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ABSTRACT

Reservoirs supply water for domestic and industrial use as well as [or recreational
facilitics. A majority of these reservoirs gradually lose their useful storage and utility
due to sedimentation. The adverse etfects of reservoir sedimentation can be mitigated by
proper reservoir design and operation. Some of these mitigative measures are watershed
management and soil conservation, retention of coarse sediments in upstream debris dams
or sediment basins, rescrvoir drawdown and flushing, density-current flushing, venting of
sediments throngh understuices. and siphoning. Used with great success in other parts of
the world, these measures make il possible to design considerably smaller reservoirs,
becausc the need for sediment storage capacity 15 greately reduced. The savings in the
inital cost of a smaller reservoir may be more than sufficient to offsel the extra cost of
measures required. A desirable, conservation-oriented reservoir design and operation
would also ensure a legacy ol healthy water resources [or future generations.

INTRODUCTION

Natural and man-made lakes and reservoirs in [iinois serve a multitude of purposes:
municipal and industrial water supplies (especially in areas with poor ground-water
resources such as the southem half of the state), water-based recreation, flood control, and
low-Tlow augmentation through mandatory low-llow rcleases such as [rom Shelbyville,
Carlyle, and Rend Lake. In recent decades, reservoir construction has been viewed as
having serious adverse impacts on riverine ecology and cnvironment for some distance
upstream and downstream of the impounding structure.  These concerns have mostly
been cngendered because of 1) continuing rescrvoir sedimentation, 2) scasonal
stratification, 3) notrient recycling from bed deposils affecting water guality, 4} lack of
mandatory low-flow releases from most of the state reservoirs, and 5) downstream bed
degradation and caving-in of banks, However, these are largely manifestations of
conventional reservoir design and operation policies that do not address the environmental
and conservation concerns. They alse do not address the intergenerational equity
considerations (trcating hoth present and (uture generations lairly) that ordain that the
design and operation aveid burdening future generations with a considerably degraded
resource.
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A good reservolr site should entail minimal adverse impact to existing wetlands and
wildlife babitats, Il some of them cannot be saved, mitigation measures such as creating
compensatory wellands and habitats can become an integral part of reservoir planning and
design. Creation ol a reservoir and minimization of level fluctuation through soitable
operation providde opportunities or wettands and habitat formation i1 (the lands adjoining
the lake waters are zoned lor these and other purposes. The integrity of shoreline needs
to he preserved by provision of erosion retarding brushes and grasses and restricting speed
and proximity of motor hoats.

The streams carry sediment and deposit imost ot it in the reservoir. Reduction in reservoir
sedimentation ur conservation of reservoir storage can be achicved cither by Towering the
streaun sediment load or by reducing its deposition in the reservoir. Reduciion in stream
sediment Yoad can be achieved by a sound watershed protection program which can be
made an essenlial part of the planning, design, and operation. The cconomics may
detenning the acceptance and successtul completion of such a program which may extend
over o number of vears and thus gradually decrease the stream sediment toad. The
effectivencss ol soil conservation for large watersheds cannotl be cstimated with accuracy.
Significant reduction in stream sediment load can initiate a new cycle of stream geometry
adjusuments in keeping with the new sediment regime,

The reduction in sediment deposition in the reservoir can be effectively and expeditiously
pursucd by controls and mceasures limnited mostly to the dam and reservoir, A brief
review of reservoir sedimentation in {llinois is followed by various storage conservation
measures, and desirable reservoir design and operation,

RESERVOIR SEDIMENTATION

Reservoir sedimentation rates arc usually based primarily on empirical relarions which
are calibrated using field measurements. Using the Upper Mississippi River Basin
Commission (UMRBC, 19701 approach, the sediment yicld of a stecam is given by

Y = K::':A—O.IQ (0
where Y is average sediment yield in tons/year/square mile of watershed area, K is a
regional constant for sediment potential, and A is watershed area in squarce miles,
Reservoir capacity loss rate, 8, in acre-feet (ac-fu) per vear is

Y*ASTE  K*AC-88TE

$= = (2)
2178*S 2178*8

where TE is rescrvoir trap efficiency in percent, 2178 is & conversion constant, and & is
density of sediment in pounds per cubic feet or 16/,

Trap Efficiency, TE

Trap efficiency can be estimated (rom Brune's curve (Brune, 1953), which correlates
sediment trap efficiency of a reservoir to ils capacily-inflow or C/ ratio. The curve is
commonly used for reservoirs operated with overflow spillways. The trap efficiency
cquals the percent of incoming sediment retained in the reservoir. [t decreases with ycars
as C diminishes because of continuing sedimentation. For reservoirs with capacity equal
to L, 10, and 100%: of gverage Now, the trap ¢fficiency (rom the normal curve equals 46,
86, and 98%, respectively. Thus a small reservoir, storing only 1% of annuval water
mflow, stores 46% of incoming sediment load,
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Density of Sediment, &

The density of sediment increases with thme due (o compaction under pressure of
overlying scdiments. Lane and Koelzer (1943) developed the following equation for
estimating scdiment deosity on the basix of age and grain-size distribution of the
sediment:

Sp=8; + M*log T (3)
where &7 is densily of sediment after T years of compaction, 8 is density at the end of
the first vear, and M is an adjustment constant [or compaction. Values of 8; and M for
different sediment types and reservoir operating conditions are given in Table t.

The average density of the sediments at time T or &, deposited during a period of AT =
T - T, years is given by (Singh and Durgunoglu, 1990a):
1 AT 13 P,
—=—3 — X —F (4)
St AT 1=1100 i=l & |+ Mj*logt
where P is percent weight distribution of the sediment constituents, T, is time for 1 = 0,
tis time in years. and i1s subseript 1. 2, or 3 for sand, silt, and clay, respectively.

The storage continuity equation 1or a reservoir with sediment deposition can be wrillen as

Co=Cr+ 5%AT (3)
where C, is initial or design storage at time T, § is average annual reservoir capacity
Joss over AT time, and AT is time elapsed in years (T - T, ), and Cy is available
reservoir capacity at time t = T, Finally, combining equations 2, 4, and 35, and dividing
by the average annual inflow I, the storage continuity equation can be rewritten as

CT K=a0.88:TE
T (6)
Lo 2178%148

Statewide Distribution of K Values

Sediment survey data for 118 reservoirs conducted by the State Water Survey personnel
over the last 60 ycars were used in a computer algorithim to determing best-fit values of
K, using one-vear time steps. Particle-size distribution information available for 24
reservoirs was uscd in drawing percent contours to estimate sediment constituent
percentages for other reservoirs. Calculated K values for the surveyed reservoirs are
shown in Figure 1. K values are relatively high in western and southern linois. Most
of the variation in K within a county or small region can be explained by variations in
land slope, land use. and watershed size.

Future Reservoir Capacities and Yields

As-constructed, last survey, and fulure capacities for tour reservoirs (Singh and
Durgunoglu, 19904) arc given in Table 2. Capacities of Lake Decatur and Lake
Vermilion were increased by 8.123 and 4,200 ac-f1, respectively, in 1956 and 1988 by
raising normal pool levels by 3 and 3 feet, about the maximum levels consistent with
structural salety and other impacts,

The reduction in capacitics leads to yield reductions for supply systems using these
reservoirs, The present and future yields for the reservairs in Table 2 are given in Table 3
for drought recurrence intervals of 20 and 50 years, wogether with the water supply
system demands (Broeren and Singh, 1989). Many municipalities use a 50-vear dronght






117

control, and stabilization of banks and of critical areas by their rctorn to grasslands or
forests, Conservation measures take years to implement and require an etficient planning
agency, as well as farmers and other landowners witling 10 pay for them. The efficiency
of watershed management in reducing sediment inflow 1o a reservoir varies from a low of
5% 1o a high of 40%: (Bruk, 1935; Mahmoaod, 1987).

Debris dams, low dams built across the main sediment-contributing tributarics, can
control the sediment inflow into the downstrcam reservoir. These dams retain the coarse
fraction of Lhe sediment and help in reducing backwater deposits in the main reservoir.
The scdiments can be removed every two to three vears during low-flow periods and used
10 raisc nearby lands.

A sediment basin constructed al the entrance of a streamn into a reservoir can be considered
for reducing sediment input into the reservoir. The sediment basin is created by
constrocting a Tow dam in the upper pact of the reservoir,. However, unless the dam is
designed for extreme floods, it can be washed inlo the reservoir together with the contents
of the basin. Limited stotage of (he basin may be filled with sediments in 10 to 30
years. A sediment basin at the head of a reservoir may appear as landfili after some years
and detract from the esthetics of the reservoir.

A large part of tlood lMows carrying abundant sediment can be bypassed through a
channel, tunnel. or pipes, significantly reducing silling in the reservois. Pipelines can be
anchored in a low submerged weir near the stream/lake interface, can be placed along or
partially embedded in the lakebed, and can discharge downstream of the dam under 4 tull
head of water. This (cchnique has been successfully applied in Ttaly (Roveri. 1981).

A vegelative screen at the head of the reservoir, whether artificial or natural, serves 1o
reduce the velocily ol incoming flow and to cause sediment deposilion, As an example,
the growth of tamarisk (salt cedar) along the Pecos River above Lake McMillan, New
Mexico, resuited in a reduction ol sediment deposition in the lake (Stevens, 1936),
Capacity loss during 20 years with tamarisk was only 14% of that in the previous 20
years. The vegetalion lowers the water supply to the lake by as much as 10%. A
suitable vegetative screen should be chosen for a particular area on the basis of climate,
soil, and flow conditions. It can, however, increase waier elevations upstream of the
vegetation and (hus increase the potential flood damages.

Reducing Sediment Intrapment in the Reservoir

The efficiency of drawdown of reservoir water level for flushing some sediments and/or
inducing erosion of deposited sediments depends on reservoir bed topography. locations
and capacitics of bottom outlets, sedimeni characteristics, reservoir operation, duration of
flushing, and flushing discharge. Flushing flows carve out a deep channel in the
reservoir, which approaches the pre-dam width of the stream or river with periodic
flushing. The sediment tlushing may be resorted to before formation of considerable
valley deposits. The outlet gates will require protection against abrasion by high
sedimenl concentrations and blockage by sediment deposits.

According to Wunderlich and Elder (1973), "...any flow seeks its denpsity level and moves
atong this Icvel into storage position. [t this level happens (o be the withdrawal zone,
the inflows will move directly through the reservoir. [n other cases, water may be stored
for considerable periods of time." According 1o Bell {19423, 7, lives of many of them
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{rescrvoirs} may be substantialty increased by making use of the ransporting power of
density currents. 1f the maximum benefit is 1o be obtained from the use of stratified
flows as transporting ageots, they should be put to work as soon as possible alter slorage
has begun in a new reservoir”  Venting scdiments [rom the very beginning does not
allow them o stabilize. and it maintains the bottom slope of the reservoir for clficient
use of density currents (Singh, 1987}, In the Iril Emda Reservoir in Algeria, between 45
and 60% of the annual incoming sediment was vented during the period 1953 1o 1958
(Duquennois, 1959), For the Fengjiashan Reservoir in northwest China, because of
density corrent flushing, the ratio of sediment outflow to sediment inflow for 14 flood
events ranged from 23 1o 65% according to the nature of [lood and sediment
characteristics of the inflow (Brok. 1985). Provision of multi-level, multiple outlets
improves the venting ctficiency of the density currents,

Sediment sluicing is distinct from sediment flushing because most of the sediment load
entering a reservoir is released downstream betore il has time (0 settle. The sluices can
be incorporated in the design of the impounding strocture or dam. The total capacity of
these sluices should be in the range of 0.3 to 1.0 tmes the maximum daily flood inflow,
Moaodels can be used to identify the most suitable size and locations tor the sluices,
Freguent venting of scdiments may be resorted to during the high-inflow season when the
excess flows may all be routed through the sluices. The operation greatly reduces
sediment entrapmoent and reservoir surcharge (which causes flooding of low lands around
and upstrcam ol the rescrvoir). It redoces downstream bed degradation and caving-in of
banks, and practically eliminates the hypolimnetic zone, The technique of venling
sediments throvgh undersluices has been used in Spain since e sixieenth century to
keep the reservoirs relatively free of sediment deposits (Wegmann, 1927). The Zuni
Reservoir near Black Rock, New Mexico, was 80% lilled with sediment by July 1931
when a 4-foot by 6-fool sluice was installed (Brown, 1943). [n aboul three months,
800,000 cubic vards ol sedimenl were sluiced out of the reservoir. The Sanmen Gorge
Dam, the most downstream (am on the Yellow River in Ching, and the power plant were
completed in 1960, I the first 1.5 years of operation, 90% of the actual sediment load
of 2.1 billion tons per year was trapped in the reservoir, The Chinese began sluicing
through the dam in 1962 (Robinson, 1981). A diversion lunnel and some penstocks
were converted to sluiceways tn 1965, Additional diversion oullets, plugged after
construction, were reopencd in 1970, and power generation was reduced 1o one third of
what had been planned. The wap efficicncy with these measures has been reduced from
00% to less than 20%.

The goal of reservoir operation and management should be not only 1o meet the design
purposecs, but also to entrap the least incoming sediment that is cconomically and
practically feasible. About 80 to 90% of annuat sediment load enlers the reservoir during
flood season, and lowering pool levels in this scason increases the efficicncy of sediment
venting operation. Use of such an operation on the Heisonglin Reservoir, located on &
tributary to the Yellow River in China, reduced the annual sediment load trapped trom
706,000 to 122,000 cubic vards (Zhang ct al.. 1976) and reduced the trap cfficiency to
17%. The maximum through-1low of the sediment was attained.,

According to Bruk (1983, "Siphon dredging for desiking reservoirs difters from ordinary
dredging in exploiting the hydraulic head difference between the upstream and downstream
water levels at a dam as the source of molive power for suction dredging.” The simplest
successlul type of device is the hydraulic siphon installed at the Rioumagjou Dam in
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France (Evrard, 19801, The siphon pipe varies from 16 10 18 inches in diameter and can
discharge 35 cubic feet per second (efs} with 33 pounds of sediment. A siphon dredger
was installed at the Tianjiawan Reservoir in China (Bruk, 1983} in 1975, During June
1977 1o June 1978, it removed 0.42 millon cobic vards wheo the inflow was only 0.39
mitlion cubic vards. The suction pipe is aboutl 22 inchey in diameter; the suction head
has scrapers, nozzles, and a rotating culler.  The outflow slurry had a sediment
concentration of 15.6% by volume.

Sediment flushing, sluicing or siphoning in the case of new reservoirs allows venting up
to 80% ol incoming scdiment. slightly lowers the scdiment concentration in the outllow
water (as comparcd with the inflowing water to the reservoir} thus greatly minimizing
bed degradation and inhibiting initiation of a new crosion cycle in the tributaries
downstream to meet the lowered bed levels in the main stream. The stream sediment
load in the downstream reach 18 still less than that withoul the dami. In the case of
cxisting reservoirs with considerable storage lost (o sedimentation, flushing of the old
sediments may be based on the quantity of sediments, acceptable sediment concentrations
with flushing or stuicing discharges, and nearness 0 a major siream or river,

Dredging is an expensive means of restoring the storage capacity of a reservoir.  Various
designs of dredgers are available. The usual ratio of water 1o sediment by volume is 8:1
to 10:1. In the case of wide rescrvoirs. hydraulic dredging can morg efficiently recover
overbank deposits than flushing. Dredging may be dore at fixed intervals tor smali- or
medium-sized reservoirs. Tt can also be an ongoinyg operation for soug large reservoirs,

DESIRABLE RESERVOIR DESIGN AND OPERATION

By combining the parameters in front of AT into a single variable p. Eq. 6 van he
rewriticn as

C, Co

—=— + BFAT (7

I 1
where [§ denotes an average annual capacity loss over a period of AT yeurs as a fraction of
average annual inflow T, and is a function of trap cfficicney TE, C/1, watershed arca, K.
sediment density &1, and 1. P*AT = 0 indicates no storage loss and usclul storage Cp
after AT years equals the initial design sworage C,. A progressive increase in B*AT
makes C, progressively higher than C. The reservoirs are designed with a usetul life
of, say, AT yeurs such that C will be able to meet the water demands fully in the Last
year of this period. Reduction in storage Loss can be achieved by reducing B, lcading 1o
initial smaller design storage. This can be achieved by improved watershed management
(resulting in reduction in K) and by reducing rap cificiency through sediment venting
MEasures,

Economic analyses were performed (Singh and Durgunoglu, [990b) for a reservoir with
conventional overflow spillway as well as one wilth sediment gatrapment reduction
measures that reduce trap efficiency to 235 and 10%, respectively. Design periods of 10,
25, and 50 ycars were considered.  The results are shown in Figure 2 for a reservoir
designed to supply water at a rate of 3% of average annunatl inflow and two K values of
1,200 and 3,500. The initial design storage C, and cost decrease with decreased trap
efficiency, and the decrease gets more pronounced with increased erodibility tactor K and
increased . The cost savings resulting from incorporation of trap-efticiency reduction
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measures will usually be amplc to cover the costs of integrating such measures in design
and consiruction. Afier T years, the reservoir with reduced trap efficiency will continue
{o provide more water supply, recreation, and aguatic habilat than a reservoir with
conventional overflow spillway.

Incorporating Trap-Efficiency Reduction Measures

The relative efficicncy and desirability of one or more sedimentation reduction measures
depends on reservoir and walershed characteristics, reservoir location on the stream
system, and the severity of sediment and water quantity and yuality problemns to be
addressed. Building a check or debris dam upstream of the reservoir can be economical
for retaining a Jarge part of coarsc scdiments upstream of the check dam. These
sediments can be vented downstream of the reservoeir through flushing pipes or removed
every three to five years during dry conditions by crawler tractors. Provision of gated
undersluices in the dam near the reservoir bed level helps in reservoir drawdown Mushing,
venting density currents carrying high sediment loads, and venting of excess water
together with sediment during medium-to-high flows. The walter vented through the
sluices mostly comes from the deeper water in the reservoir or Irom the hypolimnetic
zong. Instatlation of a mancuverable siphon system can be economical and efficient for
smali- to medium-sized reservoirs.  Typical installations of sediment entrapment
reduction measures are shown in Figure 3 for two cases: onc with check dam. floshing
pipes, and undersluices; and the other with a siphon passing through a bottom outlet or
straddting the dam.

Up to 80% or more of the sediment entering a rescrvoir can be vented through properly
designed undersluices during high-flow periods (Singh and Durgunogiu, 1986). This can
be done (requently during the high-flow season, which accounts for 80 (o 90% of the
annual sediment inflow. Benefits of such an operation would be a drastic reduction in the
sediment rctained in the reservoir, practical elimination of hypolimnetic »one in the
reservoir, improved lake water quality, increased recreational and habitat space, and
significant reduction in downstream bed degradation and bank caving.

There may be some concerns about permittability of meusures (o reduce sedimentation in
the reservoir under FWPCA 401, 402, and 404, Section 401 permit applies to
construction of dam and reservoir. 1 the scdiment concentration in the outflowing waler
is somewhat Icss than that of the inflowing water, it should not be a concern at all. No
new effluents and dredged materials are added. Section 402 may not apply because no
discharge of pollutants is involved. Section 404 applics to permits for discharge of
dredged or fill material, and poses no problems tor venting of incoming sediments (which
have not become "fill" yet). Howcver, if veating of old sediments from the existing
reservoirs is contemplaled, factors such as allowable sediment concenirations,
downstream effects. und nearness to a major strcam may be considered in the permitting
Process.

CONCLUSIONS

The following conclusions are drawn from this study:

1. Measures 1o achieve minimization of sedimentation in the reservoir and withdrawal of
hypolimnetic waters or their aeration are needed for an environmentally desirable and
conservation-oriented reservoir design and operation.
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The savings in the inital cost of a smalier reservoir may be more than sufficient to
offset the extra cost of mitigative measures required.

Reservoirs with sediment-entrapinent reduction measures can he used o a greater
extent beyond their design life than those with conventional design.

Reduction in sediment entrapment in the reservoir is synonymous with more
sediment available (0 flow downstream. This will significantly alleviate downstream
bed degradation, caving-in of banks, and initiatien of a new cyele of erosion in
tributaries entering the altected downstream reach,

. Venting of sediment with bottom waters improves reservoir water quality not only

because of reduced retention of pollutants adsorbed oa the sediment partictes and their
subscguent recycling into the overlying waters, but also duc (o venting and/or
siphoning of hypolimnetic waters with low dissolved oxygen levels. This increases
space for recrcation and habitats.

Reservoir sedimentation adversely affects water supply and other uses. Minimization
of sedimentation allows (he optimal use of the reservoir.

. An environmentaily desirable, conservation-oriented reservoir design and operation are

necessary to ensore a Jegacy of healthy water resources for future generations.
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Table 1. Values of 8; and M Used for Estimating Average Density of the
Compacted Sediment Deposits’

Sand Silt Ciay
Reservoir Operation
S M| M |6 M
Reservoir always or nearly always submerged |93 | 0 |65(56.7|30]16.0
Normally moderate reservoir drawdown 83| 0 |74 (2.7 |46 |10.7
Normally considerable drawdown 93| 0 |79(1.0|60| 6.0
Reservoir normally empty 93, 0 |[82|00|78| 0.0

"After Lane and Koelzer (1943).

Table 2. Future Capacities of Some [llinois Reservoirs

_ As- Last Estimated Future
Reservoir Area Constructed Survey Capacities
Name {mi2)
Year| Cap. |Year| Cap. | 2000 | 2010 | 2020 | 2030
Lake Taylorville | 131.3 (1962 | 9408|1977 7914 6045 5286 4580| 3893
Lake Decatur |925.0]1922|19738 | 1983 | 18800 | 16552 | 15285 | 14057| 12868
Lake Pittsfield 11.1(1961| 3580(1985| 2760| 2307| 2015| 1730| 1450
Lake Vermilion [298.011325| 8514|1988| '8106| 7414| 6881| 6397| 5964

Capacities are in acre-feet.

" denotes capacities considering raises in normal pool.
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Table 3. Present and Future Demands and Yields of Reservoirs

Demand

M or

Demand or Yield for the Years

Reservoir Name or Yield - (mgd)
1990 | 2000 | 2010 2020
Lake Taylorville Demand 1.0 2.55 2.53 2.51 2.54
1.3 3.31 3.29 3.26 3.30
Yield 20 7.12 8.45 5.58 4.88
50 5.19 473 4.33 3.93
Lake Decatur Demand 1.0 } 26.03 | 28.24 | 30.31 | 32.27
1.3 | 33.84 | 36.72 | 39.40 | 41.95
Yield 20 31.16 | 29.30 | 28.24 | 26.48
50 28.58 | 26.16 | 24.71 | 23.66
Lake Pittsfield Demand 1.0 0.44 0.43 0.43 0.44
1.2 0.52 0.51 0.51 0.52
Yield 20 1.87 1.71 1.568 1.43
50 1.39 1.28 1.19 1.08
Lake Vermition Demand 1.0 8.04 7.81 7.69 7.80
1.3 | 1045 ; 10.16 998 | 10.14
Yield 20 20.18 | 19.62 | 19.06 | 18.50
50 19.02 | 1846 | 17.75 | 1719

M = Demand multiplier
Rl = Recurrence interval in years (20 or 50)
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(a) Check-dam, flushing pipe, and sluice gate
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Figure 3. A schematic representation of typical installations of
sediment entrapment reduction measures



