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PURPOSE AND APPLICATION

The studies were made to refine and confirm the hydraulic performance of an enlarged spillway
for Pactola Dam, South Dakota. Of particular interest were the tailwater flow patterns and resulting
erosion that were associated with the substantially increased spillway discharge. It was felt that
such erosion might endanger the dam embankment.

The results of this model study have only limited application at other sites. Tailwater flow and
erosion patterns are strongly dependent on structure and topography configuration as well as on
discharge, head differential, and tailwater depth. Because all of these parameters tend to be site-
specific, the observed flow and erosion patterns are also site-specific. For a location with similar
arrangement and topography, the findings from this study may give insight into the flow conditions.

Other hydraulic aspects of the design, such as the adequacy of the approach to the crest, the
discharge coefficient of the crest, and the adequacy of the chute to contain the maximum discharge,
were all evaluated. These items are also strongly dependent on site-specific topography. This is
particularly evident when it is noted that little excavation was done to upgrade the approach to
the crest and that high ground on the left {(looking in the direction of flow) approaching the crest
will probably influence crest performance. Note also that the chute is an excavated unlined feature
whose grade and sidewall heights are dictated by the existing topography. Consequently, direct
application of these findings to other sites is limited.

INTRODUCTION
Pactola Dam (fig. 1) is a 230-foot (70-m) high earthfill structure located on Rapid Creek about 15
miles (24 km) west of Rapid City, South Dakota (fig. .2). The reservoir provides irrigation water,
much of the domestic water for Rapid City, and flood protection along Rapid Creek. The reservoir
has an active capacity of 55,000 acre-feet (6.8 X 107 m3) and a total capacity of 99,000 acre-
feet (1.2 X 108 m3). The dam has an excavated unlined spillway in the left abutment with a 240-
foot (73-m) long uncontrolled concrete crest and a design capacity of 38,400 ft3/s (1090 m3/s).

Recent hydrologic studies have yielded a substantially increased maximum design flood. To safely
handle this flood, the dam will be raised 15 feet (4.6 m) and the spillway widened from 240 feet
(73 m) to 425 feet (130 m). With these modifications, the maximum spillway discharge capacity
will be increased from 38,400 ft3/s (1090 m3/s) to 245,000 ft3/s (6940 m3/s). With the wider
spiliway, the maximum unit discharge (discharge per unit width of crest) will increase by a factor
of approximately 3.6.



The model study was conducted to evaluate various hydraulic features of the modified design.
There was particular concern that the increased discharge would create back eddies or wave
action that could erode the toe of the dam. It was thought that at the higher discharges, the
modified spillway stilling basin would probably be inadequate and would sweep out. This would
yield high-velocity flow that would cross the valley and impinge on the opposite hillside. A portion
of the flow would then be deflected upstream toward the embankment. In addition, a shear zone
would occur between the outflow from the stilling basin and the portion of the tailwater pool
located between the outflow and the dam. It was thought that the combination of these factors
could cause a strong eddy that could erode the dam embankment. Thus, the potential erosion
and the resulting downstream deposition caused by both flow velocity and wave action were of
primary interest in the study. Spillway approach flow conditions, discharge rating, and flow con-
ditions on the chute were also evaluated.

CONCLUSIONS
1. Tailwater flow velocities on the modeled dam embankment face were evaluated for numerous
operating conditions. The velocities were determined for spillway discharges of 62,500, 125,000,
187,500, and 245,000 ft3/s (1770, 3540, 56310, 6940 m?3/s) with both fixed and erodible tailwater
topograhy. The erodible topography included 5-foot (1.5-m) deep overburden on all flow surfaces,
an erodible point between the outlet works and spillway stilling basins, and a fixed scour hole
filled with erodible material at the toe of the spillway chute. In addition, velocities were observed
with the tailwater elevations set at levels predicted by theoretical analysis and at levels that might
correspond to conditions resulting from downstream deposition of scoured materials. In all cases,
the maximum observed velocities along the dam embankment face occurred at the maximum
discharge. With fixed topography, the point located between the spiliway and the outlet works
(fig. 1) tended to isolate the spillway flow from the dam embankment. Consequently, fixed to-
pography velocities along the dam face were minimal; the maximum observed velocities were
approximately 1.0 ft/s (0.3 m/s) {fig. 8). With the fixed topography, velociites observed with the
tailwater artificially elevated an additional 10 feet (3.0 m) were less than those observed with the
lower tailwater (fig. 12). These reduced velocities were attributed to additional energy dissipation
resulting from the higher tailwater and to the increased cross-sectional area of flow. With the
erodible bed, formation of a shallow scour hole and a downstream deposition bar was noted at
a discharge of 62,500 ft3/s (1770 m3/s) (fig. 19). At 125,000 ft3/s (3540 m3/s), scour had
progressed to the extent of the hypothesized scour hole (which had been set as fixed topography
in the model) (fig. 19), and the downstream channel had been swept free of overburden and
deposition. At this discharge, flow over the point between the two stilling basins had started to
erode the point (fig. 20). Erosion of the point increased the area of influence of the spillway flow.
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The design requires that waste or excavated material from the enlarged spillway be placed in a
waste pile immediately downstream of the dam embankment. At 125,000 ft3/s (35640 m3/s), this
waste pile totally isolates the tailwater flow from the embankment (fig. 16). At 187,500 ft3/s
(6310 m?/s), erosion of downstream overburden continued to expand, the downstream channel
was swept free of deposition, a large bar continued to grow to the right and downstream of the
spillway stilling basin, scour of the point between the stilling basins progressed, and erosion
continued on the waste pile, which still isolated the embankment from the tailwater flow (fig. 10).
Finally, at 245,000 ft3/s (6940 m3/s), the scour of the point, of the waste pile, and of the general
overburden reached their maximum (fig. 19); the downstream channel remained clear of deposition;
a large deposition bar was present to the right and downstream of the spillway stilling basin; and
the tailwater was high enough to submerge the waste piles by approximately 5 feet (1.5 m). Thus,
there was direct exposure of the dam embankment to tailwater action. Observed velocities along
the embankment were less than 10 ft/s (3.0 m/s) (fig. 18). Velocities as high as 15 to 20 ft/s
(4.6 to 6.1 m/s) were observed along the waste pile face. The velocities observed with the erodible
topography and with the tailwater artificially elevated an additional 10 feet (3.0 m/s) were less
than the velocities observed at the lower tailwater.

2. Wave action, the other potential cause of erosion of the dam embankment, was monitored
over the same range of operating conditions as the velocities. Wave data were collected along
surfaces surrounding the point, the embankment, and the waste pile. Two frequencies of waves
were noted. With the fixed bed, long-period surging was observed in the embayment between
the point and the dam. Observed surge periods ranged from 62 to 93 seconds. Maximum trough-
to-crest wave magnitudes of up to 5.4 feet (1.65 m) were noted (fig. 10). These maximum long-
period waves were observed with a spillway discharge of 187,500 ft3/s (6310 m3/s). In addition,
shorter-period (11- to 15-s) surges were noted at the point, and maximum trough-to-crest am-
plitudes of up to 7.5 feet (2.3 m) occurred at 245,000 ft3/s (6940 m3/s) (fig. 10). Superimposed
on these surges were short-period (2- to 4-s) waves. At the dam, the maximum amplitude of the
short-period waves was from 3.3 to 4.5 feet (1.0 to 1.4 m) (fig. 11). Maximum amplitudes occurred
at discharges of either 187,500 or 245,000 ft3/s (6310 or 6940 m3/s). Over the point, the
maximum amplitude of short-period waves, approximately 4.7 feet (1.4 m), occurred at a discharge
of 245,000 ft3/s (6940 m3/s) (fig. 11). Because of the extremely long surge period at the dam
embankment, the short-period wave amplitudes represent the critical dynamic loading on the dam
face. Over the point, the surge period is much shorter and, consequently, the surge amplitude can
compound the dynamic loading of the short-period waves and yield short-period through-to-crest
amplitudes of up to approximately 12 feet (3.7 m). It should be noted that the top of the point is
at approximately elevation 4436.0 (1352.1 m) and, consequently, the tailwater surface with its
wave action tends to be above the point for the higher discharges. The erosion influences of the
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wave action should therefore be reduced. As with velocity, artificially elevated tailwater yielded
increased energy dissipation and reduced wave amplitudes.

In the erodible bed model, observed wave amplitudes were lower than those for the fixed bed
model. No surging was noted near the embankment. A large-diameter eddy rotated over the point
with maximum trough-to-crest wave heights of 5 feet (1.5 m) (fig. 21). Short-period wave action
on the dam embankment was minimal.

3. The proposed waste pile placement at the downstream toe of the dam (fig. 1) will supply
substantial protection of the dam embankment from tailwater flows. By placing it to elevation
4450.0 feet (1356.4 m), the waste pile will extend above the tailwater surface for all but the
largest discharges.

4. The model indicates that hydraulic forces are dominant and that bar deposition in the down-
stream channel, which could raise tailwater elevations, will not occur. All of the topography that
could influence tailwater elevation was included in the model. Nevertheless, potential influences
of elevated tailwater were evaluated. As previously noted, it was found that artificially elevated
tailwater yielded increased energy dissipation and reduced tailwater velocities and wave action.

5. The model data indicate that the maximum discharge of 245,000 ft3/s (6940 m3/s) can be
passed with a reservoir water surface elevation of 4651.7 feet (1417.8 m). Discharge coefficients
from this 1:60 model were compared with corresponding coefficients from a 1:36 sectional model
previously studied (fig. 23). The coefficients were found to compare closely over the mid-discharge
range. The 1:60 model shows lower coefficients at higher discharges. This is due to end con-
tractions that could not occur in the 1:36 sectional model. A crest discharge rating (fig. 24) based
on the 1:60 model and crest discharge coefficients as a function of reservoir water surface elevation
(fig. 23) were derived.

6. Maximum spillway approach velocities occurred at the maximum discharge of 245,000 ft3/s
(6940 m3/s). Maximum observed approach velocities over the fill or dike surface (which might be
susceptible to erosion) were approximately 12 ft/s (3.7 m/s). Velocities of this magnitude were
observed in localized areas near the crest (fig. 26). Local velocities as high as 25 to 30 ft/s (7.6
to 9.1 m/s) were noted in the spillway approach channel and in the approach flow end contractions
(fig. 22).

THE MODEL
The hydraulic model (fig. 3) used in this study was constructed at a scale of 1:60. Included in the
model were an approximately 500- by 1,000-foot (150- by 300-m) prototype area of reservoir
topography immediately surrounding the spillway intake, the spillway crest and chute, and an
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approximately 1,100- by 1,600-foot (340- by 490-m) prototype area of topography below the
dam and spillway. The reservoir topography modeled was adequate to properly represent the
topographic influence on the approach flow to the crest. The head box was large enough and the
topography was installed in such a manner that box influences on the approach flow distribution
were minimized. Enough downstream topography was included to ensure that all topographic
influences on the flow, including natural channel control of water surface elevations, were
represented.

Because the spillway chute is unlined and, consequently, relatively rough, friction losses on the
chute were thought to be potentially significant. Chute losses could influence resulting flow ve-
locities, stilling basin sweepout, and thus, the general flow patterns downstream from the dam.
Therefore, extra care was taken to correctly represent the chute surface. Observation of the
existing chute showed the typical roughness element heights to be 0.5 foot (0.2 m). With this
roughness height, roughness element height-to-flow depth ratios (relative roughness) may be as
small as 0.019 on portions of the chute at maximum discharge. Geometric scaling of roughness
heights will yield correctly represented losses for a relative roughness of 0.019 if model Reynolds
numbers are greater than 4 X 10* at the maximum discharge. Calculations indicate that with the
1:60 scale, model Reynolds numbers at the 245,000-ft3/s (6940-m3/s) discharge will be approx-
imately 1 X 105. Therefore, it was concluded that geometric scaling of roughness would yield
correctly represented losses. The model chute was constructed with the 0.5-foot (0.15-m) pro-
totype roughness heights scaled to 0.10 inch (2.5 mm). This was achieved by embedding pea
gravel in the fresh concrete chute surface.

An erodible bed and simulated scour hole erosion were included in the study. Accurate modeling
of both of these factors requires a thorough understanding of prototype overburden and bedrock
S0 that the response to hydraulic loading could be determined. Accurate modeling of the material
and of its response to the scaled hydraulic forces is also required. This knowledge and modeling
ability are difficult to achieve. Consequently, tests were made to obtain qualitative data on bed
response and to bracket possible influences of scour hole development. Pea gravel with 0.125-
inch (3.2-mm) mean diameter was used to represent the erodible bed. This diameter pea gravel
geometrically represents 7.5-inch (190-mm) diameter prototype material. Such material should
yield an overestimated prediction of bedrock scour, an underestimated prediction of overburden
erosion, and an overestimated prediction of downstream deposition. Model pea-gravel scour and
deposition patterns were observed to note tendencies and to bracket possible responses. To
evaluate scour hole influences, the observed scour pattern developed with the erodible bed model
at a discharge of 125,000 ft3/s (3540 m3/s) was used to define the extent of a scour hole in the
bedrock. Although the size of this scour hole is speculation, its shape is representative of the
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distribution of hydraulic forces. It was assumed that the maximum depth of this scour hole was
sufficient to yield conjugate depth for the 245,000-ft3/s (6940-m3/s) discharge. Thus, the maxi-
mum depth is based on the depth at which the hydraulic forces might start to stabilize. It was
also noted that the duration of the maximum design discharge was short, less than 12 hours at
discharges greater than 20 percent of the maximum design flow. Consequently, it is expected that
the extent of the scour hole will be limited. The scour hole as described was installed in the fixed
bed of the model and covered with pea gravel up to design grade (fig. 4).

Discharges to the model were set using the laboratory venturi meters. Velocities in the model
were measured using propeller and electromagnetic current meters. The reservoir water surface
elevation was monitored using a point gauge and stilling well. The tailwater elevation was monitored
with a staff gauge, and tailwater wave heights were measured using capacitance wave probes.

THE INVESTIGATION

The initial model was fabricated with fixed bed reservoir and tailwater topography. The waste
disposal area at the toe of the dam was not included. Tailwater velocity fields and wave magnitudes
were evaluated for discharges of 62,500, 125,000, 187,500, and 245,000 ft3/s (1770, 3540,
5310, and 6940 m3/s), which are approximately 25, 50, 75, and 100 percent of capacity. Velocity
and wave data were taken with the tailwater surface elevations at station 354+85, set in ac-
cordance with values obtained from a Hydrology Branch tailwater study. The position of the
tailwater gauge used is shown on figure 1.

The tailwater gauge elevation settings were 4437.6 feet at 62,500 ft3/s (1352.6 m at 1770 m3/s),
4443 .5 feet at 125,000 ft3/s (1354.4 m at 3540 m3/s), 4448.1 feet at 187,500 ft3/é (135656.8 m
at 5310 m3/s), and 4451.5 feet at 245,000 ft3/s (1356.8 m at 6940 m?3/s). At higher discharges,
the water surface at the tailwater gauge was quite rough. Thus, both the theoretically computed
tailwater elevation and the set model tailwater elevations had to be approximate averages. With
the fixed bed, scour or dissipation holes and deposition bars that could raise the tailwater elevation
and increase energy dissipation cannot form. Thus, it was expected that the velocity and wave
action observed included minimal energy dissipation and, thus, represent the maximum erosive
forces that could be expected. Tailwater velocities measured approximately 7.5 feet (2.3 m) above
the bottom represent those to which the bottom surfaces are exposed. The observed velocity
fields are shown on figures 5, 6, 7, and 8, and corresponding photographs of these flow conditions
are shown on figure 9.

At 62,500 ft3/s (1770 m3/s) [figs. b and 9(a)], high tailwater velocities were limited to the stilling
basin and the exit channel; the surface roller of the jump was positioned at the chute, and a
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drowned jump occurred. The maximum velocities noted in the stilling basin area were approximately
26 ft/s (7.9 m/s). Maximum velocities in the exit channel were approximately 18 ft/s (6.5 m/s).
Note also that at a spillway discharge of 62,500 ft3/s (1770 m?3/s), the point between the spillway
and the outlet works was submerged, but the velocities over the point were low — less than 7.0
ft/s (2.1 m/s). This point is constructed from fill material and, thus, would be subject to erosion.
Velocities between the point and the dam embankment were very low, and velocities on the
embankment face were less than 1.0 ft/s (0.3 m/s) {fig. 5).

Higher-velocity flow tended to concentrate in a triangular shape in the stilling basin (figs. 5 and
9a). This flow concentration was observed in the stilling basin area for all discharges tested. This
flow pattern could be caused either by the flow concentrating to the center of the chute or by
inflow from the sides (side eddies) constricting the stilling basin flow (figs. 5 through 9). It was
speculated that concentrated flow on the chute might result from either contraction of the flow
as it entered the spillway or from “’dishing’’ on the excavated chute surface with boundary friction
influences. Long-radius entrance transitions to the crest, which eliminated end contractions, were
tested and found to have no effect on the stilling basin flow pattern. It was concluded that entrance
conditions influence the crest dAischarge coefficient but not the tailwater flow pattern. It is thought
that the ““dishing,”” or the curved transition from the chute invert to the excavated sidewalls, with
boundary friction losses and the contracting stilling basin flow pattern are the causes of the
observed stilling basin flow.

The 125,000-ft® (3540-m3/s) tailwater flow field shows a similar flow pattern but with higher
velocities (figs. 6 and 9b). Again, a drowned hydraulic jump occurs. Maximum observed velocities
in the stilling basin area were approximately 52 ft/s (16 m/s), and maximum observed velocities
in the exit channel were approximately 19 ft/s (5.8 m/s). Maximum observed velocities over the
point were approximately 10 ft/s (3.0 m/s), but maximum observed velocities along the dam
embankment were still below 1 ft/s (0.3 m/s).

At 187,500 ft3/s (6310 m3/s), the jump started to sweep out in the portion of the stilling basin
with the highest velocity (figs. 7 and 9c¢). Maximum velocities observed in the stilling basin area
were approximately 82 to 86 ft/s (25 to 26 m/s), and maximum velocities in the exit channel were
approximately 50 ft/s (15 m/s). Velocities over the point were approximately 15 ft/s (4.6 m/s).
Velocities of up to 6 ft/s (2 m/s) were noted between the point and the embankment. Velocities
along the dam embankment were still below 1.0 ft/s (0.3 m/s).

Finally, the flow field at 245,000 ft3/s (6940 m3/s) showed an enlarged sweepout zone with higher
velocities (figs. 8 and 9d). Maximum velocities in the stilling basin area were approximately 82 to
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86 ft/s (25 to 26 m/s), and maximum velocities in the exit channel were 78 ft/s (24 m/s). The
eddy over and downstream of the point was large and strong; maximum observed velocities over
the point were 15 ft/s (4.6 m/s). Velocities of up to 10 ft/s (3.0 m/s) were noted between the
point and embankment, but velocities near the embankment were only about 1.0 ft/s (0.3 m/s).

Wave data were collected along surfaces surrounding the point and along the dam embankment.
It was speculated that on some surfaces, wave action may actually be the critical parameter with
respect to erosion and protective riprap stability. An eight-channel strip chart recorder was used
in conjunction with a matrix of capacitance wave probes to evaluate resulting waves. Data were
collected at discharges of 62,500, 125,000, 187,500, and 245,000 ft3/s (1770, 3540, 5310,
and 6940 m3/s). Two wave frequencies were noted. A long-period surging was observed in the
embayment between the point and the dam. Observed surge periods ranged from 62 to 93
seconds. Maximum trough-to-crest wave magnitudes of up to 5.4 feet (1.6 m) were noted (fig.
10). Although this magnitude is significant, the wave period is so long that the resulting dynamic
loading on the riprap is not critical with respect to riprap stability. The most severe long-period
surging was observed at a discharge of 187,500 ft3/s (6310 m3/s) (fig. 10). At the maximum
discharge, the period shortened (62 to 66 s) and the trough-to-crest magnitude decreased.

A shorter, 11- to 15-second, period surge was observed around the pomt at the maxumum dis-
charge (fig. 10). Nb surging was observed near the point at the smaller discharges. The maximum
discharge surging was associated with the stilling basin flow and the strong eddy that formed to
the right of that flow. Trough-to-crest amplitudes of up to 7.5 feet (2.3 m) were observed (fig.
10).

Short, 2- to 4-second, period waves were also observed (fig. 11). These waves were superimposed
on the long-period surges. Along the dam embankment, the maximum amplitude of the short-
period waves was from 3.3 to 4.5 feet (1.0 to 1.4 m). Maximum amplitudes occurred at discharges
of either 245,000 or 187,500 ft3/s (6940 or 5310 m3/s). It is thought that for the dam embank-
ment, the short-period waves caused maximum dynamic loading and, therefore, would be critical
with respect to the riprap stability. Waves with a 2- to 4-second period were also observed around
and over the point. The highest amplitude (5.6-ft (1.7-m) trough-to-creset) short-period waves at
the point occurred at a discharge of 187,600 ft3/s (6310 m3/s). At 245,000 ft3/s (6940 m3/s),
tfough-to-crest wave amplitudes of approximately 4.7 feet (1.4 m) were observed (fig. 11). Again,
these short-period waves were superimposed on the longer-period surges. As previously noted,
the period of the long surges over the point was 11 to 15 seconds. This period is short enough
that the superimposed long- and short-period waves can yield single random trough-to-crest am-
plitudes of up to 12 feet (3.7 m). It should be noted that the point was submerged for all discharges
tested and, thus, the wave action occurs above, and not on, the point itself.
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Deposition of scoured materials could form a downstream bar that would raise the tailwater
elevation and modify the tailwater flow patterns. The model tailwater control gate was used to
raise the tailwater elevation approximately 10 feet (3.0 m). This was sufficient to establish a
drowned jump at the maximum discharge (fig. 12). The higher tailwater increased energy dissipation
in the stilling basin area and reduced energy levels, both velocity and wave, in the downstream
channel and near the dam embankment. The general flow patterns observed were similar to those
observed with the lower tailwater.

The tailwater topography was modified so that the erodible bed tests could be conducted. The
potential depth and extent of a scour hole was estimated, and the hole was installed in the fixed
bed (fig. 4). In addition, the point previously modeled with fixed topography and the disposal area
between the outlet works channel and the dam embankment (fig. 1) were formed with the erodible
pea gravel (fig. 13). The disposal area was filled to elevation 4450.0 feet (1356.4 m), which is at
or above the tailwater surface elevation for discharges up to 180,000 ft3/s (5100 m3/s). At
245,000 ft3/s (6940 m3/s), the disposal area is submerged approximately 5 feet (1.5 m). It was
thought that testing this model arrangement would yield a qualitative evaluation of erosion and
deposition patterns, possible flow field modifications caused by the scour and deposition, pro-
tection of the dam embankment supplied by disposal material, and the potential for erosion of the
dam embankment.

The pea gravel was also placed as a uniform 5-foot (1.5-m) deep overburden on all of the tail box
topography. The stilling basin scour hole was brought to design grade, and the point and disposal
zone were installed, all using pea gravel. The tailwater was then established using very small
spillway discharges to avoid initial scour. With the tailwater set, the initial discharge of 62,500
ft3/s (1770 m3/s) was established and run for an 8-hour prototype duration. During this period,
resulting flow field velocities were determined. The model was then shut down, and the resulting
erosion and deposition were evaluated. The model was again slowly started up, keeping discharges
small to prevent additional erosion until the tailwater was established. With the tailwater estab-
lished, the discharge was increased to 125,000 ft3/s (35640 m3/s), and the model was again run
for an 8-hour prototype duration. Again, flow field velocities were determined and scour and
deposition evaluated. This pattern was repeated for discharges of 187,500 and 245,000 ft3/s
(6310 and 6940 m3/s). Photographs of the operating conditions are shown on figure 14; tailrace
velocities observed are shown on figures 15, 16, 17, and 18; and the deposition and scour patterns
observed are shown on figure 19.

As can be seen on figure 19a for the discharge of 62,500 ft3/s (1770 m3/s), a relatively small
scour hole with a deposition bar immediately downstream was developed. The depth of the scour
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hole was approximately 15 feet (4.6 m), and the height of the deposition bars was approximately
20 feet (6.1 m). A comparison of figures 5 and 15 shows velocities over the point with the erodible
bed model to be less than those with the fixed bed model. it appears that the combined scour
hole and bar increases energy dissipation and reduces flow velocities in areas away from the stilling
basin.

At 125,000 ft3/s (3540 m3/s), the stilling basin or scour hole and the channel bottom downstream
of the scour were swept clean to the fixed bed (fig. 19b). No deposition bars that could potentially
raise tailwater elevations were formed. Flow over the point eroded a trench approximately 12 feet
(3.7 m) deep where the point intersects the hill (fig. 20). A comparison of figures 6 and 16 shows
that velocities over the point in the erodible bed model are very similar to those in the fixed bed
model. Tailwater elevations were not high enough to submerge the waste pile and, consequently,
the pile functioned as protection for the dam embankment.

The 187,500-ft3/s (6310-m3/s) discharge cleaned additional erodible materials from the exit chan-
nel (fig. 19c). Again, no bars formed that raised the tailwater. The model tail box included all
topography that could potentially influence the tailwater elevation at the dam and spillway. Con-
sequently, indications are that no deposition bars will form where they could influence the tailwater
at the dam. Scour continued to deepen the trench at the contact between the point and the hillside
(fig. 20). The bottom of the trench was at approximately elevation 4415.0 feet (1345.7 m), the
elevation of the fixed bed in the model.

Scour was also noted between the point and the dam embankment near the outlet works stilling
basin. This scour was near the intersection between the dam embankment and the left abutment.
As can be seen on figure 17, velocities between 15 and 20 ft/s (4.6 and 6.1 m/s) were noted in
this area. Flow at these velocities also eroded the waste area and passed over the point; however,
the waste pile was not submerged. Comparison of these velocities with those observed for the
fixed bed model (figs. 7 and 17) showed considerably higher velocities in the erodible bed model.
Apparently, erosion of the point allows more circulation, which increases velocities in the em-
bayment between the point and the dam. The higher velocities are more representative of what
would occur in the prototype. Significant erosion of the waste area pile occurred during the 8-
hour (prototype) test. However, much of the waste area remained at completion of the test,
indicating that the waste material supplied ample protection to the embankment at the 187,500-
ft3/s (6310-m3/s) discharge.

The 245,000 ft3/s (6940 m3/s) discharge swept more of the overburden from the fixed topography
(fig. 19d). The eroded trench through the point was somewhat enlarged, but was no deeper since
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the scour had reached the fixed surface topography. A large bar to the right of the spillway stilling
basin continued to grow. This bar, which is a portion of the point with additional deposition, lies
under the center of a large eddy that forms to the right of the stilling basin and the exit channel
(fig. 18). This bar evolved with increasing discharge and had no influence on tailwater elevations.
Additional scour of the waste pile occurred, but a portion of the waste pile remained over the
entire embankment face. Again, this indicates that the waste pile should supply good protection
to the embankment. A comparison of figures 8 and 18 shows that velocities in the eddy between
the spillway and the dam were much higher in the erodible “~<d model than in the fixed bed model.
Velocities observed along the waste pile were between 10 and 20 ft/s (3.0 and 6.1 m/s). Velocities
through the trench were as high as 26 ft/s (7.9 m/s) (fig. 18). As previously noted, the velocities
observed in the erodible bed model reflect increased circulation that would result from erosion of
the point. It is thought that the results of the erodible bed model better refiect velocities that will
occur in the prototype. At the 245,000-ft3/s (6940-m?3/s) discharge, the tailwater surface elevation
of approximately 4455.0 feet (1357.9 m) at the embankment face was above the top of the waste
pile. The water depth over the waste pile was shallow, approximately 5 feet (1.5 m), and hydraulic
forces transferred from the main eddy to the embankment were small. Maximum observed ve-
locities on the dam embankment face were less than 10 ft/s (3.0 m/s) and were generally less
than 5 ft/s (1.5 m/s) (fig. 18). Velocities on the eroding face of the waste area were, however,
considerably higher; observed velocities ranged from 9.0 to 18.9 ft/s (2.7 to 5.8 m/s). Long-
period surges did not occur near the embankment, and a large-diameter stable eddy rotated over
the point. Short-period wave amplitudes at the dam embankment were minimal. Maximum wave
amplitudes over the point were approximately 5 feet (1.5 m) and were observed at discharges of
125,000 and 245,000 ft3/s (3540 and 6940 m3) (fig. 21).

Even though it appears that high tailwater elevations caused by downstream bar formation are
unlikely, the performance of the erodible bed model with an artificially raised tailwater was ob-
served. The model tailwater control gate was used to artificially raise the tailwater elevation for
the 245,000-ft3/s (6940-m3/s) discharge from elevation 4455.0 feet (1357.9 m) to elevation
4465.0 feet (1360.9 m). It was noted that, as with the fixed bed model, the elevated tailwater
increased energy dissipation in the stilling basin and, thus, reduced flow velocities and wave action
downstream of the stilling basin and in the embayment.

The reservoir approach flow conditions to the crest and the crest discharge rating were also
studied. In the early phases of this design development, a 1:36 scale sectional model of the crest
was constructed to determine discharge coefficients for the crest over an extended head range
and for various depths of approach channel. Of particular concern was the shallow approach that
exists at the Pactola site. The sectional model yielded appropriate coefficients for the center portion
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of the crest. It did not, however, consider end effects or end contractions (fig. 22). Discharge
coefficients obtained from the two models are shown on figure 23. Note that agreement is generally
good, but that at higher discharges, the coefficients from the 1:60 model tend to be lower than
the coefficients from the 1:36 model. This reflects the influence of the end contractions (fig. 22)
that occur in the full structure model. A discharge rating curve for the crest that corresponds to
the 1:60 model coefficients curve is shown on figure 24.

The magnitude of reservoir approach velocities to the crest was evaluated to determine whether
there was a need for protective surfacing in the reservoir. As can be seen on figure 25, a dike
extends from the existing ground surface, which is at approximately elevation 4640.0 feet
(1414.3 m), to the new dam crest elevation of 4655.0 feet (1418.8 m). The reservoir topography
thus includes a benched reach of natural ground surface at approximately elevation 4640.0 feet
(1414.3 m) with a 0.5:1 cut down to the highway road surface. The elevation of the road surface
varies, ranging from approximately 4630.0 feet (1411.2 m) to 4620.0 feet (1408.2 m). Velocities
were measured 3 feet (1.0 m) above the topography surface for the 245,000-ft3/s (6940-m3/s)
discharge. The observed velocity field is shown on figure 26.

As shown on figure 26, the flow accelerates as it approaches the spillway structure. Velocities
over the higher ground to the left of the spillway range from 5.5 to 12 ft/s (1.7 to 3.7 m/s),
although those over most of the area range from 8 to 11 ft/s (2.4 to 3.4 m/s). The water is deeper
to the right of the spillway and, consequently, the velocities are lower. These velocities observed
ranged from 3 to 12 ft/s (0.9 to 3.7 m/s), and most of the surface was exposed to velocities in
the 3- to 7-ft/s (0.9- to 2.1-m/s) range. On both sides, localized higher-velocity areas occur in the
flow contraction zones near the spillway retaining walls (fig. 26). These areas, along with the
invert of the approach channel, are the ground surfaces exposed to the highest velocities. Velocities
as high as 25 to 30 ft/s (7.6 to 9.1 m/s) are possible over these flow surfaces. As shown on
figure 1 in the final design, protective surfacing was placed on the right cut slope approach to the
crest to prevent erosion in this area.

APPENDIX

After completion of the model study and removal of the model from the laboratory, construction
on the prototype structure showed that little waste material was available to construct the pro-
posed waste pile at the toe of the dam. Consequently, the flow-modifying influence and em-
bankment erosion protection offered by such a waste pile will not be available.

To address the potential impact of the waste pile exclusion, the findings presented in this report
were reviewed. Wave height and velocity data at the embankment face obtained with the fixed
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bed model should be conservative, and representative of design hydraulic forces for discharges
up to 125,000 ft3/s (3540 m3/s). These values are'conservative because the fixed bed model did
not include a scour hole at the toe of the spillway chute and, thus, underestimates energy dissi-
pation. These findings indicate that for discharges of 125,000 ft3/s (3540 m3/s) or less, velocities
on the embankment face would be near zero and that short-period waves with maximum trough-
to-crest magnitudes of approximately 2 feet (0.6 m) can be expected. At higher discharges, the
point between the stilling basins erodes; this modifies flow patterns near the embankment. Con-
sequently, for discharges greater than 125,000 ft3/s (3540 m3/s}, velocities on the embankment
face are expected to be greater than those indicated by the fixed bed mode!. Because the waste
pile reduces the size of the embayment, velocities at the embankment are expected to be less
than those observed along the waste pile face in the erodible bed model. Note that the waste pile
eroded during the tests and substantially decreased in size. Thus, the velocity and wave data
obtained from the erodible bed model, although conservative, probably represent the most ap-
propriate available information for the design of embankment protection for discharges greater
than 125,000 ft3/s (35640 m3/s). These data indicate maximum velocities along the embankment
face of 19 ft/s (5.8 m/s) with minimal wave magnitudes.

13






Posttion of Toilwater
Staff Gauge (Moder)

X< Ravid Creek  \
S~ Existin

surfod

3 A
e #
_
-DAM STA. 64+92 2
£/ ¢ = - iy
te s ocoess 8/ ¥ = T
io to existing I8 > 5 \)
ot shown A - e
¥ K z
. fighwol ™ %
€ Exishing toe drain outfol ditch, replace . s \
with 6"dio. aut . & -
- =y /isi1 orkis
. A o 7 . . VA

»
: !
21 )
A &"diaautfolt . ,
e /, - ) oree
-~ - 7l W \eodll 1? \—Maste disposol iy - o roodway nat $ho
E ¥ N L4450 —— ysrs //\ \
P Q“;‘,/sm_rmgs'me,m;in, repiges with Visitor S
i il bw'5ta r3zsron 6 dia auttall y/// / per y \« \
” \ s
{ Py [/ I e \\\\\\///,/.51""_\5 N
£ K
) LL/ Lower imit of siope | / MGRENRY) \\\\\\//\\ 3 \\\

Torovigial

© 7 N
y s
% rest 14655,
A R el
- Nz
( = *-
PACTOLA HESERVD/N) /
i
/ Top of active conserrotion e k @
copocity, E.4580.2
' GENERAL PLAN
100 g il % 3o \,
SCALE OF FEET =
= - n a 2 B o %o \
(\ 3 L ' A SCALE OF  METER:
\ END_TERRACE oiKe /" ()
o siAarimos | (S0

\\\\\/s 37473,

Oeg

Figure 1. — General plan of Pactola Dam and spillway.
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a. View of model from rear-left. b. View of model from rear-right.

c. Reservoir topography and spillway crest. d. Spillway crest and upper chute.

e. Tailwater topography and spillway chute.

Figure 3. — Hydraulic model, 1:60 scale.
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Figure 5. — Fixed bed tailwater velocity distribution for discharge of 62,500 ft3/s (1770 m?3/s). Velocities shown are in feet per second.
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Figure 6. — Fixed bed tailwater velocity distribution for discharge of 125,000 ft3/s (35640 m3/s). Velocities shown are in feet per second.
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Figure 7. — Fixed bed tailwater velocity distribution for discharge of 187,500 ft3/s (5310 m3/s). Velocities shown are in feet per second.
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Figure 8. — Fixed bed tailwater velocity distribution for discharge of 245,000 ft3/s (6940 m?3/s). Velocities shown are in feet per second.




a. 62,500 ft3/s (1770 m3/s). b. 125,000 ft3/s (3540 m?/s).

c. 187,500 ft3/s (6310 m¥/s). d. 245,000 ft3/s (6940 m?3/s).

Figure 9. — Fixed bed hydraulic model at various discharges.
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a. Predicted tailwater elevation.

b. Tailwater artificially elevated 10 feet (3 m).

Figure 12. — Influence of high tailwater on fixed bed flow for discharge of 245,000 ft3/s (6940 m3/s).
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Figure 13. — Model with erodible bed.
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a. 67,500 ft3/s (1770 m3/s). b. 125,000 ft3/s (3540 m3/s).

c. 187,500 ft3/s (6310 m?/s). d. 245,000 ft3/s (6940 m3/s).

Figure 14. — Operation of model with erodible bed at various discharges.
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Figure 15. — Erodible bed tailwater velocity distribution for discharge of 62,500 ft3/s (1770 m3/s). Velocities shown are in feet per second.



L€

—-——INDICATES

MAGNITUDE S

VELOCITY SCALE
o 10 20 30

° H 6 B

Figure 16
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Figure 18. — Erodible bed tailwater velocity distribution for discharge of 245,000 ft3/s (6940 m3/s). Velocities shown are in feet per second.



a. 62,500 ft3/s (1770 m?/s). b. 125,000 ft3/s (3540 m?/s).

c. 187,500 ft3/s (6310 m3/s). d. 245,000 ft3/s (6940 m?/s).

Figure 19. — Erodible bed scour at various discharges.

34



Figure 20. — Point erosion with deposition bar for discharge of
245,000 ft3/s (6940 m3/s).
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Figure 22. — End contraction of flow at crest.
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Mission of the Bureau of Reclamation

The Bureau of Reclamation of the U.S. Department of the Interior is
responsible for the development and conservation of the Nation’s
water resources in the Western United States.

The Bureau’s original purpose “to proviae for the reclamation of arid
and semiarid lands in the West” today covers a wide range of interre-
lated functions. These include providing municipal and industrial water
supplies; hydroelectric power generation, irrigation water for agricul-
ture; water quality improvement; flood control; river navigation, river
regulation and control; fish and wildlife enhancement,; outdoor recrea-
tion, and research on water-related design, construction, materials,
atmospheric management, and wind and solar power.
y .

Bureau programs most frequently are the result of close cooperation
with the U.S. Cong(ess, other Federal agencies, States, local govern-
ments, academic institutions, water-user organizations, and other
concerned groups.

A free pamphlet is available from the Bureau entitled ‘“Publications
for Sale.” It describes some of the technical publications currently
available, their cost, and how to order them. The pamphlet can be
obtained upon request from the Bureau of Reclamation, Attn D-822A,

P O Box 25007, Denver Federal Center, Denver CO 80225-0007.






