Chapter 9

HYDROLOGY AND
HYDRAULICS

Coal refuse impoundments and embankments must handle the runoff from precipitation that occurs
over the contributing watershed area. If not properly controlled, runoff can jeopardize the collection
and conveyance system (channels and conduits). For impoundments, runoff can cause the embank-
ment to be overtopped with the potential for failure. The principles of hydrology and hydraulics can
be used to determine and design the required combination of flow capacity and freeboard and to
select durable channel lining systems. The discussion of technical issues in this chapter is based on
the assumption that the reader is experienced in the technical areas of hydrology and hydraulics and
is familiar with the selection of hydrologic and hydraulic design parameters and the use of related
computer software. A number of traditional design concepts are reviewed herein, and reference is
made to additional resource materials.

The design of coal refuse disposal facilities requires a somewhat specialized approach. There are
many possible combinations of disposal facility configuration, facility staging, environmental con-
siderations and unique characteristics and properties associated with each site. Therefore, one of the
major aims of this chapter is to relate fundamental engineering principles to the unique requirements
of refuse disposal facility site design. While primarily focused on slurry impoundments, the contents
of this chapter are also applicable to other mining dams and impoundments.

The hydrologic and hydraulic information and design procedures presented in this chapter fall into
five interrelated categories, as follows:

* Basic definitions and principles — Sections 9.1 and 9.2 define basic terms and condi-
tions applicable to coal refuse disposal facilities that relate to hydrologic and hydrau-
lic features. Table 9.1 presents a complete summary of hydrologic and hydraulic
planning and design procedures. The table also serves as an outline of this chapter
and a summary of supplemental references. The fundamental interrelationships of
runoff, reservoir storage, and outflow are established. The major elements that may
affect these interrelationships at coal refuse disposal facilities are also discussed.

¢ General design considerations — Section 9.3 identifies regional and site conditions
that affect the suitability of various hydraulic conveyance structures for coal refuse
disposal facilities. In Section 9.4, these broad concepts are extended to consider the
effect of disposal facility configuration upon selection of suitable hydraulic convey-
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Chapter 9

ance structures. Characteristics that distinguish coal refuse disposal facilities from
conventional embankment dams are emphasized.

* Design-storm criteria — Section 9.5 presents design storm precipitation criteria for
coal refuse disposal facilities. Factors such as location, facility size, and hazard
potential are discussed. Design storm criteria for short-term conditions and for
minor hydraulic structures are also addressed.

* Procedures for analysis — Sections 9.6, 9.7 and 9.8 discuss analytical procedures for
evaluation and design of coal refuse disposal facility hydraulic structures. Methods
for determining runoff based on predicted precipitation are first established, fol-
lowed by reservoir storage and outflow capacity requirements. Various components
of outflow structures are discussed in detail. Procedures for routing storm runoff
through an impounding disposal facility and optimizing reservoir storage and out-
flow are presented.

¢ Dam-breach analysis — Section 9.9 discusses procedures for evaluation of dam breach
and potential downstream inundation for the determination of hazard potential and
for Emergency Action Plan (EAP) preparation.

9.1 GENERAL CONSIDERATIONS

The hydrologic and hydraulic design and analysis procedures discussed in this chapter apply to both
existing and new coal refuse disposal facilities. The sequence presented in Table 9.1 is normally fol-
lowed either for modifying an existing disposal facility or for constructing a completely new disposal
facility. It should be recognized that sequencing of a modification to an existing coal refuse disposal
facility should be continually coordinated with the ongoing mining and coal preparation operations.

The designer of a new coal refuse disposal facility normally has flexibility in site selection, stag-
ing of the embankment growth and long-term planning of related hydraulic structures. Given this
flexibility, design flood requirements can typically be met throughout the entire life of the disposal
facility. Often the designer is able to optimize the relationships between refuse disposal operations,
embankment design, hydraulic structure construction, and the overall mining and coal preparation
operations.

A designer modifying an existing disposal facility should first determine its conformance with cur-
rent design storm criteria and should then assess options for any necessary upgrade of the runoff
collection and control system. Sometimes a facility has limited storage or hydraulic conveyance capa-
bility, may not satisfy current design and regulatory requirements, and cannot be easily modified in a
short period of time. An effective solution may be to perform a staged modification program, as part
of continued refuse disposal operations, which may in fact provide materials necessary for increasing
freeboard and constructing diversions, thus improving hydraulic capacity. Under such conditions,
the modifications to the facility are usually required to meet or exceed MSHA'’s short-term hydrologic
design criteria, as subsequently described in Section 9.5.2.

9.2 HYDROLOGY AND HYDRAULICS PRINCIPLES

Hydrology is the study of climatic and physical conditions that govern natural flows in rivers, streams
and channels. Hydrologic analyses are used to determine the probable and possible direct runoff to
a particular site from natural causes such as precipitation or snow melt. Hydraulics is the study of
water flows in channels and conduits. Hydraulic engineering is used in the design of decant systems,
outlet works, spillways, ditches, channels, diversion structures, and other systems for controlling
flowing waters. An integrated application of hydrology and hydraulics is necessary for the develop-
ment of safe, economical and environmentally acceptable coal refuse disposal facilities.
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TABLE 9.1

Hydrology and Hydraulics

HYDROLOGIC AND HYDRAULIC DESIGN PROCEDURES FOR
COAL REFUSE DISPOSAL FACILITIES

Applicability

Manual Supplemental
Design Considerations All Impounding SRecftlons for References
Facilities | Facilities eterence
I. Determine Importance of Hydrologic and
Hydraulic Considerations
Type of facility X Chapter 3, 9.4 USBR (1987a)
Impounding vs. non-impounding 9.4 USBR (1987a)
Site conditions X Chapter 5, 9.5 USBR (1987a)
Downstream conditions X (Of particular 9.3,9.5 USBR (1987a)
concern)
Startup, operation, abandonment X Chapters 4,
requirements 6,9
II. Establish Preliminary Facility
Configuration and Hydraulic Systems
Select structure type X Chapter 3, 9.4
Balance availability of materials for X Chapter 5,
embankment construction with facility staging 93,94
Determine size and potential hazard X 9.5,9.9 FEMA (2004a)
classification based on dam breach analysis
and downstream inundation
Determine appropriate design storm for long- X 9.5 MSHA (2007)
term operation
Determine if separate design consideration X 9.4,9.5 MSHA (2007)
should be given to short-term conditions with
lesser design storm at any time during the
operational period of the facility
Calculate watershed contributing to major X 9.3
hydraulic systems
Determine approximate inflow rates and X 9.6 NWS (2006a,b)
volumes to be controlled by major hydraulic NRCS (2004b)
systems from design storm criteria
Evaluate alternative combinations of spillway X 9.61t09.8 USBR (1987a)
outflow and impoundment storage capacities NRCS (2004b)
Brater et al. (1996)
Determine preliminary spillway type, location X Chapter 5, USBR (1987a)
and approximate size (for all stages of 9.6t09.8 Brater et al. (1996)
operation)
Determine preliminary decant type, location X Chapter 5, USBR (1987a)
and approximate size (for all stages of 9.6t09.8 Brater et al. (1996)
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Chapter 9

TABLE 9.1 HYDROLOGIC AND HYDRAULIC DESIGN PROCEDURES FOR
COAL REFUSE DISPOSAL FACILITIES
(CONTINUED)

Applicability Manual Supplementl
Design Considerations All Impounding SRecftlons for References
Facilities | Facilities eterence
Determine magnitude of storm that can be X 9.5t09.9 USBR (1987a)
controlled and compare with appropriate NRCS (2004b)
design storm for facility size and potential
hazard classification
Evaluate modifications to be made to X Chapter 6, USBR (1987a)
improve the facility’s hydraulic system 9.5t09.8
Evaluate advantages and disadvantages of X Chapter 6,
modifying the facility for continued use or to 9.4109.8
a satisfactory configuration for abandonment
Assign appropriate long-term design storm or X 9.5 FEMA (2004c)
abandonment criteria
[ll. Determine Design Inflow Rates and
Volumes for Major Hydraulic Systems
Determine if key parameter curves are X 9.4, 9.6
suitable for final design for any or all stages,
including abandonment
Determine inflow hydrograph parameters, if X 9.6 NRCS (2004b)
required, for any stage of development USBR (1987a)
IV. Design Major Hydraulic Systems
Design major diversion system to insure
against failure during appropriate design
storm
e Collection of inlet area X 9.7 Chow (1959)
e Establish control section of flow (inlet, X 9.7 USBR (1987a)
transport section or outlet) Henderson (1966)
Brater et al. (1996)
e Determine requirements to prevent X 9.6109.8 USBR (1987a)
failure by overtopping, erosion or
clogging
e Determine downstream outlet and/ X 9.7,9.8 Chow (1959)
or discharge requirements to avoid USBR (1987a)
unacceptable damage at design flow Brater et al. (1996)
Determine optimum combination of storage
and outflow for each stage of development
(for impoundments)
e Perform reservoir routing analysis of X 9.6t09.8 USBR (1987a)

inflow hydrograph

Design the spillway system for the
appropriate design storm for each stage of
development
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TABLE 9.1 HYDROLOGIC AND HYDRAULIC DESIGN PROCEDURES FOR
COAL REFUSE DISPOSAL FACILITIES
(CONTINUED)

Applicabilty Manual Supplemental
Design Considerations All Impounding SRecftlons for References
Facilies | Facilities eterence
e Establish control section for all flow X 9.61t09.8 Chow (1959)
conditions to assure adequate capacity USBR (1987a)
Henderson (1966)
Brater et al. (1996)
e Design the inlet including provisions to X 9.8 USBR (1987a)
prevent clogging
e Design the outlet to prevent X 9.8 FHWA (2006)
unacceptable damage at magnitude of USBR (1987a)
flow
Design the decant system for normal
operating conditions and to evaluate
impoundment storage of design storm
e Establish flow control for all storage X 9.6,9.8 USBR (1987a)
levels to assure adequate capacity Brater et al. (1996)
e Design the inlet, including provisions to X 9.8 USBR (1987a)
avoid clogging Brater et al. (1996)
e Design the transport section, X 9.8 USBR (1987a)
considering structural stability, Brater et al. (1996)
corrosion resistance, and capacity FHWA (2005b)
¢ Design the outlet to prevent X 9.8 USBR (1987a)
unacceptable damage FHWA (2006)
Perform dam breach analysis and evaluate X 9.9 FEMA (2004c)
downstream inundation
V. Design Minor Hydraulic Systems
Surface drainage ditches that are not critical X 9.6,9.8 USBR (1987a)
to safety during design storm FHWA (2005a)
FHWA (2006)
Minor roadway culverts X 9.6,9.8 FHWA (2005b)
FHWA (2006)
Weirs to separate seepage from large flows, X 9.8 Henderson (1966)

if required, for environmental control

9.2.1 Basic Design Principles

The fundamental principle governing the hydrologic and hydraulic design of a coal refuse disposal
facility is that runoff, natural drainage and process water must be conveyed past the embankment,
stored within the facility impoundment(s), or handled by a combination of these two methods. The
hydrologic characteristics of the applicable watershed (rainfall, tributary area, land use cover condi-
tions, soil type, slope, etc.) determine the runoff hydrograph, while the physical dimensions and
hydraulic characteristics of the facility and hydraulic structures determine the required conveyance
and storage capacity. Table 9.2 presents a summary of the application of the basic design principles
to coal refuse disposal facilities.
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TABLE 9.2 HYDROLOGIC AND HYDRAULIC DESIGN CONSIDERATIONS
FOR COAL REFUSE DISPOSAL FACILITIES

Embankment Type"

Runoff, Outflow and Storage Considerations

Valley-Fill and Side-Hill
Non-Impounding
Embankments

If placement of the embankment is started at the upper end of the valley, runoff
from the natural watershed can be diverted around the embankment and no
water has to be stored. Precipitation on the embankment can be directed
downstream.

If placement is started by forming a downstream embankment, it will have a
temporary character with interim diversion ditches sequentially replaced as the
fill is raised (sometimes the final diversion ditches are installed initially). Pre-
cipitation and runoff on the embankment are directly discharged downstream
with the intervening drainage between the final diversion ditch and the interim
diversion ditches.

Ridge and Heaped
Non-Impounding Embankments

Ridge and heaped embankments that are constructed above the natural
topography only have inflow associated with direct rainfall onto the dis-
posal area. Precipitation and runoff on the embankment can be directed
downstream.

Cross-Valley
Impounding
Embankment

The cross-valley impounding embankment presents a variety of alternatives for
handling hydrologic events. Inflow may include precipitation from upstream of
the embankment, including the drainage area above diversion ditches, unless
the ditches are designed not to fail from the design storm.

For a cross-valley impoundment, the three possibilities for handling design
storm inflow are:

1. If the embankment crest elevation is maintained sufficiently high above the
pool level, all runoff from the design storm can be stored, such that outflow
is not a requirement during the design storm. The impounded water can
then be lowered gradually by flow through a decant system.

2.  If a spillway of adequate size is constructed with its crest at the normal
pool level of the impoundment, all of the storm runoff can be passed
directly through the disposal area and the storage requirement will be
minimal.

3. Ifthe spillway crest is located above the normal pool level, but the storage
volume between the pool and spillway elevations is less than the inflow
volume, the spillway must be designed to conduct a volume equal to the
difference between inflow volume and storage volume in an appropriate
time interval.

Side-Hill Impounding Embankment

A side-hill impounding embankment can have all of the alternatives of a cross-
valley impoundment except that the smaller watershed and the potential for
diversion significantly reduce the storage and outflow requirements associated
with the design storm.

Normally, a diked-pond embankment will have inflow equal to the precipitation

Diked-Pond falling directly into the impoundment. Total storage with limited or no outflow
Embankment during the design storm is normally the best solution, although the drawdown
requirement must be met by either a spillway, decant pipe, or pumping.
. An incised pond has a water surface below the normal ground surface, and
Incised Pond

inflow runoff, storage and outflow generally are not critical to safety.

Note: 1. Embankment types are discussed in Chapter 3.
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Hydrology and Hydraulics

In general, for non-impounding coal refuse disposal facilities or the downstream or perimeter portions
of impounding facilities or slurry cells, runoff is conveyed around the facility without retention and
storage. On the other hand, impounding embankments are designed to temporarily store runoff from
upstream areas and to convey excess flows past the embankment with decant pipes and spillways.

Design criteria for impounding and non-impounding coal refuse disposal facilities include the total
volume of runoff from the design storm, as discussed in Section 9.5. For a non-impounding coal
refuse disposal facility, the peak runoff rate caused by a flood or the design storm is of prime concern.
For an impounding facility, both the peak runoff rate and the total volume of runoff are of concern.
In the first case, the hydraulic facilities must be sized to pass the peak runoff rate, while in the latter
case, the impoundment and hydraulic structures must be designed to store and pass the total volume
of runoff.

The runoff and outflow elements are influenced by a number of critical factors, as discussed in the
following section.

9.2.2 Definition and Discussion of Key Runoff Elements

Sources of impoundment inflow are shown in Figure 9.1. These sources also include ancillary flow
contributions such as process water (water or water-slurry mixture pumped from the mine or the
coal processing plant), indirect runoff from adjacent watersheds, or other diverted flows such as from
underground mines. The sources of impoundment inflow can be categorized as follows:

Major Sources

¢ Direct precipitation — rain or snow falling directly onto the disposal site

* Runoff - from precipitation falling on areas upstream or upgradient from the site
and within the watershed associated with the facility

Minor Sources

* Springs from groundwater flow

* Base flow in a stream passing through or by the site that is relatively independent of
the most recent rainfall events, but directly related to infiltration associated with ear-
lier rainfall events

* Process water and other pumped flows

Minor sources of flow are typically much smaller than the major sources of runoff. The volumes
associated with minor sources can be determined with relative accuracy. However, the amount of
runoff resulting from a storm will vary depending upon site location. Geographic location, climatic
conditions and watershed characteristics all contribute to storm runoff, as discussed in the follow-
ing sections.

9.2.2.1 Watershed Boundary and Area

The watershed is all of the catchment area that drains toward a particular point of interest. Watershed
boundaries are typically determined from site-specific topographic maps (Section 6.4.1.1) or USGS
topographic quadrangle maps, as shown in Figure 9.2.

9.2.2.2 Precipitation

Runoff results from precipitation falling on the watershed, melting of snow already on the ground
and outflow from upstream impoundments in the watershed. Snowmelt is usually a minor portion of
runoff in small watersheds, such as those usually associated with a coal refuse disposal facility. The
effects of upstream impoundments should be considered on an individual site basis.
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PRECIPITATION
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FIGURE 9.1 RUNOFF AND IMPOUNDMENT INFLOW SOURCES

9-8 MAY 2009



Hydrology and Hydraulics
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FIGURE 9.2 WATERSHED BOUNDARY DELINEATED ON USGS TOPOGRAPHIC MAP

9.2.2.2.1 Rainfall Curves

Calculation of the design storm rainfall (Section 9.5) involves determination of the total amount and
distribution of rainfall for the entire storm duration. The relationships between total precipitation
(cumulative rainfall depth), storm duration, and storm intensity (slope of the rainfall distribution
curve) have a direct effect on the runoff rate and volume (Sections 9.6.1 and 9.6.2). For example, a
sudden short rainfall can result in a high runoff rate and a small total volume of runoff, while a pro-
longed rainfall of low intensity can produce a large total volume of runoff with a relatively low runoff
rate. Coal refuse disposal facilities should be designed to accommodate all possible precipitation/
runoff conditions associated with the design storm.

9.2.2.2.2  Rainfall Intensity

The relationships between rainfall intensity, duration of the rainfall event and frequency (i.e., inten-
sity-duration-frequency or I-D-F) can be used to determine the peak runoff, and are useful in the
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design of hydraulic structures such as culverts, channels and ditches (Sections 9.6.3 and 9.6.4). Only
the most intense portion of the rainfall, not the entire storm history, governs the selection of culvert
size, the most efficient ditch or channel configuration, and the required erosion protection associated
with the runoff flow velocity.

9.2.2.3 Watershed Characteristics

A portion of the precipitation falling on a watershed is retained in the soil and by vegetation or may
be retained in upstream impoundments. The portion of the precipitation that flows to the point of
interest is termed the runoff. The watershed characteristics that determine the difference between the
amount of precipitation falling on the watershed and the amount that becomes runoff include: (1) the
types of surficial soils and their effect on infiltration; (2) the condition of the ground surface (e.g., wet,
dry, snow-covered or frozen) prior to the precipitation (termed the antecedent moisture condition);
(3) the type and density of vegetation; (4) development features such as paved surfaces, channeling,
storm sewers, etc.; and (5) the presence of dams, lakes, ponds or swamps upstream from the disposal
facility that can either store water and release it at a slow rate or fail and release large volumes of
stored water at a high rate.

The runoff hydrograph at the point of interest will vary as a function of the intensity distribution of
precipitation and the geometric shape and slope conditions of the watershed area. Inflow and out-
flow hydrographs for a typical impoundment are shown in Figure 9.3. The figure also shows the net

inflow and volume of impoundment storage.

A PEAK INFLOW RATE
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B VOLUME OF STORAGE
m VOLUME OF OUTFLOW
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PEAK OUTFLOW RATE
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>

FIGURE 9.3 TYPICAL IMPOUNDMENT INFLOW AND OUTFLOW HYDROGRAPHS
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9.2.3 Key Storage and Outflow Elements

The principal factors governing the storage capacity of a reservoir or impoundment are the physical
dimensions of the embankment and ground surface and the current level of water/slurry. The out-
flow capacity is determined by the types and sizes of the hydraulic structures.

9.2.3.1 Impoundment Capacity

The storm storage capacity of an impoundment is the volume of runoff that can be temporarily
retained during the applicable design storm. If a refuse disposal facility has minimal storage capacity,
the outflow hydrograph will be about the same as the inflow hydrograph, and the hydraulic struc-
tures must be designed to transport the peak runoff rate. The primary benefit of impoundment stor-
age is that the outflow rate can typically be reduced, permitting use of smaller hydraulic structures.
An additional benefit is that the downstream flooding risk is not exacerbated by an increase in runoff
from disturbed areas in the watershed. The potential difference in peak flow rates is illustrated by the
inflow and outflow hydrographs shown in Figure 9.3.

Figure 9.4 shows a typical impoundment capacity curve relating storage volume to pool elevation.
The figure also shows the relationship between reservoir surface area and pool elevation. Such curves
are used to evaluate the storage conditions at any given pool elevation and are prepared as part of the
design of an impounding structure (Section 9.7).

Two terms used to describe the limits of acceptable pool elevation are “surcharge” and “freeboard.”
Surcharge is the vertical distance between the usual operations level of the impoundment and the
maximum allowable water surface elevation. Normal freeboard is the vertical distance between the
pool elevation and the top of the embankment at its lowest point (where the dam would begin to
be overtopped). Design storm freeboard is the vertical distance between the maximum water sur-
face elevation during the design storm and the top of the embankment. The minimum design storm
freeboard is an impoundment design criterion and should be such that waves do not overtop the
embankment crest during the design storm. Freeboard also serves to compensate for uncertainty in
hydrologic parameters.

9.2.3.2 Decants, Principal Spillways and Auxiliary Spillways

Decants are conduits that extend through an embankment and discharge under controlled conditions
at or beyond the embankment toe. As the term “decant” would imply, impoundment water typically
enters the conduit by flowing over the top edge of the upstream end. At coal refuse disposal facili-
ties, decants are generally not intended to discharge at high flow rates, but are designed to remove
clarified process water, pass base stream flows or to drain the impoundment of stored water after a
storm. However, a decant must be sufficiently large that stored water from the design storm can be
drained within a reasonable period of time, so that the storage volume needed for a subsequent storm
is available. Several types of decant systems are shown in Figure 9.5.

Principal spillways are generally designed to control the discharge associated with large design
storms, to limit discharges and associated impacts downstream, and to limit the frequency and dura-
tion of flow through the emergency (auxiliary) spillway. Principal spillways are most often associ-
ated with fresh water impoundments and sedimentation and treatment ponds, and state regulatory
agencies typically provide specific design storm criteria that govern the size and capacity of these
structures. In some coal refuse facility designs, the decant may also function as a principal spillway.
Principal spillways are designed to: (1) release runoff at a controlled rate, (2) provide settling time for
the removal of sediment or process water solids prior to discharge, (3) provide runoff detention, and
(4) function as decants to control the impoundment operational pool level. Decant systems are gen-
erally not considered in design storm flood routing analyses for determining maximum impound-
ment pool level, as they do not have significant discharge capacity. If considered in the flood routing
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analysis, the decant pipe should be of sufficient size that clogging is unlikely (typically, greater than
12 inches in diameter) and should be equipped with a properly designed trashrack.

Auxiliary (emergency) spillways are open channels generally used to discharge that portion of the
runoff volume that cannot be stored in the impoundment or routed through the principal spillway.
Auxiliary spillways typically are capable of discharging: (1) moderate flows from storms much
smaller than the design storm (Section 9.5.1) with little or no damage or (2) large flows resulting from
the design storm, where some localized damage may occur, but without the threat of failure of the
entire impounding embankment. Typical auxiliary spillway systems are shown in Figure 9.6.
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DECANT INLET ON
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FIGURE 9.5 TYPICAL DECANT SYSTEMS
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DECANT INLET
POSITIONED ON
HILLSIDE SLOPE

SPILLWAY CUT
INTO ROCK

DECANT PIPE OUTLET

DECANT INLET
POSITIONED ON
HILLSIDE SLOPE

EXCAVATED GRASS-LINED

DECANT PIPE OUTLET SPILLWAY TO ADJACENT VALLEY

FIGURE 9.6 TYPICAL DECANT AND SPILLWAY SYSTEMS

The design of auxiliary spillways, principal spillways and decants normally requires evaluation of
three basic components: the inlet, the transport section and the outlet. Key processes in the design of
these systems include:

* Determining which component controls the outflow rate for various flow conditions.

¢ Sizing each component to function properly for the anticipated range of flow condi-
tions.

* Specifying materials for each component that will not erode excessively under the
anticipated flow velocities.
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* Designing inlet or transport sections that will not become clogged or otherwise fail,
causing major downstream damage or failure of the impounding embankment.

¢ Arranging the outlet location so that the release of water does not lead to failure of
the impoundment embankment or major downstream damage.

The design of outflow systems is further discussed in Section 9.7.

9.3 GENERAL CONSIDERATIONS FOR COAL REFUSE DISPOSAL FACILITIES
9.3.1 Special Characteristics

Table 9.3 lists characteristics that distinguish the design of typical coal refuse disposal facilities from
many other structures with appurtenant hydraulic structures. In addition to the special characteris-
tics indicated in Table 9.3, the hydrologic and hydraulic design of coal refuse disposal facilities is also
governed by the considerations discussed in the following sections.

9.3.2 Site Conditions

Site selection impacts the cost and difficulty in providing adequate hydraulic appurtenant structures
for use during the disposal period and subsequent abandonment of a coal refuse disposal facility.
Based upon hydrologic and hydraulic considerations, the best site will almost always have the small-
est possible upstream watershed. In some cases, however, hydrologic/hydraulic considerations are
secondary to preparation plant location and materials handling requirements. Even if this appears to
be the case, the designer should evaluate the needed hydraulic structures considering downstream
hazard potential, environmental control and construction costs prior to finalizing the location for a
disposal facility. Large initial costs associated with the construction of hydraulic structures may be
justified if this allows materials transportation costs to be lowered.

TABLE 9.3 FACILITY CHARACTERISTICS INFLUENCING HYDRAULIC SYSTEM DESIGN

Characteristic Significance In Design

The facility is designed for disposing coal refuse, Greater flexibility in choosing location, configuration and
with active operations taking place for an associated construction sequence for appurtenant hydraulic structures.
period of time, and not to collect water for flood

prevention, water supply, power, or recreation.

The facility covers a large area, with the gradient or Providing diversion facilities not subject to localized failures or
drainage slope primarily in one direction. controlled overtopping during large storms is often not econom-
ically practical.

The placement of refuse occurs over many years, Hydraulic systems must be designed so that they can be
during which time the facility configuration is expanded or decommissioned and replaced as the facility
constantly changing. grows.

The growth rate of the facility is estimated based Actual quantities must be evaluated periodically to determine if
upon projected quantities of refuse production. the rate of construction is adequate.

Water passing over or through the coal refuse can Proper design requires that potentially adverse environmental
be destructive or environmentally unacceptable. effects (e.g., corrosion of construction materials), and the

cost of water collection and treatment, be considered in the
evaluation of alternative hydraulic systems.

When placement of refuse is completed, the facility The sequence of constructing hydraulic systems must provide
typically has no continuing utility, and the hydraulic an arrangement that will function until decommissioning at a
systems are decommissioned, the impounding specified future date. Planning must allow for the possibility
capability is eliminated, and the site is abandoned in that decommissioning, elimination of impounding capability,
accordance with mine reclamation requirements. and abandonment may be required for a configuration either

larger or smaller than originally anticipated.
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The site conditions described in the following sections may affect decisions related to the selection
and design of facility hydraulic structures.

9.3.2.1 Topography

The importance of topography on the geotechnical aspects of site selection and disposal facility
configuration is discussed in detail in Section 6.2.2.1. As discussed in this section, the significance of
topography is generally limited to the planning, design and construction of hydraulic conveyance
structures.

9.3.2.1.1 Steep Terrain

In areas of steep and rugged terrain, many disposal facilities must necessarily be located in valleys
formed by small streams. Two very significant problems may be encountered with respect to placing
diversion ditches, spillways and conveyance channels in these areas:

¢ Channels cut into the side of the valley will require the excavation of large amounts
of material, as illustrated in Figure 9.7a. With increased channel width, the cut
becomes more extensive and the slope of the cut must often be decreased to achieve
stability. These conditions combine to increase excavation quantities and costs dis-
proportionately to the flow capacity gained.

¢ The potential for sloughing of overburden soil or weathered rock into the channel,
thus restricting its flow capacity, is increased, as illustrated in Figure 9.7b. Major
sloughing will often occur during a heavy rainstorm when a large flow capacity is
desired. The possibility of main spillway channels becoming obstructed by slough-
ing must be considered in the geotechnical analysis and design of the cut slope.

Diversion ditches for non-impounding coal refuse embankments are designed based on the design
storm (100-year-recurrence-interval storm). For impounding coal refuse facilities with more extreme
design storms such as the Probable Maximum Precipitation (PMP), it is usually not feasible to design
perimeter diversion ditches large enough to pass the maximum flow. While diversion ditches for
impounding facilities still perform an important function, the hydraulic design of the impoundment
generally is based on the assumption that during large floods the diversion ditches will be over-
topped and the resulting overflow will enter the impoundment. However, such overtopping should
not be permitted to occur if flows in excess of the diversion ditch design storm could cause erosion
of the dam and spillway:.

Although there are undesirable aspects to cutting channels into steep slopes, there may also be sig-
nificant advantages. Bedrock is normally found near the surface in rugged terrain. Thus, channels cut
in such areas will often be resistant to erosion without special protection. A channel should be located
where its base will be on the most resistant material. If possible, channels should be constructed in
sound rock, particularly where flow velocities will be erosive and where failure of the channel would
create an unsafe general condition or large repair costs. Another advantage that may be realized from
cutting channels into such slopes is the concurrent production of borrow materials suitable for use
as resistant drainage material.

9.3.2.1.2  Gently Sloping Terrain

In gently sloping terrain, the disadvantages associated with hillside channel excavation are not as
pronounced as in steep terrain. As shown in Figure 9.8a, the volume of excavation is a nearly linear
function of channel width. In addition, achieving stability of the uphill cut slope is not as difficult
as for channels cut into steep hillsides. However, as illustrated in Figure 9.8b, these areas often do
not have rock near the surface. Therefore, the channels are more susceptible to erosion unless flow
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FIGURE 9.7 CHANNEL CONSTRUCTION IN MODERATELY AND STEEPLY SLOPING TERRAIN

velocity can be kept low or some type of stabilization system (e.g., channel lining) is provided. A key
to economical design in this case is to minimize the length of channel sections where flow velocities
exceed the natural erosion resistance of the channel.

9.3.2.1.3  Effects of Slope on Facility Staging

The combination of site topography and the constantly increasing size of coal refuse disposal facili-
ties often creates design problems not normally encountered with other water-impounding facilities.
For example, the previously mentioned difficulties involved in excavating wide auxiliary spillway
channels in steep slopes are multiplied when the design requires that multiple auxiliary spillway
channels be excavated as the height of the embankment is increased in subsequent stages. Problems
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can also occur when it becomes necessary to tie an embankment into an excavated rock face, as
opposed to the original soil cover on the natural slope. Tying the embankment material into the steep
and broken rock increases the potential for future problems related to seepage, leakage and embank-
ment stability.

For cases where multiple auxiliary spillways are required with construction of succeeding stages,
the designer may wish to consider a series of cascading spillways. A new embankment stage with its
associated spillway channel can be configured to extend a sufficient distance downstream to allow
the outflow to drop into the spillway channel of the preceding stage with the addition of a plunge
pool. For such configurations, the hydraulic design of the channels and plunge pool and the erosion
resistance of the rock must be carefully evaluated.

In some cases, the topography may permit an open-channel spillway to be located away from the
embankment, such as through a saddle in a ridgeline, so that the flow is discharged into an adja-
cent watershed, as shown in Figure 9.6. This arrangement can be beneficial in that potential issues
associated with flow escaping from the spillway channel and adversely affecting the downstream
face of the embankment are avoided.
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9.3.2.2 Weather and Climate

Weather and climatic conditions should be considered as part of the planning associated with the
design and construction of hydraulic structures. Specific examples include:

¢ In most coal regions of the United States, construction of channels, ditches, con-
crete spillways and decant systems should be scheduled to the extent possible
during normal construction seasons and should be avoided in winter, when
freezing conditions and snowfall may interrupt construction. Accordingly, the
staging of any disposal facility should be planned so that there is adequate flex-
ibility to allow extensions, replacement or modification to hydraulic systems
during favorable weather even though coal refuse is handled and disposed on a
year-round basis.

* Many western coal fields are in arid or semi-arid climates where the growth of veg-
etation is a very slow process. In these areas, using vegetation as a means of erosion
protection in excavated channels may not be practical.

9.3.2.3 Geology

Normally, geologic conditions do not change drastically within a small geographic area, and thus
they generally do not directly affect disposal facility site selection alternatives. However, soil and
rock conditions at a site are always important to the design of hydraulic structures and often are the
deciding factor in choosing among several hydraulic system alternatives with similar cost and utility
characteristics. The following are important geologic and geotechnical factors that must be consid-
ered in design:

¢ If excavated channels in steep slopes are being considered, the designer should eval-
uate the stability of the cut slopes. If excessive costs will be required to achieve sta-
bility, either by benching or by constructing retaining systems, an alternative system
may be more cost effective.

¢ If an excavated channel is to be located along a hillside, it should have a sufficient
capacity that overtopping or discharge that could cause cascading water to flow
onto a critical portion of the embankment does not occur. If a bend in the channel is
required, the effects of flow, erosion, and water superelevation caused by the change
of direction should be carefully evaluated. The outlet end of a spillway channel
should be located sufficiently far downstream that the discharge will not erode the
downstream face of the embankment.

¢ Channels should be designed to resist potential erosion effects, so that post-construc-
tion stabilization is not required.

e If hydraulic structures are to be constructed in or over soft soils or soft coal refuse,
the amount of settlement that could occur should be estimated in order to determine
whether special construction will be required. Similar considerations may arise in
situations where differential settlement may occur, such as where hydraulic struc-
tures are constructed across rock abutments and onto fill materials. This is especially
important for conduits through an embankment. Where possible, such conduits
should be founded on and properly bedded in firm materials that will not settle
significantly. Where settlement is unavoidable, the initial slope, camber, joints and
conduit material should be selected such that anticipated settlements can be accom-
modated without damage to the system.

The effect of geologic conditions on runoff during storms is discussed in Section 9.6.1.
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9.3.3 Construction Materials

The selection of construction materials for hydraulic structures should account for the following:

* The potential for corrosion of construction material is high at many coal refuse
disposal facilities because of the chemical characteristics of water seeping through
refuse materials. Choosing corrosion-resistant materials with higher initial cost
may be far less expensive over the long term than repairing a deteriorated structure
several years after its original installation, especially if the structure will be buried
under many feet of refuse.

* Any conduit or structure beneath or within an embankment should be designed for
the external pressure of the maximum potential height of the embankment above it
and for deformations that may result from embankment construction.

¢ Channel lining material should be selected to be resistant to the maximum antici-
pated flow velocities with provisions for drainage and resistance to uplift pressures.

* Filter criteria for all materials used in the embankment and appurtenant structure
construction should be evaluated so that the potential for erosion and piping within
the embankment or loss of structural support and/or failure of the hydraulic convey-
ance structures is minimized.

9.4 DESIGN CONSIDERATIONS FOR DISPOSAL FACILITY EMBANKMENT TYPES

In addition to the general design considerations discussed in Chapter 5, there are specific hydrologic
and hydraulic design considerations for each type of coal refuse disposal facility embankment. The
following discussion of facility-dependent hydrologic and hydraulic design considerations is a gen-
eral summary of the most common considerations for each type of disposal facility.

Some of the primary hydraulic system functions common to all refuse disposal facilities are listed
below. The type and configuration of the coal refuse disposal facility determines the significance of
each function.

e (Collection of runoff from the watershed above the embankment and from the surface
of the embankment.

¢ Control, conveyance and discharge of collected water to a downstream location.

¢ Control of the embankment slope utilizing benches at 50-foot or lower vertical inter-
vals to reduce potential erosion.

¢ Erosion protection of the embankment surface during initial, interim and reclama-
tion stages, especially along the embankment face.

* Protection of streams or wetlands from encroachment or other potential environmen-
tal impacts that may require mitigation.

¢ Protection of downstream water quality from sediment-laden runoff, leachate from
internal drain collection systems, or collected seepage.

The specific impact of the above hydrologic and hydraulic design considerations is discussed in the
following sections. While typical figures are presented to assist in recognizing specific conditions,
they do not depict all design situations.

9.4.1 Non-Impounding Embankments

Non-impounding embankments are used for the disposal of coarse, combined, and dewatered fine
coal refuse. A non-impounding coal refuse disposal facility is designed such that no fine coal refuse
slurry, process water or direct or indirect runoff can accumulate within or upstream of the disposal
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facility limits. General types of non-impounding coal refuse embankments include valley, ridge, side-
hill and heaped fills.

9.4.1.1 Valley-Fill Embankments

Valley-fill refuse embankments, as illustrated in Figure 9.9, are often constructed by starting dis-
posal at the upper end of a valley and extending the embankment in stages down the valley in such
a manner that an impoundment is never created. Often these types of embankments are located in
large valleys so that large refuse disposal volumes can be placed. The potential runoff in such valleys
during a large storm event can be high, and to prevent excessive erosion large diversion channels
may be needed. A key design objective associated with the collection of watershed and embankment
surface runoff and the discharge of the collected water at a downstream point is to provide the opti-
mum balance between channel cross section and slope, thereby minimizing the cost associated with
channel erosion protection.

DIVERSION CHANNEL

PERIMETER COLLECTION
CHANNEL

SEDIMENT POND

FIGURE 9.9 DRAINAGE CONTROL FOR VALLEY-FILL, NON-IMPOUNDING EMBANKMENT

The most difficult portion of the channel design is along the embankment face at the interface of the
coal refuse and the natural ground surface where the steep slope typically results in high velocities. If
practical, the channels should be extended along the valley wall, within natural soil and rock, beyond
the limits of the coal refuse embankment to discharge beyond the embankment toe. If such an exten-
sion is not practical, it is normally necessary to construct a lined or otherwise protected channel at
the interface of the refuse embankment and valley wall to carry the runoff safely to the valley floor.
The long diversion/collection ditches along the crest of the disposal facility should be designed with
a base width and slope that allows use of grass-lined channel sections, if possible.
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The mixture of runoff, leachate and seepage may require treatment prior to discharge to the receiv-
ing waterway. Such treatment could entail construction of sedimentation ponds and also ponds for
chemical treatment. Sufficient area for construction of the sedimentation/treatment ponds should
be allocated. However, these facilities should be located above the level of the 100-year floodplain
associated with the receiving stream and not in a position where they could be affected by normal
stream flows.

9.4.1.2 Side-Hill, Ridge and Heaped Embankments

Side-hill, ridge and heaped non-impounding embankments have design configuration considerations
similar to those for valley-fill embankments. The upstream and perimeter watersheds are generally
smaller than for a valley-fill embankment, but the steepness of the final embankment slopes and the
water quality of the runoff and seepage result in similar hydrologic and hydraulic design consider-
ations as for a non-impounding, valley-fill embankment. Figure 9.10 shows drainage control for side-
hill and heaped embankments.

Side-hill embankments are usually constructed in stages that extend progressively higher on a natu-
ral slope. Therefore temporary diversion ditches are needed for collecting and diverting runoff at
intermediate stages when the embankment is not at full elevation. The channel dimensions, slope
and required erosion protection should be designed to meet the final conveyance requirements and
to provide economical erosion protection. The location of the toe of the embankment should lie out-
side the 100-year floodplain limits of nearby streams to minimize any potential encroachments, and
sufficient area should be available for sediment/treatment pond construction.

Ridge embankments are generally in the upper reaches of a watershed and may resemble a side-hill
embankment extending above and over a ridge line. The collection and conveyance of precipitation
falling directly onto the embankment is the primary issue since there is typically little if any upstream
watershed. This type of facility generally has a limited downstream area available for sedimentation
control and chemical treatment, and the natural ground surface may slope away from the disposal
facility in several directions and potentially into other watersheds. Therefore, multiple sedimentation
ponds and pumping to a common point for treatment may be required.

Heaped embankments are generally located on flat terrain. The collection and conveyance of runoff is
primarily related to conveying precipitation that falls directly onto the facility and diverting adjacent
area runoff away from the facility. Collection ditches on benches and at the crest are typically gently
sloping, and grass-lining can normally be used as the channel erosion control. Ditches conveying
runoff from the crest or benches to the toe of the embankment are steeper than the collection channels
and typically require a more durable lining material such as riprap, concrete or manufactured erosion
protection material. Also, the outlet structure must be sufficiently oriented and properly designed to
prevent erosion of the embankment toe. For high embankments, special consideration is required
at the discharge points so that the energy of the high velocity flow is dissipated and/or the flow is
directed away from the embankment in a manner that prevents erosion of the toe.

9.4.2 Slurry Cell Embankments

The hydrologic and hydraulic aspects of slurry cell embankment design must accommodate the volu-
metric sequencing of the slurry cells as well as the collection and conveyance of both runoff around
the cells and direct runoff that accumulates within the slurry cells. Individual slurry cell design must
meet structural and hydraulic design requirements, and construction must be controlled in such a
manner that the slurry cells do not become a large interconnected impoundment. The slurry cell con-
cept is based on limiting the total capacity of all open cells (and flowable material if present in closed
cells) to a level that is consistent with a low-hazard-potential classification for the facility or does not
meet the criteria for a regulated impoundment provided in 30 CFR § 77.216.
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FIGURE 9.10 DRAINAGE CONTROL FOR SIDE-HILL AND HEAPED EMBANKMENTS
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In order for a slurry cell embankment with multiple cells to not require an approved impoundment
plan in accordance with the criteria in 30 CFR § 77.216, each individual cell must not exceed the 20-
acre-feet size criterion. Furthermore, where the failure of one cell can result in the failure of another,
or where slope failure can result in the release of water or slurry from multiple cells, the cumulative
storage capacity of the affected cells must not exceed 20 acre-feet. In situations where multiple cells
are operated or arranged such that they may interact and exceed the 20-acre-feet limit, the embank-
ment should be classified as impounding and should be designed for the appropriate design storm
based on its hazard classification. A critical consideration in determining the hazard classification for
an impounding embankment is the flowability of the fine coal refuse. Generally, slurry cells work
most effectively when the depth of fines in the cells is kept relatively shallow, preferably to five feet
or less, such that after dewatering and capping the material is unlikely to be flowable. In instances
where there is concern for draining of the fine coal refuse, the following guidance for assessing the
flowability of fine coal refuse is suggested:

¢ Fine refuse is generally considered flowable for: (1) operating cells with active fine
refuse disposal, (2) non-operating cells containing predominantly saturated, fine
refuse deposits that have not been covered, and (3) covered cells with predomi-
nantly saturated fine refuse deposits characterized as very loose sand or very soft
silt or clay.

¢ Fine refuse is generally considered non-flowable for: (1) non-operating cells with
predominantly unsaturated, fine refuse deposits that have been covered and (2)
covered cells with predominantly saturated fine refuse deposits characterized as
medium dense sand or medium stiff silt or clay.

¢ Fine refuse should generally be considered flowable, unless additional testing and
analysis demonstrates that it is non-flowable, for non-operating cells with predom-
inantly saturated fine refuse deposits characterized as loose sand or soft silt or clay.

Michael et al. (2005) in an OSM report prepared a review of the flowability of impounded fine coal
refuse that discusses recent work and ideas in the engineering profession.

The major hydrologic and hydraulic considerations for slurry cells are the collection, conveyance
and discharge of runoff within the main diversion and perimeter ditches plus the discharge of
direct runoff from individual slurry cells. As ditches are relocated and new cells are constructed
at higher elevations, care should be taken so that the embankment is not advanced vertically to
the extent that its impounding capacity exceeds the disposal plan criteria and affects hazard clas-
sification. Special consideration is required at the discharge points to control flow and prevent
erosion of the embankment. The location of the toe of the embankment should lie above the 100-
year floodplain limits of nearby streams in order to minimize the potential for encroachments, and
sufficient area should be available for sediment/treatment pond construction. Figure 9.11 shows
drainage control measures for a typical slurry cell facility.

9.4.3 Slurry Impoundments

The primary hydrologic/hydraulic issue associated with slurry impoundment design is the continu-
ous balancing of coarse coal refuse disposal, fine coal refuse slurry disposal and maintenance of storm
water runoff storage/routing capacity. Direct runoff at a slurry impoundment is typically controlled
by a decant system or principal spillway, although some disposal facilities also employ an auxiliary
(or emergency) spillway. The operation and performance of these outlet works is integral to fine and
coarse coal refuse disposal and the safe operation of the impoundment. To protect the impounding
embankment from erosion, perimeter runoff control structures must also be incorporated into the
design. The location of the toe of the embankment should lie outside the 100-year floodplain limits of
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nearby streams to minimize any potential encroachments, and sufficient area should be available for
sediment/treatment pond construction.

The type of coal refuse disposal facility configuration (e.g., cross-valley, diked or incised impound-
ment) is typically a function of topographic conditions in the vicinity of the coal mine. Frequently,
a decant system and storage are used to control runoff and thus minimize costs associated with
other types of outlet structures. However, this requires sufficient embankment materials to achieve
the required storage and may not be feasible for large watersheds. Therefore, some impoundments
with large watersheds have auxiliary (or emergency) spillways in combination with planned storage
capacity and a decant system to control runoff from the design storm.

Regardless of the outlet structures chosen for various impoundment development stages, special
consideration must also be given to the conditions that will exist when the site is no longer main-
tained as an impoundment. At that point, the impounding capacity must be eliminated by: (1)
backfilling the impoundment (typically with coarse coal refuse), (2) excavating a channel through
the embankment to the level of the backfilled stabilized fines, or (3) a combination of these meth-
ods, which is typically the most effective approach. The approach taken must include measures to
prevent significant erosion.

DIVERSION CHANNEL

PERIMETER COLLECTION
CHANNEL

SEDIMENT POND

FIGURE 9.11 DRAINAGE CONTROL FOR SLURRY-CELL FACILITY

9.4.3.1 Cross-Valley Impoundment

A cross-valley impoundment typically consists of an embankment constructed primarily of coarse
coal refuse that functions as a dam to impound a mixture of settled fine coal refuse, slurry, clarified
water and runoff. The impoundment storage and outflow capacity determine the hydraulic struc-
tures needed for controlling runoff.
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The most appropriate method for minimizing the spillway construction effort is to provide a very
large surcharge capacity between the initial pond elevation and the initial embankment crest. A spill-
way can then be constructed at a significant height above the initial pond level, providing adequate
surcharge capacity for a long operational period before the hydraulic system must be expanded.
Coarse coal refuse typically provides the material for economically constructing this surcharge capac-
ity. An extension of this approach would be to initially provide for total storage with no requirement
for a spillway (although with this approach there must be provisions for drawing down the reservoir
in response to consecutive or repeated storms).

Regardless of the percentage of runoff to be handled through reservoir storage, the design configura-
tion must always accommodate the continual rise in the normal pool level due to the disposal of fine
coal refuse slurry. Reduction in reservoir storage capacity due to upstream construction pushouts
and stages must also be taken into account. A decant system allows the controlled discharge of sur-
charge runoff. It may also be used to evacuate clarified slurry water. Depending upon the configura-
tion of the impoundment, an open-channel spillway may be needed to discharge runoff from larger
storm events.

To protect the downstream face of the coal refuse embankment from erosion, perimeter runoff that
is intercepted by embankment bench gutters, road gutters and collection and diversion ditches must
be controlled and routed to a sediment/treatment pond. The conveyance structure configuration and
erosion protection should be designed to be appropriate for all stages of development, including
reclamation. Some typical drainage control measures for a cross-valley impoundment are illustrated
in Figure 9.12.

9.4.3.2 Diked Impoundment

Diked impoundments have design constraints similar to those for cross-valley impoundments. If a
facility is completely diked such that there is no upstream watershed, the required impoundment
surcharge capacity is minimized, and the primary factor affecting the impoundment storage capacity
is the production of fine coal refuse and clarification of slurry. Typically, a decant system and/or prin-
cipal spillway are adequate for control of runoff. If an auxiliary spillway is employed, the channel
section through the embankment requires erosion-resistant linings.

Perimeter ditches and bench gutters tend to be of substantial length and should be designed with
sufficient slope to adequately convey runoff to sedimentation ponds and to drain effectively without
low areas. Where ditches traverse embankment slopes, they should be provided with erosion-resis-
tant linings. Figure 9.13 shows drainage control measures implemented for a typical diked impound-
ment.

9.4.33 Incised Impoundment

Incised impoundments, or ponds, are used for the disposal of fine coal refuse. They are typically small
and often used for temporary or emergency disposal. The hydrologic and hydraulic considerations
associated with cross-valley impoundments and diked impoundments are generally not major issues
for incised ponds because of the reduced risk of catastrophic failure. There are three principal design
considerations: (1) an outlet structure to decant or control the release of clarified process water, (2)
diversion to convey adjacent area runoff around the incised pond, and (3) flooding potential, if the
incised pond is located close to or within floodplain limits.

9.4.4 Other Impounding Structures

Coal mining operations generally include sedimentation, treatment and fresh water ponds. The
capacity of each of these structures is a function of the intended use. Sedimentation or treatment
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pond capacity is related to the ability of the structure to remove constituents such as suspended
solids or metals that exceed effluent limitations. Fresh water ponds must have the reservoir capacity
to meet the coal processing and other mining requirements. The size (height and reservoir storage
capacity) and downstream impacts of failure of these structures determines the hazard potential and,
as a consequence, the design criteria.

9.4.4.1 Sedimentation and Treatment Ponds

Sedimentation ponds and treatment ponds are typically located beyond the toe of coal refuse dis-
posal facilities or below mining-disturbed land, so that they can receive gravity inflow. The sediment
and settling capacity of these structures is typically specified in state erosion and sedimentation con-
trol guidelines and effluent limitations. Similarly, treatment pond size is dependent on the pond’s
ability to treat/remove and discharge acceptable water quality. Pond principal and auxiliary spillway
structures should be designed to discharge water at a rate consistent with design storm criteria and
state regulatory requirements. A primary consideration is the maximum anticipated runoff asso-
ciated with the embankment staging based on watershed size, hydrologic considerations, and the
surcharge storage capacity, which is significantly less than the gross impoundment capacity. For sedi-
ment ponds, as storage capacity drops, the principal and auxiliary spillways must be able to handle
increased discharges. For ponds located below coal refuse disposal facilities, pond size is a function
of the size of and outflow from the upstream structure. The inflow may be only surface runoff from
the face of a coal refuse embankment, but it more typically includes decant water discharges, internal
drain system discharges from the coal refuse disposal facility, and other adjacent area runoff.

DECANT

PLAN

SURCHARGE CAPACITY
FOR DESIGN STORM

SECTIONA-A

FIGURE 9.13 DRAINAGE CONTROL FOR DIKED IMPOUNDMENT
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9.4.4.2 Fresh Water Impoundments

Fresh water impoundment capacity is determined by the mine and mine processing plant require-
ments. Fresh water impoundment capacities are generally large, and these impoundments are often
regulated as high-hazard-potential structures. Fresh water impoundments should be designed
and constructed according to accepted criteria for conventional dams. Outlet structures for these
impoundments generally include both principal and auxiliary spillways.

9.5 DESIGN STORM CRITERIA

The quantity and distribution of runoff during a design storm for a coal refuse disposal facility site
largely controls the design of hydraulic appurtenant structures. This section discusses design storm
criteria in terms of the recurrence interval of the precipitation and the magnitude of precipitation
measured in inches of rainfall. Section 9.6 discusses methods for converting design precipitation to
design runoff volume and peak flow rates.

The appropriate design storm for a coal refuse disposal facility depends primarily on the conse-
quences of the uncontrolled release of impounded material due to failure or faulty operation of the
facility. Other factors that may affect the design storm include the facility configuration and size, type
of hydraulic systems and operational period. Portions of the total hydraulic system, such as drainage
culverts, ditches and some diversion channels will not generally create potentially hazardous condi-
tions, so other design criteria can be selected for these structures. This situation is most likely to occur
at non-impounding disposal facilities and at the perimeter of and appurtenant structures associated
with impounding facilities.

Criteria for selecting a design storm for the operational period of an impounding facility are presented
in Section 9.5.1. Design storms that are applicable for short-term conditions are discussed in Section 9.5.2.
Design storm criteria for minor site drainage conveyance structures are presented in Section 9.5.3.

9.5.1 Design Storms for Impoundments
9.5.1.1 General Considerations

Numerous design storm criteria are employed in hydrologic analyses for water retention and flood
control dams. The common factor associated with practically all of these criteria is that differentiations
are made based on the projected maximum size of the impoundment and the magnitude of potential
downstream hazard in the event of failure. MSHA has developed guidelines for design storms for the
impoundments and embankments that they regulate; however, state and local criteria must also be
considered. For any impoundment, the most conservative of applicable criteria should be used.

As part of the identification of the design storm, the size of the dam and reservoir and the associated
hazard potential is typically determined either by inspection or analysis. Table 9.4 indicates appropriate
design storms as related to impoundment size and hazard potential. Coal refuse impoundments should
be designed for the Probable Maximum Flood (PMF) event, unless a lesser criterion can be justified
consistent with Table 9.4. For determining the impoundment size, the impoundment volume and depth
should include all water, sediment, and slurry that can be impounded. For determining the hazard
potential, both the water and flowable materials retained in the impoundment should be considered.

The PMF is defined as the maximum runoff condition resulting from the most severe combination of
hydrologic and meteorological conditions that is considered reasonably possible for the watershed. A
PMF consists of an antecedent storm, a principal storm and a subsequent storm. The current assumed
conditions for a PMF design storm in the MSHA guidelines are the following (MSHA, 2007):

1. Antecedent storm — 100-year precipitation event, with antecedent moisture condition
I (AMC II) occurring 5 days prior to principal storm.
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TABLE 9.4

RECOMMENDED MINIMUM DESIGN STORM CRITERIA FOR

COAL REFUSE DISPOSAL IMPOUNDMENTS

A. Impoundment Size Classification

Impoundment Size

Maximum Volume of Stored Water

Maximum Depth of Water

Category During Design Storm During Design Storm
(acre-ft) (ft)

Small to Intermediate < 1,000 or <40

Large >1,000 or =40

B. Hazard Potential Classification

Category Description
Facilities where failure results in no probable loss of human life and low economic and/or environmental
Low Hazard losses. Such facilities would be located in rural or agricultural areas where losses would be limited
Potential principally to the owner’s property, or failure would cause only slight damage, such as to farm
buildings, forest, and agricultural land, or minor roads.
Facilities where failure results in no probable loss of human life but can cause economic loss,
Significant environmental damage, or disruption of lifeline facilities. Such facilities would often be located in
Hazard predominantly rural areas, but could be located in areas with population and significant infrastructures,
Potential and where failure may damage isolated homes, main highways, minor railroads or disrupt the use of
service of public utilities.
. Facilities where failure will probably cause loss of life. Such facilities would be located where
High Hazard . . . . .
Potential failure could be reasonably expected to cause loss of life, serious damage to homes, industrial and

commercial buildings, important utilities, highways and railroads.

C. Recommended Design Storm for Long-Term and Short-Term Conditions"

Imooundment Hazard Minimum Minimum Design
np . Design Storm Storm for Short Additional Criterion
Size Potential "
for Long Term Term
Low 100-Year 100-Year
Small to Significant Y4-PMF 100-Year - , :
Intermediate 9 : 2 The indicated storm is appropriate only
High PMF V2-PMF if the combination of spillways and
decants for the facility can evacuate 90
Low V2-PMF 100 Year percent of the incremental volume of
Large Significant PMF Yo-PMF stored storm water within 10 days.
High PMF V2-PMF
Note: 1. Situations where short-term criteria may apply include:
a. Initial construction. A new impoundment should be capable of accommodating the runoff from
the short-term storm within one year and the long-term storm within two years.
b. Changing from an open-channel spillway to handle the design storm by storage. The time period
when the long-term design storm cannot be accommodated should be kept as short as possible
with detailed planning of the process.
c. Abandonment by elimination of impounding capacity. The impounding capability should be
eliminated within two years after the impoundment can no longer accommodate the long-term
design storm, and the work should be phased so that the facility is capable of accommodating
less than the short-term storm for no more than one year.
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2. Principal storm — Probable Maximum Precipitation (PMP) with AMC III. The princi-
pal storm rainfall must be distributed spatially and temporally to produce the most
severe conditions with respect to impoundment freeboard and spillway discharge.

3. Subsequent storm — The subsequent storm criterion can be considered to be met if,
within 10 days of the peak impoundment level associated with the principal storm,
at least 90 percent of the volume of water stored above the normal operating level
can be discharged from the impoundment. Alternatively, for facilities designed with
sufficient storage but limited discharge capabilities that do not meet this criterion,
the subsequent storm may be a second PMP storm with the same hydrologic and
meteorological parameters as the principal storm, provided that the storage from
both storms is drawn down at a rate sufficient to evacuate 90 percent of one storm
from the impoundment within 30 days.

The antecedent storm precipitation can be obtained from National Weather Service publications. The
most current definition of PMP (NWS, 1988) is “theoretically, the greatest depth of precipitation for
a given duration that is physically possible over a given size storm area at a particular geographical
location at a certain time of the year.” The PMP can be determined from the National Weather Service
publications discussed in the following paragraphs.

In the Western U.S., determination of the PMF may be based upon either: (1) the PMP and (2) the
Probable Maximum Thunderstorm (PMTS). The PMTS is a very high-intensity, short-duration storm
with intense precipitation occurring during a one-hour period. When designing a coal refuse dis-
posal facility in this region, the more critical of these two criteria should be used. In this Manual, the
term PMP represents the more severe of the PMP and PMTS for areas of the U.S. west of the 105"
meridian.

Dams or impoundments used for fine coal refuse disposal, fresh water retention, erosion and sedi-
ment control or other mine-related operations may need to have PMF storage/routing capacity. Less
critical impoundments may have reduced design storm criteria based on embankment size and the
potential downstream hazard. For such structures, both the 6-hour and 24-hour precipitation inten-
sity (unless criteria are specified by state regulations) should be evaluated and the more conservative
used for design.

As with water-impounding dams, basic design storm criteria apply to the long-term operation of coal
refuse disposal facilities. However, short-term criteria, as summarized in Table 9.4, may be used for
construction periods that typically extend from several months to two years for impounding struc-
tures subject to PMF design storm criteria. The designer of coal refuse disposal facilities must take
into account that the configuration of the impounding embankment will be continually changing
as additional refuse is placed and that the time associated with any one phase or the time between
phases may be quite short. This can be accounted for by additional or modified design storm criteria
presented in Section 9.6. These modified criteria should only be used for “unavoidable” situations
that occur: (1) during short-term operations associated with initial construction of a disposal facility,
(2) when a major modification is being made to an existing disposal facility, and (3) when a refuse
disposal facility is being prepared for abandonment.

For water-retaining impoundments, different design storms are sometimes used for individual por-
tions of the total hydraulic system such as the principal spillway and auxiliary spillway (NRCS,
2005b). This practice is generally not followed in the design of coal refuse disposal facilities provided
the overall hazard criteria are satisfied because of the operational characteristics of a disposal facility,
the dynamic nature of facility growth and the limited operational period. This practice may be appli-
cable to other impounding facilities that support the mining operations (e.g., fresh water impound-
ment, sediment ponds, etc.).
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In the design of coal refuse disposal facilities, it is important to differentiate between the functions of
spillways and decants. The main function of a decant system is to discharge clarified water from the
impoundment after the fine refuse has settled. Under normal precipitation conditions, the elevation
of the decant inlet controls the normal operational water level in the impoundment. The capacity of
a decant is limited and is typically too small to significantly affect the peak outflow during a large
storm. Therefore, the storm runoff is almost totally controlled by impoundment storage or a combi-
nation of impoundment storage and auxiliary spillway capacity.

Even though animpoundment decant system does not have a significant impact on the outflow during
the design storm, its capacity must be considered in other analyses related to storms. If the auxiliary
spillway level is above the normal impoundment level (the typical condition) or if the hydraulic
system design relies entirely on storage (no auxiliary spillway), the excess storm runoff must either
be discharged totally through the decant system, or the decant system must serve as the primary
outlet until the spillway level is reached. As indicated in Table 9.4, within ten days, the combined
capacity of the spillway and decant systems must be capable of removing 90 percent of the maximum
volume of water stored above the allowable normal operating water level during the design storm.
The 10-day drawdown criterion begins at the time the water surface reaches the maximum elevation
associated with the design storm. Alternatively, if there is sufficient impoundment capacity to store
the runoff from two design storms (specifically, the antecedent storm and two principal storms), an
extension of the 10-day criterion is reasonable, provided that an effective means for discharging the
storage from both storms is available. Generally, an evacuation rate that will remove 90 percent of the
stored runoff from one design storm within 30 days is considered to be reasonable.

9.5.1.2 Recommended Design Storm Criteria

Table 9.4 provides recommended minimum design storm criteria for coal-mining-related impound-
ing facilities for both long-term and short-term conditions. Selection of the appropriate storm for a
specific impounding structure is based on the impoundment size and hazard-potential classification.
The selected criteria for the storage and routing of the design storm and hydraulic structure design
should also reflect any other applicable regulatory reviewing agency criteria.

Dams and impoundments that are small to intermediate in size (less than 40 feet in height or 1,000
acre feet in storage volume) with low hazard potential should be designed for a long-term storm
event with no less than a 100-year recurrence interval. For coal refuse impoundments equal to or
greater than 40 feet in height or 1,000 acre feet in storage volume with low or significant hazard
potential, the minimum long-term design storm should be either the %2 PMF or full PMF, respectively.
The Y2 PMF design storm should have one-half of the inflow rate and runoff volume of the full PMF.
For coal refuse impoundments with high hazard potential, the minimum long-term design storm
should be the full PMF. In cases where the design storm for long-term conditions is less than the full
PMF, it may be prudent to adopt minimum design storm criteria greater than those provided in Table
9.4 and thus achieve greater protection from flood events and related damage.

The following paragraphs discuss the basis and/or justifications for criteria and information pre-
sented in Table 9.4. Procedures for quantitatively determining the magnitude of precipitation to be
used in the calculation of runoff are discussed in Section 9.6.

9.5.1.3 Size and Hazard-Potential Classification

The rationale for relating the design storm to the size and hazard potential of the disposal facility
impoundment is evident. Impoundment size is defined by the maximum depth and total volume
of retained water, sediment and slurry; however, determining the hazard-potential classification
requires judgment and, unless otherwise obvious, should be based upon hydraulic analyses. The
bases for the criteria listed in Table 9.4 are discussed in the following subsections.
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9.5.1.3.1 Impoundment-Size Classification

The size classification presented in Table 9.4 is based on the total volume and depth of all water, sedi-
ment and slurry impounded during the design storm. As indicated in the table, the recommended
design storms for small and intermediate size impoundments are the same.

9.5.1.3.2 Hazard-Potential Classification

The hazard-potential classification presented in Table 9.4 is the same as that presented in Chapter 3
and used in the overall classification system for coal refuse disposal facilities. Dams that are located
where loss of life is probable in the event of failure are classified as having high hazard potential.
In applying these criteria, it is important to recognize the difficulty of determining whether minor
or major damage or the loss of life will result from the failure of a refuse disposal facility. For most
coal refuse disposal facilities, this determination is based upon: (1) the configuration and location
of the facility and (2) the downstream conditions (both existing and planned) including popula-
tion, topography and the size of streams that would receive flood flow resulting from an embank-
ment failure or a breakthrough-type release from the impoundment. Downstream conditions are
typically evaluated by reviewing USGS topographic quadrangle maps and by field verification.
The manner that MSHA addresses the hazard associated with a breakthrough-type release is dis-
cussed in Section 3.1.

Generally, unless it is otherwise evident, the determination of hazard potential is based upon a dam
or impoundment breach analysis and inundation mapping. Section 9.9” presents dam-breach-analy-
sis methods. A dam-breach analysis should provide inundation levels for two conditions: (1) postu-
lated failure of the dam under design-storm conditions and (2) postulated failure of the dam during
normal operations (sunny day or fair weather breach failure). If doubt exists as to the possible effects
of an impoundment failure on downstream areas, the more conservative hazard classification should
be selected. However, it may also be useful to evaluate the downstream inundation and damage that
could result from a major storm in the refuse disposal facility watershed, but without failure of the
impoundment. This inundation level and related damage can then be compared to the incremental
inundation and damage that would be caused by failure of the disposal facility under design-storm
conditions. If the additional damage can be reasonably predicted as small, then a less conservative
design storm may be appropriate (FEMA, 2004a), or the hazard-potential classification may be gov-
erned by the fair weather breach.

For most large dams and impoundments where downstream residential, commercial or industrial
development is present adjacent to streams, a high-hazard-potential classification is selected based
on probable loss of human life. Other situations can arise where the threat is less evident or where
the distinction between significant and low hazard potential is important. FEMA (2004a) provides
guidance for interpreting the probable loss of life by clarifying that “postulating every conceivable
circumstance that might remotely place a person in the inundation zone should not be the basis
for determining the appropriate classification level.” In the definition of high hazard potential, the
probable loss of human life is clarified to exclude consideration of the casual user of downstream
or upstream areas. However, personnel who routinely or frequently work or occupy locations or
structures in the downstream area should be considered in the assessment of hazard-potential clas-
sification.

USBR (1988) provides guidance based upon the number of lives in jeopardy (all individuals within the
inundation boundaries who, if they took no action to evacuate, would be subject to danger) to aid in
assessing the potential for probable loss of life. In cases where a dam-breach analysis indicates limited
inundation at occupied structures in relatively undeveloped areas, such guidance in assigning hazard
potential may be useful. USBR (1988) provides guidelines for interpreting the significance of predicted
inundation depth and velocity at downstream residences, roadways, and pedestrian routes.
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There have been a limited number of mining situations, primarily in the western United States, where
high-hazard-potential dams have been designed using hydrologic design criteria associated with a
lower hazard-potential-classification and incorporating a warning system. An example is a dam con-
structed across a watercourse for prevention or mitigation of flooding damage to a surface mine pit.
To design a flood-control structure to totally accommodate the design event would necessitate the
construction of a very large dam that would function only temporarily. Failure of this dam could pos-
sibly result in a higher hazard potential due to the additional storage. In such cases, some designers
have proposed dams using low- or significant-hazard-potential criteria and incorporating warning
systems. The warning systems are designed to notify the minimg operation when the water behind
the dam reaches a specified level. At that time, all potentially affected personnel are withdrawn from
the downstream area. Allowance for warning time must not be a substitute for appropriate dam
design and construction. MSHA (Fredland, 2008) has indicated that this approach may be acceptable
on a case-by-case basis for temporary mining operations. Conditions associated with warning sys-
tems for this approach are discussed in Section 3.7.

Hazard-potential classification is also dependent on the potential for economic, environmental or
lifeline losses. If a dam or impoundment is not classified as having high hazard potential because
there is no probable loss of human life, generally it reflects a situation where there are few down-
stream structures and thus limited potential for associated economic damages. FEMA (2004a) clari-
fies that for classification of a dam as having low hazard potential (as opposed to significant hazard
potential), the economic, environmental or lifeline losses must be low and generally limited to the
owner of the structure. While economic damages to downstream development may be determined
to be low and thus could support classification of a dam as having low hazard potential, the possi-
bility of environmental damages may warrant consideration of higher hazard classification levels.

9.5.1.4 Determination of Design Storm Precipitation

Once the size and hazard-potential classification of a disposal facility impoundment are established,
the recommended design storm can be determined from Table 9.4. The procedure for determining the
magnitude of the precipitation for the design storm is discussed in the following paragraphs, while
the procedure for computing the resulting runoff is presented in Section 9.6.

9.5.1.4.1 Prediction of the PMP and PMTS

Predictions of the PMP (inches of rainfall) for a watershed of 10 square miles and durations of 6 to
72 hours are presented in reports prepared by the National Weather Service’s Hydrometeorological
Design Studies Center. Figure 9.14 identifies applicable Hydrometeorological Reports (HMRs) for
various regions of the U.S. For areas east of the 105™ meridian, HMR 51 (NWS, 1978) should be used
for determining the PMP magnitude and for extending the PMP to longer durations. The only excep-
tion is an area in the Tennessee River Valley that is addressed in HMR 56 (NWS, 1986). Procedures for
determining critical rainfall spatial and temporal distribution for areas east of the 105" meridian are
provided in HMR 52 (NWS, 1982); however, the document may not be applicable to all watersheds,
particularly watersheds with areas less than 10 square miles. Seasonal variation of PMP for areas east
of the 105" meridian is addressed in HMR 53 (NWS, 1980). For the region between the 103" and 105"
meridian, HMR 55A (NWS, 1988) and HMR 52 should be used. For the area between the 103" merid-
ian and the continental divide, HMR 55A is applicable. For areas west of the continental divide, HMR
49 (NWS, 1977), HMR 57 (NWS, 1994), HMR 58 (NWS, 1998), or HMR 59 (NWS, 1999) should be used,
as indicated by the shaded areas in Figure 9.14.

As indicated above, HMR 56 (NWS, 1986) was developed for the Tennessee Valley. While HMR 56 is
recommended for projects in that region, the study indicates that in non-orographic areas numerous
comparisons were made between the results from HMR 56 and the results from HMR 51 and HMR
52, indicating that minor differences in results can be expected depending upon the size of the study
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region. In more mountainous orographic areas, HMR 56 provides guidance for determining the areal
distribution of storm-averaged depths with reference to HMR 52.

The extension of the PMP for watersheds exceeding 10 square miles and other durations are dis-
cussed in relation to analyses for determining runoff in Section 9.6. For coal refuse disposal impound-
ments, the applicable watershed is typically much smaller than 10 square miles, resulting in no or
only limited adjustments for spatial distribution using HMR 52 (NWS, 1982). Because impoundments
are designed with considerable storage capacity, and in many cases the ability to store the runoff from
the entire design storm, determination of adjustments that affect the peak inflow rate may not be nec-
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essary. However, in such cases the PMP must generally be extended to 72 hours. For impoundments
with watershed areas as small as one square mile that rely on open-channel spillways for routing
the PMF, HMR 52 (NWS, 1982) provides a means for estimating the adjusted PMP distribution using
depth-duration ratios and 1-hour PMP values.

9.5.1.4.2

The 100-year-recurrence-interval design storm and lesser design storm precipitation data can be obtained
from several sources. NOAA Atlas 14 Volume 1 (NWS, 2006a) and Volume 2 (NWS, 2006b) provide rain-

Prediction of the 100-year and Lesser Design Storms
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fall frequency values for much of the U.S., and NOAA Atlas 2 (NWS, 1973) provides data for some areas
of the western U.S not covered in Atlas 14 Volume 2. Other areas of the country are addressed in various
technical publications available from NOAA or in other sources listed in Table 9.5. Access to precipitation,
frequency, and intensity data for specific locations is available from the NOAA web site.

The current practice of precipitation frequency analysis is based upon the implicit assumption that
past experience can be used to predict future events and that the climate will not change. In its cur-
rent studies, the NWS is assuming that the full period of the available historical record is suitable
for use, as current climate change forecasts do not reliably define future changes in precipitation
frequency distribution.

9.5.2 Special Considerations for Short-Term Conditions

Although coal refuse disposal facilities are typically dynamic or constantly changing entities, careful
consideration of growth characteristics and proper planning of modifications will result in compli-
ance with long-term design storm criteria over the facility’s entire service life. Occasionally, however,
it may be impossible to meet long-term requirements during brief periods when significant physical
changes to the facility are occurring.

Appropriate design storms for short-term conditions are provided in Table 9.4. Short-term conditions for
periods of significant physical change are more related to general construction practices, and therefore the
criteria for temporary (stream) diversions are generally dictated by state guidelines. The upper limit for a
short-term condition is two years. The short-term design storms provided in Table 9.4 are more conserva-
tive (higher) than those normally used for dam construction (USBR 1987a). The more stringent criteria are
recommended because planning and implementation of modifications at coal refuse disposal facilities are
dependent upon day-to-day coal and refuse generation unlike other types of embankments.

It is stressed that these short-term criteria are not intended as less costly design alternatives based on
the rationale that a short-term condition is always appropriate for a given site because it is continu-
ally changing in configuration. If such an approach is followed, it should be expected that regulatory
acceptance of a lesser storm will not be granted. The temporary use of design storms of lesser magni-
tude than those required for long-term facility operation will likely be accepted only if the following
conditions are met:

¢ The facility will be designed to satisfactorily meet the requirements for such interim
use, including, but not limited, to safe control of the short-term design storm.

* As part of the overall design and planning process, interim periods of short-term
use are unavoidable and are identified and their duration realistically scheduled. As
these periods are approached during construction, the scheduling of these transi-
tional periods should be adjusted as required and thereafter strictly followed. Such
preplanning and scheduling should be done in a manner that minimizes the dura-
tion of the short-term condition and facilitates the speedy transition to either a long-
term operating status or abandonment.

Periods during the service life of a refuse disposal facility when even careful planning may occasion-
ally be insufficient to achieve compliance with long-term design criteria include:

¢ Initial construction of a new impounding structure. The impoundment should be
capable of accommodating the runoff from the short-term storm within one year and
the long-term storm within two years.

¢ Transitioning from a lower open-channel spillway to a higher open-channel spill-way
as part of raising the embankment stage crest or changing from an open-channel spill-
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way to handling the design storm by storage. The time period when the long-term
design storm cannot be accommodated should be kept as short as possible, and a com-
prehensive plan and schedule for the sequence of the change should be provided.

¢ Abandonment by elimination of impounding capability. The impounding capability
of the facility should be eliminated within 2 years after the time that the impound-
ment can no longer accommodate the long-term design storm. Additionally, aban-
donment should be phased such that the time period when the facility is capable of
handling less than the short-term storm is no more than one year.

TABLE 9.5 NWS PRECIPITATION FREQUENCY PUBLICATIONS

Design Storm Duration

Location
5 to 60 min 1to 24 hrs 2 to 10 days
BE IldHlNPAKYSgI[?I_NN‘{/A NOAA Atlas 14 NOAA Atlas 14 NOAA Atlas 14
DC’ o T e Volume 2 (NWS, 2006b) Volume 2 (NWS, 2006b) Volume 2 (NWS, 2006b)
Remainder of Eastern Tec'r\wlr\}:;:g Ith(%ano(;?gg um Technical Paper 40 Technical Paper 49
United States (Frederick et al.,1977) (Hershfield, 1961) (NWS, 1964)
AZ, NV, NM, UT, NOAA Atlas 14 NOAA Atlas 14 NOAA Atlas 14
Southeast CA Volume 1 (NWS, 2006a) Volume 1 (NWS, 2006a) Volume 1 (NWS, 2006a)
Remainder of Western Arkell and Richards (1986); NOAA Atlas 2 Technical Paper 49
United States Frederick and Miller (1979) (NWS, 1973) (NWS, 1964)
Alaska Technical Paper 47 Technical Paper 47 Technical Paper 52
(NWS, 1963) (NWS, 1963) (NWS, 1965)
(ADAPTED FROM NRCS, 1986)
9.5.3 Hydraulic Design Criteria for Drainage Conveyance Installations

Hydraulic structures for both non-impounding and impounding coal refuse disposal facilities fall
into three general categories:

1. Those structures that by failure, overtopping and/or blockage could threaten the
overall stability of the disposal facility.

2. Those structures that by failure, overtopping and/or blockage would not threaten the
overall stability of the disposal facility, but could lead to localized instability.

3. Those structures that, even if non-functional, would not endanger the overall stabil-
ity of the facility and would not greatly affect day-to-day operation of the facility.

Hydraulic structures that are critical to the overall safety of coal refuse disposal facilities must be
designed to adequately control the facility design storm. Although this most commonly applies
to the hydraulic structures associated with impounding facilities, the requirement applies equally
to hydraulic structures at non-impounding facilities. Permanent hydraulic structures (other than
impoundment spillways) at coal refuse disposal embankments should be designed to handle the
100-year storm.

The purpose of many refuse disposal facility permanent hydraulic structures is to limit erosion or
other types of localized instability rather than to provide total hydraulic control during major storms.

Whether or not a facility is impounding, non-impounding, active or abandoned, these structures are
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important to the development and operation of a disposal facility and should generally be designed
for the 100-year storm. Design criteria for these structures may also be governed by state or local
regulations. Table 9.6 provides a summary of typical design criteria for minor hydraulic structures at
locations that are not part of the coal refuse disposal facility. These structures typically include storm
sewers, culverts, drainage ditches and gutters.

9.6 DETERMINATION OF RUNOFF QUANTITIES

The most important aspects of hydrologic analyses related to refuse disposal facility performance
during and after storm rainfalls are the determination of the peak runoff rate and the total runoff
volume at the point of interest. Four methods for determining these parameters that are available to
the designer are presented in Table 9.7. The first three methods presented in the table are discussed
in this section following a general discussion of basic hydrology parameters.

9.6.1 Basic Hydrology Parameters

There are three basic factors that must be considered when predicting runoff rates and quantities.
These are: (1) precipitation (intensity and duration), (2) watershed (size and time of concentration),
and (3) soil types and land use conditions. These factors are further explained in the following
subsections.

9.6.1.1 Precipitation Intensity-Duration and Distribution

Storms are defined by their precipitation intensity-duration relationships. Storms can range from
high-intensity, short-duration thunderstorms to low-intensity, long-duration rainfalls lasting several
days. The intensity-duration relationship that should be used for hydrologic analyses and channel
design is that which produces the maximum peak runoff rate. This is particularly true for the small
watersheds common to coal refuse facilities where the time of concentration (time required for rain-
fall to travel from the most hydrologically distant point in the watershed to the point of interest) is

TABLE 9.6 TYPICAL DESIGN CRITERIA FOR MINOR HYDRAULIC STRUCTURES™

Structure Type and Condition Design Criteria

Storm Sewers 10-year rainfall

Diversion Systems
Temporary (1-year life or less and watershed > 5 acres)

Construction areas, roads, pipelines 2-year rainfall

Permanent

Sediment Retention Structures (watershed <100 acres and 10-year rainfall

height < 15 feet):

Emergency spillway capacity 25-year, 24-hour rainfall

Principal spillway capacity 10-year, 24-hour rainfall
Culverts:

Access Roads and Drainage Swales 10-year, 24-hour rainfall

Local and Urban Roads 25-year, 24-hour rainfall

Highways and Streams 100-year, 24-hour rainfall
Drainage Ditches and Gutters 10-year rainfall

Note: 1.These criteria do not apply to minor structures on coal refuse disposal facilities. Permanent
perimeter ditches and bench gutters on coal refuse disposal facilities should be designed for
the 100-year storm.
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TABLE 9.7 METHODS FOR DETERMINING RUNOFF RATE AND VOLUME

Method Applicable Conditions

Hydrograph Method (Section 9.6.2) Applicable to all runoff analyses, but normally used when a time-
related runoff distribution is required or when less exact methods
for estimating runoff are not sufficiently accurate for design of an
economical drainage system.

Peak Runoff Determination (Section 9.6.3) For (1) determining estimates of peak runoff rate and runoff
volume for system sizing when time-related runoff distribution is
not required for final design or (2) preliminary system sizing prior
to generating a runoff hydrograph for flood routing.

Rational Method (Section 9.6.4) For designing drainage conveyance structures such as diversion
and collection ditches and road culverts for small watersheds.

Stream Gage Data Analysis (USDA, 1972; For predicting runoff by statistical analysis of measured stream

Chow, 1964) flow records when a long history of data is available for the stream
or for a nearby similar stream and watershed. Since these data are
not generally available for the types of streams passing through or
adjacent to coal refuse disposal facilities, methods using stream
flow records are not presented herein.

small. In larger watersheds, the averaging effects of short and long times of concentration tend to
compensate for small errors in the predicted intensity-duration relationship.

Figure 9.15 presents the dimensionless design storm distribution frequently used to evaluate the
intensity-duration relationship (NRCS, 2005b) based upon a 6-hour-duration storm. The 24-hour
storm can be constructed by critically stacking incremental rainfall amounts for successive 6-, 12-,
and 24-hour durations, as discussed in HMR 52. Runoff determinations for mining facilities are typi-
cally based upon either 6-hour- or 24-hour-duration precipitation events (with extension to periods
up to 72 hours for impoundments that rely on storage for flood routing) except for states west of the
105" Meridian where PMTS runoff must also be considered.

As indicated in Table 9.4, development of specific-frequency flood hydrographs may be required for
the design of structures with low- or significant-hazard-potential classification. High-hazard-poten-
tial structures require design for the PMF, which for coal refuse disposal facilities is typically derived
from the PMP for the watershed. The PMP is a 6- to 72-hour duration precipitation distribution that
results in a peak intensity occurring during the third quadrant of precipitation. This distribution
curve is recommended for most coal refuse impoundment hydrologic design and analysis applica-
tions. For smaller impounding structures, it is recommended that both short-duration (6-hour) and
long-duration (24-hour) storms be utilized to determine the peak runoff for sizing of the outflow
structures.

In addition to knowing how the intensity of precipitation may be distributed within a six-hour storm,
it is also important to recognize that storms may continue for longer periods of time at decreasing
intensities. Such storms may be critical for disposal facilities that rely primarily on reservoir storage
to control runoff, since the amount of runoff occurring after the first six hours may represent a sig-
nificant portion of the runoff volume of the total storm. HMR 51 and HMR 52 can be used to extend
the predicted six-hour PMP.

Figure 9.14 shows applicable HMRs for determining magnitudes and temporal distributions for
probable maximum storms based upon regionalized criteria. Charts for PMP values are presented

in HMR 51 for most areas east of the 105" Meridian, and procedures are provided in HMR 52
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that translate these values to a spatially and temporally distributed estimate of the site PMP. The
computer program HMR 52 developed by the U.S. Army Corps of Engineers (USACE, 1984b)
determines the most severe storm conditions considering basin characteristics and regional condi-
tions that are critical for watersheds with areas greater than 10 square miles. For many coal refuse
impoundments, watersheds are small (typically less than 1 square mile) and the procedures in the
computer program HMR 52 may need to be adjusted for these smaller watersheds using methods
presented in NWS (1982).

HMR 56 is applicable in the Tennessee Valley region. For the region between the 105" Meridian and
the Continental Divide, HMR 55A should be used. Probable maximum storm estimates for areas west
of the Continental Divide may be developed using HMR 49, HMR 57, and HMR 59, which account for
orographic effects and include procedures for evaluating local (thunderstorm) PMP storms.

Short-term design storm criteria and low-hazard-potential dam design criteria require precipitation
frequency information that is available from NOAA, as indicated in Table 9.5.

9.6.1.2 Unit Hydrographs and Time of Concentration

Unit hydrograph theory is the basis for computing inflow hydrographs for design storms. A unit
hydrograph can be derived from observed hydrographs recorded on gauged streams, although for
most coal refuse disposal facilities located in small watersheds, they are synthesized using relation-
ships between rainfall and runoff that are dependent on watershed conditions. Empirical equations
are typically employed to estimate parameters for synthetic unit hydrographs, although some gov-
ernment agencies can provide parameters for ungaged stream basins, including:
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¢ USACE has developed coefficients for use in computing Snyder and Clark unit
hydrographs for some areas of the U.S. USACE district offices can provide informa-
tion on the results of studies in their districts.

* The USBR has developed a set of lag-time equations, dimensionless unit hydro-
graphs, and S-graphs for different parts of the western U.S. (Cudworth, 1989).

¢ The USGS has performed regional studies for development of unit hydrographs
in cooperation with state departments of transportation. These are published as
USGS water resources investigation reports. Some of these are applicable to the
states of Illinois, Tennessee, and Alabama (Graf et al., 1982; Robbins, 1986; Olin
and Akins, 1988).

Before applying published parameters for watersheds in a region, the possible effects of differences
in drainage area, cover, soil type, orientation, or geology should be evaluated. Additionally, the ter-
minology used to define the various hydrographs and basin parameters in a regional study should be
carefully reviewed so that application to ungaged watersheds is consistent (e.g., lag time and channel
slope may be defined differently in the various methodologies).

If published parameters for watersheds in the region are not available, and the drainage basin is
larger than about 100 square miles, a regional analysis may be prepared by analyzing rainfall and
streamflow records at gauged watersheds to relate the peak flow rate and lag time to the drainage
area. Procedures are described in FERC (2001).

The most common method available to designers for the small watersheds typically associated with
coal refuse disposal facilities is based on empirically derived coefficients for synthetic unit hydro-
graphs. The common methods for developing parameters from empirical equations include the Clark,
Snyder and SCS unit hydrograph procedures. These methods are incorporated into the widely used
computer programs for development of inflow design floods (e.g., HEC-1 and HEC-HMS developed
by the U.S. Army Corps of Engineers Hydraulic Engineering Center (HEC) and similar privately
marketed programs).

9.6.1.2.1  Snyder Unit Hydrograph
The equations used for the Snyder unit hydrograph are (USACE, 1990b):

tp = Cif(I—'T-‘ca)O.3 (9'1)
C, = (Qpt,)/(640A) (9-2)
t, = time lag measured from the centroid of precipitation excess to the time of peak

flow at the point of interest (hr)

L, = length along the main watercourse measured from the outlet upstream to a
point nearest the basin centroid (mi)

L = length of the main watercourse (mi)

Q, = peak flow rate of the unit hydrograph (cfs)

A = drainage area (mi?)

The coefficients C; and C, are empirical values applicable to specific regions that account for
watershed storage and slope and flood-wave velocity and channel storage, respectively. These
parameters are obtained from regional studies and, if they are representative of conditions of the
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watershed being analyzed, are entered into HEC hydrologic software for a Snyder unit-hydro-
graph analysis.

9.6.1.2.2  Clark Unit Hydrograph

The Clark unit hydrograph uses a time-area curve to represent the watershed and uses a com-
puted time of concentration (T.) that can be calculated based on SCS procedures unless more
reliable regional data are available. Additionally, the Clark unit hydrograph also uses a coefficient
that reflects the effect of storage within the watershed. HEC hydrologic software (e.g., HEC-1) can
be used to calculate the value of this coefficient through its optimization routine, but the result
obtained should be evaluated and compared to published or available regional data. The Clark
method is usually not employed for the small watersheds that are typically associated with coal
refuse disposal facilities.

9.6.1.2.3  SCS Dimensionless Unit Hydrograph

The SCS method is the most commonly used approach for small watersheds and is frequently used
for coal refuse disposal facility design. The primary analytical requirement for this method to be
applied in a HEC-1 analysis is the estimation of the lag time for the basin, which is generally assumed
tobeequal to 0.6 T.

Time of Concentration and Lag Time

The time of concentration T is the time required for runoff to travel from the most hydrologically
remote point in the watershed to the point of interest (Figure 9.2). The hydrologically most distant
path within a watershed may not necessarily be along the longest water course; therefore, various
watershed length and slope combinations should be evaluated.

Empirical equations have been developed by the SCS, the USBR, and others for estimation of T, as a
function of the length, surface texture and vegetation, and watershed slopes. Additionally, T, may be
computed by analysis of the overland and channel flow travel time using surface drainage software.
A common method is to use the computer program TR-55 to determine flow velocity and associated
time of concentration for subbasins within a watershed and thus estimate T.. Empirical equations for
determination of T are presented below.

USBR Method

The USBR (1973) determined T. from the following equation that has historically been applied to
small watersheds for design of small dams and coal refuse disposal facilities:

T. = [(11.9L%)/H]%3% (9-3)
where:
T. = time of concentration (hr)

L = length of longest watercourse in watershed (mi)

elevation difference between the highest and lowest points in the watershed (ft)

For watersheds west of the 105™ meridian and forested mountain watersheds east of the 105™ merid-
ian, Table 9.8 lists correction factors that should be applied to T, as predicted by Equation 9-3. The
Modified Snyder Method developed by USBR (1987a), which is discussed in subsequent paragraphs,
is now mo