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1. INTRODUCTION 

A hydraulic model study of the proposed emergency closure of the Santee 

Cooper canal by the rockfill, end-dump method was initiated by Harza Engineering 

Company and conducted in the Hydraulics Laboratory of the School of Civil 

Engineering at the Georgia Institute of Technology. The Santee Cooper Canal 

connects Lake Marion and Lake Moultrie, the latter of which provides water supply for 

the city of Charleston, South Carolina. The canal is approximately 7 miles long and 

has steady-state flow rates up to 25,000 cfs. It has a trapezoidal cross section with a 

200-ft bottom width, side slopes of 2H:1V, and a flow depth of approximately 28ft. 

The canal invert drops about two feet in elevation from approximately El. 49 ft at Lake 

Marion to El. 4 7 ft at Lake Moultrie. 

In the event of failure of the dam forming Lake Marion, the Santee Cooper 

Canal would experience reverse flow that would drain Lake Moultrie and deprive the 

city of Charleston of its water supply. As a result, an emergency procedure is needed 

to close the canal and prevent reverse flow. Closure by the rockfill, end-dump method 

has been proposed. Because this closure would have to be accomplished under 

emergency conditions and against both a high head and flow rate, a model study with 

a scale of 1 :40 was performed to simulate the closure procedure and to determine the 

size and quantity of rock needed. A pre-placed rock weir on the invert of the canal 

across the closure site has also been proposed, and measurements of steady-state 

head losses were made for this weir. 
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This report briefly describes the modeling laws and test procedures that were 

used and then summarizes the test results. Unless otherwise indicated, results are 

given in prototype dimensions. Overhead confetti photographs which were taken 

during the model closure are presented, and a videotape recording of the simulation of 

the canal closure accompanies this report. 
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2. MODEL DESCRIPTION 

2.1 Modeling Laws 

The canal model was constructed at a geometric scale of 1 :40 as a Froude 

number model. The following scales must hold for dynamic similitude in a Froude 

number model: 

v - L1/ 2- 1/6.32 (1) 
r r 

y - L - 1/40 (2) 
r r 

Q -r 
L

5
/ 2- 1/10 119 r , (3) 

T - L1/ 2- 1/6.32 (4) 
r r 

in which Lr=the length ratio or geometric scale=1/40; Vr=the velocity ratio; Yr=the 

depth ratio; Qr =the discharge ratio; and Tr =time ratio with all ratios given as the ratio 

of model to prototype quantities. The steady-state tests were conducted at a 

prototype discharge of 25,000 cfs which corresponds to a model discharge of 2.47 cfs 

according to Eq. 3. Likewise, the maximum closure discharge of 43,500 cfs translates 

into a model discharge of 4.30 cfs. For a canal water surface elevation of 75 ft and an 

invert elevation of 47ft, a canal discharge of 25,000 cfs has a prototype velocity of 3.5 

ftjs and a corresponding model velocity of 0.55 ft/s with a model flow depth of 0. 7 ft. 

Dynamic similitude of rock movement by flowing wat.er in a Froude number 

model is achieved through the use of the gra.in Sediment Number Ns defined by 
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N - __ v __ 
s [ (S-l)gd] 1/2 

(5) 

in which V=mean flow velocity or a velocity near the bed; S=specific gravity of the 

rock; g =gravitational acceleration; and d =grain diameter. For the model and 

prototype values of the Sediment Number to be equal, we must have their ratio Nsr= 1. 

If further we have -(S-1) r = 1 and V r = L/12 for Froude number similarity, then dr = Lr from 

Eq. 5. In other words, if we use rock of the same specific gravity in model and 

prototype and we have a Froude number model, the grain diameter ratio is equal to 

the model geometric ratio of 1/40. For the Sediment Number Ns to be the sole 

criterion for rock movement, however, the rock diameter must be large in comparison 

with the thickness of the laminar sublayer. This condition was satisfied by the grain 

sizes used in the model. 

2.2 Model Construction 

The model canal was constructed inside an existing horizontal flume in the 

Hydraulics Laboratory of the Mason Civil Engineering Building. The flume is 80 ft long 

by 14 ft wide by 1.5 ft deep. An overall view of the model is shown in Fig. 1 and a 

construction layout of the canal inside the flume is shown in Fig. 2 in prototype 

dimensions. 

The canal sidewalls were constructed of 3/4-in. plywood sheets which were 

treated with a water sealant and painted. The sidewalls were supported by inclined 

braces on 2-ft centers. At_the toe, the sidewalls were attached and sealed to wooden 

toe stringers which had been sealed and anchored to the concrete floor of the flume. 

The 1:1oor of the canal coincided with the horizontal concrete floor of the flume. 
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The length of the model canal was 5~ ft to give a test section with a prototype 

length of 2240 ft. The prototype canal cross section which was modeled had a 200 ft 

bottom width and a maximum depth of 40 ft with 2:1 side slopes as shown in Section 

A-A of Fig. 2. The centerline of the pre-placed weir was located a distance of 1120 ft 

downstream of the canal entrance halfway between the canal entrance and exit. The 

prototype length of the base of the weir was 120 ft. (All water surface profiles given in 

this report will use a zero longitudinal station at the entrance of the canal test section.) 

Upstream of the canal entrance, inclined guidewalls were extended into the 

approach region to eliminate flow separation at the canal entrance. The guidewalls 

had a 2:1 sideslope and had a lateral offset of 1:2.5 (lateral to longitudinal) as shown in 

Fig. 2. Downstream of the canal exit, an exit basin was formed by the flume walls. 

The flume headtank is shown in Fig. 3. Water was pumped from the laboratory 

sump through a 12-in. diameter pipe which was directed downward and submerged in 

a stilling pool formed by a 26-in. high weir. After flowing over the weir, water first 

passed through a wooden flow straightener, which consisted of two rows of vertical 

slats with 1-in. wide openings that were laterally offset, and then through a perforated 

steel plate with 3/8-in. diameter openings on 9/16-in. centers. 

Fig. 4 shows the tailgate which was hinged about a horizontal axis at the bottom 

of the flume. It was raised and lowered by steel cables attached to a motor-driven 

shaft. Water passed over the tailgate. through a bar grate back into the sump. 

2.3 Instrumentation 

A motor-driven carriage traveled on steel rails affixed to the flume and can be 

seen in Fig. 1. A precision point gage with a scale error in the model of ±_0.001 ft was 
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mounted to the carriage for measuring water surface elevations. Both the lateral and 

longitudinal positions of the point gage could be determined from permanently 

attached steel tapes. The flume rail elevations were adjusted to be horizontal with an 

uncertainty of ±0.001 ft (model) using a precision surveying level. These scale errors 

combined with the uncertainty in touching the flowing water surface with the point gage 

resulted in an estimated uncertainty in measured water surface elevations of ±0.1 ft 

(prototype). 

Water was supplied to the canal from three pumps which pump directly from the 

laboratory sump and are connected in parallel from the sump to a common 12-in. 

diameter header pipe. The flow rate is controlled by a 12-in. diameter gate valve 

downstream of the header pipe. The higher prototype flow rate of 43,500 cfs was 

produced by two identical pumps (#2 and #3) pumping together in parallel, while the 

lower flow rate of 25,000 cfs was supplied by pump #1 pumping alone. Each pump 

has its own 6-in. diameter bend meter calibrated by a large weighing tank in the Old 

Civil Engineering Building. In addition, the 12-in. diameter pipe which supplies the 

horizontal flume has an 8-in. diameter orifice meter that has been calibrated both 

indirectly with the bend meters and directly by the weighing tank. The standard error 

of estimate for these calibrations results in an uncertainty of less than one percent in 

the measured flow rates over the range of test discharges used in this study (10,000 to 

43,500 cfs). 

Overhead confetti photographs of the flow patterns through the closure dam at 

various stages of the closure process were taken by a camera mounted on an 

overhead cantilever beam. Polaroid prints and negatives were used to obtain an 
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immediate decision on the acceptability of a particular photograph so that it could be 

repeated if necessary. The exposure time for the confetti photographs was one 

second. 

2.4 Closure Rock Properties 

The model rock used in the study was crushed granite supplied by Vulcan 

Materials of Atlanta. It had a specific gravity of 2. 77 and was angular. It was supplied 

in standard sieve size ranges as obtained by standard sieving procedures used in the 

crushing plant quality control department. The sieve size ranges which were available 

are given in Table 1. The rock size of each rock size class d1 was calculated as the 

geometric mean sieve diameter. 

TABLE 1.-Ciosure Rock Sizes 

d1 
d2 
d3 
d4 
d5 

Sieve Size. in. 

0.5-0.75 
0.75-1.0 
1.0-1.5 
1.5-2.0 
2.0-2.5 

2.5 Model Test Procedures 

Geometric Mean Diameter 
Model. in. Prototype. ft 
0.61 2.0 
0.87 2.9 
1.22 4.1 
1.73 5.8 
2.24 7.4 

The steady-state head loss tests were conducted for two nominal weir heights 

of 5 ft and 10ft. The pre-placed rock weir was constructed of rock d4 in Table 1 with 

a geometric mean diameter of 5.8 ft. The 5-ft weir consisted of one rock layer hand-

placed on hardware cloth that was attached to the concrete flume floor. The 10-ft weir 

height was obtained by leveling off the top of the built-up rock weir with a long straight

edge set at the 1O-ft height. 
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The steady-state test discharge of 25,000 cfs was set with the gate valve and 

the tailgate was adjusted to obtain the tailwater elevation indicated by the tailwater 

rating curve. Water surface elevations were then measured at 160 ft intervals ( 4 ft 

model) with the point gage over the 2240 ft long canal test section. The head loss 

tests for the 5-ft weir were conducted for tailwater elevations of 74, 75, and 76ft, while 

tailwater elevations of 68, 70, 72, 74, 75, and 76ft were used for the 10-ft weir. 

The closure test procedure was devised by Harza Engineering Company based 

on the tailwater and headwater rating curves shown in Fig. 5 for reverse flow. The 

downstream control was assumed to be critical depth at Lake Marion to obtain the 

tailwater rating curve at the closure location. The headwater rating curve was 

calculated as the headwater at the closure location that would result in an assumed 

water surface elevation of 76.5 ft in Lake Moultrie for a given discharge. At the 

intersection of the two rating curves at 43,500 cfs, the headwater elevation is equal to 

the tailwater elevation at the closure location implying no head differential before 

closure starts. 

Closure was begun at 0=43,500 cfs by slowly dumping 5 to 10 rocks at a time 

from 4-in. wide (model) shovels simultaneously on both sides of the 5-ft high pre

placed rock weir. The smallest rock d1 was used first and a rock dam was gradually 

built up on each side until the headwater raised no more than 1.5 ft above the rating 

curve or until the given rock size was no longer stable after being deposited in the 

flowing water. When this stage was reached, the discharge was decreased and the 

tailwater was adjusted according to the tailwater rating curve. Rock dumping then 

proceeded as before with the next larger size rock when necessary. The closure 
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process was completed in this way by a series of placement steps as shown in Fig. 5. 

For a given discharge, the data points indicate the lower headwater at the beginning of 

rock placement and the higher headwater at the end of rock placement. This 

procedure approximates the actual headwater and discharge response by a sawtooth 

step function centered around the calculated headwater rating curve. The closure 

process was essentially complete after 8 placement steps. 

At the end of each closure step, overhead confetti photographs of the flow 

through the closure dam were taken. The point gage was used to measure the 

boundaries of rock placement zones in the cJosure dam as the closure progressed. 

9 



3. MODEL RESULTS 

3.1 Steady-State Head Losses 

All steady-state head loss measurements were taken for a discharge of 25,000 

cfs. Water surface profiles for the 5-ft weir are shown in Figs. 6 and 7 for tailwater 

elevations of 7 4, 75, and 76 ft. Figs. 6 and 7 are for two separate but identical runs 

that were made to determine the repeatability of the measurements. There is no 

apparent drop in water surface elevation due to the weir which is located between 

stations 1060 ft and 1180 ft. This can also be observed in Figs. 8 and 9 which show a 

close-up and an overall view of flow over the 5-ft weir. 

The measured water surface profiles for the 1O-ft weir are given for tailwater 

elevations of 74, 75, and 76ft in Fig. 10 and for 68, 70, and 72ft in Fig. 11. A 

dashed horizontal line is shown through the measured water· surface elevations 

upstream of the weir to indicate the mean upstream water surface elevation. The 

mean upstream water surface elevation increases relative to the downstream water 

surface elevation as the tailwater decreases. A close-up view and an overall view of 

flow over the 1O-ft weir are shown in Figs. 12 and 13 for a tailwater elevation of 75 ft, 

and in Figs. 14 and 15 for a tailwater elevation of 68 ft. The disturbance of the free 

surface downstream of the 1O-ft weir is quite noticeable for the lower ta.ilwater elevation 

of 68ft. 

Head losses were determined from the energy equation and the measured 

water surface elevations. The energy equation written between points 1 and 2 in the 

canal, taken at the canal entrance and exit, respectively, is given by 
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v2 
ws1 + 

1 
- ws + 2g 2 

(6) 

in which WS1 =upstream water surface elevation; WS2 =downstream water surface 

elevation; V1 =upstream velocity; V2 =downstream velocity; and ht =total head loss. 

(The kinetic energy flux coefficient has been assumed to be 1.0.) Equation 6 can be 

used directly to calculate the head loss from measured water surface elevations, but 

some simplification is warranted. First, for the minimum tailwater elevation of 68 ft, the 

change in velocity head is a maximum and is less than 0.01 ft (prototype) and is 

therefore negligible. Second, the head loss term consists of both the boundary 

resistance loss and the minor loss due to the rock weir. The boundary resistance loss 

can be calculated and subtracted from the total head loss to obtain the minor loss 

alone. However, the maximum calculated boundary resistance head loss from water 

surface profile cor:nputations was found to be approximately 0.1 ft which is the same 

order of magnitude as the uncertainty in the water surface elevations (±0.1 ft). 

Therefore, to be on the conservative side, the boundary resistance head loss was not 

subtracted. The head loss from Eq. 6 then becomes simply the change in water 

surface elevation upstream of the rock weir and very far downstream of the weir. The 

upstream water surface elevation was taken as the mean value of the six 

measurements upstream of the weir and the downstream water surface elevation was 

taken to be the measured tailwater elevation at the canal exit. The head loss is then 

the difference between these two water surface elevations and is given in Table 2 for 

the 10ft-weir. 
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TABLE 2.-Steady Flow Head Losses for 1O-ft Weir; Q = 25,000 cfs 

Tailwater 
Elevation. ft 

68.0 
70.0 
72.0 
74.0 
75.0 

Tailwater 
Depth. ft 
21.0 
23.0 
25.0 
27.0 
28.0 

Prototype 
Head Loss. ft 
0.76 
0.47 
0.35 
0.16 
0.09 

The head loss determined for a tailwater elevation of 76 ft is too small to be 

reliably measured and is not included in Table 2. These head losses are plotted in Fig. 

16 as a function of tailwater elevation and a best-fit curve through the data points is 

shown. These measurements indicate that the head loss for the 1O-ft weir is no more 

than 0.1 ft at a tailwater elevation of 75 ft, but that it increases significantly as the 

tailwater drops. 

In analyzing the water surlace profiles for ~he 5-ft weir in Figs. ·6 and 7, it 

became apparent that the head loss is less than the measurement uncertainty in the 

water surlace elevations. Therefore all that can be concluded is that the head loss for 

the 5-ft weir is less than 0.1 ft for tailwater elevations of 74, 75, and 76ft. 

3.2 Closure Results 

The sizes of rock used in each placement step are summarized in Table 3. 

Headwater elevations at the beginning and end of each placement for a given 

discharge are also given. These were previously shown in Fig. 5. 
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TABLE 3.-Headwater Elevations at Beginning and End of Each Rock Placement. 

Pla~em~nt Q.cfs Rock Dia.~ tt HW EL1 ft HW ELift TW ELl ft 
No. Start End 
1 43500 d1 2.0 74.0 75.6 73.5 
2 38000 d1 74.5 75.9 71.9 
3 33000 d1 74.4 75.5 70.4 
4 28000 d2 2.9 73.6 76.1 68.7 
Sa 23000 d2 73.7 74.8 66.8 
5b 23000 d3 4.1 74.8 76.8 66.8 
6 18000 d3 74.4 77.1 64.8 
7 13000 d3 73.6 76.7 62.4 
8 10000 d4 5.8 74.0 76.5 60.8 

The horizontal extent of each rock placement zone and the particular rock size 

used can be observed graphically in the closure dam cross section shown in Fig. 17. 

The final closure was completed with rock d4 with a diameter of 5.8 ft, but only a small 

volume of this large stone was required as shown in Fig. 17. The actual closure was 

stopped at 1 0,000 cfs when it became apparent that complete closure could be 

achieved by further building up the bottom of the remaining V-notch gap without 

further increases in stone size. 

Confetti photographs at the end of each placement step are shown in Figs. 18 

to 25. The upper part of each figure is a photograph of water flowing without confetti 

to show clearly the lateral extent of the closure dam, while the lower photograph 

shows the streamline pattern traced out by the confetti particles for the flow through 

the constriction formed by the closure dam. Flow is from left to right in each figure. 

The streamline patterns show very clearly the increasing curvature due to flow 

contraction through the notch between the two opposite closure dikes as closure 

progresses. In addition, the streamlines show some seepage through the rock dikes 

as closure progresses. A few rocks can be seen downstream. They were moved 
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there by the flow during hand placement as the threshold of movement for a particular 

rock size was approached. 

As a means of determining repeatability of the closure process, all rocks larger 

than a diameter of 2.9 ft (d2) were removed from the closure dam, and the closure 

process was begun again in a separate test with rock d3 and placement no. 5b. In 

this test it was possible to achieve complete closure with rock d3 (dia. =4.3 ft) without 

using the next larger size. This result was obtained possibly because the nose of each 

closure dike was angled upstream more severely during the rock placement than in 

the previous test. 

The final closure dam contours are shown in Fig. 26 and a photograph of the 

final closure dam can be seen as Fig. 27. There is a preponderance of the larger size 

rock on the upstream side of the dam near the flow centerline where the noses of the 

two closure dikes were brought together. 

Seepage tests were run at the end of the second test and results are shown in 

Table 4. These results indicate a substantial amount of seepage through the rock 

dam. 

TABLE 4.-Seepage Capacity of Rock Dam 

O.cfs 

10,000 
13,000 

HW EL. ft TW EL. ft 

70.4 60.8 
77.3 62.4 
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4. CONCLUSIONS 

It is concluded from the steady flow head loss tests at a=25,000 cfs that the 

head loss across the 5-ft weir was considerably less than 0.1 ft and was not 

measurable for tailwater elevations of 7 4, 75, and 76 ft. Head losses for a= 25,000 cfs 

with the 10-ft weir were approximately equal to 0.1 ft for a tailwater elevation of 75ft 

and increased rapidly as the tailwater decreased reaching a value of nearly 0.8 ft for a 

tailwater elevation of 68ft. 

The closure test was successful. Closure was begun with a rock having a 

geometric mean diameter of 2.0 ft at a= 43,500 cfs, continued with rock sizes of 2.9 ft 

and 4.1 ft, and was completed with a relatively small volume of 5.8-ft diameter rock. 

The test results clearly indicate the volume of each rock size required to complete the 

closure. The closure process was shown to be repeatable, although a slight 

dependence of the final closure on the upstream angle of the nose of the closure dikes 

was observed. The best method _for placing the rock was to gently push it over the 

edge of the closure dike at an upstream angle of approximately 45 degrees relative to 

the flow direction. A substantial seepage flow occurred through the rock dam itself. 
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5. APPENDIX: Figures 
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Fig. 1-0verall View of Santee Cooper Canal Model 
Looking Upstream 
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Fig. 3-Head Tank and Flow Straighteners 
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Fig. a-Close-Up View of Flow (Right to Left) Over 
5-ft Weir; Q = 25,000 cfs; Tailwater Elevation= 75 ft 
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.. 
Fig. 9-0verall View of Flow Over 5-ft Weir Looking 
Downstream; Q = 25,000 cfs; Tailwater Elevation= 75 ft 
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Fig. 12-Ciose-Up View of Flow (Right to Left) Over 
10-ft Weir; 0=25,000 cfs; Tailwater Elevation=75 ft 
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Fig. 13-0verall View of Flow Over 10-ft Weir Looking 
Downstream; Q = 25,000 cfs; Tailwater Elevation= 75 ft 
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Fig. 14-Ciose-Up View of Flow (Right to Left} Over 
1O-ft Weir; Q = 25,000 cfs; Tallwater Elevation= 68 ft 



Fig. 15-0verall View of Flow Over 1O-ft Weir Looking 
Downstream; Q = 25,000 cfs; Tailwater Elevation= 68 ft 
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Fig. 18-0verhead View of Flow (Left to Right) Through 
Closure Constriction at End of Placement No. 1 
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Fig. 19-0verhead View of Flow (Left to Right) Through 
Closure Constriction at End of Placement No. 2 
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Fig. 20-0verhead View of Flow (Left to Right) Through 
Closure Constriction at End of Placement No. 3 
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Fig. 21-0verhead View of Flow (Left to Right) Through 
Closure Constriction at End of Placement No. 4 
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Fig. 22-0verhead View of Flow (Left to Right) Through 
Closure Constriction at End of Placement No. 5 
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Fig. 23-0verhead View of Flow (Left to Right) Through 
Closure Constriction at End of Placement No. 6 
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Fig. 24-0verhead View of Flow (Left to Right) Through 
Closure Constriction at End of Placement No. 7 
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Fig. 25-0verhead View of Flow {Left to Right) Through 
Closure Constriction at End of Placement No. 8 
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Fig. 27 -Overhead View of Final Closure Dam 
(Upstream on Left Side) 
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