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PURPOSE 

These studies were made to find a means for eliminating the possibility 

of erosion undercutting the spillway chute structure at Stewart Mountain 

Dam, Ariz. 

RESULTS 

i. The undercutting of the chute, which is of immediate concern, is 

caused by a hack eddy that flows over and erodes the poor quality 

rock in the discharge channel immediately downstream from the spillway. 

The back eddy results from deflection of the flow by a ridge that 

exists in the topography. 

2. Releasing the flow through selected gates was not effective in 

controlling the erosion. 

3. A divider wall that restricts flows of under 60,000 ft3/s 

(1,700 m3/s) to the right four-ninths of the chute effectively 

isolates the erosion zone from the flow. Such a wall must be at 

least 12 feet (3.7 m) high and extend the entire length of the 

chute. 

4. Numerous modifications to the topography downstream from the 

chute were studied. Several eliminated the back eddy at all dis- 

charges. All modifications tested produced high-velocity flows 



across, and flow impacts upon, poor-quality rock zones. Such flow 

conditions would require protective surfacing of these zones. 

5. Poss ib le  sediment depos i t s  downstream from the modif ied  topog- 

raphy only minimal ly  a f f e c t e d  the  h y d r a u l i c  performance.  

6. S p l i t t e r  p i e r s ,  or some o t h e r  ven t ing  s t r u c t u r e ,  should be i n s t a l l e d  

to al low a e r a t i o n  of the unders ide  o£ the f r ee  j e t  f a l l i n g  from the 

chute .  Various p i e r  designs were s t ud i ed  and a s a t i s f a c t o r y  des ign  

determined.  

APPLICATION 

Application of the results of these studies is basically limited to 

this specific structure. Not only are the results controlled by the 

spillway geometry, but also by the existing rock surface configura- 

tion and the geological features immediately downstream from the 

spillway. It is, therefore, quite unlikely that other structures 

exist to which the results of these studies could be directly applied. 

However, these results may provide initial direction for studies of 

structures with similar problems. 
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INTRODUCTION 

Stewart Mountain Dam (fig. I), a facility of the Salt River Project in 

central Arizona, is located on the Salt River about 50 miles (48 km) 

east of Phoenix (fig. 2). Completed in 1930 by the Salt River Valley 

Water Users Association, it is downstream from Roosevelt, Horse Mesa, 

and Mormon Flat Dams. Stewart Mountain Dam consists of a central arch 

between massive concrete abutments with gravity sections on each side 

between the abutments and the sides of the canyon. The height from 

the streambed to the maximum reservoir water surface level is 119 feet 

(56.3 m). The purpose of the dam is to provide hydro-power, irrigation 

storage, and re-regulation of upstream releases. 

The spillway (fig. 3), on the left gravity section of the dam, is a 

265-foot (80.8-m) wide ogee crest followed by a 450-foot (137-m) long 

chute. The crest, located at elevation 1506 feet (459 m), is con- 

trolled by nine 27-foot (8.2-m) wide by 23-foot (7.0-m) high radial 

gates. The chute turns through an arc of approximately 52 ° and at the 

same time drops from an elevation of 1506 feet (459 m) at the crest 

to an average elevation of 1475 feet (450 m) at the downstream end. 

To maintain a uniform water depth across the chute and to minimize 

side wall height, the chute was superelevated. The maximum discharge 

capacity of the structure is 140,000 ft3/s (3,960 m3/s) with the reser- 

voir water surface at its maximum elevation of 1555 feet (467.9 m). 

The largest discharge ever passed by the structure is approximately 

5 



Figure 1. Stewart Mountain Dam and sp i l lway.  
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Figure 2. Location map, Stewart Mountain Dam. 
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Figure 3. Plan of spillway, Stewart Mountain Dam. 
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35,000 ft3/s (991 m3/s). The structure is, however, usually dry. The 

2-year release is approximately 1,000 ft3/s (28.5 m3/s). The spillway 

was originally built (1930) as an ogee crest with no downstream chute. 

However, because of concern about potential undercutting of the east 

abutment of the arch dam, the chute was added to the structure in 

1956. At that time it was contemplated that erosion downstream from 

the chute would be negligible once the overburden was removed; also 

that the rock below the overburden was granite in fairly good condition. 

Both of these assumptions have since proven false. Not only is the 

rock in the region jointed, but a major fault (fig. 4) passes through 

the flow region and under the chute structure. The fault consists of 

a clay seam with highly fractured rock on both sides. This fault zone 

is highly susceptible to erosion. Erosion has consequently occurred 

and has now reached the point where the chute structure is being com- 

promised (fig. 5). 

MODEL 

After an initial consideration of potential model scales, the scale 

ratio of 1:72 was selected as being most desirable. This scale was not 

only considered adequate to yield accurate test results, but also would 

yield a manageable model size that would fit into an existing model box. 

Using the existing model box significantly reduced the overall cost of 

the study. The 1:72 scale resulted in the 265-foot (80.8-m) wide crest 
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Figure 5. Stewart Mountain Dam and spillway with erosion shown. 



having a model width of 5.68 feet (i.12 m). The 450-foot (137-m) long 

chute had a model length of 6.25 feet (1.91 m) and the 27- by 23-foot 

(8.2- by ?.0-m) radial gates were modeled by 4.5- by 3.83-inch (11.4- 

by 9.7-cm) slide gates. The llg-foot (36.3-m) height from the stream- 

bed to the maximum reservoir water surface was scaled to 1.62 feet 

(0.49 m). The maximum discharge of 140,000 ft3/s (5,960 m3/s) was 

modeled by a flow of 3.18 ft3/s (0.090 m3/s). 

Photographs of the model are shown in figure 6. The slide gates were- 

constructed from sheet metal, the piers were made of plastic, the spill- 

way of a sand and epoxy concrete placed on a sheet metal frame, the box 

and dam of wood, and the topography of layered styrofoam. Use of the 

styrofoam in the topography construction had several advantages over 

previously used wood and concrete construction. It allowed considerably 

more detail to be placed in the topography. Detail was important in 

this particular study because of the concern with flow conditions over 

the poor rock zones and the need for detailed descriptions of the flow 

patterns. In addition, sections of the topography could be removed with 

a knife or saw and reattached with glue or wood screws. For this study, 

where many modifications were made to the topography, this ease of mod- 

ification was essential. The styrofoam also allowed the placement of 

piezometers in the topography and, consequently, the direct measurement 

of impact pressures. 
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Figure 6. Hydraulic model. Photos P25-D-75889 and P25-D-75890. 
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Flows through the model were measured with Venturi meters. Water veloc- 

ities through the model were measured with a Pitot tube. The number of 

piezometers placed in the topography proved insufficient to yield a com- 

plete picture of the impact pressure distribution. Even though 20 piezom- 

eters were scattered throughout the critical impact pressure regions, 

the impact areas were so large, because of both the overall size of the 

flow area and the changes in the impact areas resulting from changes in 

the spillway discharge, that they could not be adequately covered by 

piezometers. Therefore, the majority of the impact pressure data was 

determined by computing the velocity heads of the components of the 

flow that are normal to the impact surface. An example of this pro- 

cedure follows: 

Given a flow with a velocity, V, of 60 f t /s  (18.3 m/s), passing 

across a horizontal surface, strikes a 1:4 (horizontal to vertical) 

slope at an impact angle of 40 ° (fig. 7). 

4 
/ 

0 

Figure 7. 

I 
------SLOPE 1'4 

Impact geometry. 
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The component o f  t he  v e l o c i t y ,  V n normal to  t h e  impact  s u r f a c e  

(the 1:4 s l o p i n g  s u r f a c e )  i s :  

V n = V sin e sin 8 

V n = (60 ft/s) (sin 40 ° ) (sin 104 ° ) = 37.4 ft/s 

Where: 
+ 

104 ° is the angular equivalent of the 1:4 slope. The impact 

head, hv, (velocity head of the component o~ the flow which is 

normal to the impact surface) would be: 

Vn2 
h v = 

(37.4)  z _ 1,400 - 21.7 f e e t  o f  w a t e r  
hv : 2g 64.4 

The p r e s s u r e  d a t a  o b t a i n e d  from t h e  p i e z o m e t e r s  were used to  v e r i f y  the  

computed impact  p r e s s u r e s .  In g e n e r a l ,  t h e  p i e z o m e t e r s  y i e l d e d  some- 

what lower p r e s s u r e s  than  t h o s e  computed.  In some i n s t a n c e s  t he  piezom- 

e t e r  p r e s s u r e s  were in  c l o s e  agreement  wi th  or  even h i g h e r  t han  t h e  

computed p r e s s u r e s .  These v a r i a t i o n s  r e s u l t  from t h e  f a c t  t h a t  when a 

j e t  impinges on a smooth s u r f a c e ,  t he  maximum impact  p r e s s u r e  p o i n t s  

a re  u s u a l l y  no t  c l e a r l y  d e f i n e d .  There  a r e  t r a n s i t i o n s  between t h e  

no- impac t  p r e s s u r e  zones and t h e  f u l l - i m p a c t  p r e s s u r e  zones .  I f  t he  

p i e z o m e t e r  i s  no t  in  t he  f u l l -  or  maximum-impact p r e s s u r e  zone,  i t  would 

t end  to  show lower  p r e s s u r e s .  An i m p r a c t i c a l  number o f  p i e z o m e t e r s  

would be r e q u i r e d  to  ensu re  t h a t  t he  maximum p r e s s u r e  i s  a lways r e a d .  

Another  c o m p l i c a t i n g  f a c t o r  i s  t h a t  i r r e g u l a r i t i e s  in  t h e  topography  

15 



may cause h ighe r  or lower impact heads than computed. When land f ea -  

t u r e s  p r o j e c t  in to  the f low,  they expose su r faces  t h a t  are  more normal 

to the  flow than the average impact su r f ace .  There fo re ,  i t  i s  p o s s i b l e  

to develop l o c a l i z e d  impact p r e s s u r e s  cons ide r ab ly  h ighe r  than computed. 

The maximum impact p re s su res  t ha t  could be developed are equal to the 

t o t a l  v e l o c i t y  head of  the flow. For example ( f ig .  7),  i f  the impact 

su r face  is  normal to the 6 0 - f t / s  f low,  the impact head,  hv, would be: 

V 2 
hv :Tg 

h v - 

(6o) a 
2g 

3 ,600 _ 55 .9  f e e t  o f  w a t e r  
64 .4  

Thus, potentially, pressures of up to 55.9 feet of water could develop 

even though the mean maximum impact pressure would be 21.7 feet of water. 

Likewise, when flow surfaces fall away from the flow, the angles of 

impact become more shallow and lower localized pressures would develop. 

It is possible that pressures well below atmospheric will occur. Such 

high- and low-impact pressure development is quite probable in the proto- 

type where flow surfaces will be rough. 

THE INVESTIGATION 

Two assumptions about the operation of the spillway were applied 

throughout the testing. The first was that whenever a spill occurs, 

16 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
l 
I 
I 
I 
I 



I 
I 
I 
I 
I 
I 
I 
i 
I 
I 
I 
i 
I 
I 
I 
I 
I 
i 

the reservoir water surface would be at or near maximum elevation. 

Therefore, all data taken during this study were collected at the 

maximum reservoir water surface elevation. The second assumption 

was that if a spill occurs, all gates would be open an equal amount. 

This assumption was deviated from only when efforts were made to 

determine whether better flow conditions could be established by 

operating specific gates. However, all flow velocity and impact 

pressure data shown in this report were taken with all gates open 

an equal amount. 

The first step in the model study was calibration of the spillway 

crest. Because the spillway is assumed to operate with the res- 

ervoir water surface at maximum elevation and with all gates open 

equally, the calibration became an exercise in determining the cor- 

rect gate opening to pass each discharge. The curve obtained is 

shown in figure 8. 

With the calibration complete, testing began. Flow conditions for 

the existing spillway and over downstream topography (fig. 4 and 

App. A, fig. A-I) were observed. The model was operated at discharges 

of 15,000, 30,000, 60,000, and 140,000 ft3/s (368,850, 1,700, and 

3,960 m3/s). These discharges were selected for the following reasons: 

I. 13,000 ft3/s (368 m3/s) is approximately the minimum discharge 

a t  which  t h e  f l o w  c o v e r s  t h e  e n t i r e  c h u t e  s u r f a c e .  

17 
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2. 30,000 ft3/s (850 m3/s) is an intermediate discharge at which 

the prototype structure has operated on one occasion. 

3. 60,000 f t 3 / s  (1,700 mS/s) i s  a d i scha rge  g r e a t e r  than any at  

which the p ro to type  s t r u c t u r e  has ever  ope ra ted .  I t  was the  genera l  

consensus t ha t  t h i s  might be the  appropriate discharge  on which to  

base the m o d i f i c a t i o n  des ign .  

4. 140,000 ft3/s (3,960 mS/s) is the maximum discharge capacity 

of the spillway. The likelihood of i ts  occurrence is considered 

quite small. 

It was apparent that the main cause of undercutting of the spillway 

chute was the trough (area A, fig. 4). A portion of the flow entering 

the trough and striking either the bottom or the downstream slope of 

the trough was deflected back towards the chute. This backflow devel- 

oped a strong eddy action over the fault zone near the downstream lip 

of the chute (area B, fig. 4). Indications were that the erosion 

caused by this eddy resulted in the undercutting of immediate concern. 

Other observed flow conditions for the initial downstream topographic 

configuration were as follows: 

1. At 13,000 f t 3 / s  (368 m3/s) d i scharge  ( f i g s .  A-2 and A-3),  no 

flow i s  able to pass over  the  r i d g e  (area C, f i g .  4) .  The re fo re ,  

19 



al l  the flow entering the trough (area A) passes down the gully and 

into the pool. The flow on the right (looking in the direction of 

the flow) generally passes directly down the slope and into the 

pool. The velocities observed for this discharge are shown in 

figure A-2. The eddy over the fault zone near the lip was quite 

shallow with a weak intensity and did not have sufficient depth for 

velocity measurement. Flow falling from the chute lip impinged 

directly on the fault (fig. A-3). As can be seen, there was also a 

secondary impact slightly downstream along the fault contact line. 

2. At 30,000 ft3/s (850 m3/s) discharge (figs. A-4 and A-S), a 

portion of the flow passes over the ridge (area C, fig. 4) and down 

the channel on the left. A small portion of the flow passes com- 

pletely over the center rock mass and down the back side; however, 

a majority of the flow entering the trough passes through the gully 

and into the pool on the right. Again, the flow from the right 

side of the chute generally passes directly down the slope and into 

the pool, and the eddy over the fault zone near the chute lip still 

occurred. The observed maximum velocity in the back eddy was approx- 

imately 14 ft/s (4.27 m/s). The flow entering the trough again 

impinged directly on the fault zone. Other impact regions that 

developed along the fault zone downstream from the initial impact 

point, are shown in figure A-4. 
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3. At 60,000 ft3/s (1,700 m3/s) discharge (figs. A-6 and A-7), the 

flow entering the trough (area A) impinges directly on the down- 

stream, upsloping section of the trough (fig. A-7). Impact on the 

upslope results in a steeper angle of attack which in turn results 

in more water being deflected upstream toward the chute structure. 

The 60,000 ft3/s (1,700 c3/s) discharge caused the most severe back 

eddy yet observed. The maximum velocity in the back eddy was approx- 

imately 26 ft/s (7.9 m/s). It was also noted that even though a 

larger portion of the flow was deflected into the back eddy, a 

larger portion of the flow also passed over the ridge and into the 

left downstream channel. ~le larger flow over the ridge resulted 

because the initial impact was at a higher position on the ridge 

(in some areas nearly to the ridge crest). The flow from the chute 

still impacted directly on the fault zone. As before, a good por- 

tion of the flow passes down the gully and into the pool on the 

right, and the flow from the right side of the chute generally 

passes directly do~cn the topography and into the pool. 

4. At 140,000 ft3/s (3,960 m3/s) discharge (figs. A-8 and A-9), 

the flow pattern s are similar to those for 60,000 ft3/s (1,700 

m3/s) with two noticeable differences. First, the intensity of 

the back eddy near the chute had a maximum velocity of 18 ft/s 

which was less than at 60,000 ft3/s (1,700 m3/s), and second, the 

amount of flow passing over the ridge and into the left channel 
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was p r o p o r t i o n a t e l y  much l a r g e r  than  had been p r e v i o u s l y  o b s e r v e d .  

These two c o n d i t i o n s  r e s u l t  because  t he  f low on the  l e f t  n e a r l y  

p a s s e s  over  t he  t r o u g h  b e f o r e  i t  impinges .  Thus,  a much s m a l l e r  

p o r t i o n  o f  t he  f low i s  d e f l e c t e d  back toward the  chu te  and i n t o  

the  back eddy,  and a much l a r g e r  p o r t i o n  o f  the  f low p a s s e s  over  

t he  r i d g e .  Again,  the  f low from the  chu te  impac ted  d i r e c t l y  on 

the  f a u l t  zone. 

Based on these observations of the initial flow conditions, efforts 

were directed toward finding ways to minimize or eliminate the back 

eddy and the direct impact on the fault zone. Initially, manipula- 

tion of operating gates was considered a possible solution. Although 

there would be little flexibility to manipulate the gates at discharges 

near the maximum spillway capacity, it was noted that the largest dis- 

charge on record could have passed through three of the nine gates. 

It was thought that by selecting the correct gates, the flow could be 

generally concentrated on the right side of the chute. Thus, the 

flow leaving the chute would not enter the trough, form the back eddy, 

nor come in contact with the fault. Many combinations of operating 

gates were tried for ~ischarges ranging from I0,000 to 60,000 ft3/s 

(283 to 1,700 m3/s~. Very little improvement could be noticed. The 

length and the curvature of the chute were such that for almost any 

combination of operating gates the flow was evenly spread by the time 

it reached the end of the chute. Actually it was observed that at 
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lower discharges (below i0,000 ft3/s or 283 m3/s), uniform operation 

of the gates tended to concentrate the flow to the right side. This 

occurred because the thinly spread flow is quite susceptible to fric- 

tion losses on the chute, which reduces the flow velocity and 

increases the effect of the superelevation on the flow. The super- 

elevation pulls the flow to the right. 

A second modification was the placement o£ a flip structure at or 

near the end of the chute. Two basic flip structure configurations 

were considered. Performance of the flips were evaluated visually 

and no physical measurements of the flow conditions were made. One 

configuration (fig. 9) consisted of a series of wedge-shaped blocks 

that were oriented so that the flow was deflected farther downstream 

and to the right. Generally, for the blocks to significantly deflect 

the flow to the right, their height and size must be quite large 

(5 feet (1.52 m) high and I0 to 15 feet (5.0 to 4.6 m) long or 

longer). Even with this size blocks, moderate and large discharges 

climbed the blocks and passed downstream with only a small deflection 

(fig. i0). Discharges above 20,000 ft3/s (566 m3/s) had too much 

mass, velocity, and total momentum to be easily turned. The smaller 

d i scharges  were tu rned  through g r e a t e r  ang les ,  but because t h e i r  t r a -  

j e c t o r y  l eng ths  were s h o r t ,  d isplacement  of  the flow to  the r i g h t  

was s t i l l  r e l a t i v e l y  smal l .  The second c o n f i g u r a t i o n  cons ide red  

was a solid triangular sill that ran the complete length of the 
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c h u t e  l i p  ( f i g .  9 ) .  Th i s  c o n f i g u r a t i o n  d i d  n o t  d e f l e c t  t h e  f low 

t o  t h e  r i g h t  ( f i g .  11 ) ,  b u t  b o t h  t h e  t o o t h e d  and s o l i d  f l i p  s t r u c t u r e s  

do th row t h e  f low f a r t h e r  downs t ream.  Th i s  r e s u l t e d  in  t h e  impac t  

zones  b e i n g  moved f a t h e r  away from t h e  c h u t e  s t r u c t u r e  f o r  any g i v e n  

d i s c h a r g e .  S h i f t s  in  t he  l o c a t i o n  o f  t he  impact  zone g e n e r a l l y  

r a n g e d  be tween  10 and 20 f e e t  (3 .0  and 6 .1  m) and d i d  n o t  s i g n i f i -  

c a n t l y  improve  t he  f low c o n d i t i o n s .  Because an e n t i r e  r ange  o f  d i s -  

c h a r g e s  was c o n s i d e r e d  in  t he  model  t e s t ,  t h e  f low s t i l l  i m p a c t e d  

o v e r  t h e  same s u r f a c e s .  I t  s h o u l d  a l s o  be n o t e d  t h a t  because  t h e  

e l e v a t i o n  drop from the  c h u t e  l i p  t o  t he  rock  i s  b a s i c a l l y  f i x e d ,  

t h e  v e r t i c a l  component  o f  t h e  v e l o c i t y  t h a t  r e s u l t s  f rom t h e  drop i s  

a l s o  r e l a t i v e l y  c o n s t a n t .  The a n g l e  o f  impingement  i s ,  in  most  c a s e s ,  

somewhat s t e e p e r  bu t  no t  g r e a t l y  changed  by t h e  f l i p  s t r u c t u r e .  The 

r e s u l t  w i t h  e i t h e r  f l i p  c o n f i g u r a t i o n  i s  f low p a t t e r n s  t h a t  a re  s i m i -  

l a r  t o  p a t t e r n s  o b s e r v e d  w i t h o u t  t h e  f l i p  s t r u c t u r e s .  The impac t  and 

f low v e l o c i t y  c o n d i t i o n s  a c r o s s  t h e  p o o r  q u a l i t y  rock  were n o t  

s i g n i f i c a n t l y  improved .  

A divider wall along the length of the chute was also tested. The 

w a l l ,  which was n e a r l y  12 f e e t  (3 .7  m) h i g h ,  was p a r a l l e l  t o  t h e  

s i d e  w a l l s  and i s o l a t e d  o p e r a t i o n  o f  t h e  f i r s t  f o u r  g a t e s  on t he  

r i g h t  from t h e  r e s t  o f  t h e  c h u t e  ( f i g .  12) .  The wa l l  made i t  p o s -  

s i b l e  t o  o p e r a t e  t h e  s p i l l w a y  a t  d i s c h a r g e s  o f  up t o  n e a r l y  60 ,000 

f t 3 / s  (1 ,700 c 3 / s )  and y e t  have t h e  f low p a s s i n g  o v e r  o n l y  t h e  r i g h t  

44 p e r c e n t  o f  t h e  c h u t e .  Flow o v e r  t h e  t o p o g r a p h y  was l i m i t e d  t o  t h e  
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Figure 12. Divider wall. 
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stable rock surfaces on the right side. Thus, there was no flow in 

the trough, no back eddy, and no flow over the fault. Attempts were 

made to shorten the wall by terminating it somewhat upstream of the 

chute lip. Minor reductions in the wall length (30 or 40 feet (9 to 

12 m)) significantly reduced the wall's effectiveness. Where the 

wall ended, the flow would start to spread across the chute. The 

model study indicates that a wall extending the entire length of the 

chute is most effective and offers a potential solution to the 

erosion problem. 

A t t e n t i o n  was nex t  s h i f t e d  to  p o s s i b l e  e x c a v a t i o n  o f  t h e  topography  

below the  chu te  as a means o f  improving the  f low c o n d i t i o n s .  The 

f i r s t  m o d i f i c a t i o n  c o n s i d e r e d  i s  shown in  f i g u r e  13. This  a r r a n g e -  

ment was s e l e c t e d  because  by opening up the  l e f t  s i d e  o f  t h e  t opo -  

g raphy  (removing the  r i d g e ) ,  the  f low would be a l lowed  to  move f r e e l y  

away from t h e  chu te  s t r u c t u r e .  Thus,  t he  f low would no t  be d e f l e c t e d  

back toward the  chu te  s t r u c t u r e  and the  back eddy would be e l i m i n a t e d .  

The p a r t i c u l a r  shape o f  the  cut  was s e l e c t e d  to  conform wi th  e x i s t i n g  

s lopes  in  the  t opography  t o  minimize  e x c a v a t i o n .  Note t h a t  t h e  l o c a -  

t i o n  o f  the  f a u l t ,  t h rough  the  cu t  zone ( f i g .  13) ,  i s  o n l y  an e s t i m a t e .  

The l o c a t i o n  was d e t e r m i n e d  by us ing  the  e x i s t i n g  s u r f a c e  c o n t a c t  l i n e  

f o r  the  f a u l t  and the  g e o l o g i s t ' s  e v a l u a t i o n  o f  t he  f a u l t  p l a n e  d i p .  
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The resulting flow conditions observed are shown in figures A-10 

through A-18. Major flow conditions were: 

1. The i n t e n s i t y  o f  t h e  back eddy was s i g n i f i c a n t l y  r e d u c e d  by 

the modification. At a discharge of I0,000 ft3/s (285 ma/s), 

no back eddy was observed. At 60,000 ft3/s (1,700 m3/s), the 

maximum velocity in the back eddy had been reduced from 26 to 

15 ft/s (8.0 to 4.6 m/s). 

2. In the excavated region, the fault contact line lies on a steep 

surface. Thus, water falling from the chute impinges on the fault 

with a shallow angle of attack. Assuming a smooth surface along 

the fault, the impact pressures that develop would be relatively 

small. 

3. For d i s c h a r g e s  up t o  40 ,000  f t a / s  (1 ,150 m 3 / s ) ,  t h e  V-shaped  

v a l l e y  n e a r  t h e  downstream end o f  t h e  cu t  i s  a c o n t r o l  p o i n t  t h a t  

f o r c e s  f o r m a t i o n  o f  a h y d r a u l i c  jump in  t he  u p p e r  r e a c h e s  o f  t h e  

e x c a v a t e d  zone.  For d i s c h a r g e s  g r e a t e r  t h a n  40,000 f t 3 / s  

(1 ,130 me/s), t h e  f low swept  ou t  o f  t h e  e x c a v a t e d  zone .  Th i s  

i n d i c a t e s  t h a t  f o r  t h e  d i s c h a r g e s  below 40 ,000  fta/s (1 ,150 m e / s ) ,  

t h e r e  i s  p o t e n t i a l  f o r  e r o s i o n  and b a l l - m i l l  t y p e  a c t i o n  in  t h e  

upper  r e a c h e s  o f  t h e  e x c a v a t e d  zone.  On t h e  o t h e r  h a n d ,  s i g n i f i -  

c an t  ene rgy  d i s s i p a t i o n  in  t h e  h y d r a u l i c  jump r e s u l t e d  in  r e d u c e d  

flow velocities and reduced erosion potential downstream. 
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A second topographic modification studied is shown in figure 14. The 

main objective of this modification was the same as for the previous 

one; that is, to open up the downstream topography so that the flow 

could move freely away from the chute. The left flow boundary was 

moved farther to the left to reduce the control by the downstream 

portion of the cut. The upstream or nose portion of the center rock 

mass was streamlined to reduce its resistance to tile flow. In addi- 

tion, the 4:1 (horizontal to vertical) sloping plane in the upstream 

portion of the cut was added. The plane acts as a deflection surface 

that cleanly turns the flow downstream with a minimum of turbulence. 

Thus, there is less potential for ball-mill type of erosion which may 

result from the turbulence. The roller behind the impinging flow was 

also reduced, which reduces the potential for the flow to form a back 

eddy. The sloping surface also reduces the impingement angle of the 

flow on the rock, thus, reducing the average magnitude of the impact 

pressures that occur. It should be added that the length of the slope 

was selected to satisfactorily intercept the free jet for discharges 

of up to 140,000 ft3/s (5,960 m3/s). The slope of the plane was con- 

trolled by the toe elevation of the plane and the desire to keep the 

sloping plane all in cut. The toe elevation is approximately the ele- 

vation of the flood plain. The alternative to keeping the 4:1 plane 

entirely in cut would be a combination fill-and-cut arrangement. Mass 

concrete would probably have to be used for the fills, which would be 

:32 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I, 
I 
I 
I 
I 
I 
I 
I 



m m m m m m m m m m m m m m m m m m 

S P I L L W A Y  LIP 

Y 

E XCAVAT ION ; / ; 
L I M I T  

/~41o 

40 

7------,; 

\ 
~o --~ 

/ 

20 
20 / jC~ 30 

1 . 

' o. ,  

Figure 14. Second topographic model modification.  

4 6 o ~  
t450 



q u i t e  e x p e n s i v e .  Al though a f i l l - a n d - c u t  a r rangement  o f f e r e d  a p o t e n -  

t i a l  s o l u t i o n  to  t he  problem,  i t  was c o n s i d e r e d  e c o n o m i c a l l y  i n f e a s i b l e  

to  pursue  in  the  model s t u d y .  

The flow conditions observed for the modification shown in figure 14 

are shown in figures A-19 to A-27. Hajor points are: 

1. No back e d d i e s  were obse rved  over  t h e  f a u l t  zone n e a r  the  chu te  

s t r u c t u r e  f o r  any d i s c h a r g e .  

2. The estimated location of the fault zone crosses the 4:1 sloping 

impact plane, resulting in nearly direct impact on the fault. This 

impact occurs for all but the smallest discharges. 

3. l ~ d r a u l i c  jumps s t i l l  o c c u r r e d  n e a r  t he  t oe  o f  t he  s l o p i n g  p l a n e  

f o r  d i s c h a r g e s  o f  up t o  a p p r o x i m a t e l y  40,000 f t 3 / s  (1,150 m3 / s ) .  

The h y d r a u l i c  jumps r e s u l t e d  from both  f r i c t i o n  l o s s e s  and from t h e  

i n c r e a s e d  t a i l w a t e r  dep th  caused  by the  c r o s s i n g  f low t h a t  comes 

o f f  the  nose o f  the  c e n t e r  rock mass. I t  shou ld  be n o t e d  t h a t  

because  o f  t he  l e n g t h  o f  the  impact  s l o p e ,  the  h y d r a u l i c  jumps a re  

f a r t h e r  from the  chu t e  wi th  t h i s  m o d i f i c a t i o n  than  t h e y  had been 

wi th  t he  i n i t i a l  m o d i f i c a t i o n .  

One o f  s e v e r a l  i n t e r m e d i a t e  m o d i f i c a t i o n s  t h a t  were c o n s i d e r e d  i s  shown 

in  f i g u r e  15. As can be seen ,  n o t  on ly  has t he  l e f t  rock  mass been 
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removed, but also all the center rock mass. The shape and location of 

the impact slope were determined in a similar manner to the previously 

discussed modification. As would be expected, the flow at all dis- 

charges swept out onto the horizontal plain and then formed a hydraulic 

jump. The position of the jump depended on the discharge. The larger 

the discharge, the farther downstream the jump. Again, the estimated 

fault location crosses the impact slope and, thus, direct flow impact 

occurred on the fault. No back eddies were observed near the chute 

s t r u c t u r e .  

The final modification considered, shown in figure 16, is similar t o  

the previous modification (fig. 15] except for two changes. First~ a 

portion of the center rock mass has been left in place. Observations 

indicate that this rock mass has very little effect on the flow condi- 

tions near the toe of the impact slope. There is violent hydraulic 

action around this rock mass at high discharges, which probably will 

erode the rock mass with time. However, such erosion probably will 

not progress upstream and endanger the chute structure. In addition, 

the left cut slope was c],anged from a vertical to a 1 :i slope. The 

main reason for this change was to establish a slope that could fea- 

sibly be excavated. The I:I slope turned the flows passing over it 

to the right. Thus, flow concentrations were created at the inter- 

section of the 4:1 and 1 :I slopes. Also, at higher discharges, flow 

passed from the I:i slope to the horizontal surface with a signifi- 

cant component of velocity to the right. This resulted in a diagonal 

36 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Figure 

h41u / 

> 

16. F ina l  

C O N T A C T  L I N E  OF C U T  
W I T H  E X I S T I N G  T O P O G R A P H Y  

t" LI 

"-"- ' -"  ~ / j4Z7 \ 

topographic configuration 

5o / 

with protective surfacing. 

$7 



crossflow that interacted with the main flow on the horizontal plane 

and created additional flow concentrations and established a small 

additional velocity component to the right in this localized section 

of the horizontal flow. 

Figures A-28 to A-36 show the flow conditions that were observed for 

this final modification. Again, data were taken at discharges of 

13,000, 50,000, 60,000, and 140,000 ft3/s (368, 850, 1,700, and 

5,960 m3/s). As stated earlier, most of the impact pressures shown 

were computed from measured flow velocities and angles of deflection. 

These computed pressures (in feet of water) are shown as circled num- 

bers (figs. A-50, A-32, A-54, and A-56). In addition, pressures were 

also measured, where possible, with piezometers placed in the topography. 

These measured pressures (in feet of water) are shown inside squares 

(figs. A-30, A-32, A-34, and A-36). 

For the f i n a l  mod i f i ca t ion  with a d ischarge of 15,000 f t 3 / s  (368 m3/s) ,  

there was very little flow on the left I:i cut surface. The flow from 

the chute impinged either on the existing ground surface on the right 

or on the upper portion of the 4:1 impact plane. At this discharge, 

the spillway superelevation significantly affects the flow concentra- 

tions on the chute. The flow on the right was significantly heavier 

than the flow on the left. The position of the hydraulic jump as 

shown (fig. A-29) was quite unstable, and variations in flow surface 
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roughness could cause significant shifts. It should be noted that the 

jump was relatively small and that the Farthest it could ever locate 

upstream would be at the toe of the 4:1 slope. Even though there is 

very little flow over the i:i slope, the flow on the 4:1 slope is 

directed somewhat to the right. The redirection resulted generally 

from the orientation of the 4:1 impact plane with respect to the chute. 

A tendency toward the redirection exists at all discharges. At the 

higher discharges, the flow from i:i slope intensifies the redirection 

and causes flows to impinge a bit more directly on tile left side of 

the center rock mass, developing somewhat higher impact pressures. 

The flow separation along the left boundary is also a result of the 

redirection. The maximum velocity observed in the back eddy in this 

separation zone was 4 ft/s (1.2 m/s), (fig. A-29). 

Observed and computed impact  p r e s s u r e s  f o r  the  13,000 f t 3 / s  (368 m3/s)  

d i s c h a r g e  a re  shown in  F igure  A-50. As can be s een ,  t h e r e  a re  Four 

major  zones where impact  p r e s s u r e s  were n o t e d .  One i s  t he  impact  l i n e  

a long which the  Flow F a l l i n g  from the  chu te  impinges .  The g r e a t e s t  

impact  p r e s s u r e s  obse rved  were a long t h i s  l i n e .  The smal l  impact  

p r e s s u r e s  on both  ends o f  t h i s  zone r e s u l t e d  from the  somewhat sha l low 

ang le s  o f  impingement t h a t  occu r  in  t h e s e  a r e a s  and From the  r e l a t i v e l y  

smal l  v e r t i c a l  drop t h a t  the  Flow pas se s  th rough  to  t h e s e  impact  a r e a s .  

Throughout  t he  middle  o f  t h i s  impact  zone,  r a t h e r  s t e e p  ang l e s  o f  

impact  o c c u r .  This  i s  e s p e c i a l l y  t r u e  in  t he  r e g i o n  j u s t  to  the  r i g h t  
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of the center concrete mass. In this region the flow strikes the 

upstream slope of the ridge at a very steep angle and, consequently, 

a very large portion of the total velocity head is converted to impact 

pressure. Across the 4:1 impact slope, moderately steep impingement 

angles (45 ° to 50°) were noted, but the flow has dropped 40 feet (12.2 m) 

from the chute lip and the total velocity head of the flow is quite 

high, resulting in the high impact pressures noted. In addition, 

impact pressures were observed at the upstream end of the i:I slope 

where the flow off the steeper slopes is deflected, at the toe of the 

4:1 slope where the flow is turned to the horizontal, and on the nose 

of the center rock mass. Some low average impact pressures were 

observed at the toe of the 4:1 slope, even though the velocity of the 

flow was quite high because of the flat angle through which the flow 

was deflected. 

At 50,000 f t3 / s  (850 m3/s), the flow condi t ions  shown in f igures  A-51 

and A-52 were observed. Generally, the pattern is similar to that 

observed at 13,000 ftB/s (368 mB/s). A larger flow across the 

i:I slope, in turn causes a larger flow concentration at and down- 

stream from the intersection of the 4:1 and i:i slopes. This flow 

concentration results in the higher velocity region shown. In addi- 

tion, the higher velocities and the heavier flow moved the hydraulic 

jump farther downstream. On the left, the jump moved to a position 

downstream from the center rock mass except for the small region at 
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the nose of the separation zone. As can be seen in figure A-31, all 

velocities have increased considerably from those at 13,000 ft3/s 

(368 m3/s). Likewise, as shown on figure A-32, the impact pressures 

have also increased. The impact pressure distributions have a simi- 

lar pattern to those observed at 13,000 ft3/s (368 m3/s), except that 

the initial impact line has shifted downstream. It should be noted 

that an impact zone is created when the flow turns from the i:i slope 

to the horizontal. Both computed and measured impact pressures are 

indicated on figure A-32. 

At 60,000 ft3/s (1,700 m3/s), flow patterns were again similar to the 

previous discharges. Velocities were somewhat higher, and this, 

coupled with the heavier flow, resulted in the hydraulic jumps being 

moved even farther downstream. The maximum velocity in the back eddy 

of the separation zone on the left was somewhat lower (fig. A-35). 

The impact pressure zone distribution was similar to those previously 

observed except that the initial impact zone was shifted farther 

downstream (fig. A-54). This shifting occurs because the flow 

leaving the chute has a higher velocity, which causes the free jet 

to carry farther downstream before it impinges. Observed impact 

pressures were again higher than for the previous discharges. 

At 140,000 ft3/s (3,960 m3/s), the flow patterns were again similar 

to that observed at the lower discharges. The hydraulic jump on the 
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right (fig. A-35) is confined to the deeper water of the pool. The 

position and size of the separation zone on the left is approximately 

the same as for the 60,000 ft3/s (1,700 m3/s) discharge. The flow 

velocities (fig. A-35) and measured impact pressures (fig. A-36) had 

increased. 

Some generalized observations can be made about the flow across the 

final modification. First, because the estimated location of the 

fault zone crosses the 4:1 impact plane, there is direct impact on 

the fault zone over the full range of discharges. The average impact 

pressures increase with discharge from 9 feet (2.7 m) of water at 

13,000 £t3/s (368 m3/s) to 35 feet (10.7 m) of water at 140,000 ft3/s 

(3,960 m3/s). These pressures are more than enough to cause hydraulic 

jacking in jointed rock. Second, the estimated fault contact location 

is such that high-velocity flows will pass over the fault for most 

discharges. The velocities increase with discharge from approximately 

40 ft/s (12.2 m/s) at 13,000 ft3/s (368 m3/s) to 70 £t/s (21.3 m/s) 

at 140,000 ft3/s (3,960 m3/s). Third, a high-velocity region with 

corresponding higher impact pressures exists from approximately the 

middle of the 4:1 impact slope, downstream. This higher velocity 

region was an extension of a flow concentration that tended to occur 

in the center of the spillway chute. Velocities in this region were 

about 5 ft/s (i.5 m/s) above the average velocities across the slope. 

Fourth, the flow separation on the left occurred for all discharges 
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observed. At discharges above 30,000 ft3/s (850 m3/s), the maximum 

velocity of the back eddy within this separation stabilized at a 

value between I0 and iS ft/s (3.0 and 4.0 m/s). The separation was 

primarily caused by the spillway chute orientation with respect to the 

4:1 and i:i slopes. To determine the effect of the center rock mass 

on the separation, the rock mass was removed and the model was 

operated. The flow separation and back eddy still existed for all 

discharges; however, the maximum velocity in the back eddy was reduced 

about one-third by the removal of the rock mass. Fifth, over the 

entire discharge range, no back eddy was observed in the region near 

the fault zone immediately downstream from the chute. This is the 

region where the chute structure is now being threatened. This major 

objective of the study was considered satisfied by the modification. 

Sixth, the flow moved directly and smoothly away from the immediate 

vicinity of the chute structure for all discharges observed. 

Concern was expressed about the possible effects of downstream rock 

or debris deposits on the hydraulic performance in the vicinity of 

the cut. It was found that a massive blockage of the left channel 

less than 250 feet (76.2 m) downstream from the end of the cut would 

cause an increase in the tailwater level on the left side. For 

higher discharges (above 20,000 ft3/s), the flow separation zone did 

not move measurably upstream even though the depth of water was 

increased. At small discharges, however, the increased tailwater 
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depth  would cause  the  h y d r a u l i c  jump to  move c l o s e r  to  the  t o e  o f  

the  4:1 s l o p e .  L ikewise ,  a mass ive  b l o c k a g e ,  to  t h e  w a t e r  s u r f a c e  

and 100 f e e t  long normal to  t h e  f low,  downstream o f  t he  pool  on t h e  

r i g h t  caused the  h y d r a u l i c  jump on the  r i g h t  to  advance ups t r eam.  

The b lockages  p l a c e d  in  t he  model downstream and on both  s i d e s  were 

p robab ly  more mass ive  than  a n y t h i n g  t h a t  cou ld  c o n c e i v a b l y  o c c u r  in  

the  p r o t o t y p e .  In a d d i t i o n ,  t he  r e s u l t i n g  h y d r a u l i c  a c t i o n s  from 

the  b lockages  were not  c o n s i d e r e d  s e v e r e l y  d e t r i m e n t a l .  

A f t e r  the  f i n a l  m o d i f i c a t i o n  was e v a l u a t e d ,  two o t h e r  p o i n t s  o f  con-  

ce rn  were r a i s e d .  The f i r s t  was t h a t  t he  i n t e r s e c t i o n  o f  t he  4:1 and 

1:1 s lopes  would no t  be e x c a v a t e d  as a sharp  c o r n e r ,  bu t  i n s t e a d  

would p robab ly  be more rounded .  The i n t e r s e c t i o n  was b u i l t  wi th  a 

2 0 - f o o t  (6 . l -m)  r a d i u s  f i l l e t ,  and the  model was t e s t e d  a g a i n .  No 

a p p r e c i a b l e  d i f f e r e n c e s  in  t he  f low c o n d i t i o n s  were n o t e d .  

Once the  flow covers  t he  e n t i r e  chu t e  s u r f a c e ,  t he  r e g i o n  beh ind  the  

f r e e  j e t  nappe i s  s e a l e d  o f f  from the  a tmosphere ,  l~hen such a con-  

d i t i o n  o c c u r s ,  n e g a t i v e  p r e s s u r e s  w i l l  deve lop  under  t he  j e t  nappe.  

The n e g a t i v e  p r e s s u r e s  occur  because  a i r  in  t h e  s e a l e d - o f f  r e g i o n  

i s  e n t r a i n e d  by the  wa te r  and c a r r i e d  away. Because t h e r e  a r e  no 

openings  th rough  which the  a i r  can be r e p l e n i s h e d ,  a p a r t i a l  vacuum 

d e v e l o p s .  Such n e g a t i v e  p r e s s u r e s  would cause  a d d i t i o n a l  u p l i f t  

l oad ings  on the  rock  and on any p r o t e c t i v e  s u r f a c i n g  t h a t  was p l a c e d  
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on the  rock.  To r e l i e v e  t h i s  c o n d i t i o n ,  some type of  ven t ing  was 

d e s i r a b l e .  S p l i t t e r  p i e r s ,  or p i e r s  t h a t  d iv ide  the  flow and c r e a t e  

openings through which a e r a t i o n  can occur ,  were s t ud i ed  in  the model. 

Because the end of  the chute i s  c a n t i l e v e r e d ,  any p i e r  used would 

have to be a t t a ched  approximately  8 f e e t  (2.4 m) upstream from the 

chute l i p .  Figure 17 shows some of  the p i e r  shapes cons ide red .  

I n i t i a l l y ,  shape (a) was t e s t e d  and performed wel l  fo r  a l l  d i scha rges  

up to 60,000 f t 3 / s  (1,700 m3/s).  The p i e r  c l e a n l y  and s t a b l y  sepa ra ted  

the flow with  a minimum amount of  flow d i s r u p t i o n .  The p i e r  h e i g h t ,  

7 f e e t  (2.1 m), was the  l i m i t i n g  performance f a c t o r  a t  d i scha rge  above 

60,000 f t 3 / s  (1,700 m3/s).  At t h i s  d i s c h a r g e ,  the  p i e r s  were over-  

topped. Once over topped,  the p i e r s  could no longer  s epa ra t e  the flow 

and their effectiveness was lost. To be effective at  discharges of 

140,000 ft3/s (3,960 m3), the required height of the piers would be 

15 f e e t  (4.57 m). Attempts were made to  f ind  a compact-shaped p i e r  

t ha t  would be more s t r u c t u r a l l y  d e s i r a b l e .  P i e r  (e) seemed to be 

n e a r l y  s a t i s f a c t o r y  s t r u c t u r a l l y  and seemed to func t ion  wel l  in t h a t  

i t  separa ted  most of  the flow c l e a n l y  with l i t t l e  d i s r u p t i o n .  How- 

ever ,  a shal low flow would c lose  behind the p i e r  and sea l  the opening.  

At lower d i s cha rges  (below 20,000 f t 3 / s  or 566 m3/s) ,  p i e r  (d) func-  

t i oned  in a s i m i l a r  manner to p i e r  ( e ) .  The m a j o r i t y  of  the  flow was 

s epa ra t ed ,  but a shal low flow c losed  behind the p i e r .  At h ighe r  d i s -  

charges ,  p i e r  (d) s u c c e s s f u l l y  separa ted  the f low, but a l so  caused severe  

f i nn ing  and flow d i s r u p t i o n .  I t  seemed conce ivab le  t h a t  the major 
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flow could be divided by a lead pier (similar to pier (e)) and that a 

second smaller pier at the chute lip could be used to divide the 

shallow flows in thewake. The second pier would be subject to much 

smaller forces than the lead pier. Piers (b), (c), (f), and (g) as 

well as intermediate-shaped piers between (c) and (g) were based on 

this concept. All these designs were suitable for discharges between 

25,000 and 60,000 ft3/s (708 and 1,700 m3/s). At discharges below 

25,000 ft3/s (708 m3/s), the superelevation of the chute caused the 

flow to approach the piers from the side. This action increased as 

the discharge decreased for observed flows down to about 8,000 ft3/s 

(227 m3/s). The resulting crossflow and fins resealed the opening 

for piers (b), (c), and (f). Pier (g), however, was suitable for these 

conditions as well as at discharges up to 140,000 ft3/s (5,960 m3/s) 

(fig. 18). The maximum velocities past the piers were approximately 

60 ft/s (18.3 m/s). Two piers located at the third points across 

the chute were considered adequate. 

CONCLUSIONS 

Assuming that the final modification studied (fig. 16) is the one to 

be installed in the prototype, several alternatives for flow sur- 

face protection can be considered. With each alternative, there is 

an associated risk that erosion will continue and the modification 

will be rendered ineffective. The region most susceptible to scour is 

the fault zone or clay seam which would start eroding as soon as small 

flows came in contact with it. Relatively small and short-duration 
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Figure 18. S p l i t t e r  p iers  operat ing.  
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flows could quickly create a trough along the fault zone. The trough 

would cause back eddies Which in turn would cause the erosion to 

advance upstream and again compromise the structure. A potential 

region for fault protection, shown in figure 15, contains those zones 

in which the most severe flow impingement and the highest flow veloc- 

ities would occur. It is also the region nearest the structure which, 

if eroded, would result in the most immediate potential damage. 

Protective surfacing of general rock zones is also a possibility. As 

previously explained, jointed rock, even though it may otherwise be 

sound, is subject to hydraulic jacking when exposed to impact pres- 

sures. Jacking could result in undercutting of localized surface 

protection or in the creation of flow surface irregularities. Irreg- 

ularities would result in higher impact pressure development and in 

back eddy action, both of which could cause additional erosion. Such 

action can be prevented by surfacing the rock so that impact pressure 

will develop in the joints. Shotcrete surfacing would probably be 

adequate and concrete surfacing would be more than adequate. A 

region that offers the potential for surfacing is shown in figure 15. 

This region contains all the major impact zones that are near the 

chute structure as well as the zones where the highest flow velocities 

occur. Surfacing would also isolate the rock from the high-velocity 

flows. Reduced surfacing or no surfacing at all are possible alter- 

natives, at the risk of resulting damage. Probably the most critical 
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zones to  be l i n e d  a re  those  j u s t  downstream from the  s t r u c t u r e  (upper  

p o r t i o n s  o f  the  4:1 s lope  and between the  4:1 s lope  and c h u t e ) .  

Although t h e s e  zones a re  no t  exposed to  ex t reme impact  p r e s s u r e s ,  t h e i r  

p r o x i m i t y  to  t he  s t r u c t u r e  makes them c r i t i c a l .  The zones on which the  

flow falling from the chute will impinge (the remainder of the 

4:1 slope and other such impact zones) will he exposed to the highest 

impact pressures and, therefore, are most likely to suffer hydraulic 

jacking. Thus, surfacing of these initial impact zones should, also 

be seriously considered. Finally, the zones on the horizontal surface 

at the toes of the 4:1 and i:i slopes may also be exposed to some high 

impact pressures. Even though these toe regions are relatively far 

away from the chute structure, it may be desirable to protect them 

from the potential erosion. Possible limits for flow surface pro- 

tection are shown in figure 19. 

Venting of the region behind the free jet falling from the chute 

lip should also be carefully considered. Without splitter piers or 

some other venting structure, negative pressures will develop in the 

region between the free jet and the spillway structure. This nega- 

tive pressure would result in uplift forces on both the natural rock 

and any protective surfacing present in the region. Such forces 

would be of special concern in this region because of the region's 

c l o s e  p r o x i m i t y  to  t h e  s t r u c t u r e .  Complete v e n t i n g  o f  t h e  r e g i o n  
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would e s t a b l i s h  atmospheric  p re s su re s  and. t h e r e f o r e ,  e l i m i n a t e  the  

u p l i f t  forces  and p o s s i b l e  v i b r a t i o n  caused by uns t ab l e  flow. 

One proposal  i s  to i n s t a l l  a ven t ing  s t r u c t u r e ,  p r o t e c t  the  f a u l t  

zone, monitor  e ros ion  a f t e r  s p i l l s ,  and take c o r r e c t i v e  ac t i ons  as 

needed. I f  the rock in the impact and h i g h - v e l o c i t y  zones proves to 

be n e a r l y  j o i n t - f r e e ,  the  p o t e n t i a l  fo r  h y d r a u l i c  j ack ing  would be 

minimized and the proposal  would appear f e a s i b l e .  The more j o i n t e d  

the rock, the more likely that hydraulic jacking will occur and, 

t h e r e f o r e ,  unpro tec ted  flow su r faces  would become less  a c c e p t a b l e .  

There is  always the p o s s i b i l i t y  t ha t  a major s p i l l  would occur  which 

could cause e ros ion  even with good rock.  I t  should a l so  be recognized  

t ha t  i f  damages needed r e p a i r i n g  the r e p a i r  would probably  r e q u i r e  

massive concre te  f i l l ,  which would be qu i t e  expens ive .  
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APPENDIX A 

In the following figures all flow velocities are shown in feet per 

second. 

All impact pressures are given in feet of water. Where measured 

impact pressures are given, the observed values are enclosed in a 

square. Computed pressures are either enclosed by a circle or are 

freestanding in the indicated impact regions. Major impact regions 

are shown by the following symbol: 

In some c a s e s ,  t h e  r e g i o n s  where  minor  i m p a c t s  may o c c u r  a r e  

i n d i c a t e d  by t h e  f o l l o w i n g  symbol :  
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Figure A-28. Final topographic model configuration. 
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Velocity contours for a discharge of 60,000 ft3/s 
(final topographic model configuration). 
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7-1750 (3-71) 
Bureau of Reclamation 

CONVERSION FACTORS-BRITISH TO METRIC UNITS OF MEASUREMENT 

The fol lowing conversion factors adopted by the Bureau of  Reclamation are those published by the American 
Society for  Testing and Materials (ASTM Metric Practice Guide, E 380-68) except that additional factors (*) 
commonly usod in the Bureau have been added. Further discussion of  definitions of  quantities and units is given In 
the ASTM Metric Practice Guide. 

The metric units and conversion factors adopted by the ASTM are based on the "International System of Units" 
(designated SI for Systeme International d'Unites), f ixed by the International Committee for  Weights and 
Measures; this system is also known as the Giorgi or MKSA (meter-kilogram (mass)-second-ampere) system. This 
system has bean adopted by the International Organization for  Standardization in ISO Recommendation R-31. 

The metric technical unit of  force is the kilogram-force; this is the force which, when applied to a body having a 
mess of  1 kg, gives it an acceleration of  9.80665 m/sec/sec, the standard acceleration of  free fall toward the earth's 
center for sea level at 45 deg latitude. The metric unit of  force in SI units is the newton (N), which is defined as 
that fame which, when applied to a body having a mass of  1 kg, gives it an acceleration of  1 m/sec/sec. These units 
must be distinguished f rom the (inconstant) local weight o f  a body having a mass of  1 kg, that is, the weight of  a 
body is that force with which a body is attracted to the earth and is equal to the mass of  a body multiplied by the 
acceleration due to gravity. However, because it is general practice to use "pound"  rather than the technically 
correct term "pound-force," the term "ki logram" (or derived mass unit) has bean used in this guide instead of  
"ki logram-force" in expressing the conversion factors for  forces. The newton unit o f  force wilt f ind increasing use, 
and is essential in SI units. 

Where approximate or nominal English units are used to excess a value or range of values, the converted metric 
units in parentheses are also approximate or nominal. Where precise English units are used, the converted metric 
units are expressed as equally significant values. 

Table I 

QUANTITIES AND UNITS OF SPACE 

Mult iply By To obtain 

LENGTH 

Mil . . . . . . . . . . . . . . . . .  
Inches . . . . . . . . . . . . . . .  
Inches . . . . . . . . . . . . . . .  
Feat . . . . . . . . . . . . . . . .  
Feat . . . . . . . . . . . . . . . .  
Feat . . . . . . . . . . . . . . . .  
Yards . . . . . . . . . . . . . . .  
Miles (statute) . . . . . . . . . .  
Miles . . . . . . . . . . . . . . . .  

25.4 (exactly) . . . . . . . . . . . . . . . . . . . . . .  Micron 
25.4 (exactly) . . . . . . . . . . . . . . . . . . .  Millimeters 

2.54 (exactly)* . . . . . . . . . . . . . . . . . .  Centimeters 
30.48 (exactly) . . . . . . . . . . . . . . . . . .  Centimeters 

0.3048 (exactly)* . . . . . . . . . . . . . . . . . . .  Meters 
0.0003048 (exactly)* . . . . . . . . . . . . . .  Kilometers 
0.9144 (exactly) . . . . . . . . . . . . . . . . . . . .  Meters 

1,609.344 (exactly)* . . . . . . . . . . . . . . . . . . . .  Meters 
1.609344 (exactly) . . . . . . . . . . . . . . .  Kilometers 

AREA 

Square inches . . . . . . . . . . .  6.4516 (exactly) . . . . . . . . . . . . .  Square centimeters 
Square feet . . . . . . . . . . . .  
Square feet . . . . . . . . . . . .  
Square yards . . . . . . . . . . . .  
Acres . . . . . . . . . . . . . . . .  
Acres . . . . . . . . . . . . . . . .  
Acres . . . . . . . . . . . . . . . .  
Square miles . . . . . . . . . . .  

*929.03 . . . . . . . . . . . . . . . . . . . .  Square centimeters 
0.092903 . . . . . . . . . . . . . . . . . . . .  Square meters 
0.836127 . . . . . . . . . . . . . . . . . . . .  Square meters 

*0.40469 . . . . . . . . . . . . . . . . . . . . . . . .  Hectares 
*4,046.9 . . . . . . . . . . . . . . . . . . . . . . . .  Square meters 

*0.0040469 . . . . . . . . . . . . . . . .  Square kilometers 
2.58999 . . . . . . . . . . . . . . . . . .  Square kilometers 

VOLUME 

Cubic inches . . . . . . . . . . .  16.3871 . . . . . . . . . . . . . . . . . . .  Cubic centimeters 
Cubic feat . . . . . . . . . . . . .  0.0283168 . . . . . . . . . . . . . . . . . . .  Cubic meters 
Cubic yards . . . . . . . . . . . .  0.764555 . . . . . . . . . . . . . . . . . . . .  Cubic meters 

CAPACITY 

I 
I 
I 

Fluid ounces (U.S.) . . . . . . .  
Fluid ounces (U.S.) . . . . . . .  
Liquid pints (U.S.) . . . . . . . .  
Liquid pints (U.S.) . . . . . . . .  
Quarts (U.S.) . . . . . . . . . . .  
Quarts (U.S.) . . . . . . . . . . .  
Gallons (U.S.) . . . . . . . . . . .  
Gallons (U.S.) . . . . . . . . . . .  
Gallons (U.S.) . . . . . . . . . . .  
Gallons (U.S.) . . . . . . . . . . .  
Gallons (U.K.) . . . . . . . . . .  
Gallons (U.K.) . . . . . . . . . .  
Cubic feat . . . . . . . . . . . . .  
Cubic yards . . . . . . . . . . . .  
Acre-feat . . . . . . . . . . . . .  
Acre-feat . . . . . . . . . . . . .  

29.5737 . . . . . . . . . . . . . . . . . . .  Cubic centimeters 
29.5729 . . . . . . . . . . . . . . . . . . . . . . . .  Mill i l iters 

0.473179 . . . . . . . . . . . . . . . . . .  Cubic decimeters 
0.473166 . . . . . . . . . . . . . . . . . . . . . . . .  Liters 

*946.358 . . . . . . . . . . . . . . . . . . .  Cubic centimeters 
*0.946331 . . . . . . . . . . . . . . . . . . . . . . . .  Liters 

*3,785.43 . . . . . . . . . . . . . . . . . . . .  Cubic centimeters 
3.78543 . . . . . . . . . . . . . . . . . . .  Cubic decimeters 
3.78533 . . . . . . . . . . . . . . . . . . . . . . . . .  Liters 

"0.00378543 . . . . . . . . . . . . . . . . . . .  Cubic meters 
4.54609 . . . . . . . . . . . . . . . . . . .  Cubic decimeters 
4.54596 . . . . . . . . . . . . . . . . . . . . . . . . .  Liters 

28.3160 . . . . . . . . . . . . . . . . . . . . . . . . . .  Liters 
*764.55 . . . . . . . . . . . . . . . . . . . . . . . . . . .  Liters 

"1,233.5 . . . . . . . . . . . . . . . . . . . . . . . .  Cubic meters 
* 1,233,500 . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Liters 



Tahle I I 

QUANTITIES AND UNITS OF MECHANICS 

Mu l t i p l y  By To  obtain 

MASS 

Grain= (1/7,000 Ib) . . . . . . . . .  64.79891 (exactly) . . . . . . . . . . . . . . . . . . . . . . . .  Mi l l ig 'ams 
Troy ounces (480 grains) . . . . . .  31.1035 ................................ Gr~rn$ 
Ounces (avdp) . . . . . . . . . . . .  28.3495 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Grams 
Pounds (a~KIp) . . . . . . . . . . . .  0.45359237 (exactly) . . . . . . . . . . . . . . . . . . . . . .  Kilograms 
Short tons (2,000 Ib) . . . . . . . .  907.185 ............................... Kilograms 
Short tons (2,000 Ib) . . . . . . . .  0.907185 . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Metric tons 
Long tons (2,240 Ib) . . . . . . . .  1,016.06 ................................ Kilograms 

FORCE/AREA 

Pounds pe~ square inch . . . . . . .  0.070307 . . . . . . . . . . . . . . . .  Kilograms per square centimeter 
Pounds per square inch . . . . . . .  0.689476 . . . . . . . . . . . . . . . . .  Newtons per square centimeter 
Pounds per square foot  . . . . . . .  4.88243 . . . . . . . . . . . . . . . . . . . .  Ki lograms per squ~re meier 
Pounds per square foot  . . . . . . .  47.8803 . . . . . . . . . . . . . . . . . . . . .  Newtons per squere rneter 

MASS/VOLUME (DENSITY)  

Ounces per cubic inch . . . . . . . .  1.729gg . . . . . . . . . . . . . . . . . . . .  Grams per cubic centimeter 
Pounds per cubic foot  . . . . . . . .  16.0185 . . . . . . . . . . . . . . . . . . . .  Kilogl*ams per cubic meter 
Pounds per cubic foo t  . . . . . . . .  0.0160185 . . . . . . . . . . . . . . . . . .  Grams per cubic centimeter 
Tons (long) pea" cubic yard . . . . .  1.32894 . . . . . . . . . . . . . . . . . . . .  Grams per cubic eentimeter 

MASS/CAPACITY 

Ounees per gallon (U.S.) . . . . . .  7.4893 . . . . . . . . . . . . . . . . . . . . . . . . . . .  Grams per l i ter 
Ouncee per gallon (U.K.) . . . . . .  6.2362 . . . . . . . . . . . . . . . . . . . . . . . . . . .  Grams per l i ter 
POU nd~per  gzdlon (U.S.) . . . . . .  119.829 . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Grams per l i ter 
Pounds per gallon (U.IC) . . . . . .  99.779 . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Grams per l i l~r  

BENDING MOMENT OR TORQUE 

Inch-pounds . . . . . . . . . . . . .  0.011521 Me~r.kl lo~Tams 
Inch-pounds . . . . . . . . . . . . .  1.12985 x 106 . . . . . . . . . . . . . . . . . . . . . . .  Centimeter-dynes 
Foot-pounds . . . . . . . . . . . . .  0.138255 . . . . . . . . . . . . . . . . . . . . . . . . .  MeterJ(ilograms 
Font-pounds . . . . . . . . . . . . .  1.35582 x 107 . . . . . . . . . . . . . . . . . . . . . .  Centimeter'dynes 
Font-pounds per inch . . . . . . . .  5.4431 . . . . . . . . . . . . . .  Centimeter-kilograms per centimeter 
Ounce-inches . . . . . . . . . . . . .  72.008 . . . . . . . . . . . . . . . . . . . . . . . . . .  Grsm-c~ntimeters 

VELOCITY 

Feet pe~ second . . . . . . . . . . .  30.48 (exactly) . . . . . . . . . . . . . . . . . .  Centirnel~rs per second 
Feat per seeond . . . . . . . . . . .  0.3048 (exactly)* . . . . . . . . . . . . . . . . . . .  Meters per second 
Feat per year . . . . . . . . . . . . .  *0.965873 x 10 - 6  . . . . . . . . . . . . . . .  Centimeters per second 
Miles per hour . . . . . . . . . . . .  1.609344 (exactly) . . . . . . . . . . . . . . . . .  Ki lometers per hour 
Miles per hour . . . . . . . . . . . .  0.44704 (exactly) . . . . . . . . . . . . . . . . . . .  Meters per second 

ACCELERATION*  

Feet pet  =ecund 2 . . . . . . . . . . .  *0.3048 . . . . . . . . . . . . . . . . . . . . . . . . .  Meters per second 2 

F~0W 

Cubic feet per second 
(s~on~fee t )  . . . . . . . . . . . .  

Cubic feet per minute . . . . . . . .  
Gallons (U.S.) per m inu te  . . . . . .  

*0.0[28317 . . . . . . . . . . . . . . . . . . . . .  Cubic me'mrs per second 
0.4719 . . . . . . . . . . . . . . . . . . . . . . . . . .  Liters per second 
0.06309 . . . . . . . . . . . . . . . . . . . . . . . . . .  Liters per second 

FORCE* 

Pounds . . . . . . . . . . . . . . . .  *0.453592 . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Kilograms 
Pounds . . . . . . . . . . . . . . . .  *4.4482 ............................... Newtons 
Pounds . . . . . . . . . . . . . . . .  "4.4482 x 105 . . . . . . . . . . . . . . . . . . . . . . . . . . .  Dynes 

Table I I -Con t inued  

Mu l t i p l y  By To obtain 

WORK AND ENERGY*  

British thermal units (Btu) . . . . .  *0.252 . . . . . . . . . . . . . . . . . . . . . . . . . . .  Ki logram calories 
Bdtish thermal units (Btu) . . . . .  1,055.06 .................................. Joules 
Bm per pound . . . . . . . . . . . .  2.326 (exactly) . . . . . . . . . . . . . . . . . . . . . . .  Joules per gram 
Foot-pounds . . . . . . . . . . . . .  "1.35582 ................................ Joules 

POWER 

Horsepower . . . . . . . . . . . . . .  745.700 .................................. Wetl~ 
Btu per hour  . . . . . . . . . . . . .  0.293071 ................................ Watts 
Foot-pounds per second . . . . . .  1.35582 ................................. Watts 

HEAT TRANSFER 

Btu inJhr  f t  2 degree F (k,  
thermal conduct iv i ty)  . . . . . . .  

Btu tnJhr  f t  2 degree F (k, 
thermal conduct iv i ty)  . . . . . . .  

Stu f tJhr f t  2 degree F . . . . . . . .  
Btu /hr  f t  2 degree F (C, 

thermal conductance) . . . . . . .  
Btu /hr  f t  2 degree F (C, 

thermal cunductanoe) . . . . . . .  
Degree F hr f t2 /B tu  (R, 

thermal redstanc~) . . . . . . . .  
B tu / lb  degree F (c, heat capacity) . 
B tu / lb  degree F . . . . . . . . . . .  
Ft2/hr  (thermel d i f fudv i ty )  . . . .  
Ft2/hr  ( thermal di f fusiv i ty)  . . . .  

1.442 . . . . . . . . . . . . . . . . . . . . . . .  Mi l l iwat t rJcm degree C 

0.1240 . . . . . . . . . . . . . . . . . . . . . . . .  Kg cal/hr m degree C 
"1.4880 . . . . . . . . . . . . . . . . . . . . .  Kg cal m/hr  m2 degnte C 

0.568 . . . . . . . . . . . . . . . . . . . . . . .  M i l l t v ~ c m  2 degree C 

4.882 . . . . . . . . . . . . . . . . . . . . . . . .  Kg cal/hr m 2 degree C 

1.761 . . . . . . . . . . . . . . . . . . . . . . .  Oeg~'ea C cm2/m i l l iwa t t  
4.1868 . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  J/g degree C 

*1.000 . . . . . . . . . . . . . . . . . . . . . . . . . .  Cal/grern degree C 
0.2581 ............................... Cm2.~ sec 

*0.09290 ................................ MS/hr  

WATER VAPOR TRANSMISSION 

Grains/Iv f t  2 (water vapor) 
transmission) . . . . . . . . . . . .  1 6 . 7 .  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  G rams/24 hr m2 

Perms (permeance) . . . . . . . . .  0.659 . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Metr ic perrns 
Perm-inches (permeabil i ty) . . . . .  1.67 . . . . . . . . . . . . . . . . . . . . . . . .  Metric penn-centimeters 

Table I l l  

OTHER QUANTIT IES AND UNITS 

Mu l t i p l y  By To obtain 

Cubic feet per square foot  per day (seepage) . . . .  
Pound-snconds per square foot  (viscosity) . . . . . .  
Square feet per second (viscosity) . . . . . . . . . .  
Fahrenheit degrees (change)* . . . . . . . . . . . . .  
Volts per mi l  . . . . . . . .  . . . . . . . . . . . . . .  
Lumen= per square foo t  (foot-candles) . . . . . . . .  
Ohm-circular mils per foot  . . . . . . . . . . . . . .  
Mil l lcuries per cubic foo t  . . . . . . . . . . . . . . .  
Mfll isrnpe per square foot  . . . . . . . . . . . . . . .  
Gallons per square yard . . . . . . . . . . . . . . . .  
Pounds per inch . . . . . . . . . . . . . . . . . . . . .  

"304.8 . . . . . . . . . . .  Liters per sqcmre meter per day 
*4.8824 . . . . . . .  Ki logram second per square meter 
"0.092g03 . . . . . . . . . . .  Squere rneters per second 

5/9 exeetly . . . .  Celsius or Kelvin degrees (chan~e)* 
0.03937 . . . . . . . . . . . .  Ki lovolts per mi l l imeter  

10.764 . . . . . . . . . . . . .  Lumens per squere meter 
0.001662 . . . . . .  Ohm-square mil l imeters per meter 

"35.3147 . . . . . . . . . . .  Ml l l icur les per cubic meter 
"10.7639 . . . . . . . . . . .  Mi l l iamp= per squzce meter 

"4.527219 . . . . . . . . . . . .  Li'mrs per square me'mr 
*0.17858 . . . . . . . . . . .  Kilograms per centime'mr 
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ABSTRACT : ABSTRACT 

Hydraulic model studies were performed to develop a means to . J~draulic model studies were performed to develop a means to 
eliminate the possibility of erosion undercutting the spill- • eliminate the possibility of erosion undercutting the spill- 
way c h u t e  a t  S t e w a r t  ~tountain Dam, A r i z o n a .  The c h u t e ,  which . way c h u t e  a t  S t e w a r t  }4ountain Dam, A r i z o n a .  The c h u t e ,  which 
was comple ted  in 1936, was d e s i g n e d  so t h a t  t h e  w a t e r  would • was co mp le t ed  in  1936, was d e s i g n e d  so t h a t  the  w a t e r  would 
f low t h r o u g h  t he  c hu t e  down a g r a n i t i c  s lope  t o  t h e  r i v e r .  The • f low t h r o u g h  t h e  ch u t e  down a g r a n i t i c  s l o p e  to  t h e  r i v e r .  The 
g r a n i t e ,  which was i n i t i a l l y  t h o u g h t  to  be sound ,  c o n t a i n s  a : g r a n i t e ,  which was i n i t i a l l y  t h o u g h t  to  be sound,  c o n t a i n s  a 
ma jo r  f a u l t .  E ros ion  a long  t h i s  f a u l t  i s  compromis ing  t h e  chu te  : major  f a u l t .  E ros ion  a long  t h i s  f a u l t  i s  compromis ing  t he  chu t e  
s t r u c t u r e .  O p e r a t i o n a l  m o d i f i c a t i o n s ,  the  a d d i t i o n  o f  a d i v i d e r  • s t r u c t u r e .  O p e r a t i o n a l  m o d i f i c a t i o n s ,  the  a d d i t i o n  o f  a d i v i d e r  
wa l l  o r  f l i p  s t r u c t u r e s ,  and m o d i f i c a t i o n s  and p r o t e c t i o n s  o f  . wa l l  o r  f l i p  s t r u c t u r e s ,  and m o d i f i c a t i o n s  and p r o t e c t i o n s  o f  
the  g r a n i t i c  s u r f a c e  were c o n s i d e r e d .  Flow v e l o c i t i e s  a c r o s s  • t h e  g r a n i t i c  s u r f a c e  were  c o n s i d e r e d .  Flow v e l o c i t i e s  a c r o s s  
the  s u r f a c e  and impac t  p r e s s u r e s  on t he  rock s u r f a c e  were  . t h e  s u r f a c e  and impac t  p r e s s u r e s  on the  rock  s u r f a c e  were 
e v a l u a t e d .  The d i v i d e r  wa l l  as  we l l  as  s e v e r a l  o f  t h e  t o p o -  : e v a l u a t e d .  The d i v i d e r  wa l l  as  we l l  as  s e v e r a l  o f  t he  t o p o -  
g r a p h i c  modifications, when combined with protective surfacing * graphic modifications, when combined with protective surfacing 
o f  v a r i o u s  e x t e n t s  o f  the  r o c k ,  o f f e r e d  p o t e n t i a l  s o l u t i o n s .  • o f  v a r i o u s  e x t e n t s  o f  t h e  r o c k ,  o f f e r e d  p o t e n t i a l  s o l u t i o n s .  

ABSTRACT * ABSTRACT 

Hydraulic model studies were performed to develop a means to : Hydraulic model studies were performed to develop a means to 
e l i m i n a t e  t he  p o s s i b i l i t y  o f  e r o s i o n  u n d e r c u t t i n g  t h e  s p i l l -  • e l i m i n a t e  t h e  p o s s i b i l i t y  o f  e r o s i o n  u n d e r c u t t i n g  t h e  s p i l l -  
way chute at Stewart ~%ountain Dam, Arizona. The chute, which • way chute at Stewart Mountain Dam, Arizona. The chute, which 
was completed in 1936, was designed so that the water would : was completed in 1936, was designed so that the water would 
flow through the chute down a granitic slope to the river. The : flow through the chute down a granitic slope to the river. The 
g r a n i t e ,  which was i n i t i a l l y  t hough t  t o  be sound,  c o n t a i n s  a • g r a n i t e ,  which was i n i t i a l l y  t h o u g h t  to  be sound,  c o n t a i n s  a 
major fault. Erosion along this fault is compromising the chute • major fault. Erosion along this fault is compromising the chute 
s t r u c t u r e .  O p e r a t i o n a l  m o d i f i c a t i o n s ,  t he  a d d i t i o n  o f  a d i v i d e r  • s t r u c t u r e .  O p e r a t i o n a l  m o d i f i c a t i o n s ,  t he  a d d i t i o n  o f  a d i v i d e r  
wa l l  o r  f l i p  s t r u c t u r e s ,  and m o d i f i c a t i o n s  and p r o t e c t i o n s  o f  : wal l  o r  f l i p  s t r u c t u r e s ,  and m o d i f i c a t i o n s  and p r o t e c t i o n s  o f  
the  g r a n i t i c  s u r f a c e  were c o n s i d e r e d .  Flow v e l o c i t i e s  a c r o s s  * the  g r a n i t i c  s u r f a c e  were c o n s i d e r e d .  Flow v e l o c i t i e s  a c r o s s  
the  s u r f a c e  and impac t  p r e s s u r e s  on t he  rock s u r f a c e  were  • t h e  s u r f a c e  and impact  p r e s s u r e s  on t he  rock  s u r f a c e  were 
e v a l u a t e d .  The d i v i d e r  wa l l  as we l l  as s e v e r a l  o f  the  topo-  • e v a l u a t e d .  The d i v i d e r  wa l l  as  we l l  as  s e v e r a l  o f  t he  t opo -  
g r a p h i c  modifications, when combined with protective surfacing : graphic modifications, when combined with protective surfacing 
o f  v a r i o u s  e x t e n t s  o f  the  r o c k ,  o f f e r e d  p o t e n t i a l  s o l u t i o n s .  : o f  v a r i o u s  e x t e n t s  o f  t h e  r o c k ,  o f f e r e d  p o t e n t i a l  s o l u t i o n s .  
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