONCRETE CONDITIONS: See A.C.I. Guide for condition survey of concrete.
Cracks, disintegration, efflorescence, exudation, pitting, popout, erosion,
scaling, spalls, drummy, corrosion, chemical attack, stains. Deterioration,
continuing serviceability of concrete surface. Location and description of
structural cracking, differential movements. Settlement, heaving, deflection,
junctions. Drains foundation, joint, face functioning properly? Flowrate.
Seepage: Flowrate, increasing? Detrimental? Monolith and construction joints:
movement, distress, leakage, filler. Foundation Conditions.

EMBANKMENT :

CONDITION OF EMBANKMENT: Damage by erosion, rodents, livestock; sloughing,
sinkholes or spalling of dam or abutments, slope protection. Is crest level?
Stope stability: Are slopes regular? Areas of settlement. Undesirable vegeta-
tion. Leakage: Location, nature, and flowrate. Saturated embankment or abut-
ment, location. Drainage system, nature and rate of flow. Instrumentation:
Survey records, piezometers, etc. Cracking: Transverse, longitudinal, location;
station, upstream or downstream slope, crest, dimensions, length, depth, width,
cause, dessication, settlement, other. Compare with previous conditions.

QUTLET WORKS:

GENERAL GATE: Size, type, location, open or closed during inspection?
Operable? Last operated. Condition of approach, aiv vents, trashrack, stilling
basin, outlet channel. Conduit: (Size), corrosion, cavitation, cracking, joint
separation leakage, erosion.

CONCRETE STRUCTURES: See A.C.I. Guide for condition survey of concrete:
Cracks, scaling, spalls, popouts, corrosion, chemical attack, stains.

SPILLWAY:

Type of spillway - Condition of approach, control section, channel, stilling
basin, outflow channel - Gates, open, closed, operable, flashboards, in, out,
loss of freeboard, undermining, debris, obstruction, scour, condition of 1ining,
drains (quantity), does capacity appear adequate?

REMARKS AND RECOMMENDATIONS:

CHANGES SINCE LAST INSPECTION: Reservoir, shoreline, landslide areas,
upstream hazards (flooding), downstream hazards, owner, staff, operation, unusual
developments and events, high water for period. Normal operation.

OVERALL CONDITION OF DAM: Excellent, good, fair, poor - Needed improve-
ments or studies - by, (date) - Comments to owner. Is hazard classification
correct? Inspection frequency? Suggest approximate date of next inspection. Date -
Photos. -




PARTTAL LIST OF ARIZONA CONSULTANTS

WITH EXPERTENCE IN DAM CONSTRUCTION

Black & Veatch Engineers & Architects
3020 E. Camelback Rd., Suite 155
Phoenix, Arizona 85016

Phone No.: (602)-957-2795

John Carollo Engineers
1314 N. 3rd St., Suite 300
Phoenix, Arizona 85004
Phone No.: (602)-257-9200

Coen Engineering Corp.
930 W. Birchwood

Mesa, Arizona 85202

Phone No.: (602)-835-1111

Coe & Van Loo

4550 N. 12th Street
Phoenix, Arizona 85014
Phone No.: (602)-264-6831

Dames & Moore

Pointe Corporate Center

7500 N. Dreamy Draw, Suite 145
Phoenix, Arizona 85020

Phone No.: (602)-371-1110

DMIM/Adam, Hamlyn, Anderson
300 W. Clarendon, Suite 400
Phoenix, Arizona 85013
Phone No.: (602)-264-1397

Franzoy & Corey
Engineers & Architects
5030 E. Sunrise Drive
Phoenix, Arizona 85044
Phone No.: (602)-838-8626

Geological Consultants

2822 W. Northern Ave., Suite B
Phoenix, Arizona 85021

Phone No.: (602)-864-1888

Harza Engineering Co.

5025 E. Washington St., Suite 120
Phoenix, Arizona 85034

Phone No.: (602)-244-0992

HDR Infrastructure

100 W. Clarendon, Suite 1222
Phoenix, Arizona 85013

Phone No.: (602)-264~-0731

Robert R. Koons, P.E., Inc.

4645 S. Lakeshore Drive, Suite 7
Tempe, Arizona 85282

Phone No.: (602)-820-3104

ILeedshill~Herkenhoff, Inc.
Airport Center

120 N. 44th St., Suite 300
Phoenix, Arizona 85034
Phone No.: (602)-267-8894

Wayne Linthacum, P.E.
3002 E. Montecito Ave.
Phoenix, Arizona 85016
Phone No.: (602)-955-9174

MK Engineering, Inc.

10240 N, 31st Ave., Suite 213
Phoenix, Arizona 85021

Phone No.: (602)-997-4050

PRC Engineering

4131 N, 24th St., Suite 110
Phoenix, Arizona 85016
Phone No.: (602)-954-9191

Sergent, Hauskins & Beckwith
3940 W. Clarendon

Phoenix, Arizona 85019

Phone No.: (602)-272-6848

The Earth Technology Corporation
3116 W. Thomas Rd., Suite 601
Phoenix, Arizona 85017

Phone No.: (602)-269-7501

Western Technologies

663 W. Second Ave.

Mesa, Arizona 85202
Phone No.: (602)-834-3964

NOTE: THE DEPARTMENT DOES NOT GUARANTEE THE COMPLETENESS OF THIS LIST.
FURNISHING OF THIS LIST SHALL NOT BE CONSIDERED AS RECOMMENDATION OR
ENDORSEMENT OF ANY OR ALL OF THE FIRMS BY THE DEPARTMENT OF WATER RESOURCES.




o ?/,,,«/rga,.raw WM/@

EMERGENCY SERVICES/CIVIL DEFENSE
DIRECTORS/COORDINATORS

State of Arizona
Division of Emergency Services
Director, Mr. Richard A. Colson

5636 E. McDowell Rd.
Phoenix, AZ 85008

955-2049 (Res)

APACHE COUNTY CO-DIRECTORS:

C. Art Lee ?.0. Box 518 337-4364 X 290 {(Off)
Sheriff 3t. Johns, AZ 85936 337-4996 (Res)
Clarence Bigelow P.0. Box 428 337-4364 X 204 (Off)
County Manager St. Johns, AZ 85936 333-2176 (Res)
 COORDINATORS:
Monty M. Stansbury P.0. Box 238 337-4364 X 2G5 (GrF)
Coordinator St. Johns, AZ 85936 333-2075 (Res)
Archis LWaTK ing
Beb-Gilehriat P.0. Box 518 337-4364 X 290 (20f)
Undersheriff St. Johns, AZ 85936 iedier &3P
cagar Gordon C. Henrie P.0. Box 78 333-4128 (Off)
ES Director Eagar, AZ 85925 333-2990 (Res)
Kathleen Stewart P.0. Box 78 333-4128 (Off)
ES Assistant Eagar, AZ 85925 333-2030 (Res)
COCHISE COUNT¥ Sam Rumore P. 0. Box 696 432-5703 X U496 (Off)
, Director Bisbee, AZ 85603 378-6669 (Res)
John N. (Dutch) Schultz P.0. Box 696 432-5703 X 497 (Off)
Deputy Director Bisbee, AZ 85603 458-2212 (Res)
Benson George McMinimy P. 0. Box 2228 586-2211 (Off)
Director Benson, AZ 85602 586-3956 (Res)
Bisbee James Bugsk 306 Purdy Lane 432-7127 (Off)
Director Bisbee, AZ 85603 432-4756 (Res)
Douglas Edward J. Greenough 1400 - 10th St. 364-2481 (F.D.)
Director Douglas, AZ 85607 364-7721 (Res)
Huachuca City Terry McGriff 500 N. Gonzales Blvd. 456-1354 (Off)
Director - Huachuca City, AZ 85616 456-1388 (Res)
1
003-01e 6/15/86




STATE OF ARIZONA

EMERGENCY SERVICES/CIVIL DEFENSE
DIRECTORS/COORDINATORS

Sierra Vista
Tombstone

Willeox

COCONINO COUNTY

FinesTAYVE

Fredonia

#
Grand Canyon

Page

Sedona

Williams
GILA COUNTY
Globe

Hayden

Captain Bruce Thompson

George Kruse
City Clerk

Bill Morales

Joe Richards, Sheriff
Acting Director

Dave McPherson

Coordinator
DenNiIS MART(N
Fire MARSHAL

Mark Johnson
Coordinator

Buteh Farabee
Coordinator

VACANT

LT. L. FERREBEF

1327 Fry Blvd.
Sierra Vista, AZ 85635

P. 0. Box 339
Tombstone, AZ 85638

151 West Maley
Willecox, AZ 85543

P. 0. Box 39
Flagstaff, AZ 86002
Kachina Village Fire Dept.
568 Kona Trail

Kachina Village, AZ 86001
Town of Fredonia

Box 217

Fredonia, AZ 86022

Grand Canyon National Park
Box 129
Grand Canyon, AZ 86023

3.3
Box B&d=

86336

Pl o.
Sedona, AZ

Cnargy Pric, Frea Chict 201 Box (42

Joo—Richaned=Stroriaf

Acting Director

Carmen Corso
Director

Carmen Corso
Director

Daryl Reinertson
Coordinator

. 86602
Wit iﬂm:", nz féeyeé

County Courthouse
1400 E. Ash St.

~ Globe, AZ 85501

County Courthouse
1400 E. Ash St.
Globe, AZ 85501

520 Ray Ave.
Hayden, AZ 85325

*
Department of Civil Defense and Emergency Services

003-01¢

458-3319 (Off)
456-1512 (Res)

U57-3562/2202 (0ff)
457-3721 (After Hours)

384-4271 X 221 (Off)
384-2894 (Res)
7T4-4523 (Off)
526-2212 (Res)
525-1717 (Off)

525-1323 (Res)
34T e
643-7241 (ng)

643-7021 (Res)

638-7708 (Off)

638-2349 (Res)

Yia|
282-5686 (Res)
b3572¢33 (of€)
FrH=#523—0ff)

526wt —{tRes )
LI3IT-HPoG(Ras)

425-3231 X 360 (Off)
425-4745 (Res)
425-3231 X 360 (Off)
425-4745 (Res)

356-6205 (Off)
356-6098 (Res)

6/15/86




STATE OF ARIZONA

EMERGENCY SERVICES/CIVIL DEFENSE
DIRECTORS/COORDINATORS

Miami

Payson

Payson

Winkelman

GRAHAM COUNTY
Safford

Thatcher

GREENLEE COUNTY

Clifton

Duncan

LA PAZ COUNTY

Parker

003-01e

A. J. Castaneda
Coordinator

Jack W. Monschein
Coordinatcr

Steven Craig
Assistant Coordinator

Daryl Reinertson
Coordinator

Joe Carter
Director

Joe Carter
Director

Joe Carter
Director

Greenlee County
Board of Supervisors

Tom Candelaria
Administrator

V:ola Anvdazola
CaRLoS—Riiiaiea
Administrator

Thomas L. Freestone
Mayor

Ed Kramer

Director

William Verkamp
Director

Bob Caples
Director

Lt. Ron Hill
Asst. Director

804 Sullivan
Miami, AZ 85539

303 N. Beeline Hwy.
Payson, AZ 85511

303 N. Beeline Hwy.
Payscn, AZ 85541

520 Kkay Ave.
Hayden, AZ 85325

County Courthouse
Safford, AZ 85546

County Courthouse
Safford, AZ 85546

County Courthouse
Safford, AZ 85546

County Courthouse/Box 908
Clifton, AZ 85533

County Courthouse/Box 908
Clifton, AZ 85533

P. 0. Box 1415
Clifton, AZ 85533

P. 0. Box 916
Duncan, AZ 85534

P.0. Box 916
Duncan, AZ 85534

Buckskin Fire Dept.
Route 2, Box 721
Parker, AZ 85344

P.0. Box 609
Parker, AZ 85344

P.0. Box 609
Parker, AZ 85344

473-2466 (Off)
473-4208 (Res)

474-5242 (OfF)
U74-3750 (Res)

474-3288 (off)
474-494Y4 (Res)

356-6205 (Off)
356-6098 (Res)

4283250 (0fF)

428-5261 (Res)

428-3250 (Off)
428-5261 (Res)

428+3250 (Qff)
428-5261 (Res)

865-2072 (Off)

865~2072 (Off)

'687-1300 (Res)

865-2901 (Off)
865Ut L Resy

359-2791 (Off)
359-2046 (Res)

359-2111 (Off)
359-2460 (Res)

667-3321 (Off)
667-2212 (Secy)
667-2700 (Res)

6692265 (0Off)
667-3373 (Res)

6642264 (0Off)
669-5686 (Res)

6/15/86




STATE OF ARIZONA

EMERGENCY SERVICES/CIVIL DEFENSE
DIRECTORS/COORDINATORS

MARICOPA COUNTY

Avondale

Buckeye

Chandler
El Mirage
Gila Bend
Silbert

Glendale

Goodyear
Guadalupe

Mesa

Paradise Valley

Peoria

Frank Russo
Acting Director .

Hawley L. McCreary
C. D. Director

Roy A. Erwin
Director

William B. Beckwith
Fire Chief

Edward Rios:
C. D. Director

Richard W. McComb
C. D. Director

Kent Cooper
C. D. Director

Martin Vanacour
C. D. Director

William Lamb
C. D. Coordinator

Mark Gaillard
Leting C. D. Director

Vacant
C. D. Director

Bruce L. Solomén
C. D. Coordinator

Herb Donald
C. D. Director

mieAAEl ¥, Fused
Roy-+ottz—
C. D. Director

2035 N. 52nd 3t.
Phoenix, AZ 85008

525 N. Central
Avondale, AZ 85323
401 Monroe Ave,
Buckeye, AZ 85326
200 E. Commonwealth

Chandler, AZ 85224

14405 Palm
El Mirage, AZ 85335

644 W, Pima St.
Gila Bend, AZ 85337

119 N. Gilbert Rd.
Gilbert, AZ 85234

5850 W. Glendale Ave.
Glendale, AZ 85301

7022 N. 58th Dr.
Glendale, AZ 85301

119 N. Litechfield Rd.
Goodyear, AZ 85338

8413 S. Avenida del Yaqui

Guadalupe, AZ 85283

55 N. Center St.
Mesa, AZ 85201

5338 E. Camelback Manor Dr.
Paradise Valley, AZ 85253

£.0. gok, 3¢

Peoria, AZ 85345

*
Department of Civil and Emergency Services

003-01c

273-1411 (Off)
877-1315 (Res)
229-0117 (Car Phone)

§32-3670 (Off)
932-5219 (Res)

386-2777 (Off)
935-4532 (Toll Free)
386-2324 (Res)

899-9827 (Off)
963-1463 (Res)

933-5583 (0ff)
972-6282. (Res)

683-2255 (0ff)

683-2003 (Res)

892-0802 (Off)
892-9520 (Res)

435-4241 (Off)
938-445Y4 (Res)

931-5614 (0Off)
932-3910 (Off)
No Home Phone
820-9193 (Off)
834-2290 (Off)
969~-8879 (Res)

9487411 (OFF)
840-8692 (Res)

3710
979-4222-(0ff)
9939279 (Rew)

6/15/86



STATE OF ARIZONA

EMERGENCY SERVICES/CIVIL DEFENSE
DIRECTORS/COORDINATORS

Phoenix

Scottsdale

Scottsdale

Sun City

Surprise

Tempe

Tolleson

Wickenburg

~Wittmann

Youngtown

003-01¢

~Sterling R. Pruitt
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856-7386
843-5760

(0ff)
(Res)

(Off)
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(Emerg)
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6/15/86




STATE OF ARIZONA

EMERGENCY SERVICES/CIVIL DEFENSE
DIRECTORS/COORDINATORS

MOHAVE COUNTY

Bulinead City

Kingman

Lake Havasu

NAVAJO COUNTY

Heber/
Overgaard

Holbrock

Pinetop/
Lakeside

Show Low

Snowflake

Taylor

Winslow

003-0te

Jerry D. Hill
Director

Darrell Raburn
Director

Lou Sorenson
Director
Bob Weber

Director

Navajo County Board
nf Supervisors

Ed Koury
Director of Admin.

Charles Settle
Fire Chief

George E. "Teen" DeSpain

R. W. Arthur

VACANT

John Stewart

Gerald Gullick

Melvin Alkire

P. 0. Box 390
Kingman, AZ 86401

1355 E. Ramar Rd.
P.J. Box 1408
Bullhead City, AZ 86430

310 N. 4th St.
Kingman, AZ 86401

145 N. Lake Havasu Ave.
Lake Havasu, AZ 86403

Nava jo County Gov. Complex
P. 0. Box AA8
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Holbrook, AZ 86025
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Police Department
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P. 0. Box AE
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Winslow, AZ 86047
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T763-9400 (Off)
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753-5244 (Res)
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536-7557 (Res)

536-7366 (Off)
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P. 0. Box 827
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P. 0. Box 1498
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466-3333

363-5547
363-5566

487-2331
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P. 0. Box 308
Clarkdale, AZ 86324

P.0. Box 406
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A Synopsis of NWS Models for Predicting the
Flooding Due to Dam Failures :

by D.L. Fread*
April 3,1985

l. INTRODUCTION

Catastrophic flooding occurs when a dam {s breached and the fmpounded
water escapes through the bhreach {into the downstream valley. Usually the
response time avallable for warning is much shorter than for precipitation-
runoff floods. Dam failures are often caused by overtopping of the dam due
to inadequate spillway capacity during large inflows to the reservoir from
heavy precipitation runoff, Dam failures may also be caused by seepage or
piping through the dam or along internal conduits, slope embankment slides,
embankment cracks or liquefaction of earthen dams from earthquakes, and
landslide-generated waves within the reservoir. Middlebrooks (1952)
describes earthen dam failures occurring within the U.S. prior to 1951.
Johason and Illes (1976) summarize 300 dam failures throughout the world.

During the last decade some major improvements were made in models
which predict the changing celerity and magnitude of a flood wave emanating
from a breached (failed) dam and propagating through the downstream valley.
Such improvements included consideration of the breach dynamics, use of the
one-dimensional equations of unsteady flow to route the flood wave through
the downstream valley, and consideration of the effects of downstreanm
bridge~embankments, dams, and dead storage areas on the propagating wave,

The National Weather Service (NWS), having the responsibility to advise
the public of downstream flooding when there is a failure of a dam, has
developed three models to aid NWS hvdrologists who are called upon to fore-
cast the extent of flood inundation and available evacuation time. This
paper briefly describes the three models (BREACH, DAMBRK, SMPDBK) used to
forecast dam~break floods. These models are also used extensively for a
multitude of purposes by planners, designers, and analysts who are coacerned
with possible future flood 1inundation due to. dam-hreak floods and/or
reservolr spillway floods, or any specified flood hydrograph.,

Essentially, BREACH can -be used to predict the size and timing of the
development of the breach in earthen dams. DAMBRK can be used to develop
the outflow hydrograph due to a breached dam (earthen or concrete) and
determine the extent and timing of the flooding that occurs at various
locations downstream of the dam. SMPDBK can do the same thing. as DAMBRK
except i{n a relatively simple manner which usually yields more approximate
results.

*Senior Research Hydrologist, Hydrologic Research Laboratory, National
Weather Service, NOAA, 8060 13th Street, Silver Spring, Maryland 20910.




2. BREACH

An earthen dam ls subject to possible fallure from either overtopping
or piping waters which erode 2 passage (hreach) through the dam. The hreach
formation 1is gradual with respect to time and its width as measured along
the crest of the dam usually encompasses only a portion of the dam's crest
length. In many instances, the bottom of the breach progressively erodes
downward until it creaches the bottom of the dam; however, in some cases, it
may cease 1its downward progression at some 1intermediate ‘elevation between
the top and bottom of the dam. The size of the breach, as constituted by
ics depth and {ts width (which may be a functioa of the depth), and the rate
of the bhreach formation determine the magnitude and shape of the resulting
breach outflow hydrographe. This {s of vital ianterest to hydrologists and
engineers concerned with real-time forecAsting or evacuation planning for
floods produced hy dam failures.

BREACH is an enhanced version of a mathematical model (Fread, 1984b)
for predicting the breach characteristics (size, shape, time of formation)
and the breach outflow hydrograph. The model 1{s physically based on the
principles of hydraulics, sediment traasport, soil mechanics, the geometric
and material properties of the dam, and the reservoir properties (storage
volume, splllway characteristics, and time dependent reservoir inflow rate),.
The dam may be either man—-made or naturally formed as a consequence of a
landslide. In either, the mechaniecs of breach formation are very similar,
the principal difference being one of scale. The liandslide-formed dam {is
often much larger thaa even the largest of man-made earthen dams. The
critical material nroperties of the dam are the 1internal friction angle,
cohesion strength, and average grain size diameter (DSO)'

The BREACH model differs from the parametric approach which the author
has used in the NWS DAMBRK Model (Fread, 1977, 1984a). The parametric model
uses eampirical observations. of previous dam failures such as the bhreach
width~-depth relation, time of bhreach formation, and depth of breach to
develop the outflow hydrograph. The breach erosion model can provide some
advantages over the parametric breach model for application to man-made dams
since the critical properties used by the model are measurable or can be
estimated within a reasonable range from a qualitative description of the
dam materials, However, it should be emphasized that even if the properties
- can be measured there is a range for their probable wvalue and within this
range outflow hydrographs of wvarying magnitude and shape will be produced by
the model. The hydrologist or engineer should investigate the most critical
combinacion of values for the dam's material properties. 1Tt is congidered
essential when predicting breach outflows of landslide dams to utilize a
physically based model since observations of such are essentially non-
existent, rendering the parametric approach {nfeasihle.

2.1 General Description

The breach erosion model (BREACH) simulates the failure of an earthen
dam as shown in Fig, . The dam may be homozeneous or it may consist of two
materials, an outer zone with distinct material nroperties (4 - frieccion
angle, C - cohesion, Dgn = average grain size (am), and y - unit weight) and
an ilnner core with its 4, C, Dsns and + values. Also, the downstream face
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Side View uf Dam Shuwing Conceptualized Overtopping Failure Sequutice.

Figure 1.

of the dam may be specified as having: 1) a grass cover with specified
length of either good or fair stand, 2) material identical to the outer por-
tion of the dam, or 3) material of larger grain size than the outer portion.
The geometry of the downstream face of the dam 1s described by specifying
the top of the dam (H,), the bottom elevation of the dam (Hz) which can also

denote the original streambed elevation or the lowest level that the breach
.will form, and its slope as given by the ratio 1 (vertical) : ZD (horizon-
tal). Then, the geometry of the upstream face of the dam is described by
specifying 1its slope as the ratio 1 (vertical) : ZU (horizontal). If the
dam is man-made it {s further described by specifying a flat crest width
(HCt) and a spillway rating table of splllway flow vs. water elevation, in

which the First elevation represents the spillway crest. Naturally formed
landslide dams are assumed to not have a flat crest or, of course, a
spillway.

The storage characteristics of the reservoir are described by specify-
ing a table of surface area (Sa) in units of acre-ft vs. water elevation,

the initial water surface elevation (H;) at the begihning of the simulation,
and a table of reservoir inflows (Qi) in c¢fs vs. the hour of their

occurrence (Ti)'

If an overtopping failure 1is simulated, the water level (H) ia the
reservolir must exceed the top of the dam before any erosion occurs. The
first stages of the erosion are only along the downstream face of the dam as
denoted by the line A~A in Fig. 1 where, initially if no grass cover exists,
a small rectangular-shaped rivulet is assumed to exist along the face. An
erosion channel of depth-dependent width is gradually cut {into the down-
stream face of the dam. The flow into the channel {s determined by the
broad-crested weir relationship: :

1.5
Q = 3 B (H-H_) (D

in which Qb is the flow into the hreach channel, 80 is the Ilnstantaneous




width of the initially rectangular-shaped channel, and H, is the elevation

of the breach bottoms As the breach erodes into the downstream face of the
dam, the breach bottom elevation (H,) remains at the top of the dam (Hu),

and the most upstream point of the breach channel moves across the crast of
the dam towards the dam's upstream face. When the bottom of the erosion
channel has attained the position of line B-B in Fig. 1, the breach bottom
(Hc) starts to erode vertically downward. The hreach bottom is allowed to

progress downward until {t creaches the hottom elevation of the dam (Hz) or

in unusual clircumstances to an elevation that may he specified as lower than
the bottom of the dam.

If the Aownstream face of the dam (line A-A in Fig. 1) has a grass
cover, the velocity of the overtopping flow along the grassed downstream
face {s computed at each time step by the Manning equation. This velocity
1s compared with a specified maximum permissible velocity for grass-lined
channels (see Chow, 1959)., Failure of the downstream face via erosion {s
initiated at the time when the permissible velocity 1s exceeded., At that
time a siagle rivulet having dimensions of one (ft) depth x two width is
{nstantly created along the downstream face. Erosion within the rivulet is
allowed to proceed as in the case where a grass cover does not exist. The
velocity (v) along the downstream face 1s computed as follows:

q = 3(g-te) D ' (2)
ot 0.6
L1.49(1/20)0'5

n' = aq® ‘ (4)

in which q is the overtopping flow per foot of crest length, (H=Hc) is the
hydrostatic head (ft) over the crest, a' is the Manning coefficient for
grass-lined channels (Chow, 1959), a and h are fitting coefficients required
to represent in mathematical form the graphical curves given in Chow.

If a piping breach 1is simulated, the inicial water level (H) ia the
reservolr must be greater than the assumed center-line elevation (Hp) of the

initially rectangular-shaped piping channel before the size of the pipe

starts to increase via erosion, The bottom of the pipe {s eroded vertically

downward while {ts top erodes at the same rate vertically upwards., The flow
ilato the pipe {s controlled by orifice flow, i.e.,

0.3

Qp = & [23(H-Hp)/(1 + £L/D) )"’ (6)

in which QS is the flow (cfs) through the pipe, g is the gravity accelera-

tion constant, A {s the cross-sectional area (ft2) of the pipe channel,

(4-Hp) is the hydrosctatic head (ft) on the pipe, L is the length (ft) of the




pipe channel, D is the diameter or width (ft) of che pipe, and f is the
Darcy friction factor. computed from a mathematical representation of the
Moody curves (Morris and Wiggert, 1972) and the breach materfal average
grain size (Dsg), As'the top elevation (Hpu) of the pipe erodes vertically

upward, a point {s reached when the flow changes from orifice-control to
weir-control. The transition 1is assumed to occur when the following
inequality is satisfied:

H < Hy, + 2(Hy, = Hy) (7N

The weir flow is then governéd by Eq. (1) in which He is equivalent to the
bottom elevation of the pipe and B, is the width of the pipe at the instaat

of transition. Upon reaching the instant of flow transition from orifice to
welr, the remaining material above the top of the pipe and below the top of
the dam 1is assumed to collapse and is transported along the breach channel
at the current rate of sedimeant transport before further erosion occurs.
The erosion then proceeds to cut a channel parallel to and along the remain-
ing portion of the downstream face of the dam between the elevation of the
bottom of the pipe and the bottom of the dam. The remaining erosion process
1s quite similar to that described for the overtopping type of fallure with
the breach channel now in a position similar to line A~-A in Fig. 1.

The preceding general description of the erosion process was for a man-
made dam. 1If a landslide dam is simulated the process is identical except,

due to the assumption that the landslide dam has no crest width (wcr)’ the

erosion 1initially commences with the breach channel in the position of 1line
B-B in Fig. 1. A failure mode of overtopping or piping may be initiated for
a landslide-formed dam.

2.2 Breach Width

The method of determining the width of the breach channel {s a critical
component of the breach model. In this model the width of the breach is
dynamically controlled by two mechanisms. The first, assumes the breach has
an 1lnitial rectangular shape as shown in Fig. 2. The width of the breach
(B,) is governed by the following relation:

B, = B, y (8)

in which Bt is a factor based on optimum channel hydraulic efftciedcy and vy
is the depth of flow in the breach chaannel. The parameter B. has a value of

2. for overtopping failures while for piping failures, B_ is set to l.0. The

r

model assumes that y 1is the critical depth- at the entrance to the breach
channel, i.e.,

¥ = 2/3(H-H,). (9)

The second mechanism controlling the breach width is derived from the
stability of soil slopes (Spangler, 1951), The initial rectangular-shaped
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channel changes to a trapezoidal channel when the sides of the breach
channel collapse, forming an angle (q) with the vertical. The collapse
occurs when the depth of the breach cut (Hé) reaches the critical depth (R')

which {s a function of the dam's material properties of internal
friction (¢), cohesion (C), and unit weight (y), L.e.,

1 4
4 C cos ¢ sin Sk-l

Y [1 ~cos (80, = §]

e o o k = 1,2,3 (10)

B =

in which the subscript k denotes one of three successive collapse conditions
as shown {a Fig. 2, and 8§ is the angle that the side of the breach channel
makes with the horizontal. Angles (8) and (q) are computed as follows:

o= (8" _,*+ 8)/2 (1)

a= /2 -8 o ‘ - (12)

The subscript (k) is incremented by 1 at the instant when
e > He. ' (13)

where: H.= H. ' - y/3 (14)




The term (y/3) 1is subtracted from H, to gilve the actual free-standing depth

of breach cut in which the supporting influence of the water on the stabili-
ty of the sides of the hreach is taken into account: Through this mecha-
nism, it is poesible for the breach to widea after the peak outflow through
the breach has occurred since the flow depth (y) diminishes during the
receding flow.

Erosion 1is assumed to occur equally along the hottom and sides of the
breach channel except when the sides of the breach channel collapse. There-
upon the breach bottom is assumed not to coatilnue to erode downward until
the volume of collapsed material along the breach is removed at the rate of
the sediment transport capacity of the breach channel at the instant of
collapse, After this characteristically short pause, the hreach bottom and
sides continue to erode.

2.3 Reservoir level Determination

Conservation of mass is used to compute the chahge in the "reservoir
water surface elevation (H) due to the influence of reservoir inflow (0y),

spillway outflow (0 crest overflow (Qo), breach outflow (Qb)' and the

sp)»
reservoir storage characteristics. The conservation of mass over a time
step (At) in hours is represented by the following:

= = AH 43560

Q = Q +Q, * Q) =S, T 300 (15)

in which aH is the change in water surface elevation during the time inter-
val (aAt), and Sa is the surface area {n acres at elevation H., All flows are

expressed .in units of cfs and the bar (-) indicates the flow 1is averaged
over the time step. Rearranging Eq. (15) yields the following expression
for the change in the reservolr water surface:

_0.0826at = _ = _ = _
5. (0 78 - 0, - Q) (16)

AR sp o

The rveservoir elevatioﬁ (H) at time (t) can easily he obtained from the
relation,

H=H + aH : (17
in which H' is the reservoir elevation at time t-At.

The reservoir inflow (51) is determined from the specified table of
inflows (Qi) vs. time (T;). The spillway flow (OS) is determined from the
specified table of sgpillway flows (Qs) vs. reservoir elevation (H). The
breach flow (Qy) is computed from Ea. (6) for pininz flow. When the hreach

flow is weir-type, Rq. (1) is used when H, = H;;

a’ however, when H, < H,, the

following broad-crested welr equation {s used:




/
1-5 - . 205
' Q, = 3B, (H-1H) + 2 tana) (8 - H)) (18)

' in which B, i3 the bottom width and g is given by Eq. (12), The crest
! overflow is computed as broad-~crested weir flow from Eq. (1), where B8, is

replaced by the crest length of the dam and H, is replaced by Hyo
' 2.4 Breach Channel Hvdraulics

The breach flow is éssumed to be adequately described by quasi-steady
unifora flow as determined by applying - the Manning open channel Fflow
equation at each At time step, tf.e.,

0.5 A1.67

L l.49s
20+67

W

(19)
n

in which S = 1/2D, A is the channel cross-section area, P 1is the wetted
perimeter of the channel, and n {s the Manning coefficient. In this model,
n is computed using the Strickler relation which 1is based on the average
grain size of the material forming the hreach channel, i.e.,

N.167

a = 0,013 DSO

(20)

in which DSO represents the éverage graia gsize diameter expressed in mm.

The use of quasi-steady uniform flow is considered appropriate bhecause
the extremely short reach of breach channel, very steep channel slopes
(1/2D) for man-made dams, and even in the case of landslide dams where the
channel length is greater and the slope is smaller, contribute to produce
extremely small variaction in flow with distance along the hreach channel.
The usa of quasi-steady uniform flow in coantrast to the unsteady flow equa-
{ tions as used by Ponce and Tsivoglou (1981) in their breach erosion modal
| greatly simplifies the hydraulics and computational algorithm. Such simpli-~

fication 13 considered commensurate with the other simplifications inherent
in the treatment of the breach development in dams for which precise meas-
urements of material properties are lacking or impossible to obtaln and the
wide variance which exists {a such properties in many dams. The simplified
hydraulics eliminates troublesome numerical computation problems and enables
the breach model to require only minimal computational rzsources.

2.5 Sediment Traansport

The rate at which the breach is eroded depends on the capacity of the
flowing water to transport the eroded material. The Meyver-Peter and Myller PRI
sediment transport relatlion as modified by Smart (1984) for steep channels R
is used, f.0. Py e

le
S (DS=N.0054 D30 :c) (21)

: 2/3
' N.2 D
Qg = 3.64 (Dgy/Dq4) -

whera:




. =a' ¢ (22)

[od [od

a' = cos 0 (i. - 1.54 tan Q) : (23)
Q= t:arx.1 S (24)
g =10 7 1Bl .19 log R C e e e e e e . L RECI0(25)
) =10 7 189 T W3(ogRE = A8 0 crx < 200 (26)
T = 0.062 e e e e+ 4200 < R* < 25000 (27)
S = g (28)
R* = 1526 .. (0$)"*3 ‘. / (29)
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in which Qg is the Sediment transport rate (cfs); D3gs Dsgg» Dgq (mm) are

grain sizes at which 30, 50, and 90 percent of the total weight 13 finer; D
Ls the hydraulic depth of flow (ft), S is the slope of the downstream face
of the dam; and Té is the Shields' critical shear stress.

2.6 Breach Enlargement By Sudden Collapse

It is possible for the breach to be enlarged by a rather sudden col-
lapse failure of the upper portions of dam in the vicinity of the breach
development. Such a collapse would consist of a wedge~shaped portion of the
dam having a vertical dimension (Yc). The collapse would be due to the

pressure of the water on the upstream face of the dam exceeding the resis-
tive forces due to shear and cohesion which keep the wedge in place. When
"this occurs the wedge is pushed into the hreach and then transported by the
escaping water through the now enlarged hreach., When collapse occurs, the
erosion of the breach ceases until the volume of the collapsed wedge {is
transported through the breach channel at the transport rate of the water
escaping through the suddenly enlarged hreach. A check for collapse {s made
at each At time step during the simulation. The collapse check consists of
summing the forces acting on the wedge of height, Y.. The forces are those

due to the water pressure and the resisting forces which are the shear force
acting along the bottom of the wedge, the shear force acting along both
sides of the wedge, the force due to cohesion along the sides and bottom of
the wedge. :




2.7 Computaticnal Algori:hm

The sequence of computations in the model are iterative since the flow
{nto the breach is dependent on the bottom elevation of the breach and its
widch while the breach properties are dependent on the sediment transport
capaclity of the breach flow; the transport capacity is dependent on the
breach size and flow. A simple itarative algorithm is used to account for
the mutual dependence of the flow, ervrosion, and bhreach properties. An
estimated incremental erosion depth (AHé ) 1is used at each time step to

gtart the [terative computation. This estimated value can be extrapolated
from previously computed lacremental erosioa depths after the first few time
steps. The computational algorithm is described elsewhere (Fread, 1984b).

2.8 Computational Requirenents

The hasic time stap (At) is specified; however when rapid erosion takes:
place the basic time step Is automatically reduced to atz/20. The specified
value for the basic time step {s usually about 0.02 hrs with slightly larger
values acceptable for landslide dams. For typical applications, the BREACH
model requiras less than 10 seconds of CPU time on a Prime 750 computer and
less than 2 seconds on an IBM 360/195 computer, both of which are mainframe
computars. Although {t has not heen used on microcomputers, it would bhe
quite amenable to such applications.

The model has displayed a lack of numerical 1astability or convergence
problems. The computations show very little sensitivity to a reasonable
variation in basic time step size. Numerical experimentation indicates that
as the time step is increased by a factor of 4, the computed peak flow (Qp).

time of peak (Tp), and final breach dimensions vary by less than 10, 4, and

0.5 perceuﬁ, respectively.

2.9 Model Applications

The BREACH model was applied to two earthen dams to determine the
outflow hydrograph produced by a gradual breach of each. The first was the
plping failure of the man-made Teton dam in Idaho, and the second was an
overtopping failure of the landslide-formed dam which blocked the Mantaro
River ia Peru.

2.9.1 Teton Dam

The Teton Dam, a 300 ft high earthen dam with a 3000 ft long crest and
262 ft depth of stored water amounting to about 250,000 acre-ft, failed on
June 5, 1976. According to a report by Ray, et. al (1976) che failure-
started as a piping failure about 10:00 AM and slowly increased the rate of
outflow until about 12:00 noon when the portion of the dam above the piping
hole collapsed and in the next few minutes (about 12 minutes according to
Blanton (1977)) che breach became fully developed allowing an estimated 1.6
to 2.8 million cfs (best estimate of 2.3) peax flow {3rnwn and Rogers, [977)
to be discharged into the valley below. At che time of peak flow the breach
was estimated from photographs to be trapezoidal shape having a top width at
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the original water surface elevation of about 500 ft and side slopes of
about 1 vertical to 0.5 horizontal. After the peak outflow the outflow
gradually decreased to a comparatively low flow in about five hours as the
reservoir volume was depleted and the surface elevation receded. The
downstream fac& of the dam had a slope of 1:2 and the upstream face 1:2.5.
The crest width was 35 ft and the bulk of the breach material was a DSO size

of 0.03 mm. The inflow to the reservoir during failure was {insignificant
and the reservoir surface area at time of failure was about 1950 acre-ft.

The BREACH model was applied to the pilping generated failure of the
Teton Dam. The center-line elevation for the piping hreach was 160 ft above
the hottom of the dam, and an initial width of N.l ft was used for the
assumed square-shaped pipe. The material properties of the breach were
assumed as follows: $ = 40 deg, C = 250 1b/ft2, and y = 100 1b/ft3, The
Strickler equation was judged aot to be applicable for the extremely fine
breach material, and the n value was computed as 0,013 from a Darcy friction
factor based on the Dsy grain size and the Moody curves. The computed

outflow hydrograph is shown in Fig., 3. The timing, shape, and magnitude of
the hydrograph compares quite well with the estimated actual values. The
computed peak outflow of 2.3 million cfs agrees with the best estimate made
by the U.S. Geological Survey and the time of occurrence is also the same.
The computed breach width of 460 ft agrees closely with the estimated value

3.0~
0.2 cfs
1.

250 !bikd
40 ceg

[ R I 1)

2.180.000 cfs {1,600.000-2.800.00)
2.2 hr {1.95-2,12)

0.1 hr 10.03-0.20)

362 ft (650

262 fr (262}

44 deg (45}

N
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°* '‘observed values)

Outflow (1,000,000 cfs) —
o
1)

—
o
T

05 =
. L L 1 1 !

10:00 AM 11:00 AM 12:00 i00PM  220PM  3:00 PM
Figure 3, Tecon Dam: Pradicced and lhserved Iraacs Sutflow Hversgrazh and
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' of SO0 ft at the elevation of the initlal reservoir water surface. A larger

estimated actual breach width of 650 ft hreach width was reported by Brown

and Rogers (1977); however this was the final breach width after additional

enlargement of the breach occurred. The (BREACH) model produced a final

width of 560 ft when the reservoir water elevation had receded to near the

reservoir bottom; the additional widening of the hreach during the recession
of the outflow is due to the influence of the depth (y) in Eq. (l4).

Sensitivities of the peak breach outflow (0,), time of peak flow (Tp)

and the top width (W) of the trapezoidal-shaped breach to variations in the
specified breach material properties, cohesive strength (€) and {internal
friction angle (¢), are shown in Fig. 4. The dashed lines apply to the
Teton simulation. Peak outflow is moderately affected by the cohesion; how-
ever it 1s sensitive to the § value which mostly controls the enlargzement of

the breach width. Qp ts sensitive to a full range of ¢ values, however

the § value may vary by & 10 degrees with less than 20% variation in Qpa

The breach width (W) was moderately sensgitive to variations in the cohesion
(C), and somewhat more sensitive to the ¢ value. The time to peak outflow
(TP) was almost insensitive to variations in C and ¢ .

2.9,2 Mantaro Landslide Dam

A massive landslide occurred in the valley of the Mantaro River in the
mountainous area of central Peru on April 25, 1974, The slide, with a
volume of approximately 5.6 x 1010 ft3, dammed the Mantaro River and formed
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a lake which reached a depth of about 560 fr before overtopping during the
period June 6-8, 1974 (Lee and Duncan, 1975). The overtopping flow very
gradually eroded a :small channel along the approximately l-mile long
downstream face-of the slide during the first two days of overtopping. Then
a dramatic increase in the breach channel occurred during the next =10 hrs
resulting in a final trapezoidal-shaped breach channel approximately 350 ft
in depth, a top width of some 800 ft, and side slopes of about 1:1. The
peak flow was estimated at 353,000 cfs as reported by Lee and Duncan (1975),
although Ponce and Tsivoglou (1981) later reported an estimated value of
484,000 cfs. The breach did not erode down to the original river hed; this
caused a rather large lake to remain after the hreaching had subsided some
24 hrs after the peak had occurred. The slide material was mostly a mixture
of silty sand with some clay resulting ian a DSO size of about 11 mm with
some material ranging in size up to 3-ft boulders.,

The BREACH model was applied to the Mantaro landslide-formed dam using

the following parameters: 20U = 17, ZD = 8.0, H, = 560 ft, Dgg = 11 mm,

Pye = 0.5, S, = 1200 acres, C= 30 1b/ft2, ¢ = 30 deg, vy = 100 1b/ft3

B, = 2, and At = 0.1 hr. The Manning n was estimated by Eq. (20) as 0.020

and the {nfitial breach depth was assumed to be 0.3 ft. The computed breach
outflow is shown in Fig., 5 along with the estimated actual values. The
timing of the peak outflow and its magnitude are very similar except for a
somewhat more gradual rising limb of 10 hr compared to the estimated actual
of 6 hr. The dimensions of the gorge eroded through the dam are similar as
shown by the values of D, W, and « in Fig. 5.

The sensitivities of Qp, Tp

in Fig. 4. The solid line denotés the Mantaro application. Most notably,

Qp is very sensitive to the ¢oheston (C) while much less sensitive to the

internal friction angle (¢) «+ T, 1s almost insensitive to the value of C
and quite insensitive to ¢. W is not very sensitive to C and moderately
sensitive to ¢; a variation of %+ 10 degrees in ¢ results in a change in W of
less than 20%. ‘

and W for variations in C and ¢ are shown

3. DAMBRK

The DAMBRK model represents the current state-of-the-art in understand-
ing of dam failures and the utilization of hvdrodynamic theory to predict
the dam-break wave formation and downstream progression. The model has wide
applicability; it can function with various levels of {nput data ranging
from rough estimates to complete data specification; the required data is
readily accessible; and it 1is economically feasible to wuse, {i.e., it
requires a minimal computation effort on mainframe computing facilities and
can be used with microcomputers.

The model consists of three functional parts, namely: (1) description
of the dam failure mode, i.e., the temporal and geometrical description of
the breach; (2) computation of the time history (hydrograph) of the outflow
through the breach as affected by the breach description, reservoir inflow,
reservolr storage characteristics, spillway outflows, and downstream
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tailwater elevations; and (3) routing of the outflow hydrograph through the
downstream valley in order to determine the changes in the hydrograph due to
valley storage, frictional resistance, downstream bridges or dams, and to
determine the resulting water surface elevations (stages) and flood-wave

travel times.

DAMBRK 1s an expanded versioan of a practical operational model first
preseated in 1977 by the author (Fread, 1977). That model was based on
previous work by the author on modeling breached dams (Fread and Harbaugh,
1973) and routing of flood waves (Fread, 1974a, 1976).

3.1 Breach Description

The breach is the opening formed in the dam as it falls. Earthen dams
which exceedingly outnumber all other types of dams do aot tend to
completely fail, nor do they fail instantaneously. ‘The fully formed
breach_ in earthen dams tends to have an average width (b) in the range
(hd <b <« dhd) where’ h; 1s the height of the dam. The middle ‘portion of

this range for b is supported by the summary report of Johnson and Illes
(1976), Breach widths for earthen dams are therefore usually much less than
the total length of the dam as measured across the valley. Also, the breach
requires a finite interval of time for its formation through erosion of the
‘dam materials by the escaping watar., Total time of failure may be in the
range of a few minutes to a faw hours, depending on the height of the dam,
the tvpe matarials used in construction, the extent of compaction of the




materials, and the extent (magnitude aund duration) of the overtopping flow
of the escaping water. Piping failures occur when {nitial breach formation
takes place at some “point helow the top of the dam due to erosion of an
{aternal channel through the dam by escaping water. As the erosion pro-
ceeds, a large? and larger opening is formed; this is eventually hastened by
caving-in of the top portion of the dam.

Concrete gravity dams also tend to have a partial breach as one or more
monolith sections formed during the construction of the dam are forced apart
by the escaping water. The time for breach formation is fn the range of a
few minutes.

Poorly constructed earthen dams and coal-waste slag pilles which impound
water tend to fail within a few minutes, and have average breach widths in
the upper range or even greater than those for the earthen dams mentioned

above.

In DAMBRK, the failure time (t) and the size and shape of the breach
are selected as input- parameters similar to the approach used by Fread and
Harbaugh (1973). The shape (see Fig. 6) 1is specified by a parameter (z)
identifying the side slope of the breach, i.e., 1 vertical: 2z horizontal
slope. The range of 2z values 1is: 0 < z < 2. Rectangular triangular, or
trapezoidal shapes may be specified -in this way. For example,-2z=0 and b>0
produces a trapezoidal shape. The final hreach size 1is controlled by the z
parameter and another parameter (b) which is the terminal width of the
bottom of the breach., As shown in Fig. 6, the model assumes the breach
bottom width starts at a polnt and enlarges at a linear rate over the
failure time {iaterval (1) until the terminal width is attained and the
breach bottom has eroded to the elevation hy o which {s usually, but not
necessarily, the bottom of the reservoir or outlet channel bottoms If t is
less than 10 minutes, the width of the breach bottom starts at a value of b
rather than at a point. This represents more of a collapse failure than an
erosion failure. '

During the simulation of a dam failure, the actual breach formation
commences when the reservoir water surface elevation (h) exceeds a specified
value, h:.. This feature permits the simulation of an overtopping of a dam
in which the breach does not form until a sufficient amount of water is
flowing over the crest of the dam. A piping failure may be simulated when
hf is specified less than the height of the dam, hd‘
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Selection of breach parameters before a breach forms, or in the absence
of observations, introduces a varylng degree of uncertainty {in the model
results; however, errors {n the breach description and thence {n the
resulting time .rate of volume outflow are raplidly damped-out as the flood
wave advaaces downstream. Fot conservative forecasts which err on the side
of larger flood waves, values for b and z should produce an average breach

width (b) in the uppermost rtange for a certain type of danm. Failure
time (1) should be selected in the lower range to produce 2 maximum outflow.

3.2 Reservoir Outflow Hydrograph

The total reservolr outflow consists of broad-crested weir flow through
the breach and flow through anv spillway outlets, i.e.,

Q=Q + 0 (30)

The breach outflow (Qy) is computed as:

Q = cp(h=hy)!*5 + cy(hehy)?+3 ‘ (31)
where:
Cl = 301 bi Cv ks . (32)
cy = 2445 z.c, kg v (33)
£,
hb = hd - (hd'hbm)'?' T 8 1 t, < T (34)
bi = b tb/r if tb < T (36)
= 1.0 + 0.023 Q2/[B% (h=h. )? (h-h_)] (37)
Gy = 1.0 +0.023 Q%718 (h=hy, b ‘
h -h
k. = 1.0 if £ 5 ¢ 0.67 (18)
s * - h=h *
b
otherwise:
h ~h, 3
kg = 1.0 = 27.8  [=—=— = 0.67] (39)
N A

fn which hy 1is the elevation of the breach bottom, h is cthe reservoir water

surface elevation, b; 1s the {anstantaneous breach boctom width, t, is time
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interval since breach started forming, c,, 1s correction for velocity of
approach, Q 1is the total outflow from the reservoir, B, 1s width of the
reservolir at tbe dam; ks is the submergence correction for tailwater effacts
on weir outflow (Venard{ 1954), and ht s the tailwater elevation (water

surface elevation immediately downstream of dam).

The tailwater elevation (ht) 1s computed from Manning's equation, {.e.,

5/3
1.49 _1/2 A
s 5 | (40)

in which n is the Manning roughness coefficient, A is the cross-sectional
area of flow, B is the top width of the wetted cross-sectional area, and $
is the energy slope. Each term in Eq. (40) applies to a representative
channel reach immediately downstream of the dam. The S parameter can be
specified by the user; it does not change with time; if it is not specified,
the model uses the channel bottom slope of the first third of the downstream
valley reach. Since A and B are functions of h. and Q is the total dis-
charge given by Eq. (30), Eq. (40) provides a sufficlently accurate value
for h, if there are no backwater effects immediately below the dam due to
downstream constrictions, dams, bridges, or significant tributary inflows.
When these affect the tailwater, Eq. (40) is not used-and the dam is treated
as an internal boundary which 1is described in a following section on
multiple dams and bridges.

If the breach is formed by piping, Eq. (31)-(39) are replaced by the
following orifice flow equation: '

= 1/2
Qb = 4,8 Ap(h-h) (41)
whe:e;
Ap = [Zbi+4z(hf-hb)] (hf'hb) (42)
h = hf if ht < th - hb : (43)
h = hc o i€ ht > zhf - hb (44)

and hd 1s replaced by he in Eq. (34) to compute hy. However, if h = hf and

the flow ceases to be orifice flow and cthe hroad-crested weilr flow, Eg.
-(31), is used.
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The spillway outflow (Qs) i3 computed as:

LS 0.5
- - h-h + e L (h-h,
0y csLs(h hs) + chg( g) 4 ( ) +Q (46)

in which ¢4 is the uncontrolled spillway discharge coefficient, h_ s the

s
uncontrolled spillway crest elevation, ¢, is the gated spillway discharge

coefficlent, h_ is the center-line elevation of the gated spillway, eq is

0

the discharge coefficient for flow over the crest of the dam Lg is the
spillway length, A, is the gate flow area, Ld i{s the leagth of the dam crest
less LS, and Qt 1s a constant oucflow term which is head independent. The

uncontrolled spillway flow or the gated spillway flow ecan also be
repctesented as a table of head=-discharge values. The gate flow may also be
specified as a function of time.

The total outflow is a function of the water surface elevation (h),
Depletion of the reservoir storage volume by the outflow causes a decrease
in h which then causes a decrease ia Q. However, any inflow to the
reservoir tends to increase h and Q. In order to determine the -total
outflow (Q) as function of time, the simultaneous effects of reservoir
storage characteristics and reservolr inflow require the use of a reservoir
routing tachnique. DAMBRK utilizes a hydrologic storage routing technique
based on the law of coaservation of mass, if.e.,

1 - Q = ds/dt (47)

in which I 1i{s the reservolr inflow, Q {s the total reservoir outflow, and
dS/dt 1is the time rate of change of reservoir storage volume. Egq. (47) may
be expressed in finite difference form as:

(I+1')/2 = (0+Q')/2 = aS/at (48)

in which the primé (') superscript denotes values at the time t=-at aad
the A approximates the differential. The term AS may he expressed as:

L}
aS = (A+A)) (h=h')/2 | (49)
in which As is the reservoir surface area coincident with cthe elevation (h).

Combining Eqs. (30), (31), (46), (48) and (49) result in the following
expression: ’

2.5

(agra) (b )/ + e (aeh )Y e e (hen )P v e (i)t

+ e (h=h )03+ cy(h-hpdted w0+ 0t - T - 17 = 0 (50)

Since A, is a function of h and all other terms except h are known, Zq. (50)
can be solved for the unknown h using Newton-Raphson iteration. Once h {s
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obtained, Eqs. (31) and (46) can be used to obtain the total outflow (Q) at
time (¢). In this way the outflow hydrograph Q(t) can be develoved for each
time (t) as to goes. from zero to some terminating value (t_) sufficiently
large for the reservoir to he drained. In Eq. (50):the time step (at) is
chosen sufficlently "small to incur miaimal numerical {integration error.
This value is preser in the model to t/50.

3.3 Downstream Routing

After computing the hydrograph of the reservoir outflow, the extent of
and time of occurrence of flooding in the downstream valley 1s determined by
routing the outflow hydrograph though the valley. The hydrograph {s modi-
fied (attenuated, lagged, and dlstorted) as it is routed through the valley
due to the effects of valley storage, frictional resistance to flow, and
downstream obstructions and/or .flow control structures. Modifications to
the dam=-break flood wave are manifested as attenuation of the flood peak
elevacion, spreading=-out or dispersion of the flood wave volume, and changes
in the celerity (translation speed) or travel time of the flood wave. 1If
the downstream valley contains significant storage volume such as a wide
flood plain, the flood wave can he extensively attenuated and its time of
travel greatly increased. Even whea the downstream valley approaches that
of a uniform rectangular-shaped section, there is appreciable attenuation of
flood peak and reduction in wave celerity as the wave progresses through the
valley.

A distinguishing feature of dam-break waves is the great magnitude of
peak discharge when compared to runoff-generated flood waves having occurred
in the past {in the same vallev. The dam~break flood is usually many times
greater than the runoff flood of record., The above-record discharges make
it necessary to extrapolate certain coefficients used in various flood
routing techniques and make it impossible to fully calibrate the routing
technique.

Another distinguishing characteristic of dam-break floods 1is the very
short duration time, and particularly the extremely shocrt time from begin-
ning of rise until the occurrence of the peak. The time to peak 1is in
almost all inscances svnonymous with the breach formation time (1) and,
therefore, is 1in the range of a few minutes to a few hours. This feature,
coupled with the great magnitude of the peak discharee, causes the dam—~hreak
flood wave to have acceleration components of a far greater significance
than those associated with a runoff-generated flood wave.

A hydraulic routing technique (dynamic routing) based on the complete
equations of unsteady flow 1s used to route the dam-break £lood hydrograph
through the downstrzam valley. This method 1{s derived from the original
equations developed by Barre De Saint-Venant (1871), In this method the
important acceleration effects are properly considered. Also, the only
coefficient that must be extrapolated bevond the range of past experience is
the coefficient of flow rasistance. 1t so happens that this is usually not
'a sensitive parameter in effecting the wmodifications of the €lood wave due
. to 1its oprogression through the downstream valley. The dynamic routing
technique properly ‘considers the effect of dewnstream constrictions and flow
control structures such as Sridege-road embankments or dams,




The Saint-Venant unsteady flow equations coasist of a conservation of
mass equation, i.e.,

a1A+A‘)v
B —g-a=0 . (51)

and a conservation of momentum equation, i.e.,

2
3Q , 3(Q/8) .3 . |
33'+ = + gA(ax + sf + se) + L =0 (52)

where A Is the active cross-sectional area of flow, A 1is the inactive (off-
channel storage) cross-sectional area, x 1s the longitudinal distance along
the channel (valley), t is the time, q i{s the lateral inflow or outflow per
linear distance along the channel (inflow is positive and outflow is nega-
tive 1in sign), g 1is the acceleration due to gravity, Sf is the friction
slope, and S, is the expansion-contraction slope. The friction slope is
evaluated from Manning's equation for uniform, steady flow, l.e.,

5

=199

S, = ——— , (53)
£ g.21 a2 gY3 :

in which a {s the Manning coefficient of frictional resistance and R is the
hydraulic radius defined as A/B where B is the top width of the active
cross-sectional area. The term (Se) is defined as follows:

2 | |
s .k ao/a) | (54)

e 28 ax

in which k (Morris and Wiggert, 1972) is the expansion-contraction coeffi=-
cient varying from. 0.0 to *1.0 (+ if coatraction, - if expansion), and
A(Q/A)2 1s the difference {n the term (Q/A)2 at two adjacent cross-sections
separated by a distance aAx. L is the momentum effect of lateral flow
assumed hereln to entecr or exit perpendicular to the direction of the main
flow. This term has the following form: 1) lateral 1inflow, L = 0;
2) seepage lateral outflow, L = =0.5qQ/A; and 3) bulk lateral outflow,
L = =-qQ/A.

Eqs. (51)=(52) which are nonlinear partial differential equations, must
be solved by numerical techniques, An {mplicit 4-pt. finite difference
technique {3 used to obtain a solution to either set of equations. This
particular technique (Fread, 1974) is used for its computational efficiency,
flexiblility, and convenience in the application of the equations to flow in
complex channels existing 1in nature. In essence, the technique determines
the ynknown quantities (Q and h at all specified cross-sections along the
downstream channel-valley at various times ianto the future; the solution is
advanced from one time to a future time by a finite time {interval (time
step) of magnitude At. The flow equations are expressed in finite diffar-
ence form for all cross-sections along the valley and then solvad simultane-
ously for the unknowns (0 and h) at each cross-section. Due to the non~-
linearity of the partial differencial equations and their finite difference
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reprasentations, the solution is fterative and a highly efficient quadratic
{terative technique known as the Newton-Raphson method is used. Convergence
of the iterative technique {s attained when the difference hetween succes-
sive {iterative. solutions far each unknown 1is less than a relatively small
prescribed tolerance. Usually, one to three iterations at each time step
are sufficient for convergence to he attained for each unknown at all cross-
sections. A more complete description of the solution technique may be
found elsewhere (Ameln and Fang, 1970; Fread, 1974a, Fread, 1977).

3.4 Tributary Inflows/Outflows

Unsteady flows associated with tributaries downstream of the dam can be
added to the unsteady flow rcesulting from the dam failure. This is accom-
plished via the term q in Eq. (S51). The tributary flow is distributed along
a single Ax reach. Backwater effects of the dam-hreak flow on the tributary
flow are 1ignored, and the tributary flow is assumed to enter perpendicular
to the dam—break flow. Outflows are assiyned negative values. Outflows
which ocecur as broad-crested weir flow over a levee or natural crest may be
simulateds The crest elevation, discharge coefficient, and location along
the river=-valley must be specified. The head 1s computed as the average
water surface elevation, along the length of the crest, less the crest
elevation. '

3.5 Multiple Dams and Bridges

The dam-break flood forecasting model can simulate the progression of a
dam-break wave through a downstream valley containing a reservoir created by
another downstream dam, which itself may fail due to being sufficiently
overtopped by the wave produced by the failure of the upstream dam. In
fact, an unlimited number of reservoirs located sequentially along the
valley can be simulated. When the tailwater below a dam is affected by flow
conditions downstream of the tailwater section (e.g., bhackwater produced by
a downstream dam, flow constriction, bridge, and/or tributary inflow), the
flow occurring at the dam is computed by using an internal houndary condi-
tion at the dam. In this method the dam is treated as a short Ax reach in
which the flow through the reach 1is governed by the following two equations
rather than either Eqs. (51)=(52):

Q = 044 . (55)
Qi = Ob + OS (56)
in which @, and Qg are breach flow and spillway flow. - In this way, the

flows Q; and Qq+1 and the elevations h; and h; +1 2re in balance with the

other flows and elévations occurring bimultaneously throughout the entire
flow system which may consist of additional dams which are treated as
additional internal -boundary conditions via Eqs. (53)-(56). :

Alghway/railway. bridzes and thelr associated earthen embankments which
_are located at poiants downstream of a dam may also be treated as {aternal
bouadary conditions. Fgs. (55)-(56) are used at each bridge; the term 0 in
Eq. (56) is computed by the following expression:




- 1/2 3/2
Q, = C/FF A, (hy=h, M+ cyk (b)) (s7)

1+1

{n which C is .a coefficient of bridge flow, Cd is the coefficient of flow
over the crest of the road embankment, hc is the crest elevation of the

embankment, and ks is similar to Egs. (38)-(39).

3.6 Supercritical Flow

The DAMBRK model can simulate the flow through the downstream valley
when the flow 1s supercritical. This type of flow occurs when the slope of
the downstream valley exceeds about 50 ft/mi. Slopes less than this usually
result in the flow heing suberitical to which all preceding comments per-
taining to the downstream routing apply. When the flow is supercritical,
any flow disturbances cannot travel hack upstream; therefore, the downstream
houndary becomes superfluous. Thus, for supercritical flow, a dowanstream

. boundary condition 1s not required; however, an additional equation other

than the reservoir outflow hydrograph is needed. To satisfy this require-
ment, an equation similar to Egq. (40) hut with a time-dependent enerzy
slope, 1s used at the upstream boundary. Multiple reservoirs on super-
critical valley slopes must be treated using a storage routing technique
such as Eg. (50) rather than the dynamic routing technique.

3.7 Floodplain Compartments

The DAMBRK model can simulate the exchange of flow between the river
and floodplain compartments. The floodplain compartments are formed by one
or two levees which run parallel to the river on either or both sides of the
river, and other levees or road embankments which run perpendicular to the
river, Flow transfer between a floodplain compartment and ‘the river 1s
assumed Co occur along one Ax reach and is controlled by broad-crested weir
flow with submergence correction. Flow can be either away from the river or
into the river, depending on the relative water surface aelevations of the
river and the floodplain compartment. The river elevations are computed via
Egs. (51)=(52), and the floodplain watar surface elevatioas are computed by
a simple storage routing relation, i.e.,

vt a v, ST (1F - 0f) ac/e3sho (58)

in which Vz is the volume (acfe-f:) in the floodplain compartmeant at time ¢

or t—-At referenced to the water elevation, I is the {nflow from the river or
adjacent floodplain compartments, and O is the outflow from the floodplain
compartment to the river and/or to adjacent floodplaian compartmeats. Flow
transfer between adjacent floodplain compartments {s  also coatrolled by
broad=crested weir flow with submergence correction. The broad-crested weir
flow is according to the following:

= r -
T c s kh _h-

b (59)
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‘ 0=csy (ng, - b) (60)

in which ¢ s a specib‘fied discharze coefficient, h. is the river elevation,
hfp is the water surface elevation of the floodplain, and sy is the

submergence correction.factor, i.e.

s = 1.0 ' h, < 0.67 (61)
sp = 1.0 = 27.3 (H_ - 0.67)° h, > 0.67 (62)
H, = (hr-hw)/(hfp—hw) ' (63)

and h, is the specified elevation of the crest of the levee. The floodplain
elevation (hfp) is obtained {teratively via a table look-up algorithm from

the specified table of volume-elevation values. The outflow from a flood-
plain compartment may also include that from one or more pumps associated
with each floodplain compartament. Each pump has a specified discharge-head
relation given in tabular form along with start-up and shut-off operation
instructions depending on specified water surface elevations. The pumps

‘ discharge to the river.
3.8 Routing Losses
Often in the case of dam~break floods, where the extremely high flows
inundate coansiderable portions of channel overbank or valley flood plain, a
measurable loss of flow volume occurs. This i{s due to infiltration into the
relatively dry overbank material, detention storage losses, and sometines
short=-circuiting of flows from the main valley into other drainage basins

via canals. Such losses of flow may be taken into account via the term q in -
Eq. (51). An expression describing the loss is given by the following:

qp = =0.00458 v, /(L T) | (64)

in which Vv, is the outflow volume (acre-ft) from the reservoir; P is the

volume loss ratio which may range from 0 to as high as 0.3; L is the length
(mi) of downstream channel through which the loss occurs; and T 1is the
average duration (hr) of the flood wave throughout the reach length L; and
qy 1s the maximum lateral outflow (cfs/ft) occurring along the reach L

throughout the duration of flow. The mean lateral outflow is proportioned
in time and distance along the reach L.

3.9 Landslide Generated Waves

Reservoirs are sometimes subject to landslides which rush into the
. reservolr  displacing a oportion of the reservoir contents, and thereby
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creating a very steep water wave which travels up and down the length of the
reservoir. This wave may have sufficient amplitude to overtop the dam and
precipitate a failure of the dam, or the wave by itself may be large enough
to cause catassrophic flooding downstream of the dam without resulting in
the failure of the dam as perhaps in the case of a concrete dam.

The capability to generate waves produced by landslides 1Is provided
within DAMBRK. The volume of the landslide mass, 1its porosity, and ctime
i{aterval over which the landslide occurs, are {nput to the model. Within
the model, the landslide mass is deposited within the reservoir {n layers
during small computational’ time steps, and simultaneously the original
dizmensions of the vraservolr are reduced accordingly. The time rate of
reduction {n the reservoir cross-sectional area creates the wave during the
solugion of the unsteady flow Egs. (51)=(52), which are applied to he cross-
sections describing the reservoir characteristics.

3.10 Model Tasting

The DAMBRX model has been tested on five historical dam-break floods to
determine {ts ability to reconstitute observed downstream peak stages,
discharges, and travel times. Those floods that have been used {a the
tescing are: 1976 Tetoa DNam, 1972 Buffalo Creek Coal-Waste Dam, 1839
Johnstown Dam, 1977 Toccoa (Kelly Barnes) Dam, and the 1977 Laurel Run Dam
floods. However, only the Teton flood will be presented herein.

The Teton Dam, a 300 ft. high earthen dam with a 3,000 ft. long crest,
failed on June 5, 1976, killing Il people making 25,000 homeless, and
tnflicting about $400 million in damages to the downstream Teton-Snake River
Valley. Data from a Geological Survey Report by Ray, et al. (1977) provided
observations on the approximate development of the breach, description of
the reservoir storage, downstream cross-sections and estimates of Manning's
n approximately avery 5 miles, indirect peak discharge measurements at three
gires, flood peak travel times, and flood peak elevations, The inundated
area is shown in Fig. 7.

The following bhreach parameters were used in DAMBRK to reconstitute the
downstream flooding the downstream flooding due to the failure of Teton Dam:
t= 1.25 hres, 8B = 150 ft, z = 0, hy, = 0.0, hg = hy = h, = 261.5 ft.

Cross=-sectional properties at 12 locations shown in Fig. 7 along the 60 mile
reach of the Teton-Snake River Valley below the dam were used. Five top
widths were used to describe each cross-section. The downstream valley con-
sisted of a narrow canyon (approx. 1,000 ft. wide) for the first 5 miles and
thereafter a wlde valley which was i{nundated to a width of about 9 miles.
Manning's n values ranging from 0.028 to 0.047 were provided from field
estimates by the Geological Survey. Values of Ax between cross-sections
gradually increased from .5 miles near the dam, to 1.5 miles near the
downstream boundary at the Shelly gaging station (valley mile 59.5 down=-
stream from the dam). The raservoir surface area-elevation values were
obtained from Geological Survey topo maps. The downstream boundary was
assumed to bhe channel flow control as represeated by a loop rating curve
given by Eq. (40). ' '
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The computed outflow hydrograph 1s shown in Fig. 7. It has a peak
value of 1,652,300 cfs. (cublc feet per second), a time to peak of 1.25 hrs,
and a total duration of about 6 hrs. The peak 1is about 20 times greater
than the flood of record. The temporal variation of the computed outflow
volume compared within 5 percent of observed values. The computed peak dis-
charge values along the 6(0-mile downstream valley are shown in Fig. 8 along
with three observed (indirect measurement) values at miles 8.5, 43.0, and
59.5. The average difference between the computed and observed values is
4.8 percent. Most apparent is the extreme attenuation of the peak discharge
as the flood wave progresses though the valley. Two computed curves were
assumed, i.e., Qg = 0; and a second in which the losses were assumed to be

uniform along the valley. The losses wera assumed to vary from 0 to a maxi-
mum of q, = -0.30 and were accounted for in the model through the q term in

Eqe (51)e  Losses were due to infiltration and detention storage behind
irrigation levees,
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Figure 8. Profile of Peak Discharge from Tacon Jam Failure

The a priori selection of the breach parameters (r and BB) causes the
greatest uncertainty in forecasting dam-break flood waves. The sensitivity

of downstream peak discharges to reasonable variations in T and b 1s shown
in Fig. 9.

Although there are large differences in the discharges (+45 to =25
percent) near the dam, these rapidly diminish in the downstream direction.
After 10 miles the variation is +20 to =-14 percent, and after 15 miles the
variation has further diminished (+15 to -8 percent), The tendency for
extreme peak attenuation and rapid damping of differences {n the peak dis-
charge 1s accentuated in the case of Teton Dam due to the presence of the
very wide wvalley. Had the narrow canyon extended all along the 60-mile
reach to Shelly, the peak discharge would not have attenuated as much as the

differences in peak discharges due to variations in t and 5 would be more
persistent. In this instance, the peak discharge would have attenuated to
about 350,000 rather than 67,000 as shown in Fig. 9, and the diffarences in
peak discharges at mile 59.5.would have been about 27 percent ag opposed to
less than 5 percent as shown in Fig. 9.

Computed peak elevations compared favorably with observed values. The
average absolute error was 1.5 ft, while the average arithmetic error was
Oﬂly -0.2 fr.
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The computed flood peak travel times and three observed values are
shown in Fig. 10, The differences between the computed and ohserved are
about 10 percent for the case of using the estimated Manning's n values and
about 1 percent if the n values are slightly increased by 7 percent.

As mentioned previcusly, the Manning's n must be estimated, especially
for the flows above the flood of record. The sensitivity of the computed
stages and discharges of the Teton flood due to a substantial change
(20 percent) ian the Manning's n was found to be as follows: 1) 0.5 ft. in

“computed peak water surface elevations or about 2 percent of the maximum
flow depths, 2) 16 percent deviation in the computed peak discharges,
3) 0.8 perceat change in the total attenuation of peak discharge incurred in
the 60-mile reach from Teton Dam to Shellv, and 4) 15 percent change in the
flood peak travel time to Shelly. These results indicate that Manning's n
has little effect on peak elevations or depths; however, the travel time is
affected by nearly the same percent that the n values are changed.

A typical simulation of the Teton flood as described above involved
73 Ax reaches, 55 hrs of prototype time, and an inittal time step (At) of
0.06 hrse Such a simulation run required only 19 seconds of CPU time on an
IBM 360/196 computer system; the assoctated cost was less than $5 per run.
Microcomputer runs require about 10 min for the Teton simulation.

Information on similar testing of DAMBRK on the Ruffalo Creek flood can
hbe found in Fread (1977, 1984a). The results showed a similar degree of
comparison between computed and observed values.
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‘4,  SMPDBK

SMPDBK 1s a simple model for predicting the characteristics of the
floodwave peak produced by a breached dam (Wermore and Fread, 1984)., It
will, with minimal computational resources (hand-held computers, micro=-
computers), determine the peak flow, depth, and time of occurrence at
selected locations downstream of a breached dam. SMPDBK first computes the
peak outflow at the dam, based on the reservoir size and the temporal and
geometrical description of the breach. The computed floodwave and channel
properties are used in conjunction with routing curves to determine how the
peak flow will be diminished as it moves dowastream. Based on this
predicted floodwave reduction, the model computes the peak flows at speci-
fied downstream points. The model then computes the depth reached hy the
peak flow based on the channel geometry, slove, and roughness at these
downstream points. The model also computes the tilme required for the peak
to reach each forecast point and, if a flood depth is entered for the point,
the cime at which that depth s reached as well as when the floodwave




recedes below that depth, thus providing a time frame for evacuation and
fortification on which a preparedness plan may be baseds The SMPDBK Model
neglects backwater effects created by dowastream dams or bridge embankments,
the presence of which  can substantially reduce the model's accuracy.
However, its speed and ease of use together with its small computational
requirement make it a attractive tool for use 1a cases where limited time
and resources preclude the use of the DAMBRK Model., In such instances
planners, designers, emergency managers, and coasulting engineers responsi-
ble for predicting the potential effects of a dam failure may employ the
model 1in situatlions where backwater effects are not significant for pre-
event delineation of areas facing danger should a particular dam fafl,

4.1 General Description

The SMPDBK model retains the critical deterministic components of the
numerical DAMBRK model while eliminating the need for large computer fac-
ilit{es. SMPDBK accomplishes this by approximating the downstream channel
as a prism, neglecting the effects of off-channel storage, concerning itself
with only the peak flows, stage, and travel times, neglecting the effects of
backwater from downstream bridges and dams, and utilizing dimensionless
peak-flow routing graphs developed using the NWS DAMBRK model.. The appli-
cability of the SMPDBK model 1is further enhanced by 1ts ainimal data
requirements; the peak flow at the dam may be calculated with only four
readily accessihle data values and the downstream channel may be defined by
a single "average" cross-section, although prediction accuracy increases
with the number of cross-sections specified.

Three steps make up the procedure used i{n the SMPDBK model. These are:
(1) calculation of the peak outflow at the dam using the temporal and geo=-
metrical description of the bhreach and the reservoir volume; (2) approxima-
tion of the channel downstream of the dam as a prismatic channel; and
(3) calculation of dimensionless routing parameters used with dimensionless
routing curves to determine the peak flow at specified cross sections down-
stream of the dam.

4.2 Breach Description and Peak Outflow Computation

) Since earthen dams generally do not fail completely nor instantane-
ously, the SMPDBK model allows for the investigation of partial failures
occurriag over a finite interval of time. And, although the model assumes a
rectangular-shaped breach, a trapezoidal hreach may be analyzed by specify-
ing a rectangular bhreach width that 1{s equal to the average width of the
trapezoidal breach. Fallures due to overtopping of the dam and/or failures
in which the breach bottom does not erode to the hottom of the reservoir may
also be analyzed by specifying an appropriate "H" parameter which is the
elevation of the reservoir water surface elevation when breach formation
commences minus the final breach bottom elevation ({.e., "H" is the depth to.

which the breach cuts). '

The model uses a single equation to determine the maximum breach out-

flow and the user is required to suppoly the values of four variables for
this equation. These variables are: 1) the surface arsa (Ag, acres) of the
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reservolr; 2) the depth (H, ft) to which the breach cuts; 3) the time (&g,
minutes) required for. hreach formation; and 4) the final width (B, ft) of
the breach. These parameters are substituted into a broad-crested weir flow
equacion to yleld the maximum breach ocutflow (Obmax) in cfs, t.e.

3
c
Opax = Q * 31 B, (cf — 9_) (65)
60 M
23.4 AS
where: C = 3 (66)
T

and Q is the spillway flow and overtopping crast flow which is estimated to
occur simultaneously with the peak hreach outflow.

Once the maximum outflow at the dam has heen computed, the depth of
flow produced by this discharge may be determined based on the geometry of
the channel {immedfately downstream of the dam, the Manning “"u” (roughness
coeffficient) of the channel and the slope of the downstream channel. This
depth 1is then compared to the depth of water in the reservoir to find
whether {t {s necessary to include a submergence correction factor for tail-
water effects on the breach outflow ({i.e., to find whether the water down-
stream is cestricting the free flow through the hreach). This comparison -
and (if necessary) correction allows the model to provide the most accurate
prediction of maximum hreach outflow which properly accounts for the effects
of tailwater depth downstream of the dam.

The maximum breach outflow must bé corrected iteratively for submer-
gence resulting from tailwater effects {f the computed maximum outflow stage
(h,..) 1s greater than (0.67 h,,y.) where h,, . {s the head over the weir

(breach) at time tffés expressed by the following relation:

.
e v
welr (tf c ) (67)
— e ct—
60 /i

where C i3 defined by Eq.‘(66).

/h,

If the ratio of ¢(h "

max/ Dwety) 1S greater cthan 0.67, a submergence

correction factor must be computed as follows:

% - . rh'ﬂax 3 .
K 2] @ 27,8 [e—— - N.671] (68)
S ‘h i
welr

This value for K. * {is substituted into Eq. (%9) to obtain an averaged
submergence correction factor given hv the following:
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g k - S S (69)

where the k superscript is the 1iteration counter and the first iteration

value for Kso is 1. This correction factor is applied to the breach outflow

as follows
k koo Kt (70)

where: ng-l = O_bmax is the first iteration. The corrected breach outflow

(Obk) is then used to compute an outflow depth (h k). The computation of

max

hmax is described later via Eq. (75). Also, hecause there 1Is decreased flow

through the breach, there is less drawdown. Thus, the head over the weir

(h ) must be recalculated using the relation:

welr

t. (sec.)

k-1 k £

k k=1 -9
b ZAS (sq.fte)

hweir = hweir * (Qb

(71)

max‘/hweirk is used in Eq. (68) to

compute a new submergence correction factor. If the new maximum breach
outflow computed via Eq. (70) is significantly different (& 52%) from that
computed in the previous iteration, the procedure is repeated. Generally,
within two or three {terations the K_ value will coanverge and a suitable
value for the maximum breach outflow (Qb) is achieved which properly
accounts for the effects of submergence.

Now the ratio of the two new values,

4.3 Channel Description

The river channel downstream of the dam to the specified routing point
is approximated as a prismatic channel by defining a single cross-section
(an average section that incorporates the geometric properties of all inter-
vening sections via a distance weighting technique) and fitting a mathemati-
cal function that relates the section's width to depth. This prismatic
representation of the channel allows easy calculation of flow area and
volume in the downstream channel which 1is required to accuracely predict the
amount of peak flow attenuation.

Approximating the channel as a prism requires three steps.  First,
topwidth vs, depth data must be obtained from topographic maps or survey
notes. For each depth (hy), a distance weighted topwidth Bi is defined
producing a ctable of values that may be used for fitting (using least-
squares or a log-log plot) a single equation of the form 8 = kh" to define

the prismatic channel geometry. The fitting coefficients (X and m) are
computed using the following least squares algorithm:
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(f oz n) (] 1og 5))

§ [(log hy) ‘(log 31)]

- I
o= - ‘ Z v (72)
! (log h) - ( § log b, )
I
_ J log Ei _ ) log hy
log K = T - m T (73)
g = 10108 0 . - (74)

After comput: -z ¥ and m, the depth (h) may be computed for a given
discharge (Q) by using the Manning equatiom, i.e.,

h o= (Q/a)° _ (75)

1.49 .1/2 [
where: a = == § —_— - (76)
b = 3/(3m+5) ' ' (77)

Also, S is the channel bottom slope (ft/ft), and n is the Manning n appro-
priate for the section of river-valley assoclated with the computed depth
(h). In this manner hoax of Eq. (68) can be computed if Umax is subsci-

tuted for Q and the fitting coefficients K and m apply only to the tallwater
section. N

4.4 Dowmnstream Routing

The peak outflow discharge determined {n the praceding step mav be
routed downstream using the dimensionless routing curves. (See Fig. 11-13.)
These curves were developed from numerous executions of the NWS DAMBRK Model
and they are grouped into families based on the -Froude number assoclated
with the floodwave peak, and have as their Y-coordinate the ratio of the
downstream distance (from the dam to a selected cross-section) to a distance
parameter (Xc)' The Y-coordinate of the curves used in predicting peak
downstream flows is the ratio of the peak flow at the selacted cross section
to the computed peak flow at the dam. To determine the correct family and
member curve- that most accurately predicts the attenuation of the flood,
certain routing parameters must be defined.

, The discinguishing characteristic of each curve family 1is the Froude
aumber developed as the floodwave moves downstream. The distinguishing
characteristic of each memher of a family is the ratio of the volume in the
‘reservoir to the average flow volume {n the downstream channel. Thus it may
be seen that to predict the peak flow of the floodwave at a downstream
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point, the desired distinguishing characteristic of the curve family and
member must be determined. This determination is bhased on the calculation
of the Froude aumber-and the volume rati{o parameter. To specify the dis=-
tance in dimensionless form, the distance parameter must also be computed.

-

The distance parameter (Xc) 1s calculated using Eq. (78) as follows:

(z+1) VOL 6
L (78)

X, (fe) = — - —
o™ e 00s)™!
where: VOL. = volume in reservolr (cuble fr)
Ks&a = average channel geometry fitting coefficients
By = height of dam (ft)
Within the distance (Xc) 1n the downstream reach, the floodwave attenu-
ates sguch that the depth at point X, 1s hx (see Fig. 14), which 1is a

function of the maximum depth (hmax)‘ The avérage depth (h) in this reach
is:
- hmax + h‘

where 8 1s an empirical weighting factor that must be determined {tera-
tively. The starting estimate for 8 is 0.95.

The average hydraulic depth (Dc) in the reach is given by Eq. (80) as
follows:

9 hmax
Dc = (80)
mhl
The average velocity in the reach is given by the Manning equation,
ioeo, N
1/2 2/3
1.49
Ve =S (Dc) (81)

where § is the slope of the channel from the dam to the routing point.




The average velocity (Vc) and hydraulic depth (Dc) are subscituted into

Eq. (82) to determine the average Froude number (Fc) in the reach ag
follows: ' ’

-

V .
F o= —S (32)
/gDc :
where: g = 32.2 ft/sec? (acceleration of gravity),

’a)

The dimensionless volume parameter (V*) that {dentifies the specific
member of the curve family for the computed Froude number is the ratio of
the reservoir storage volume to the average flow volume within the Xc

reach, The average cross-sectional area of flow (Ac) 1s given by Eq. (83)
as follows:

m

A, = K(Shmax) D, : (83)

The volume parameter (V*) is determined by dividing the average flow volume
(Acxc) into the reservoir storage volume (VOLr), i1.0.,

VoL
T

A X
¢cec

#

vV = (84)

With the values of F. and V*, the specific curve (Fig. 11-13) can be
used (interpolation may be necessary) to determine the rtouted discharge.
The ordinate of the routing curve at X* = | {is the ratio of the peak flow
(Qp) at X, to Qy . Knowing Qp, the stage (h,) at X, may be determined

m

ax
using Eq. (75) with the average channel fitting coefficients. The value
of 8 is checked by rearranging Eq. (79), i.e.,

Q = max X (85)

2 h
max

If there is a significant difference in the new wvalue of 3§ from the intcial
estimate of 9 (e.g., 15%), Eqs. (80)-(84) are recalculated and the new value
of 9 rechecked. Generally, within two iterations the value for 5 will
converge., _

The distance(s) downstream to the forecast polat(s) a4dre non-
dimensionalized using the following:
N -
N 1 B : (86)
c

where X; 1is the downstream distance to the i-n forecast npoint, 1 =
1,2,3,...The peak flow arc X; is determine: from the proper family of routing

curves and the ocdinate of the specific V* curve at ¥;*. Multiplying the
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value of this ordinate by Obmax produces the peak flow (Op) at X; miles

downstreanm of the dam;

The time of occurrence of the peak flow at a selected cross section 1{s
determined by adding the time of failure to the pneak travel time from the
dam to that cross-section. The travel time is computed using the kinematic
wave velocity which {s a known function of the average flow velocity
throughout the routing reach. The times of first flooding and “de-flooding”
of a particular elevation at the cross section may also be determined.

The time of travel for the floodwave to s computed by first calcu-
lating the reference flow veloeclty at the midpoint between the dam and Xy
The user must determine, from the routing curve, the peak flow (°x/z) at

(X;/2) miles downstream of the dam. This flow is multiplied by the factor

(0.3 + @/10) and substituted 1into Eq. (87) to find the reference depth
(hK'Ef). Thus, b

0 o
href = (a ) (87)
The reference hydraulic depth {s ziven by Eq. (88), i.e.,

href
X m+l

(88)

The reference flow velocity (in) in ft/sec 1is given by the Manning

equation, i,e.,

2/3
1

v w189 /2

X n X
i

(89)

This value for V%i is substituted into the wave celerity equation (Eq. (90))
to fiand the wave speed (c¢) in mi/hr, i.e.,

C=0.682 v, [5/3~2/3 (==)}] (90)
i m+1 .

The time to peak 1is then given by Eq. (91) as follows:
t ’ :f +'—C— . ’ (91)

where: tp = time (hr) of peak occurrences

tg = time {hr) of failure for danm

To compute the peak depth at mile X;, K and m coefficlents are fitted

for that cross-section by substituting the specific depths and topwidths at
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mile X; into Eqs. (72)=-(74). Eq. (75) 1is used to find the peak depth (hxi)
at mile Xi. )

The SMPDBK allows the option to determine the time at which flooding
commences and/or the time at which it ceases. To do this, a flow rate (Qf)
that corresponds with Fflood depth at the cross-section is computed as

follows:

Qf = a3 h (92)

£

where: he = flood depth
and a and b are defined by Eqs. (76)=(77) using the K and m coefficients
fitted for the cross-section at mile Xj.

This wvalue for Qe 1s substituted into Eq. (93) to determine the time to
flooding (tfld) as follows: .

) t¢ o (93)

where: t_ = the time (hr) to peak calculated in Eq. (91)
tg = the time (hr) of fallure for the dam, and -

N0, = the flow (spillway/turbine/overtopping) other than flow.

Qo

To determine the time flooding ceases, td,vthe value of Q¢ is substituted
into the following relation: _

24.2 VOL_ O’p 1- Q¢
&g = tpi + (Q o - te) (Q——— . ) (94)
Py o Py o

where: VOL_. = the reservolr storage volume (ac-ft).

To route the peak flow downstream to cross-sections 3,4,..., the
distance-weighted average cross-section must be determined between the dam

and the routing point and new K and a parameters must be fitted to this
average cross section. The distance-weighted average cross section may be
determined as follows:

For each depth (hi)’ the distance weighted topwidth (B.) is given by the
relation: .

(B, . + B, .) | (8 + B, )
[ iy y = 3
) i,1 - 2 (xz’x.1) P 1,J-1 1,7 “‘;“XJ_Q
By == ‘ (95)
(x5 - )
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where: hy = the gth depth, L = 1,2,3 .. T (number of tquidths per
cross—-section _
Bi'j = ¢he ich~:opwidth (corresponding to the ith depth hi) at
the jth cross-section where j = 1,2,3, ... J (number of cross-
sections)
B, = the veighted 1" topwidth
Xy = the downstream distance to the j° cross-section.
The table of values produced by defining a distance-weighted topwidth (Ei)
for each depth (ht) may then be used for fitting a single equation of the
form B = Kh™ to define the prismatic channel geometry. The Ffitting
coefficients X and m may be computed using the least squares algorithm given
in Egqs. (72)=(74).

With cthese weighted average K and m coefficients, the peak depth 1is
recomputed at the dam using new routing parameters from Eqs. (79)-(84). The
flow may then be routed to cross-section 3,4,.... by following the procedure
3iven above.

4,5 Model Testing and Limitatlons

In both real-time forecasting and disaster preparedness planning, there’
1s a clear need for a fast and econnmical method of predicting dam—-break
floodwave peak stages and travel times. The SMPDBK model fills this need,
producing such predictions quickly, inexpensively and with reasonable accu-
racye For example, in test analyses of the Teton and Buffalo Creek dam
failures where the progression of the floodwave was not affected by back-
water, approximating the channel as a prism, calculating the maximum breach
outflow and stage at the dam, defining the rnuting parameters, and evaluat-
ing the peak stage and travel time to the forecast points required less than
20 minutes of time with the aid of a non-programable hand-neld calculator
while the average error in forecasted peak flow and travel time was 10-207
with stage errors of approximately 1 ft. Furthermore, comparisons of SMPDBK
model results with DAMBRK model raesults from test runs of theoretical dam
breaks show the simplified model produces average errors of [0O% or less.
The authors had the advantages, however, of prior experience with the model
and possession of all required iaput data, the collection of which consumes
precious warning response time in a dam—break emergency.

The SMPDBK Model can be a very useful tool Ln preparing for and during
a dam failure event, however, the user must keep in nind the wmodel's
limitations (Fread 1981). First of all, as with all dam breach £lood
routing models, the validity of the SMPDBK model's predictioan depends upon
the accuracy of the required input data. To produce the most reliable
results, the user should endeavor to obtain the best estimates of the
various {fnput parameters that time and resources allow., Secondlv, because
the model assumes normal, steady flow at cthe peak, the backwater effects
created by downstream channel constrictioas such as bridge embankments or




dams cannot be accounted for and the model will predict peak depths upstream
of the coastriction that may be substantially 1lower than those actually
encountered, while peak depths downstream of the constriction may be over
predicted.  Finally, because the "slowing down” of the floodwave caused by
temporary off=-channel dead storage 1s aot accounted for by the model, the
predicted time to peak at a certain point may be somewhat shorter than the
actual time to peak. Recognizing these limitations and exercising good
engineering judgmeat, the SMPDBK model may provide useful dam break flood
{aundation iaformatioa with relatively small expense of time and computing

resourcese.
5. SUMMARY AND CONCLUSLONS

Three NWS models for predicting the flooding due to dam failures were
presented. The Breach Model can aid the hydrologist/engineer in determining
the properties of the piplng or overtopping initiated breach of an earthen
dame. This information can be used in conjunction with historical breach
data to create the dam breach hydrograph and route it through the downstream
channel-valley using the complex DAMBRK Model or the simplified -SMPDBK
Model. The choice of either the DAMBRK or SMPDBK model is influenced by the
available time, data, computer facilities, modeling experience, and required
accuracy for edach dam break analysis. Complexities in the downstream
channel valley such as highway/railway embankment-bridges, significant
channel coastrictions, levee overtopping, flow volume losses, downstream
dams, welrs, lakes require the DAMBRK Model to be ‘used rather than the
SMPDBK Model since latter model ignores such factors.

Notwithstanding the capabilities of state-of-the-art models (BREACH,
DAMBRK, SMPDBK) the accuracy of the predicted magnitude and timing of down=-
stream flood fnundation can be subject to significant error (two feet or
more 1in the crest profile) due to inaccuracies in the following: 1) the
reservolr 1inflow computed £from hydrologic precipitation-runoff models;
2) che breach characteristics; 3) the downstream cross-section properties;
4) the estimated flow resistance coefficients; 5) the neglected effects of
transported debris of flow resistance and hlockage of constricted cross
sections; 6) the neglected infiltration and detention storage losses of
flood volume; 7) the neglected sediment transport effects on bottom eleva=-
tion and flow resistance of the downstream channel-flood plain and 8) the
highly turbulent flows and complex flow patterns not adequately described by
one-dimensional flow equations.
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