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PREFACE

The model investigations reported herein were authorized by the
Office, Chief of Engineers (OCE), U. S. Army, on 29 April 1974, at the
request of the U. S. Army Engineer District, Jacksonville. The studies

were conducted in the Hydraulics Laboratory of the U. S. Army Engineer
,-—“_\

Waterways Experiment Station (WES), during the period March 1975 to

November 1975, under the general supervision of Messrs. H. B. Simmons,

\———‘__..»—. -
Chief of the Hydraulics Laboratory, and J. L. Grace, Jr., Chief of the

Structures Division. The tests were conducted by Messrs. N. R. Oswalt,
H. H. Allen, and W. A. Welker under the supervision of Mr. G. A.
Pickering, Chief of the Locks and Conduits Branch. This report was
prepared by Mr. Oswalt.

Mr. Sam Powell of OCE; COL Emmett C. Lee, District Engineer,
Jacksonville, COL Donald A. Wisdom, District Engineer, Jacksonville,
Mr. James L. Garland, Chief of Engineering Division, Jacksonville,
and Messrs. Bill Robinson, Charlie Osborne, and Bob Bullock of the
Jacksonville District visited WES during the study to observe model
performance, discuss test results, and correlate these results with
concurrent design work.

Directors of WES during the study and the preparation and publica-
tion of this report were COL G. H. Hilt, CE, and COL John L. Cannon,

CE. Technical Director was Mr. F. R. Brown.
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CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (SI)

UNITS OF MEASUREMENT

U. S. customary units of measurement used in this report can be con-

verted to metric (SI) units as follows:

Multiply

inches

feet

miles (U. S. statute)
feet per second

cubic feet per second

pounds (mass) per cubic
foot

RS - A
25.4

0.30k48
1.6093kk4
0.30u48
0.02831685
16.01846

To Obtain

millimetres

metres

kilometres

metres per second

cubic metres per second

kilograms per cubic
metre
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MODEL STUDIES OF THE PORTUGUES AND BUCANA RIVERS
CHANNELIZATION, PUERTO RICO

Hydraulic Model Investigation

PART I: INTRODUCTION

The Prototype

1. Portugues and Bucana Rivers originate on the southern slopes
of the Cordillera Central Mountains in Puerto Rico and flow from this
central ridge of the island south to the Caribbean Sea at Ponce, the
second largest city in Puerto Rico (Figure 1).

2. The authorized plan of improvement consists of two multi-
purpose lakes, diversion of the Portugues River to the Bucana River in
the city of Ponce, and channel ‘improvements on both rivers as shown
in Figure 1. The plan would provide essentially standard project flood
protection, a dependable surface-water supply for Ponce and surrounding
area, and full public use of the recreational facilities surrounding the
lake. The dams would be rock-filled, with uncontrolled overflow spill-
ways located in the saddle on the east side of the Cerrillos Dam and in
the west abutment of the Portugues Dam. Outlet works would include an
intake tower and outlet conduit.

3. There are no provisions for maintaining any flow in the old
Portugues Channel downstream of the diversion channel. The lakes
are referred to as Lago de Portugues (Lake Portugues) and Lago de
Cerrillos (Lake Cerrillos). The channel improvements in Ponce include
enlargement of about 5.7 miles* of the Bucana River; enlargement of
about 2.1 miles of the Portugues River; and a diversion channel about

1.3 miles in length connecting Portugues River to the lower Bucana

River.

* A table of factors for converting U. S. customary units of measure-
ment to metric (SI) units is presented on page 3.
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Existing Problems

k., The flood problem in Ponce is among the most serious in Puerto
Rico. Damaging floods occur almost annually and severe floods are
expected about every 5 years. The flood of October 1970 was the last
major flood of known significance until that caused by Hurricane Eloise
in September 1975, during this model-testing period. More than 6000 per-
sons in Puerto Rico (1500 in Ponce) were reported driven from their
homes; and at least seven deaths and extensive damage resulted from
Eloise. Of more significance than loss of property is the threat to
human life. During major floods, the entire coastal porﬁion of the
basin from Ponce to the Caribbean Sea is inundated. In some areas of
Ponce, depth of flooding during a standard project flood would exceed
6 ft. Advance warning of such a flood could be as little as 4 hr, thus

precluding safe evacuation of the populace.

Purpose and Scope of Model Investigation

5. Two models were considered necessary to verify the adequacy of
and develop desirable modifications to the transitions from the trape-
zoidal to rectangular Portugues and Bucana Channels, the stilling basins
and transitions at the downstream ends of the concrete channels, and
the drop structures in the earth channels. One model was used to study
the transitions and stilling basins including riprap stability down-
stream from several Portugues and Bucana Channel basins.

6. The second model was used to study the flow conditions at all
drop structures in the Bucana Channel and also one Bucana transition

and stilling basin.




PART II: THE MODELS

'.\':‘-\‘l‘ik‘( ion

T. A 1:30-scale model (Figure 2a) reproduced 3300 ft (prototype)
of test channel including both trapezoidal and rectangular sections.
Initially, this model represented the Bucana Channel between sta 131+20
and 164+00 (Plate 1); and later it was used as a typical channel reach
to study the transitions and stilling basins, including riprap stability
downstream from the dbasins.

8. The second model (Figure 2b) was also constructed to a
1:30 scale and reproduced about 1200 ft of the 150-ft-wide Bucana
Channel for studying the drop structures and the adlacent riprap pro-
tection requirements (Flate 2). The trapezoidal sections of both mcdels
vere molded in sand and cement mortar to sheet-metal templates initially
to test the original structures within the channel. All transitions,
stilling basins, rectangular channel sections, and drop structures were
made of plastic-coated plywood and some sheet metal. Riprap replaced
the cement mortar in later tests to determine the riprap protection
requirvements with the recommended structures. Filter cloth was placed
between the sand and the graded riprap for all riprap tests. The grada-
tions of riprap simulated and tested in the model compare with those
based on Fngineer Technical Letter 1110-2-120* for 165 1b/cu £t riprap
placed in the dry with a 1.0 P[ maximum thickness.

00

Appurtenances

9. Discharges were measured with venturi meters; water-surtace
elevations and sand and riprap scour depths were obtained with point
gages; and velocities were measured with a pitot tube. Steel rails set
t

o grade along the sides of the flume provided a reference plane for

* Office, Chief of Engineers, Department of the Army, "Additional
Guidance for Riprap Channel Protection," Engineer Technical
Letter 1110-2-120, Incl 1 (page 3 of T), 1% May 1971, Washington,
D. C.
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£y measuring devices. Tailwater elevations were regulated by mears of a
gate at the downstream end of the flume.
Scale Relations
10. The accepted equations of hydraulic similitude, based on
Froudian relations, were used to express mathematical relations between

the dimensions and hydraulic quantities of the model and prototype.
General relations for transference of model data to prototype equiva-
Tanta are as "\'1\ W
ients are as f{ollows:
Dimension Ratio Scale Relations
Length 1 L, = 1:30
R
\rea lé A, = 1:000
Y 25
o % L/ & = ), reew
Velocity Lo V. = L5477
N n
§
i 1/2 \
s Time ek T, = 1:5.477T
| 3 n
| c/n
| . L. —- 5 \, ~
i Discharge Yy Qp = 1:%,929.50
! N
Weight L. W, = 1:27,000
o n
11. Model measurements of discharge, water-surface elevations,
and velocities can be transferred quantitatively to prototype equiva-

;

.

lents by means of

experimental data available

the preceding scale relations.

indicate

S $
Also, the limited

*the

that

the prototype-to-model
scale ratio is valid for scaling riprap in the sizes used in this
& rrat
investigation. Evidences of sand scour, however, are considered only
& :

qualitatively reliable, since
quantitatively in a model the
sentativ

of bed material repre

18 1

i t }‘\‘55 ib 1 e to rep !\‘\i‘\l\‘ <

same ratio of flow depth to the diameter

e of the prototype.
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PART III: TESTS AND RESULTS

Bucana Channel Drop Structures 1-k

12. Tests to determine the adequacy of the Bucana Channel drop
structures 1-4 (Plate 2) were conducted in the facility shown in Plate 3
and Figure 2b. For expediency, the initial test channel was covered
with grout in lieu of riprap. The channel riprap requirements were
determined in later tests after the optimum drop structure design had
been developed.

Drop structure 1

13. 1Initial tests conducted with drop structure 1 (Photo 1,
Bucana Channel sta 213+20) indicated that a satisfactory hydraulic
jump could be maintained in the basin with the design flow of 27,800 cfs
(Photo 2). The model water-surface profile and computed water-surface
profile along the center line of the channel and 66 ft each side of the
center line were in close agreement (Plates L4-6).

14. Performance curves obtained for drop structure 1 throughout
the range of expected operation (Plate T) indicated that the original
design structure would provide a satisfactory drop in water surface
without increasing downstream velocities or creating adverse flow pat-
terns. Photographs of the flow conditions observed with the design
flow of 27,800 cfs and a range of tailwaters beyond those expected are
provided in Photo 3. Both upstream and downstream velocities for the
original design are provided in Plates 8 and 9.

15. Although satisfactory performance was obtained with the
original design, baffle blocks were tested in the basin to determine
if they would strengthen the jump and reduce velocities downstream. No
improvement to flow conditions was realized with baffle blocks in the
relatively short basin; therefore the original design drop structure 1
(Plate 2) was recommended.

Drop structure 2

16. Performance curves obtained throughout the expected range of

operation (Plate 10) indicated that the original design structure would

10
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provide a satisfactory drop in water surface without increasing down- ‘

stream velocities or creating adverse flow patterns. Photos ha and Lb
show pertormance with the design flow of 24,700 c¢f's and normal tailwater
elevation of 90.5 and a low tailwater elevation of 93.k4, respectively.
A center-line water-surface profile and velocities measured 15 ft up-
stream and 75 't downstream of the structure are provided in Plates 11

| and 18, Based on the good performance obtained within the range of ex-
pected tailwaters, no moditications were recommended to the original

Al

design drop structure 2,

2

Drop structure 3

17. Performance curves obtained throughout the expected range of

operation (Plate 13) indicate that the original design structure 3 would

.

provide a satisfactory drop in water surface without increasing down-

stream velocities or creating adverse flow patterns. Photos Sa, b, und
S¢ show flow conditions with the design flow of 2L, 700 cf's and tailwater
elevations of 103.2 (forced Jump), 10k.5 (good Jump), and 108.6 (sub-
merged Jump), respectively. A center-line water-surface profile and
velocities measured 15 f't upstream and 75 f't downstream of the structure
are provided in Plates 14 and 15. Based on the good performance ob-

| tained within the range of expected tailwaters, no modifications were
recommended to the original design drop structure 3.

Drop structure b

18, Performance curves on drop structure 4 (Plate 10) ror the
full range of expected flows up to 24,700 cfs indicated that the

original design would provide a satisfactory drop in water surface
without creating a signitficant increase in downstream velocities. How-
ever, a mild eddy did develop with the normal tailwater and reduced

! velocities in each side of the drop structure. This intermittent oddy
occurred on each side of drop structure h as sketched in Figure 3 with
tailwaters 0.5 £t or more above the normal tailwater. This created re-
verse t'low, reduced the eftective width of drop structure, and created
higher velocities in the remaining width of structure. Photographs of 4
good and bad flow conditions with the original design and a discharge

of 24,700 efs are shown in Photo 6.

Ll
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3 19. The eddies observed at tailwater elevations of 0.5 't or i
more above normal with drop structure 4 (Photo 6b) were attributed to %
the abrupt approach walls and the related tailwater elevation. There- ?
fore modifications to the original approach walls were tested to pre-
vent occurrence oft these eddies. Various semicircular, curved, and
straight walls were tested. Design 4, shown in Plate 17, consists of

.

a 35~1't upstream extension of the approach walls on each side with a

15-1't radius at the abutments. This design prevented the eddies and
reduced the maximum downstream velocities. A comparison of the original

design and design I velocities (Plate 18) shows the improved flow dis-

tribution and reduced velocities near the invert with design 4. Walls {
shorter than 35 't were not as effective in improving flow conditions.

Water-surface profiles of the original design and design 4 are shown

in Plates 19 and 20, respectively. FPhotographs of flow conditions with
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design 4, a 24,T700-cfs design flow, and tailwaters of 116.8 and 119.
are shown in Photo T.

20. Unfortunately, the design 4 structure increased hydraulic

velocities relative to those with the original

would require costly additional protection up-

fore the original basin design was favored

CONCRETE
r}"‘:‘. -t ” <

2

Figure 4. Drop structure 4, design U4, type 1 riprar
plan (looking downstream)

Riprap Requirements Adjacent to Drop
Structures, Bucana Channel

21. Two riprap plans were developed for the four Bucana drop
structures. The largest drop structure (1) with the highest design

flow of 27,800 crs required riprap protection plan 10 (Plate 21).

(5]
P

and

Drop structures 2, 3, and 4 with a design flow of 2L, 700 cfs required

riprap protection plan 8 (Plate 22).




. he t e O riprap plan recommended for drop structures 2, =
and 4 was not recommended for drop structure 1 because the 4=in. ripraj
ipstream of the structure failed as shown in Photo 6. Any appreciable
movement of riprap in model tests was considered failure. Som O-in.
riprap upstream of the tructure moved after the h-in. riprap had f ed
in a previous test; however, -tt-lon rizontal blanket 3O-1in.
riprap plar )) of the tructure wa table (Photo 9). Deposition ¢
odel nd and riprap downstream of the upper sill resulted after ¢ }

test and indicated that maintenance will probably be required after the

our drop structures. The deposition of sand and

and loose stone in the structure downstream of the

Figure 5. Deposits of sand and stone in drop structure k

after 30-min (prototype) operat ion with ¢ ?., (00=cf's flow
did not reduce the structure's performance and is probably typical of
deposition to be expected during prototype design flows.

Photo 10 shows the recommended riprap design O for droj
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structure 4 taken after the design flow. This condition is typical of

that expected at drop structures 2, 3, and k.

High-Velocity Channel Alignment and
Transitions Design, Bucana Channel

2k, Tests in the high-velocity reach of Bucana Channel between
sta 164+00 and 131+00 were conducted to determine the adequuacy of the

original design channel alignment, transition, and stilling basin. Al-

S

though the original channel retained the design flow of 28,000 cfs within

the vertical walls as shown in Photo 11, the turbulence and standing
waves generated in the original transition (Photo 12) were improved by
design 2 (Plate 23). This modification shortened the transition, re-
mained within the original channel right-of-way, streamlined the flow,
and lowered the water surface. A water-surface profile obtained along
the center line of the original channel is provided in Plate 2k, Tests
with the design 2 transition between sta 157+48 and 154420 indicuted
improved flow conditions. The entire Bucana Channel water surface be-
tween sta 139+00 and 154+00 was lowered an average of 2 ft, and the
surface reflected waves were greatly reduced as shown in Photo 13.
However, an increase in water level of 2 to 3 ft resulted upstream of
the design 2 transition, Modifications to the transition shown in
Plate 25, design 3, lowered the water surface upstream and retained
the improved flow conditions. Flow conditions with the design 3
transition are shown in Photo 1b and a water-surface profile is pro-
vided in Plate 26. The design 3 transition is recommended for the

prototyve.

Bucana Stilling Basins

25. The original stilling basin produced an irregular or oblique
hydraulic Jump with flows from 5,000 to 28,000 cfs and expected tail-
waters. The toe of the jump was approximately 150 ft upstream of the
horizontal apron as shown in Plate 27. Although the inflow was

reasonably balanced at the basin entrance (sta 130+4L0), as shown by

15




the velocities in Plate 28, an

the jump. With the toe of the

bat'f'le blocks were inetf'ticient
yf the basin (Plate

8

hydraulic Jjump.

imbalunce «

Jump so far

and the maximum velocities

drawdown and surface waves downstream from

water-surface profile in Plate

tion, the vertical end sill was
invert, which extended a distance of 54 f't

26. It became apparent aft

blocks and a low end sill were
throughout the entire range of

sizes and locations were

located U5 't downstream on the

29. In an

o

flow occurred at the toe of

upstream (Figure 6), the

downstream

28) were greater than they would be with a stable

W . e \ 1 4 o, . 5
The original 5.4=ft-high end sill caused excessive

the basin as shown by the

ffort to improve this condi-

replaced with a 1V-on-10H upsloping

downstream from the basin.

tests that both baffle

esgential for good basin performance

expected flows. Several baffle block

ffound that o-ft-high barfles

apron with a 3=ft-high end




sill located 90 f't downstream were best for the design flow. This de-
sign permitted a reduction of 48 ft in the original 138-ft length of
parallel wall section. This, however, did not eliminate eddies with
the intermediate and low discharges that allowed the jump to move up-
stream into the flared wall section. Further improvements in stilling
basin B-1 were realized by modifying the invert slope in the flared
wall section.

2T. The design 5 stilling basin B-1 (Plate 30) produced satis-
factory flow conditions for the full range of expected discharges. Good
energy dissipation resulted in the basin as shown in Photo 15 with
normal tailwaters and flows of 5,000, 10,000, 15,000, 20,000, 25,000,
and 28,900 cfs (design flow).

28. A test was conducted to check the effect of the B-1 stilling
basin being partially plugged with debris and indicated that a buildup
of bed material will occur on the right side of the channel without
adversely affecting flow conditions and riprap stability. Figure T
shows the B-1 stilling basin after 30 min of simulated prototype flow
with sand and debris introduced upstream of sta 160+00.

Original design B-2

29. Results of tests conducted with the original designs of
Bucana stilling basins B-2 and B-3 indicated the necessity to modify
the end sills and the channel bottom immediately downstream to accommo-
date design flows. The original B-2 and B-3 end sills were vertical
and 8.0 ft and 8.3 ft high, respectively. According to the most recent
hydraulic design guidance,* the end sill heights for both B-2 and B-3
should be 0.5 Dl' This would yield end sill heights of 2.5 to 3.0 ft.
Sloping end sills are preferred to vertical or stepped end sills be-
cause of their self-cleaning tendency which reduces damage from trapped
rock ana other debris. The baffle blocks in both basins are located
and sized in accordance with the above-referenced design guidance.

30. Photo 16 of the original B-2 basin was taken before

* U, S. Army Engineer Waterways Experiment Station, CE, "Report of
Hydraulic Design Conferences, 1971-1972," page 6, Dec 1973, Vicksburg,
Miss.
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{ Figure 7. Sand and debris in stilling basin B-1 after 30-min
(prototype) operation with design flow 28,000 cfs

operating the model and Photo 17 shows the basin with the design flow ot
28,400 cofs. Failure of the original design 2b=~in. riprap is shown
in Photo 18. Lowering the end sill and exit channel as discussed in
paragraph 32 prevented movement of the Oh=in. riprap. A weak hydraulic
Jump formed in the basin, although velocities downstream were not
equally distributed across the channel (FPlate 31). Also, there was a
considerable drawdown of the water surface immediately downstream from
the end sill (Plate 32). The unequal distribution of velocities was
attributed to the transition upstream between sta 188402.8 and 187+00,
and the drawdown in water surface was attridbuted to the high end sill.

Original design B=3

31. Photo 19 of the original B=3 stilling basin was taken before
operation of the model and FPhoto 20 was taken with the design flow

22,700 efs. Velocities measured downstream from the basin are shown

in Plate 33 and a water-surface profile is shown in Plate 34. The
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Therefore, the least costly bottom slope should be selected for the pro-
totype. The water-surface profile and maximum velocities observed with |

the recommended B-2 basin are provided in Plates 36 and 37, respectively.

Recommended design B-3

W, Plate 38 contains the recommended design for the B-3 stilling
basin. Maximum velocities (Plate 39) and the water-surface profile

\ . . s . 2 .
(Plate 40) observed with the design discharge indicated good performance

with the recommended B-3 basin.

Portugues Channel Stilling Basins P-1 and P-2

Q6

35. A review of the Portugues Channel stilling basins P-1 and P-2
indicated that the original designs were structurally similar to the
Bucana basing; and although the unit discharges were lower, relative
modifications could be made for basins P-1 and P-2 based on test results
of basins B-1, B-2, and B=3. The proposed modifications for stilling

~

basins P-1 and P-2 are provided in Plates 41 and 42, respectively.

Riprap Protection for Various Reaches
of Bucana Channel

36. Tests were conducted to determine the minimum riprap require-
ments downstream from Bucana stilling basin B-1l and upstream from the
transition at sta 157+81. Initial tests were conducted with 18-in.
riprap sloped up 1V on 25H to the natural channel invert. Failure of
this riprap occurred with the design discharge as shown in Figure O,
The 18-in. riprap was replaced with 2h-in. riprap, dut again failure oc-
curred with the design discharge. A 30-in. riprap dblanket was required
to remain stable on the 1V-on-25H upslope downstream of the recommended
B-1 basin; however, a 2h=in. riprap blanket was adequate protection
when placed horizontally at el 11.5 downstream of the recommended dbasin
design shown in Plate 43. This plan is recommended for prototype use.
Photo 21 shows the model after l-hr (px'otot.\'p:‘\ operation with the
design flow of 28,900 cfs and indicates that the 18-=in. riprap on the

side slopes and the 2h=in, riprap on the invert will be stable although
&

the natural channel bottom is likely to be scoured as was the model
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ion method "A" from Engineer

recon

in the prototype to protect against possible scour of the natural invert.
3T. The original riprap prote.iion upstream of transition de-

sign 3 (Plate 44 and Photo 22) was exposed to the design flow for & hr
(prototype), causing some movement of the sand bottom and loose stor
without actual failure or damage to the 18-in. riprap bottom or slopes
(Photo 23). The original riprap protection plan (Flate Lk) withstood
O-hr additional exposure with 28,000 cf's without damage and is therefore

recommended for the prototype.

e . o ‘ X . 1 § R LL) O L B
*® Office, Chief of Engineers, Department of the Army, "Hydraulic
. " N

of Flood Control Channels," Engineer Manual 1110-2-1601, 1 Jul 1970,

)

Washington, D. C.
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PART 1IV: DISCUSSION OF RESULTS
38. Tests to determine the adequacy of the channel improvements
on both Bucana and Portugues Rivers indicated that the original design
with certain modifications would effectively transmit all expected
flood conditions up to the standard project flood and releases from the
Fortugues and Cerrillos Dams.

39. Eddies tended to occur with tailwaters above normal at design
flows with Bucana drop structures 1, 2, and 3. Although mild eddying
did develop with Bucana drop structure 4 at normal tailwater and the
design flow of 24,700 cfs, the preventive measures to improve the down-
stream performance increased hydraulic capacity and approach velocities
and required more expensive channel protection upstream. Therefore, the
original design drop structures 1-4 were favored and recommended for
prototype construction.

40. Two riprap plans were developed for the four Bucana drop
structures. The largest drop structure (1) with the highest design
flow of 27,800 cfs required riprap protection plan 10. Drop struc-
tures 2-4 with a design flow of 24,700 cfs required riprap protection
plan 8. The deposition of model sand and riprap in the drop structure
basin indicated that "clean-out" type maintenance will probably be
required after the larger floods.

41. Tests in the high-velocity reach of the Bucana Channel be-
tween sta 164+00 and 131+00 indicated surface turbulence and standing
waves. Transition modifications (design 3) provided the neccssory im-

~

provements for the range of expected flows. The oririnal bucana still-
ing basins B-1, B-2, and B-3 produced irregular or oblique hydraulic
Jumps with flows from 5,000 to 28,900 c¢fs and expected tailwaters.
Excessive end-sill heights on all three basin designs caused water-
surface drawdown and surface waves downstream from the basins. Fddies
within stilling basin B-1 were eliminated by modifying the invert slope
.

and the overall basin dimensions as shown in design 5. The basic modi-

fications recommended for both B-2 and B-3 basins were the lowering of
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k| the end sills and exit channels ‘to prevent severe standing waves and !
) 5
high bottom velocities. !
1 L2, Modifications to the Portugues stilling basins P-1 and P-2
| were recommended based on the results of the Bucana stilling basin tests.
43. Satisfactory riprap plans were developed for the exit channel |
reaches downstream of each stilling basin. The minimum riprap protec- |
1
tion requirements established were adequate for the full range of ex- |
pected flows and tailwaters. |
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Photo 11. Overall view of
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Photo 12. Bucana Channel original design transition; standing waves at
31 (looking downstream), design flow 28,900 cf's
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MODEL LIMITS
BUCANA RIVER CHANNELIZATION
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