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With the trend to larger and 1.arger hydraulic structures, cavitation and 
the resultant pitting has become a major problem to the hydraulic designing 
engineer. Subatmospheric pressures in smaller structures were of little con
sequence, but with the increase of head in more recent structures, the approach 
of subatmospheric pressures to absolute zero as their limit has created pre
vio1,1sly unheard of situations. Experience in the laboratory and in the field 
shows that prevention of cavitaJion is fundamentally a function of design. 

INTRODUCTION 

Pitting due to cavitation is not new to the Bureau of Reclamation, U. S. 
Department of the Interior. Trouble was experienced as far back as 1910-1920 
in outlet works, but recent examples have been more severe in-extent due to 
the increased head. In discussing the arrangement and design of outlet works, 
J. M._Gaylord and J'. L. Savage, Hon. M. Am. Soc. C. E. (25), in 1923 stated 

· that "Most of the difficulties with outlets built by the Bureau of Reclamation 
can be attributed to the effects of vacuum in the conduits below the regulating 
devices." However, it was not until recently that· pitting has appeared on 
the surfaces of water passages normally considered to be open cha�nels. Two 

• 
I 

examples of conduit flow are described herewith-the needle valves, at Boulder 
Dam (.!rizona-NeTa<la) which discharge into the atmosphere, and the balanced 
valve outlets at Shoshone Dam (Wyoming) which discharge into short conduits. 
Two examples of pitting in open channels are also shown-in the Arizona spill
way tunnel at Boulder Dam and on. the spillway pier faces at Parker Dam, 
both on the Colorado River. 

, The remedial measures in each case were made possible by laboratory 
studies. In fact, the occurrence of cavitation and pitting in the large hydraulic 
'structures constructed in recent years would be more prevalent were it not for 
the availability of hydraulic laboratory facilities. A careful exploration of the 
pressures within� model can detect those conditions which, when transferred to· 
a prototype strµcture, will cause the intermittent subatmospheric pressures 
p:,;oducing cavit(<ttion. At one stage in the design of the spillway for Grand 
Coulee Dam (26), in Washington, a dentated lip at the downstream end of the 
apron eliminated the impingement of the high-velocity flow directly on the river 
bed downstream from the apron, reduced the scouring effect of the turbulent 
flow, and materially reduced the roughness of the water surface in the stilling 
pool. Minute examination of the pressures on the faces of the dentates in a 

4 Hydr. Engr., U.S. Bureau of Reclamation, Denver, Colo. 
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Fm. 31.-PITTINO OCCURS AROUND THE PERIPHERY OF A LAROE NEEDLlil VALVE, IM�l)!JDIATELY 
BELOW REGIONS oi' SuaATMOSI'HF.:RIC WATER PRESIIURES 

Fm. 32.-ENLARGED VIEW OF SECTION IN Fro. 31 EMPHASIZES THE SEVERE PITTING ON THI!! SaouLDll:B 
011' THE NEEDLE VALVE WHICH REQUIRES EXPENSIVE :\lAlNTENANCE BY Wm.DINO 
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1 : 40 model and a 1 : 15 model showed that cavitating pres::mres would occur 
in the prototype which would have destroyed the piers in a very short time. 
This condition was the principal factor in continuing the laboratory studies 
which resulted in the adoption of the bucket type of energy dissipator. 

The destruction of the conduit roof in the outl�ts at l\Iadden Dam, on the 
. Chagres River in the Isthmu_s·of Panama, by pitting from cavitation was the in

centive for a complete model study of the ,outlets (27) for Grand Coulee Dam. 
Aside from the criterion of efficiency, the emphasis throughout the tests was to 
prevent pressures from occurring at :lay point in the conduit_ which would cause 
cavitation� One of the early designs of the upper and intermediate outlets 
showed subatmospheric pres_sures of such intensity that, had the design been 
constructed, cavitation would, "';ithout doubt, have been so severe as to hamper, 
if not completely prevent, successful operation. In the original design the fact 
was overlooked that the frictional forces in the sloping conduit '1rnre insufficient 
to overcome the accelerating force due to gravity, a condition which became 
readily apparent in the experimental studies� 

There ,vas a period prior to the :Madden Dam -incident when it was difficult 
to demonstrate that cavitation and pitting could occur in a hydraulic structure 
in the same man·ner as it has occurred in hydraulic machinery such as marine 
propellers, turbines, and pumps. - With t�e experiences at l\Iadden Dam and in 
certain Bureau structures, augmented by' laboratory investigations, the im
portance.of this cavitatio1_1 problem is fully recognized by Bureau engineers. 

The Gaylord-Savage report (25) _describes outlet structures and recounts the 
difficulties experienced in the excessive maintenance due to damage from 
cavitation. Although the theory of cavitation at that time differed materially 

· from the current ·conception, the adverse condition was even then associated 
with extreme subatmospheric pressures. It was realized that the erosion or 
pitting was an action accompanying subatmospheric pressures, but the cause 
was not completely understood. At first t�e pitting was believed to be a 
direct re�mlt of the making and breaking of the vacuum in the immediate 
vicinity. 

As is now the case, one of the most practical remedies applied to the dis
charge conduits installed in early periods was the introduction of air immedi
ately below the regulating device. Air \vas admitted to the discharge conduit 

· in a number of instances during the first years of operation, but, in the light of 
air-requirement tests made-in recent years on both model and prototype struc
tures, it is doubtful if the air supply in most cases was either adequate or 
properly installed. The location of the air inlets in the conduits is often more 
important than the size. T,hus, improper location might have been one of 
the main· factors contributing toward failure of some of the early systems. 

Streamlining the needle tips is considered the only practicable means of 
eliminating damage to this part of the valve; however, damage could be 
requced to a minimum by restricting the valve operation to noncritical openings 
determined by detailed pressure measurements on the prototype or by model 
tests, or both. 
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DAMAGE TO NEEDLE VALVES 

Initial operation at Boulder Dam and Alcova Dam, in Wyoming,· produced 
severe erosion of the needle valves in the outlet structures which was expensiv� 
to ·maintain, sfoce the valves were not readily accessible. The type of damage 

Zero Pressure Line 
0 120 240 
I I I I I 

Scale of 

FIG, 33.-PBE88URE DISTRIBUTION ON THE 
NOZZLE OF A 72-IN. NEEDLE VALVE 

(HBA», 516 FT) Saows REGIONS OF 
Low PRESSURE WHICH CoBRELATE 

PBRl'ECTLY WITH 'THB OCCUR-
RENCE OF PITTING 

is shown on the needle in Figs. 31 a.nd 
32. · In this case, the damage was 
produced in a relatively short t�me. 
Detailed records are not available, but 
the time was probably about one month 
at the one-half- open position with a 
head of 145 ft. 

Piezometers installed in the nozzle 
of one of the 72-in. valves at Boulder 
Dam showed pressures near absolute 
zero in a zone (Fig. 33) immediately 
upstream from the region of erosion or 
pitting throughout the entire range of 
the valve. Since the installation of 
p1·essure equipment in one of the 72-in. 
needles would have been intricate, a 
homologous needle valve with an ex�t 
diameter of 5 in. was,installed for test
ing in one of the tunnel-plug outlets at 

Boulder Dam. The pressure distribution on the needle and nozzle is showh 
in Fig. 34 for -various openings of the valve under ·a constant· head of 150 ft. 
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Scale of Water Pressure 
Fm. 34.-DETAIL DATA FROM EXTENSIVE TESTS OF A 5-IN. ScALE-:'.loDEL NEEDLE VALVE FURTHER j 

CONFIRM THE PRESSURE l\1EASURE!\IENT8 AND PITTING OBSERVED ON THE PROTOTYPE . I 
. ( 

In general, the pressure conditions were most critica) at a valve opening of ; · 
approximately 40%. The results of a wear test· (Fig. 35) are shown after six ; 
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days of operation under a total head on the valve of 4ti0 ft with the valve 
opening of 40%-the severest condition.  

A number of designs were studied in  the laboratory using the same 5-in .  
valve and a design was developed ,vhich produced positive pressures at all 
valve openings and at all heads. This design, when subj ected to a wear test, 
under the same conditions as the original design (except at an opening of 20%, 
the opening at which the severest conditions occurred) ,  showed no sign of pitt ing 
on the needle after eighty-four days of operation (Fig. 36) . 

Fro. 35.-PITTING ON THE NEEDLE OF A 5-IN. 
VALVE, ACCORDING TO 1'HE ORIGINAL DE

SIGN, AFTER SIX DAYS OF OPERATION 
(40% OPENING AND H = 460 FT) 

FIG. 36.-.-\BSENCE OF PITTING. ON THE NEEDLE O F  
A 5-IN. VALVE, ACCORDING T O  T H E  hrPROVED 

DESIGN, AFTER 84 DAYS OF OPERATION 
(20% OPENING AND H = 460 FT) 

The original design of nozzle had an expanding water passage which tended 
to lower the velocity and cause a regain of velocity head . This yielded a higher 
discharge but created low-pressure areas in the valve. ·when forces in the low
pressure areas were of sufficient intensity, they produced cavitation with the 
accompanying pitting. 

From the; high-head studies of the 5-in .  valve, certain specifications were 
developed to/maintain positive pressures on the needle and nozzle of the valve 
at all openi�gs. The angle between the needle and t�e nozzle must not be 
divergent in the direction of flow. The needle and nozzle profiles lllil,Y be 
parallel and still maintain positive pressures, but a convergence of one to three 
degrees is preferable. The seat must be on the tangent portion of the needle ; 
that is, the base diameter of the needle cone must be slightly larger than the 
outlet diameter of the no:zzle. The valve nozzle should have no point of 
inflection ; it should have a sharp edge to maintain the minimum section at 
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the outlet of the valve nozzle and should permit free a�cess of air to the jet 
at the point of emergence. 

The high-head studies on the 5-in. �alve gave positiv, proof that the 72-in. 
valves were pitted by cavitation and that elimination of the severe subatmos
pheric pressures causing the cavitation was possible by the redesign of ihe 
hydraulic passages of the valve. In eliminating the low pressure by using a 
sharp-edged nozzle in the improved design the discharge capacity wa.s reduced. 

Using a 6-in. valve equipped with piezometric taps throughout the profile of 
the needle and the nozzle, the design was altered further by increasing the 
outlet and equatorial diameter and the needle travel until a combination was 
found in which t�e cavitating pressures were absent over the entire range of 
valve opening (Fig. 37) and the discharge capacity was comparable to that ' of 

· the original valve. 

------�- 180 1 1 --------

--- 87.50 1 1 ------57.45 1 1  

-. £--iii':-,F#c,1'#z�;«zft---+- ... __ 

(a)  

5% 20% 

O"-------------------'---'--..i.....1.1 0"---...1-..J/.L..,Y;,,,iili�y 

(b) PRESSURE CONDITIONS ON NOZZLE (c) PRESSURE CONDITIONS ON NEEDLE 

FIG . 37.-COMPLETE ABSENCE OF CAVIT.\TING PRESSURES ON THE NEEDLE AND THB. NOZZLE OJI' A NEW . fi 
DESIGN OF N EEDLE VALVE, AS DETERMINED FROM A 6-IN. MODEL 

l: 
Although the new design has not been _ used_ in a field structure, the satis- / '  

. factory operation of the 5-in. valve with positive pressures throughout, under a f_:, ·_;_, 
. head of 460 ft for eighty-four days, indicates similar satisfactory operation in ), 
,i larger valve of the new design. As designed for Friant Dam in Calif

r

rnia, the f : 
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valve in Fig. 37 has an inlet diameter of 1 10 in. and an outlet diameter of 
105 in . · 

Subsequently, sharp-edged nozzles were installed on certain valves at 
Boulder Dam and the pressure results show a marked improvement in distribu
tion (Fig� 38) . Field reports indicate_ a· minimizing of pitting on those valves so 
equipped. Operation of the valves .with 
the original nozzle shape · at openings 
where the subatmospheric pressures were 
less severe, as indicated by model tests, 
has also tended to reduce the amount of 
pitting. 

SBOSIJONE DAM BALANCED VALVES 

The 58-in. balanced valves in the 
, lower outlet tunnel in the south canyon o 120 240 
wall at Shoshone Dam, near Cody, ,vyo. ,  
were installed in May, 1915. Although 
this type of valve · had already required 
considerable maintenance in the installa
tions at Roosevelt Dam, in Arizona, and 
Pathfinder· Dam, in Wyoming, it was 
adopted · because of the lack of a better 

· design. 

FIG. 38.-PREBBURE DISTRIBUTION ON THl!I 
NOZZLE OF THlll 72-IN. NEEDLE VALVES 

AT BOULDER DAM , WITH REVISED 
PROFILE OF Nozz�E 

The valves were in operation only a few seasons when it became evident that 
seasonal mainte�ance similar to that at the older installations would be re
quired� Pitting of the downstreafll faces of the valve needles ·· and severe 
damage to the discharge conduit walls immediately below the valves occurred 
during extended periods of operation. . Patching with various materials or 
filling the pitted areas by arc-welding with different metals was of no avail. 
With few exceptions the patches eroded more rapidly than the parent metal. 

In 1-930-1931 ,  an attempt was made to relieve the Shoshone situation by 
installing twenty-four 2-in. pipes and an 8-in. air duct below each valve (Fig. 
39(a)) .  A marked increase in the intensity of the noise accompanying the 
discharging water resulted, and the experiment was considered unsuccessful. 

. Because of the failure of the vent system, resort was made to the original method 
of maintenance and the valves were used as little as possible. The pitting was 
serious and the repairs inadequate, but a more practical method of repair 
was .not apparent. 

During the season of 1942; the valves at Shoshone were operated at almost 
full capacity over an extended period in order to regulate flood flow and 
prevent crop damage downstream. Dam�ge to the outlet structure was severe 
and maint.enance measures became critical. 

The concrete for several feet downstream from the metal lining in each 
conduit had been eroded severely and most of the twenty-fou·r 2-in. pipes 
embedded in the conduit during the 193 1  revision had been torn out in the 
eroded area (Fig. 40(a) ) .  The "semi-steel" (high-test gray iron) conduit liner 

- ---- -- ----------- �- --- ---- -- ---- - -- - -- -- - - - - - . .  - - - ·- - -- - - -- · - ·  . .  -- --- . . - -- - -- . 
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�24.2• 1 Air Pipes 

� 2''. Pipe Air I n lets 
-��!-----tr' 

( b) PROPOSED REDESIGN 
WITH NEW STREAMLINED 

NEEDLE AND A IR  VENT 

(c) MODIF IED DESIGN WITH THROAT LI NER AND 

2 1 1  PIPES REMOVED AND A IR  DUCTS INSTALLED 

. · . •' / // 
/ ;' / 

(a) OR IG INAL DESIGN 

WITH 1931 REVISIONS 

DETA IL  B 

-. Air Supply 

DETAIL A 
Valve . in Closed_ Position 

---------, 

, - - - -( 

t·ra.  39. -BALANC ED VALVES [N THE Low ia O t"TLETB AT SsossONE Dill 
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below the valve was pitted severely nn<l the face of the needle (Fig.  40(b) ) had 
badly pitted areas (by operation in pre\' ious years.) on which severa l kinds of 

FIG. 4O.-REMAINS OF 2-IN. Arn PrPES, SHOSHONE DAM : (a) Vent of a 52-In. Conduit Facing Down-. 
stream from the East Valve ; (b) East Conduit 

metal had been tried-none satisfactorily. The areas of greatest pitting were 
below and above the valve guides, where only 3/4 in.  of the original 2 in. of 
parent metal remained . The extensive welding of prev10u

1
s yea.rs, · on the 

l 
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µeedle face, is apparent in Fig. 40(b) . The end of the metal liner was cut off 
in 1931 when the present installation was made. 

Hydraulic laboratory model studies were made to evolve means of mini
mizing or eliminating the severe· damage, to reduce the unreasonably high 
seasonal maintenance, and to remove the danger of a possible failure of the 
water-release system. This problem involved an extensive study of the pres
sure distribution in the valves and the discharge conduits. 

Three alternatives were developed : (a) The range of valve opening was 
determined in which damage would be minimized until mat�rials, unobtainable 
due to wartime restrictions, · i>ecoi:pe available ; (b) a redesign (Fig. 39(b) ) was 
developed in which adverse pressure conditions were elimi:µated over the entire 
range of operation, but at some sacrifice in the discharge capacity ; and (c) a 
modification of the present installation (Fig. 39 (c) ) was developed in which 
pressure conditions were acceptable over a range of valve opening from 25% 
to 100% with no reduction in the discharge capacity. 

The model tests showed that the present prototype vent system is in
adequate to prevent cavitation for all except a very small range of valve 
openings. Insufficient air is supplie<;l between 23% and 70% openings, and 
some of the 2-in. vent pipes on the invert and crown become ineffective at 
openings above 85%, due to eddies forming immediately downstream from the 
V-guides. These conditions precluded safe operation of the present installation· 
at ranges of valve opening other than 70% to 85%. Studi�s of the present, 
installation indicated tha.t the pitting on the valve needl�s was most severe 
between openings of 14% and 25%, and that damage to the conduits resulted 
between 23% and 70% valve opening. The damage to :the conduit at these 
openings probably rendered the air-supply system ineffective and aggravated 
the destructive action for larger valve openings. 

Damage sy cavitation and pitting on the valve needies and discharge 
. conduits can be eliminated entirely by a m::i,jor revision (Fig. 39(b) ) of the 
needle tip, the valve seat, the conduit throat, and the aeration system. This 
solution will re�uce maintenance co�ts to a· minimum and the valves can be 
operated at any opening without fear of damage due to subatmospheric 1 

· · pressures ; but it will reduce the discharge capacity by approximately 20%, ( 
a factor to be considered in future revisions. 

Minor alterations of the present structure (Fig. 39 (c) ) will involve : (a) . 
Streamlining of the sealing edge of the plunger ; (b) removal of a part of the � 
bronze sealing ring by c!1ipping and grinding ; (c) removal of the throat liner ; ': 
and (d) revamping of the air-supply system. Aeration equivalent to three i 
12-in. ducts would be adequate in tliis arrangement, bu.t slightly more area was 1: 
recommended as information on air requirements in high-velocity :flow is : 
limited. Operation of this modified design at openings smaller than 23% will ; 
have to be avoided to prevent damage to the needle. The discharge capacity · 
is not affected noticeably by the modification. 

Since materials have been unobtainable to make either the minor alterations ; 
or the major revision, the valves were operated during the 1 943 irrigation season , 
in the valve-opening range at which the subatmosph�ric pressures were the 
least_ severe. After thirty-five days of operation at 75% opening, the valve . 

-- --- - ------ - -- - - - --- ·- · - -- · - - . 
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itself showed no evidence of  additional pitting, · and a ve.ry small amount of  
pitting had occurred in the extreme top of the discharge conduit. Forty-seYen 
days of operation at 9% opening in 1 942 had caused the damage shown i 1 1  
Fig. 40. 

PARKER DAM SPILLWAY PIERS 

The spillway at Parker Dam has five 50-f� by 50-ft stoney gates to pass the 
flood waters. These gates were alrn used for passing the flow of the river 
during the low-water season, particularly during the early years of operation, 
before the power plant ,vas completed . As a result of this · early scheme of 

I 

Flo. 41.-Pl'rl'ED ABEA ON THE FACE OF A SPILLWAY PIER IM!tiEDIATELY DOWNSTREA�1 FRml THE GATE 
R.Eczss AT THE RroaT, OR CALIFORNIA END, OF GATE No. 5 AT PARKER D.u1 

release, the gates were operated continuously over long periods, with a rela
tively small gate opening and a head above the spillway crest of from 40 ft 
to 50 ft. 

An eroded condition, similar to that on the spillway faces at Bonneville Darn 
described in a previous paper, began to develop on the faces of the spillway 
piers and on the spillway crest immediately downstream from the gate slot 
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(Fig. 41 ) .  It first appeared below the gate which had the longest record of 
operation, bu't there was evidence of it <lown�tream from the other gates. 
Subsequent operation of the other gates had gradually developed the same 
pattern on all ten .of the pier faces in lesser degree of intensity. Photographic 
inspection at approximately yea rly intervals discloses some increase in the 
extent of the area and depth of the erosion, but· not sufficient to cause undue 
alarm, particularly since the power plant has been placed in operation an·d 
most of the low-water flow passes the dam through the turbines. 

l\Iodel studies were undertaken to reveal the caw'.'e and means of eliminating 
pitting at Parkr:r Dam and to prevent it a t  future installations. Incomplete<l 
studies, including all possible circumstances ,  have revealed s�veral points of' 
interest. The use of tran�parent models revealed cavitation under the end 
of the gate in the gate slot as a result of a vortex. Pitting, caused by the 
collapse of the low-pressure pockets breaking a way from the bottom of the 
vortex, is the only logical explanation of the damage to the pier face. 

A similar installat ion at Guernsey Dam, in \Vyoining, showed no signs of 
erosion on the spillway fare even though the gate has operated in the same 
range for a long period of t ime. This  naturally rn ised the question as to why 
erosion occurred at Parker Dam and not at  Guernsey Dam. 

The gate slot at 'C}uernsey Dam is considerably larger (F�g. 42) in horizontal  
cross section than the gate slot at Parker Dam. .As a result ,  the vortex in the 

LEGEN D ,- - - - - - - - - ,  , - - - · -'- - - - - - - ·· -; �� I '· / I 

-- Parker Gate and : , i I 
End Recess I 

- - · - Guernsey Gate i r-=--.,__,. 
and End Recess \ I"----,:...=-;.----..;--' 

/ . .  ....b , . 
/ 

Wedge Deflector to 
Be Instal led on 

Sp i l lway P ier Face 

Flow 

Deflector Consisting of 
90 Degree Segment of 

8- l nch  Extra Heavy Pipe 

Fro. 42.-Co�IP.,RI SON OF TH E G ATE R EC ESSES OF G t" ERNl!IEY DA ll AND PARKER DAM , SHOW ING THE 

LOCATION OF TH E DEFLECTORS PROPOSED AS R Ell EOIAL :\ I EASL"RES AT PARKER DAll 

gate slot at Guernsey Dam \\"as  larg(' an<l slow  in  rota tion °with no appreciable · 
reduction i n  pressure a t  the  core, ,,·herC'as \\" i th the smaller cross section of the :  
gate slot at Parker Dam,  the angular velocity was high "·ith a very small core · '.  
and very low pressmes in  the cor('. .-\:-; in  the ca se of the cavitation zone : , 
<lownstrcam from a Ycnturi throat ,  th e flmr condi t i on was unstable and low
pressure pockets brnke away from thr  bottom of the  vortex. Some of the , 
pockets collapsed against the boundary surface , resulting in the destruction : 
of the concrete aqd metal. 

According to the present concept ion of t he eondition , the soluti�n appears : ·  
to be the elimination of the vortex. This  can be done in a number of ways, 
none of which is universally applicable. I n the  case of Parker Dam, it is ' 
proposed to install a wedge-shaped deflector (Fig. 42) upstream from the gate : 
sufficient in _e_xtent, to deflect the f low of "·a ter under t,h e g,1 te 1 way from t��e- --
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downstream corner of the gate slot, thus negating. the formation of the Yortex. 
An additional _curved deflector consi st i ng; of a 90° segment of an 8-in. extra 
heavy pipe fastened to the metal at the downstream side of the gate slot will 
further deflect the flow away from the pier face and provide aeration down to 
the spillway crest. Another solution, practicable where the spillway crest is 
sufficiently far above the ta ilwater to provide drainage, is the extension of the 
end beams of the gates do,Yn into wells in the spillway crest, thus making them 
continuations of the gate slots. These gate-beam extensions will then serve 
a� follower_� and will fill the gate slot as the gate is rai sed , provfrling continuity 
of the spillway pier face. · In the case of a gate 50 ft h igh ,  the follower is con
sidered structurally feasible in lengths to 6 ft. The model studies indicated 
that a follower length of from 2 ft to 3 ft is all that is necessary, since the 
occasion and duration of operation at the larger openings are infrequent and 
short. 

Insertion of steel plates in the piers in the areas of pitting, as was rlone on 
the spillway piers at Bonneville Dam,  is also a solut ion, but OI�e remedying 
the effect rather than remoYing the cause . .  

B O U LDER D .UI SPILL WA y TUNNEL 

The channel spillway on the Arizona side at Boulder Dam was first placed in 
operation on August 6, 1941.  On August 14 ,  194: l ,  the d ru ni gates were raised 
for a few hours a_nd a hurried inspection was made of the t unnel. Little or no 
sign of erosion was apparent. Operation of the spillway ,ms continued until 
December 1 , 1 94 1 ,  at which time, because of the lowering of the reservoi r  
elevation, it was necessary to start release o f  ,rnter through the  tunnel plug 
outlet needle valves. During the four months of continuous operation, the 
average flow was approximately 1 3,500 cu ft per sec , except for several hours 
on October 28, when one of the <lrum gates dropped and the maximum flow 
was 38,000 cu ft per sec. 

During a routine inspection of the spillway tunnels on December 1 2 , 1941 , 
an eroded area was discovered in the bottom of the curve connecting the 
inclined and horizontal portions of the spillway tunnel (Fig. 43 (a) ) .  The hole 
,vas approximately 1 1 5 ft long and 30 ft wide, with a maximum depth of 45 ft 
below invert grade. 

The repai r (Fig. 43 (b)) o f  the damaged area has been described elsewhere 
(28). The chief concern here is an attempt to analyze the cause of the erosion. 
A number of theories have been arkanced. In the opinion of the writer, the 

. I 

primary caiise was misalinement of the tunnel a few feet upstream frorri the 
upper end- pf the eroded area. ·with an extremely high velocity down the in
clined poriion of the tunnel (at least 150 ft per se·c) , the stream followed 
the invert profile down to the hump ; but as it flowed over the hump, the water 
could not follow the sudden change in grade and a cavitation region formed 
between the sheet of flowing water anrl the concrete . The pressure in that 
region was the vapor pressure of the water, hut since th is  condition was very 
unstable, the low-pressure pocket or cavity intermittently passed downstr�am 
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in the region of higher pressures, collapsed and disintegrated or pitted the con
crete as shown in the foreground of Fig. 44. The misalinement is defined by 
the position of the rope in Fig. 44 . 

FIG. 43.-C.�vITATION IN THE SPILLWAY TUNNEL ON THE Amzo?\A SmE, BocLDER D.uf : (a) E roded 
Area After Unwatcring;  (b) After Completion of Repairs 

With the surface of the concrete broken by the pitting oYer a relatively smu, l l  
ar�a, the high-velocity water harl a grip on the concrete an rl destruction hy 
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impingement started . Imperfections in the co.ncrete, suc l 1  a.� rock pockets, 
cold j oints, porous areas, lack of bond, etc . ,  al l made the · concrete more 
vulnerable to this attack by impingement. Furthermore, the impingement of 
the high-velocity water on any exposed joints would cause the energy in the 
water to be converted from velocity head to pressure head . This pressure was 
pro·bably transmitted through the planes of �veakness i n  the construction j oints 

. 
I 

FIG. 44.-PrrTED SURFACE DowNSTREA.,r FROM THE :.:lISALINEMENT IN THE TUNNEL AT THE 
UPSTREAM END OF THE ERODED A REA 

caused by lack of ·proper horizontal joint cleanup prior to placement of new 
concrete. The concrete, being weak in tension, was dislodged in a manner 
similar to freezing of concre.te and the resulting expansion. The concrete was 
probably dislodged in quite large pieces. After the concrete lining was ripped 
away, the shattered rock in an underlying fault was dislodged and transported 
away by the water. The shattered rock in the fault contributed to the extent 
of the erosion and not to the cause. After the surface was broken by the 
pitting and the joints were exposed to direct impingement, the sheet of high
velocity water down the turinel invert acted as a mammoth hydraulic giant. 

The pitting of the concrete surface downstream from the hump is analogous 
to a flesh wound. Infection followed wh ich was aggravated by the weaknesses 
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in the concrete and the· shattered condition of the underlying rock. Under the - :  
conditions o f  misalinement which existed �t a critical position in the inclined !. : 
tunnel, it is doubtful that any material could �ave withstood the effec�s of : 

1 cavitation indefinitely. Of course, perfectly sound homogeneous concrete and : .  
underlying rock would have greatly reduced the extent of the erosion. 

· 
. 

If the rock pockets, cold j oints, and other porous areas in the invert are n 
assumed to be the primary cause of failure, it is difficult to explain why the rock [ .  
pockets immediately above and below the hump have not been the source of i .  
erosion, since the velocity of the water at all three points is for all .practical " i 
purposes the same. Actually, the coat of black waterproofing and mineral ; '. 
deposit was intact in many placeil, showing no effect of direct scouring by the , · 
high-velocity water immediately above and below the eroded area. - � , 

In making the repairs to the tunnel, aside from providing concrete having : :  
the most suitable qualities practicable, extra effort was made to provide a !" !  
smooth continuous surface with no humps or depressions. Two major humps , :  
.and several minor humps in the invert above the eroded area were entirely , .  
eliminated by bushing and grinding, using a template cut to the true radius of , i 
curvature. Rock pockets were cleaned, patched, and then, ground to conform : • 
· to the surrounding concrete. Accumulations of grout and mineral de_posits : · 
were removed . The surface of new concrete · in the eroded area was finished l :  
carefdlly to produce a sound, continuous, uninterrupted surface. The surface f_ ; 
was given a final grinding with a small terrazzo machine to remove board marks i 
and obj ectionable offsets, leaving an extremely smooth surface. Minor bulges r  · 
in the surface were removed by bushing followed _by grinding, using a template i· ; 
cut to the correct radius of curvature. Considerable care was used in grinding ; ' 
the surfaces adjacent to the old concrete lining to remove all offsets and other 
irregularities . 

CONCLUSI O N  

These illustrations are typical situations which should be avoided by de
signing engineers. Other such examples must exist . If these could be brought 
to light and explained in the discussions of this Symposium, they would be a 
definite contribution. Since experience seenis to be the principal source of ; 
knowledge, those of the profession who are intimate with the effects, even : : 
though they have attained that knowledge the hard way and in some cases 
-the embarrassing way, should impart their experiences so that a wide variety 
of instances can he available to avoid repetition in the future . 


