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PREFACE 

During the spring of 1967, heavy rains in the watershed 
area of the Bighorn River resulted in high inflows in  
Bighorn Lake behind Yellowtail Dam. To control the 
reservoir, releases from the spillway were initiated on 
June 26, 1967. Releases through the spillway varied 
during the period June 26 until July 28, but never 
exceeded 18.000 cfs. The total spill lasted more than 
30 days. During that time approximately 650.000 
acre-feet of floodwaters were discharged exclusi~ziy 
through the spillway. 

The spillway is an openchannel flow, tunnel-type, 
constructed through the le f t  abutment rock, and 
consists of a gated intake structure, an incline section 
of varying diameter, a vertical bend, a near-horizontal 
section, and a combination stilling basin flip bucket 
structure. The tunnel diameter varies uniformly from 

Station 11+65. All of the damage downstream from 
Station 7+79 was traceable to cavitation erosion 
initiated by surface irregularities in the tunnel lining. 

Corrective procedures were established and a major 
design modification made. The design modification was 
for the construction of an aeration slot at Station 
7+79. The corrective procedures involved repair to the 
damaged areas with backfill concrete, e*y-bonded 
concrete, and epoxy bonded epoxy r;l!?!+r:-'.' :j :-.:: 

The documentation that follows describes the use of 
the near-horizontal tunnel section in the diversion plan, 
the resulting erosion, the operation of the spillway in 
1967, and thgv,nsuing damage and subsequent repair. 
m&dificatim, an'il'prototype testing. 

!) 

40 feet 6 inches a t  Station 6t50 to 32 feet 0 i n ~ h  at Various problems and difficulties that occurred during 
Station 7+95.079. Thereafter, the diameter i<. a construction of the aeration slot, and the repair of 
constant 32 feet 0 inch to the outlet portal at,?tation ': both severely and minor damaged areas are described in 
22t33. detail. The experiences gained and the pbservations 

made should benefit other t3ureauY -offices and 
During the spill: severe damage occurred <0 the personnel. 
concrete lining and underlying rock,between Station 



PART 1 

TUNNEL SPILLWAY OPERATION 
1N 1965 

A. Condition o f  Tunnel P r i o ~  
t o  Making Releases 

The spillway stilling basin and the 32-foot-diameter 
spillway section from tunnel Station 10t31.47 to  
:unnel S ta t i on  2 2 t 3 3 ,  together  with the 
28-foot-diameter diversion tunnel that transitioned 
into the spillway at Station 10+31.47, were,used t o  
)iivert the river through the left abutment;;of the 
construction area. These structures were completed 
early in January 1963. On January 22. 1963. the river 
was diverted into the tunnel and remained in that state 
until closure on November 3. 1965. During that period, 
river sediments eroded the invert in varying amounts 
from the diversion tunnel intake to  the end o f  the 
spillway stilling basin. Since the portion o f  the 
diversion works upstresm from tunnel Station 
10+31.47 was t o b e  abandoned after diversion. the 
nature and extent of erosion was of concern only 
downstream from Station 10+31.47. 

. . 

The invert surface from tunnel Station 1tX31.47 to  the 
outlet of the spillway tunnel, station 2 7 ~ 2 3 ,  was 
eroded down to  exposed aggregate. The erosion was 
deepest at :he centcrline of the tunnel, decreased 
uniformly, and ended approximately 10 feet (measured 
horizontally) either side of the tunnel centerline, 
Tunnel cross sections from Station 10+40 to Station 
21+65, Table 1-1. show a maximum erosion of about 
1.112 inches. . , 

In general, the invert concrete had eroded uniformly to  
a fairly smooth surface with most o f  the exposed 
aggregate eroded level with the grout matrix, see Figure 
1-1. However, depressions due ' t o  aggregate popout, 
local scouring, and gouges in the concrete existed at 
random locations throughout the invert. The reach 
between tunnel Station 19+95 and tunnel Station 
20t65 was particularly affected with the most damage 
concentrated at construction joints in the invert. 

The portion of the tunnel lining above the invert 
concrete was placed utilizing a continuous circular 
form. The lining surface above the invert and extending 
to the spring line (the area curving upward and away 
from the form surface) had been affected by the 
formation o f  air bubbles during placement, leaving 
small pits or "bug holes" in the surface. "Bug holes" 
occurred throughout the tunnel downstream from 

Figure 1-1. Typical erosion pattern in the inven lining 

Photo P 4 5 9 6 4 0 3 6 6 7  NA 

Station 1Qr32f. 111 general, the diversion flows had 
given the "bug holes" a teardrop shape. Most of these 
surface irregularities were very shallow and about 
314-inch long in the upstream-downstream direction 
with only occasional "bug holes" greater than 114-mch 
deep and 1-inch long. Figure 1-2 is representatwe of 
"bug holes" in the lining. 

Figure 1-2. View of surface pits in the tunnel lining. T h a n  
pits or "vugs" resulted from air bubbler formed during 
placement of  this portion of  the lining. Photo 

P4596403671 NA 

The condition of the stilling basin invert was excellent 
considering the amount of silt-laden materials passed 
during diversion. The surface was sufficiently eroded to  
expose aggregate, see Figure 1-3, but the texture o f  the 
eroded surfaces was generally smoother than similarly 
affected areas in the spillway tunnel. The depth o f  



Table 1-1 

TABULATION OF DEPTH OF EROSION IN SPILLWAY TUNNEL (FEETI 
YELLOWTAIL DAM 

Dtrtance from temelate to concrete surface' 
Tunnel 10 feet 6 feet 1 3feet 6 feet 10 feet 
Statton left ~t E I right*. I right rqh t  

'The distances shown in the tabuiation were taken along and normal t o  the template and existing concrete. The 
template war resting on concrete at i t s  extremities: chord and radius lengths of the template were 18.65and 16 
feet. rerpectiuely. .. 

Dirtancc shown is measured horizontally from tunnel centerline. Left or right referr t o  direction from .' 
centerline looking downstream. 



Fiwre 1.3. Typical erorion pattern in invert of stilling 
basin. Photo P459-D-55582 NA 

erosiori was greatest at the basin centerline and 
decreased uniform!y t o  the original surface i n  a 
distance of 6 to  8 feet from the centerline. Al l  
construction joints were in good condition and free of 
spalling or excessive erosion except for a small pocket 
of spalled concrete at a joint between the curved flip 
bucket and the right sidewall o f  the basin. Several small 
nicks in the l ip of the f l ip bucket had occurred, and 
erosion had exposed aggregate the full width of the 
basin, but both nicks and erosion were insignificant. 
Refer to Figures 1-4 and 1-5 for the lip erosion and a 
general view o f  the stilling basin. 

The invert of the vertical curve between the tunnel 
outlet portal and the stilling basin was generally eroded 
to  a rougher texture than the basin invert. Vertical 
curve alinement appeared excellent with only a small 
hump noted at the construction joint at Station 22+33. 

Since the texture of the invert of the spillway tunnel 
had been affected enough by diversion flows to present 
a caviration problem during high sp~llway discharges, 
remedial measures were formulated t o  restore the 
invert surfaces to  an acceptable condition. Restoration 
of the tunnel surfaces downstream from Station 
10t31.47 were made according to  the following 
guidelines: 

1. The contact line (below the spring line) between 
the new elbow concrete (at Station l(H31.471 and 
the existing concrete was ground as smooth as 
possible with all offsets and adjacent gradual 
irregularities eliminated on a 1:100 bevel. 

2. A l l  of the eroded invert concrete from Station 
10+31.47 to Station 10+40 was bushhammered and 
ground smooth to  a texture similar t o  that in the 

F~gure 1-4. Eroded concrete surfacer downstream of 
bucket l ~ p .  Stoplog real plate IS  undamaged. Photo 
P455 0-55583 N:i 

elbow concrete. Al l  gradual or abrupt irregularities 
in this reach, parallel and not parallel to the flow, 
were eliminated on a 1:100 bevel. . 
3. Al l  of the eroded invert concrete from Station 
10+40 to  Station I N 5 5  was Lushhammered and 
ground such that the texture of the treated area 
transitioned from a smooth surface (similar to  
elbow surface concrete) at Station l o t 4 0  to  a 
texture left by bushhammering at Station 10+55. . 
A l l  gradual or abrupt irregularities in this ream 
parallel and not parallel to the flow, wet? 
eliminated:on a bevel of 1:100. 

4. Al l  of the eroded invert concrete from Staticn 
l(H55 to  Station 10+80 was bushhammered to  
transition t o  the existing eroded surface at Station 
10t80. Al l  gradual or abrupt irregularities in t h ~ s  
reach, not parallel t o  the flow, were elimi"ated on a 
bevel of 1:100 at Station l o t 5 5  transitioning to  a 
bevel of 1:50 at Station 10+80. Gradual or abrupt 



Figure 1.5. View of spillww stilling basin. Photo 
P459.D.55581 NA.  

irregula[,ities, parallel t o  the flok, were eliminated 
on a bevel o f  1:100 at Station l o t 5 5  transitioning 
to  a bevel. o f  1:25 at Station 104-80. Large 
depressions or gouges in the invert were filled with 
epoxy-bonded epoxy mortar or by concrete patches 
keyed into the original concrete. 

5. From Station 10+80 t o  Station 11+30 eroded 
surfaces were not ti&ted except that all graduai or 
abrupt irregularities, not paralled to  the flow, were 
eliminated by bushhammering on a bevel of 1:50 at 
Station 1W80 transitioning to  a bevel of 1:30 at 
Station 11+30. Gradual or abrupt irregularities, 
paralled to  the flow, were eliminated by 
bushhammering on a bevel of 1:25 at Station 10+80 
transitioning t,o a bevel o f  1 : I 5  at Station 11:30. 
Depressions oigouges in the invert that could not 
be eliminated by bushhammering were filled with 
epoxy-bonded epoxy mortar or concrete patches 
keyed into the original concrete. 

6. Downstream from Station 11+30 and extending 
t o  Station 2W77.97 (P.C. of  vertical cum) ,  the 

eroded surfaces were not treated except that gradual 
or abrupt irregularities, not parallel t o  the flow, 
were eliminated by bushhammering on a bevel o f  
1:30. Gradual or abrupt irregularities, parallel t o  the 
flow, were eliminated by bushhammering on a bevel 
of 1:15. Depressions or gouges in the invert that 
cuuld not be eliminated by bushhammering, and the 
deteriorated concrete at construction joints were 
repaired with epoxy-bonded epoxy mortar or 
concrete patches keyed into the original concrete. 

7. Downstream from Station 20+77.97 to the 
downstream end of the stilling basin, the eroded 
surfaces were not treated except that all gradual or 
abrupt irregularities not paralled to  the flow were 
elimmated on a bevel o f  1:50 and those parallel t o  
the f low were eliminated on a bevel of 1:25. Gouges 
and depress~ons in the invert that could not be 
eliminated by bushhammering, and deteriorated 
concrete at construction joints were repaired with 
epoxy-bonded epoxy mortar or concrete patches 
keyed into the original concrete. 

8. From Station 10t31.47 to Station l l + 3 0  and 
below the springline, all "bug holes" 114-inch and 
greater i n  depth, and 314-inch arld greater in length;. 
(measured i n  the upstream-downstream direction) ~~ 

were routed and backfilled with dry-pack mortar. ':. .. 

9. From Station l l + 3 0  to  the downstream end of 
the tunnel and below the springline, all "bug holes" 
ll4.inch an2 greater i n  depth and 1-112 inches in 
length (measured in the upstreamdownstream 
direction) were routecand backfilled with dry-pack 
mortar. 

In  order to  evaluate surface irregularii~es subjected t o  
high-velocity flows with a-fully developed boundary 
layer, the following irregular~t~e: were not repaired as 
described in the precedmg paragraphs: 

1. A gouged area. 2.6 feet right of tunnel 
centerline, at Station 11+60. The area was about 6 
inches wide and 314-inch deep. 

2. A group of "bug holes," 12 feet right o f  tunnel 
centerline, at Station 11+95. 

3. A large "bug hole," 13.3 feet left of tunnel 
centerline, at Station 13+67. 

4. A gouged area, 4 feet right o f  tunnel centerline, 
at Station 17t96. The area was about 4 inches wide,. ::,.--' .. 

<. 

and 114-inch deep. ST 



5. A gouged area, tunnel centGline along a 
construction joint, at Station 18+94. 

6. Deteriorated concrete around the end of a steel 
form tie, 8.6 feet right of tunnel centerline, a t  
Station 2W53. 

7. Painted sections in :he invert, extending 2 feet 
each side of the centerline m d  3 to 5 feet wide, at 
Stations 20+69, 16+90. 14+90, and 12+90. 

In  addition t o  the repairs in the spillway tunnel, 
Station 1W31.47 t o  Station 22+33, and stilling basin. 
the inclined portion of the spillway from the intake 
transition to Station 7+95.08 (P.C. of the tunnel 
elbow) also required repairs t o  correct rock pockets 
caused by insufficient vibration of concrete, holes 
rerulting from form ties, and grouting and drainage 
operations, spalls, and "bug holes." 

Rspairs throughout the tunnel were made by the 
drypack method, concrete patches keyed into the 
original concrete, and epoxy-bonded epoxy mortar. 
The epoxy resins used were Probond ET-150 and 
Concresive 1063.1. All  repairs in the tunnel and stilling 
basin were completed by December 16, 1966. 

B. Descrip:im o f  Spillway Operation 
duringthe JuneJuly Flood of 1967 

During the period from June 15 through June 29. 
releases from the reservoir were controlled t o  help 
reduce the flooding Yellowstone River at Miles City. 
A t  midnight. June 15, the reservoir at Yellowtail Dam 
was approximately at elevation 3620, 20 feet below 
the top of jointase space. On June 23, the reservoir 
reached elevation 3640, the bottom of the exclusive 
flood-control space. Releases at that time were being 
made only through the powerplant and averaged about 
7,600 cfs. By June 26, the reservoir wai'almost 9 feet 
into the exclusive floodcontrol space and some 
concern was felt for the rapid decrease of space. 
Releases past the dam were increased to 10,645 cfs. 
including an initial spillway release of 3,000 cfs. 
Spillway discharges were incrcssed gradually until a 
momentary peak o f  12,000 cfs was reached on June 
27, after which the discharge was adjusted t o  10,500 
cfs on June 28. Because a rise above flood stage at 
Miles City was forecast, total releases past the dam 
were reduced t o  17,000 cfs (7,000 cfs through 
spillway) on June 28 and t o  15,000 cfs (5,000 cfs 
through spillway) on the morning of June 29. When 
additional data on resgrvoir inflows became available 
later on June 29, it was decided that the remaining 
flood.control space was the critical factor rather than 
the flooding on the Yellowstone River. Accordingly, 

;o an average discharge of abo"t 10,000 cfs; The 
spillway was operated at this discharge until the middle 
of July 3. Inflows into the reservoir continued high on 
July 3 and with a rapidly decreasing flood-control 
space, the total releases were increased to 24.000 cfs 
(13,000 d s  through the spillway1 on July 3, and to 
25,000 cfs (14.500 cfs through the spillway) on July 4. 
Until the 14,500 cfs discharge on July 4, the energy 
from all previous spillway releases was dissipated in the 
spillway stilling basin through a hydraulic jump. 
However. at 14,500 cfs and for the existing tailwater, 
the jump swept out of the basin and was flipped into 
the river. The flow remained in the flipped attitude 
with the discharge averaging about 16,000 cfs from ihe 
middle of July 5, to the evening of July 7. Peak 
discharges during that period fluctuated for several 
hours from 16,000 cfs t o  a maximum of 18,000 cfs. 
The fluctuations occurred when releases from the river 
outlets were exchanged t o  the spillway t o  permit 
temporary shutdown and inspection of the outlet 
works stilling basin. On the evening of July 7, the 
spillway discharge was stabilized at 15.000 cfs and 
remained in that position until July 13. For 6 hours on 
July 13. spillway discharges were increased t o  18,000 
cfs when releases from the river outlets were again 
exchanged t o  the spillway. The outlets shutdown was 
required t o  permit maintenance work on the louvers 
for the air intake to the outlet hollow-jet valves. After 
completion of the work, the outlets were reactivated 
and the spillway discharge reduced to 15.000 cfs. 

At 5:30 p.m., Friday evening. July 14. the15.000 cfs 
discharge from the spillway basin suddenly quit 
sweeping out. Several attempts involving-l'ncreased 
spillway flows t o  15,500 cfs and a decreased tailwater, 
were made t o  again. flip the flow from the basin. None 
of the attempts were successful and the spillway 
discharge was reduced t o  9,000 cfs. A t  10:lO p.m. the 
discharge was increased t o  15,000 cfs and held until 
11:OO p.m. The spillway basin would not sweep out 
and the spillway discharge was again reduced to 9,000 
cfs, and reduced further to 8,300 cfs on July 18. Since 
a complete spillway shutdown was impossible due <) 
the need to further evacuate the inviolate flood-control 
space. the soillway was aperated at 8,300 cfs until July 
22. On that day, the spillway releases were decreased 
gradually until complete shutdown was achieved at 
8:00 a.m., July 25. Complete spillway shutdown was 
maintained for about 10 hours t o  permit a scuba diver 
examination of the tunnel lining. Major damage was 

,, found in the near horizontal section and in the elbow. 
Because additional reservoir evacuation was desired. 
the spillway was again activated and by the beginning 
of July 26, was operating at 3.000 cfs discharge. The 



3.00D cfs dis~harge was maintained until the morning 
of July 28 when the flood danger had passed and 
complete shutdown could be made. 

Exsept for the 10.hour shutdown July 25, the spillway 
was operated continuously from June 26 through July 
28. In that period. approximately 650,000 acre.feet of 
floodwaters were passed at discharges that varied from 
zero tc  a maximum of 18.000 6s. Maximum total 
releases thmugh all waterways were 27,000 cfs on July 
6. The reservoir peaked at elevation 3656.44 at 4:00 
a.m. on July 6. Elevation 3656.44 i s  0.56 foot below 
the top of the exclusive flood-contra1 space and 3.56 
feet below the crest of the dam. Figure 1-6 shows the 
operation of all waterways during the June 26 through 
July 28 period. 

C. Ccndition of Spillway after 
1967 Operation 

As stared in pnvious paragraphs, the tunnel spillway 
was examined on July 25, 1967, by scubadivers. They 
reported the following: 

1. Station 1 l+26*.-A hole 8 to 10 feet long in the 
upstream-downstream direction, about 35 feet wide 
in the transverse direction and about 6 to E feet 
deep. 

2. Station 9+50?.-A hole 10 feet long. 5 feet wide. 
and 2 feet deep. 

3. Station 9+00+.-A hole 12 feet long.4 feet wide. 
and 1 foot deep. 

4. The stilling basin was reported in goad 
condition. Various amounts of broken concrete and - . 
rock were reported in the basin with the largest ': 

single piece of concrete (6 by 8 by 10 feet) locatgd 
just a t  the beginning of the basin. .. 

The area adjacent to Station 9+00 was examined also 
by Bureau personnel who noted that the concrete 
surfaces were badly pocked by minor cavitation and 
erosion damage in addition to the 12rge area reported 
under Item 3. 

concrete reported during the scuba diver 
examination was located at the upstream end of the 
horizontal invert of the basin. Immediately 
upstream from this block 10 to 12 cubic yards of 
rock and concrete fragments were located. These 
fragments ranged from a few inches to 1 foot in 
diameter. 

The vertical curve invert from the stilling basin to 
the outlet of the tunnel, Station 22+33, was heavily 
eroded to a maximum depth of 3 inches. Nowhere 
was the erosion sufficiently deep to expose 
reinforcement. Several gouged areas within the 
eroded matrix were 1.112 inches deep and about 5 
inches across. 

The invert surfaces upstream from the tunnel portal 
to about Station 20+70 appeared very similar in 
texture to that observed before spillway operation. 
The depth of erosion was considerably less than that 
noted in the invert downstream from the portal. 
Epoxy-mortar patches, placed to fill in gouged areas 
and deteriorated concrete at construction joints that 
resulted during diversion flows, generally were 
unsatisfactory. The epoxy mortar was rubbery and 
poorly bonded to the matrix. 

The tunnel from Station 20c70 to Station 17+90 
appeared to be in the same condition as before 
splllway operation. Surface irregularities at Stations 
20+53, 18+94, and 17+96 that were not repaired 
after diversion was completed were unchanged in  
appearance nor did they initiate cavitation. Areas 
that had been bushhammered in this reach to 
remove high points in the invert remained intact and 
were not contributory to any damage. The painted 
section at Station 2 0 6 9  was also unchanged. The 
paint was in good condition except for minor 
scratches incurred by material moving along the 
section during spillway operation. 

Upstream from station 17+90 and extending to 
Station 12+90. the tunnel surfaces were undamaged 
and similar in  appearance to the surface observed 
after diversion. Painted sections at Stations 16+90, 
14+90, and 12+90 remained in good condition. 

After complete shutdown of the tunnel on July 20, The largest damaged area bzgan at Station 1W40 (8 
arrangements were made to dewater the tunnel for a feet plus or minus downstream from the P.T. of the 
closeup examination of the concrete lining. tunnel elbow), ended at Station 11+65, and was 

centered approximately on the tunnel centerline. 
The examination was conddcted August 14 through The cause of cavitation damage was failure of an 
August 16, and described below: epoxy patch, 114 inzh deep and 6 inches (width) by 

10 inches (length) in area, placed to fill in an eroded 
Stilling basin: The basin was essentially in good area in the invert. 
condition. The large 6 by 8- by 10-foot block if 





The remains of epoxy mortar could be seen around 
tne perimeter of the depression. Cavitation damage 
started immediately downstream from the 
depression in the form of a small cavitated area 
a b o ~ t  3 feet long, followed by a large tear-drop 
shaped area about 20 feet long. Damage in the latter 
area was sufficiently deep to expose reinforcement. 
Immediately downstream from Station 10c80+- to 
Station 11+26+ the cavitation damage extended 
through the concrete lining and into the limestone 
foundation. The depth of damage was almost 7 feet 
maximum and extended 19.5 feet in the transverse 
direction. Portions of the concrete lining along the 
sides and in the downstream direction were 
undercut as much as 6 feet. Downstream from 
Station 11+26+ the damage necked down for a 
short distance then widened to 16 feet at Station 
11+45. Downstream from Station 11+45. the 
damaged area again constricted, widened to 5 feet at 
Station 11t58f. and terminated at Station 11t65f. 
Maximum depths of damage at Stations 11+45 and 
11+58+ were 3.5 and 1.5 feet, respectively. The 
tunnel between Stations 11t65 and 12+90 was 
undamaged except for minor gouges left and right 
of the tunnel centerline at Station 12+88. The 
gouges were probably caused by the movement of 
large blocks of concrete and rock from the heavily 
damaged area upstream from Station 11+65. Figures 
1.7, 1.8, and 1-9 are representative of the damage 
between Stations 10+39.5 and 11+65. Figure 1-10 
shows the depression resulting from the failed 
epcxy-mortar patch that initiated the damage. 

Two major areas of damage occurred in the tunnel 
elbow. One originated at Station 9+45f and 
terminated at Station 9+75+, and was centered on a 
line 3 feet right of the tunnel centerline. 

Cavitation damage in this instance was initiated 
, when an epoxy-mortar patch within an 

l&inch-square dry-pack mortar patch failed. The 
resulting depression caused damage that took the 

: form of five distinct tear-drop shaped holes 
downstream from the failure. The farthest upstream 
hole was about 1 foot wide and 6 inches deep. 
Progressing downstream the second hole was 2 feet 
across, the third 3 feet across and 1 foot deep, the 

fourth 6 feet across and 2 feet deep, and the last 
approximately 5 feet across. 

The second area of major cavitation damage in the 
elbow began at Station 9r00t  and terminated at 
Station 9t202. The damage was centered along the 
tunnel centerline, and consisted of three concave 
holes about 3 feet in  diameter. 6 to 12 inches deep, 
interconnected by shallow longitudinal cavitated 
areas. Damage was induced by failure of an 
epoxy-mortar patch within a dry-pack mortar patch. 
Figure 1-1 1 shows the damage in the elbow. 

In addition to the major damaged zones in the 
elbow, many smaller areas of cavitation damage 
occurred in the elbow from the P.C. Station 
7+95.08 to the P.T. Station 10+31.47. The 
cavitation causing these damaged areas was initiated 
by buildup of calcium carbonate deposits, failure of 
mortar applied in thin layers to bring the original 
surface up to grade, failure of small epoxy-mortar 
repairs, and loss of aggregate that had been heavily 
bushhammered and ground to eliminate high spots 
in the surface. In many cases bushhammering and 
grinding had either loosened the aggregate from the 
matrix or resulted in a very thin layer of aggregate 
that became loose when subjected to high velocity 
flow. The ensuing depressions in most cases initiated 
minor cavitation damage. Cavitation damage did not 
occur in every instance of aggregate and mortar loss 
or of calcium carbonate buildup. Although size and 
location o f  the surface irregularities were 
influencing characteristics, a more controlling 
influence (in the case of depressions formed by 
mortar o r  aggregate loss) was probably the time at 
which these failures occurred, i.e.. they could have 
occurred late in spillway operation. 

The tunnel reach upstream from the elbow was free 
of cavitation damage: however, at random locations 
from Station 6+50 to Station 7+75, numerous 
surface irregularities occurred when poorly bonded 
epoxy-mortar patches failed or when concrete 
spalled or eroded due to water action or passage of 
debris through the tunnel. None of these surface 
irregularities, many of which were 112 to 314 inch 
deep and about 12 inches in diameter, initiated 
cavitation damage. 







Figure 1.9. Major damaged ares in horizontal reach of tunnel. Photo P459-64D4170 



Flgurr 1-10 Devrerslon that mtlated the damage in hormontal reach of tunnel Pharo P459-640-4051 NA 



F~gure 1.11 Loaklng upstream a t  damaged areas in tunnel elbow Photo P459 640 4023 NA 



PART 2 

REPAIRS AND MODIFICATIONS 
TO TUNNEL (DESIGN) 

A. General 

Repairs and modifications to the tunnel were made 
under Specifications No. DC-6599. Award for the work 
was given to A and B Construction Company-COP 
Construction Company and included the following 
items of work: 

(a) Repair of large damaged areas with bonded 
concrete. 

(b) Repair of shallower damaged areas with 
epoxy-bonded concrete, and epoxy-bonded epoxy 
mortar. 

(c) Replacement of existing epoxy mortar patches 
where defective. 

(d) Grinding of surfaces to meet the tolerances 
required in the specifications. 

(e) Painting of the tunnel surfaces below the spring 
line with an epoxy-phenolic paint from Station 
6+50" to Station 12+15. 

(f) Construction of aeration slots at Stations 7+79 
and 6+64.* 

(g) Hydrophone installation in the aeration slot at 
Station 7+79. 

(h) Removal of calcium carbonate deposits below 
the spring line from Station 6+50 to Station 11+65. 

B. Repair of Major Damaged Areas 

Damaged areas having a depth of repair 6 inches and 
greater and with an appreciable continuous area were 
repaired with bonded concrete. The major damaged 
areas occurred in the elbow in the reaches from Station 
9t00 to Station 9+20 and from Station 9+45 to 
Station 9+75, and in the near horizontal tunnel reach 
from Station l W O  to Station 11+65, as described 
previously and shown on Figures 2-1,2-2.23. and 24. 
In addition, random areas throughout the tunnel were 
likewise repaired with bonded concrete. 

Bonded concrete repairs were made by sawcutting 
around the perimeter of the damaged area to a depth 
of 1-112 inches. Damaged concrete, including undercut 
concrete, was removed. Damaged reinforcement was 

also removed and replaced either by welding or lapping 
new reinforcement in place. All concrete or rock 
surfaces to receive the bonded concrete were then 
sandblasted. washed clean, and dried before placement 
of the repair concrete. 

C. Repair of Shallow Damaged Areas 

Where the depth of damage was between 2 and 6 
inches, repairs were made with epoxy-bonded concrete. 
The repairs were made by sawcutting a groove 1-112 
inches deep around the perimeter of the damaged area, 
removing all damaged concrete, and preparing the 
surface to receive the epoxy-bond coat. The 
epoxy-bonding agent was then applied to clean, dry 
surfaces, and while in a tacky state, overlain with the 
repair concrete. 

When the depth of repair was less than 2 inches to 
featheredge, repairs were made by preparing the 
damaged areas to receive the epoxy-bonding agent and 
applying a veneer of epoxy mortar t o  the area. 

The epoxy-bonded concrete, as well as the bonded 
concrete, generally presented no unusual problems 
during construction, except on construction joints 
which were formed or damp. Epoxy-bonding agents 
could not be used in these circumstances. Considerable 
difficulty was encountered with fhe epoxy-bonded 
epoxy mortar and is discuned in Part 3 of this 
documentation. . 

D. Grinding and Paintinq 
of FIOW s ~ r n c ~  

Af te r  the repairs, whether bonded concrete, 
epoxy-bonded concrete, or epoxy-bonded epoxy 
mortar, had cured properly, all repaired surfaces not 
meeting the required specifications for finishes and 
tolerances were corrected by grinding as permitted in 
the specifications. 

When the flow surfaces were judged to meet all the 
requirements as to finishes and tolerances, the tunnel 
reach from Station 7+64 to Station 12+15 extending 
from springline to springline was painted with a 
twocoat epoxy phenolic paint treatment. The purpose 
of the paint treatment was twofold: (1) to provide a 
smooth uniform texlure to flow surfaces, and (2) to 
cement particles of the materials in the epoxy mortar 
or concrete to each other. A white pigmented 
epoxy-phenolic paint was used as the second coat to 
provide a high degree of visibility t o  flow surfaces. 

E. Aeration Slot 

Cavitation damage to concrete surfaces subjected to 
high-velocity flows has been recognized by engineers 
for many years. Cavitation occurs when a surface 

*Revised by supplemental notice. 











~rregularitb can create a condition whereby the 
pressure in a fluid becomes so severely negative that 
ths fluid contiguous t o  the flow surface vaporizes i n  
the form of  water vapor bubbles. These bubbles are 
then transported by the f l u ~ d  into areas of high-positive 
pressure where the bubbles collapse suddenly. The 
result is instantaneous pressures o f  thousands of 
pomds per square inch. These inordinately high 
pressures produce the spongelike appearance o f  
concrete damaged by cavitation. 

To mitigate cavitation potential in critical areas, an 
aeration slot was located in the tunnel as shown on 
Figure 2-5 (Drawing No. 459-0-2301). The upstream 
l ip of the slot was designed to  flip tunnel discharges 
over the slot. In  doing so, air wil l  be entrained in the 
exposed surfaces of the free jet and carried along in the 
flowing water to  dampen or cushion the high pressures 
which would result from the collapse o f  air-free water 
vapor. 

The laboratory model studies made to  determine the 
optimum location and configuration for the aeration 
slot are described in the following paragraphs: . ~ .  

(a)  General.-A previously used and successful 
concept o f  a device for entraining air in water 
flowing in a tunnel co.nsisted of a slot i n  the tti~l,kl 
lining to  admit air t o  the periphery of the jet as it 
passed over the slot. 

Two such slots were suggested for the Yellowtail 
Sp~llway, one at Station 6+64 to protect the slop~ng 
conlcal portion o f  the tunnel, and one at Station 
7+79 to  protect the vertical bend. A 1:49.5 scale 
model o f  the Yellowtail Sp~llway, with aeration 
slots at the two suggested stations, was constructed 
I n  the Bureau of Reclamation's Hydraulics 
laboratory (F~gures 2-6 and 2-71, 

(b) Aeration slot at Station 6+64.-Initial model 
operation mdicated that air was drawn into the 
f low~ng water at the upstream slot (Station fit641 
for all d~scharges smaller than 55,000 cfs. The air 
entrained at the slot, howwer, appeared to leave the 
boundary rather rapidly as the water passeddown the 
inclined tunnel, and at thePC of thevertical bend the 
water was practically free of air. For discharges 
greater than 55,000 cfs the flow impinged on the 
downstream edge of the slot filling it with water thus 
preventing air from entering the slot. 

-.>. 'I 
Concurrently with the &del sddy, examinations 
were continuing at ~ello&t3il...Dam. Upon close 
inspection and reevaluation it was determined that 
cavitation had not been a contributing factor in the 

surface distress in the conical section of the tunnel. 
Careful surface preparation and repair in this reach 
of tunnel would be adequate to  prevent further 
surface distress. Model studies concerning the slot at 
Station 6+64 were terminated, and the slot was 
physically removed from the model. 

(c) Aeration Slot at Station 7+79.-The proper 
operation of an aeration slot at Station 7 t79  was 
considered to  be essential for the protection of the 
f low surfaces in the vertical bend. Th* aeration slot 
would be required to  furnish air t o  the flowing 
water for all discharges up to  the maximum, 92,000 
cfs. 'q addition, the configuration o f  the slot and all 
adjacent areas would necessarily be such that the 
flow would be hydraulically acceptable for all 
discharges. 

An aeration slot with the preliminary shape, shown 
i n  Figure 2-7. was installed at Station 7+79. The slot 
was uniform in cross; section for the entire 
circumference of the tunnel. 4lthough air was 
entrained in the flowing water'for low flows, the 
edges of the jet near the wateri2urface impinged on 
the downstream edge of the slot for discharges 
greater than abcut 5,000 cfs. As the discharge 
increased more of the jet impinged on the 
downstream edge of  the slot and greater amounts of 
water entered the slot. As more water entered the 
slot the amount of air entrained in the flowing 
water decreased and stopped entirely at about 
50.000 cfs. 

Figure 2-8 shows the preliminary slot with 92.000 
cfs flowing in the tunnel. Note the absence of 
entrained air downstream from the slot. 

The slGt was narrowed to 6 inches, with a 6-inch 
away-from-the-flow offset downstream, in an 
attempt to  prevent water from entering and filling 
the slot, (Figure 2.9A). Although some air was 
entrained in the jet at low discharges, water entered 
the slot near the water surface for all spillway 
discharges. For d~scharges less than 20,000 cis water 
drained down the slot and flowed out Into the jet at 
the tunnel invert, reducing the amount of entra~ned 
air as the spillway discharge increased. A t  a spillway 
d~scharge of 20,000 cfs the water surface i n  the slot 
was at the same elevation as the spillway water 
surface, and no air er.tered the jet. For spillway 
discharges greater than 20,000 cis the water was 
forced into the slot at a sufficiently high head to  
cause it to  boil up the slot above the spillway water 
surface and spill out onto the surface o f  the jet. 





A, n e r m o n  slot a t  St. 6.64. Preliminary study only L o t w  
m n r r d e r o t ~ o n r  deemed slot h e r e  11 be unneceuory rmco the 

Figure 2.6. Yellowtail Dam Tunnel Spillway. The laboratory installation was a true scalemodel tostation 12+75, butdid not 

include the radial control gates. 



Figure 2-7. Preliminary aeration slotr. 

Figure 2-8. Preliminary aeration slot-Station 7+79-0 = 

92,000 cfr-The slot has filled with water and air cannot 
enter the Jet. Photo P459.D-68807 

Figure 2-9. Narrow aeration slots. 

The slot was opened up to 12 inches wide (Figure 
2-98). The flow with this configuration was similar 
to that with the &inch slot. The discharge at which 
the water surface in the slot was equal to that of the 
spillway water surface was 30.000 cfs. 

The preceeding tests indicated that some type of l i f t  
or elevated spring point would be required to raise 
the jet over the slot for all spillway discharges so the 
slot would remain open and furnish air to the jet. 

A conical nozzle was installed in the tunnel at the 
upstream face of a 3- by 3-foot aeration slot at 
Station 7t79. The nozzle exit was 32 feet in 
diameter, and the cone extended 5 feet upstream 
from the slot (Figure 2-10]. Ail- was entrained in the 
jet, and the slot remained free of water, for a l l  
discharges. A large fin of water formed on either 
side of the tunnel where the jet from the nozzle 
impinged in the bend. The fins became progressively 
larger and erched higher with increasing discharge 
until. at a discharge of 6,000 cfs. the side fins 
extended to the crown of the tunnel. For discharges 
greater than 40,000 cfs, the water folded over the 
top of the jet and choked the tunnel. The above test 
indicated that the nozzle shape, or a ramp type of 
lift, upstream from an air slot would permit the jet 
to entrain air for all discharges, but modifications 
were needed to prevent side fins from choking the 
tunnel at the higher discharges. Several transitional 
ramp shapes were evaluated in the model before a 
configuration was perfected which would operate 
satisfactorily for all discharges up to the design 
maximum of 92.000 cfr. 

The recommended design consisted of a 3- by 3-foot 
aeration slot at Station 7t79. A ramp, 27 inches 
long in the direction of flow, raised the upstream 
face of the slot 3 inches at the tunnel invert. The 
trace of the spring point of the raised lip was the 



Figure 2-10. Conical nozzle-€-inch lift. 60-inch ramp. 

same diameter as the tunnel, with a 3-inch 
eccentricity in a plane perpendicular to  the tunnel 
centerline. Thus the ' i f t  varied from 3 inches at the 
tunnel invert t o  ze!; at a point 1.112 inches above 
the tunnel spring lide:_The ramp upstream from the 
spring point was a colistant 27 inches long (Figure 
2-11). 

The lift, or ramp, forced the bottom of the jet away 
from the tunnel flow surface, over the aeration slot, 
and the jet remained free for a considerable distance 
downsream before it impinged on the tunnel invert. 
The distance to  the point o f  jet impingement on the 
tunnel invert reached a maximum of 52 feet 
downstream from the aeration slot at a discharge o f  
4,000 cfs. This distance decreased as the f low depth 
and discharge increased, and was 20 feet for a 
discharge o f  92,000 cfs (Figure 2-12). This type of 
impingement wil l  not  damage smooth concrete 
surfaces. 

The impingement o f  the jet on the tunnel invert 
downstream from the aeration slot caused side fins 
to  form. For discharges less than 30,000 cfs these 
side fins swept uninterrupted up the walls o f  the 
tunnel past the contracted jet. The maximum side 
fins, which occurred at a discharge of 30.OM3 cfs. 

\:_ 

Figure 2-1 1. Recommended aeration slot. 

were not objectionable and did not reach the top o f  
the tunnel (Figure 2-13). Since the l i f t  diminished as 
it neared the tunnel spring line, the upper portion o f  
the jet was subjected to  less contraction than the 
lower portion. Consequently, the upper elements o f  
the jet impinged on the walls of the tunnel further 
upstream, and at a much smaller angle, as the 
discharge and flow depth increased. For discharges 
greater than 30.000 cfs the upper portion of the jet 
interferred with and reduced the side fins, and for 
discharges greater than 50,000 cfs the side fins were 
entirely contained by the upper portion o f  the jet 
(Figure 2-14). 

The aeration slot remained free of water, and air 
wasdrawn into the jet, for all discharges. 

Air  was visible in the model jet starting at the air 
slot and continuing well downstream from the PT of  



Figure 2-12. Trace of jet impingement and ride 

fins-Recommended aeration slot. 

Figllre 2.13. Recommended aeration rlot-Station 7+79-0 
;- 30,OM) cfs-Maximum side fins. The ride finr, one each 
side of the jet, do not reach the crown of the tunnel. Photo 
P459-D.68809 

the bend (Figure 2-15). However. it was not known 
whether the amount of air remaining adjacent t o  the 
tunnel flow surfaces in the downstream portion of 
the bend would be sufficient t o  prevent cavitation 
damage; the relationship between model and 
prototype with respect t o  entrained air i s  a t  best 
poorly understood. As a further precaution against 

Figure 2-74. Remmmended aeration riot-Station 7t79-0 
= 50,000 cfr-Suppressed ride fins. The upper portion of 
the jet has spread to  the tunnel walls and suppressed the 
ride finr. Photo P459-D-6881Q 

cavitation damage, it appeared that air should be 
reintroduced into the jet at some station upstream 
from the PT of the bend. 

(d) Aeration slot a t  Station 9+57.67.-Model 
studies were continued to evaluate an aeration slot 
in  the downstream portion of the vertical bend a t  
Station 9+57.67 (Figure 2-16). 

The centrifugal force of the water in the bend made 
this location quite different hydraulically from the 
location in  the conical portion of the tunnel. The 
initial study was made with no l i f t  upstream from 
the slot, and a 12-inch awayfrom.the-flow offset 
downstream. The slot partially or completely filled 
with water for a l l  discharges. A small amount of air 
entered the jet for discharges less than 15,000 d s ,  
but for discharges greater than 15,000 cfs water 
filled the slot and no air was entrained in  the jet. 

Various ramps and l i f t s  were installed in  the tunnel 
upstream from the slot. Each design tested 
produced satisfactory air entrainment and hydraulic 
operation for a limited range of discharges; however. 
none would operate satisfactorily over the full range 
of discharges (Figure 2.17). 

- 
These limited tests indicated that, fof L,%itisfactory 
aeration device to be installed in the vertical bend of 
an existing structure, the necessary repain and 
modifications appear t o  be too extensive to be 
practical. An  aeration device to be installed in  a 
bend during initial construction of a spillway tunnel 
could probably be developed. 



Figure 2-15. Overall spillway model-Remmrnended slot. 
Station 7+79-0 = 50,000 cfr-Air entrained at the aeration 
slot continues throughout the bend. Mixing tends to reduce 
the air near the flow surfacer in the downstream p r t i o n  of 
the bend. INote: Slot at Station 6t64, upper left, has been 
closed.) Photo P459-0.68808 
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AERATION SLOT DETAILS AT INVERl 

Figure 2.16. Aeration slot in the bend-Station W57.67 
(Not recornmendedl. 



PART 3 

REPAIRS AND RlODIFICATlONS 
TO TURNEL (CONSTRUCTION) . 

A. General 

Preliminary to any construction repairs to the near 
horizontal reach of the spillway, access to  the 
downstream portal (outlet) was necessary. initially, it 
was contemplated that a bridge would have to be built 
across the narrow portion of the channel opposite the 
spillway tunnel stilling basin. This, it was belici'ed. 
would be the first operation for tht: repair. 1: 

The contractor, however, obtained permission to use 
the draft tube bulkhead gate deck of the powerplant 
for his bridge crossing. This necessitated a timber ramp 
on the north side of the deck that connected to an 
existing access road to the spillway stilling basin. The 
use of this deck provided access for light trucks and 
pickups. All equipment and materials for work in the 
downstream reach of the tunnel were transported over 
this route. 

Previous to actual work in the tunnel, a stiffleg crane 
was set up on the right side of the spillway dilling 
basin. All equipment and materials were lowered by 
means of this crane, Figure 3-1, to  the portal below. 
Access for workmen was provided by a timber stairway 
extending from the top to the bottom of the basin, 
Figure 3-2. 

Figure 3-1. View of spillway stilling basin and stiffleg crane 
used to lower materials and concrete into spillway tunnel 

outlet portal. Photo P459-640-4428 NA 

Once the stiffleg and stairway were operative, the 
contractor constructed a full tunnel section bulkhead. 

Figure 3-2. View of spillway tunnel stilling basin showing 

access to downstream spillway tunnel portal by stairway. 

Photo P4596404429 N A  

Figure 3-3, just inside o f  the downstream portal and a 
horizontal bulkhead over the radial gates at the 
spillway tunnel entrance. 

Figure 3-3. View of full tunnel bulkhead just insideof the 

downsrream portal of the spillway tunnel. Photo 

P459-0-68578 



B. Repair o f  Major Damaged Areas 

The major damage to concrete areas were designated as 
A, B, C, and D. Figures 2-1 ihrough 2-4. A l l  o t  the 
damaged areas were marked out  so that all damaged 
concrete would be included in removal and the 
periphery of the areas would be in sound concrete. The 
boundary of the areas were saw cut t o  a depth of 1.112 
inches, Figure 3-4. 

Ftgure 34 .  View of chipped out damaged Areas A and B 

rhowing 1ho w w  cut periphery of rhe clamaged area arsd the 

eorr8ally repiaced reinforcelnenl steel mat .  P h o m  

V459-D-GF3576 

Line dril l ing was then performed just inside of the saw 
mi. The drilled holes were 1.112 inches in diameter 
and were on 6-inch centers and extended t o  a depth of 
12 incheb or through the concrete lining i n  damaged 
A1eas.C and D. These holes were lighrly loaded and 
shot. The res~~ l tan t  excavation was neat wi th half dril l 
holes visible along the entire houj~dary o f  the 
ercavatiuns. Loose rock damaged b; cavitation erosion 
was relnoved t o  sound rock. 

By excavating in this manner. a sufficient s tub  o f  
reinforcement steel extended beyond the excavated 
surface t o  permit an adequate lap for welding the n?w 
bars t o  the undamaged reinforcement, Figure 3-4. 

The specifications provided that rhe major damaged 
areas would be backfilled wirh concrere t o  wi th in 3 
feet o f  the finished invert grade at tunnel centerline, 
Figure 3.5. Frum this point the repair area would be 
hand finished and unformed when within a segment 
defined b y  a 55' arc (27.112~ each side of the tunnel 
centerline). Concrete repairs beyond the 55' segment 
would be formed and placed in convenrional fashion. 

Figure 3-5. Placing concrete in the C and D damaged areas 

of the spillway invert. This concrete is backf~l l  concrete and 

war placed to a depzh of 3 feet beiaw the finished mvorr 

grade of the tunnel at centerline. Photo P459-D-68575 

Placement of concrete in the 55' segment of the invert 
was controlled by wood screeds placed transversely t o  
the tunnel centerline at 10.foot intervals. This. i t  
turned out t o  be, was not  the proper way t o  finish the 
surface o f  the invert as fin:,$hing had t o  be done t o  the 
bot tom of the transverse screeds and resulted in 
considerable unevenness of the finished surface. This 
unevenness was corrected later by extensive 
epoxy-bonded epoxy-mortar repair and grinding t o  
bring the surface within t h e 8 l : 1 0 0  tolerance required. 

Had the work beel-iperformed by finishing t o  the top 
o f  transverse preformed steel ribbon screeds and 
alternate 10-foot sections placed, much of the 
epoxy-mortar repairs and grinding o f  the surface wou:d 
have been unnecessary. 

Concrete for the repair o f  the A, B. C, and D areas was 
manufactured In a portable hatching and mixing plant 
located on the west side o f  the Bighorn River about 



2,000 feet downstream from Yellowtail Dam. The 
mixed concrete was discharged into 112-cubic yard 
concrete buckets and hauled in 112-ton pickup truck. 
The trucks traveled a route of about 3-112 miles 
crossing the Bighorn River to  the east side o f  the river 
and again crossing the Bighorn River via the draft tube 
bulkhead gate deck to the west side or left abutment of 
the dam. From this point the concrete was transported 
another 1,000 feet t o  the spi!lway tunnel stilling basin. 
From the stilling basin location, the stiffleg crane 
previously mentioned was used to transport the 
concrete to  a small LeHoy Bobcat front end loader 
with a 112-cubic yard capacity bucket, Figure 3-6. 

F~gure 36. A small Leroy Bobcat front end loader was 
used to transport mncrete from the outlet portal of the 
tunnel to the pmnt of placement ~nr~de the tunnel. Pwto 
P459-0-68574 

From the downstream portal the concrete was 
transported for approximately 1,000 feet in the tunnel 
t o  the point o f  placement. The total concrete 
placement for C and D areas amounted to about 361 
cubic yards. Obviously this method of placing was 
slow. Concrete was placed on the day shift only. 

A 314-inch-maximum-size aggregate concrete mix was 
used for  repairing the damage in Areas A, B, C, and D. 
The mix contained 7 sacks of cement, 38 to  40 percent 
sand. and 60 to  62 percent minus 314-inch aggregate. 
The aggregates were obtained from existing stockpiles 
in the proximity of the portable concrete batching and 
mixing plant. The slump of the concrete at the point of 
placement varied from 112 to  1 inch. lrternal 
air-operated vibrators were used to  c o n ~ l i d a t e  the 
concrete. 

C. Repair of Shallow Damaged Areas 

(a) introduction.-The repair techniques included 
conventional-bonded concrete, epoxy-bonded 

portion of the invert area to  improve the surface 
character and reinforce the surface concrete. 

Since the project personnel were not familiar with 
epoxy resins, a preconstruction training program 
was conducted at the Engineering and Research 
Center i n  Denver. Two men from the Yellowtail 
Construction Office attended t h ~ s  1-month training 
program. Following this training, construction 
commenced with technical assistance bv ~ersonnel . . 
from the Engineering and Research Center. 
Technical assistance was given by various people as 
unusual prob lems occurred. Construction 
su~ervision Dersonnel maintained close liaison with 
the projecr as the work progressed. 

Various problems and diff~culties did occur and 
some unique techniques were developed during the 
repair program. A f ~ e l d  report evaluating the repair 
program was requested.' Portions of this report are 
incorporaled into this documentation. 

In  general, repair of damaged areas less than 1-112 
t o  2 inches in depth was accomplished by using 
epoxy-bonded epoxy mortar. Damaged areas 2 t o  6 
inches in depth were repaired with epoxy-bonded 
concrete, and repairs over 6 inches were completed 
by using bonded mncrete. However, i f  an area o f  
repair was relatively small in comparison {g its 
depth, epoxy-bonded epoxy mortar was used in'lieu 
of the epoxy-bonded concrete becadse of the 
convenience in preparation and application 
compared to  the concrete. T h e s ~  repairs were 
usually less than 2 cubic feet in volume. After 
repairs were completed the surface was cleaned and 
painted with an eooxy-phenolic paint from Station 
7+70 to  Station 12+15. 

The major use of the epoxy mortar was the 
application of an epoxy "skin" or  "veneer" over 
practically the entire Invert surface from Station 
7+70 t o  Station 10+50 approximately 11.5 feet left 
and right o f  the tunnel centerline. This veneer was 
applied t o  correct the surface texture and to  treat 
"large" areas of aggregate popout and cavitation 
darnagecaused by calcium buildup, etc. It was much 
easier t o  completely cover larger areas rather than to  
patch random damaged areas due to  the difficult+ in 
obtaining a smooth featheredge on the indivicuai 
patches. 

 he Use of Epoxy and Epoxy Mortars in the Repair of Yellowtail h r n  Spillway Tunnel, Yellowtail Unit, by 
Leonard Rohrer. October 1969. 



1. Epoxy resin.-The specifications called for an 
epoxy-bonding agent t o  conform t o  the 
requirements o f  Federal Specification 
MMM-B-350a. for binder, adhesive, epoxy resin, 
flexible, Type I or 11. The contractor selected 
Concresive No .  1161 binder. Type 11, 
manufactured by the Adhesive Engineering 
Company. San Carlos. California. The two 
components were mixed i n  a 5:3 proportion by 
volume t o  form the bonding agent and the binder 
for the epoxy mortar. 

2. Epoxy mortar.-The epoxy mortar was 
prepared by mixing a clean, dry, well.graded sand 
with the epoxy resin. Initial mix tests were made 
using a minimum No. 16 sand obtained by 
screening stockpiled conc:ete sand. Several mix 
proportions were tried in an effort t o  find the 
most workable mix. A mix of one part mixed 
resin t o  three parts sand by volume was 
established. This was a 1:4 resin to  sand mix by 
weight. 

3 .  Epoxy-phenolic paint.-The specifications 
called for the paint t o  be as manufactured by the 
Wisconsin Protective Coatino Coroorztim. Green - .  
Bay, Wisconsin. This was the paint purchased by 
the contractor. The first coat was Plasite No. 
7122H Clear, and the second coat was Plasite No. 
71228 White. 

(c) Procedures and methods.- 

1. Drying the Surface.-Approximately 50 
percent o f  the shrinkage cracks and construction 
p in ts  in the area t o  be repaired and painted were 
seeping water i n  varying amounts. The 
specifications required that these seeps be 
stopped before any patching or any -!~ainting 
could be done. Several methods were tried in an 
effort t o  stop the water, some very successful 
and some unsuccessful. 

Before any work began on the cracks themselves, 
a metal eaves trough approximately 4 inches 
deep and 4 inches wide was attached to  the 
concrete just above the tunnel spring line with a 
ram-set tool. The upper edge of the trough next 
to  the concrete was then calked, diverting all 
water into the trough which delivered the water 
downstream of the work area. 

attached to  the nipple and the water was then 
directed into an &inch thin-walled pipe which 
ran through the work area. This &inch pipe also 
carried water running down the invert which was 
leaking through the gate seals at the inlet and 
draining from drain holes upstream from the 
work area. The water in the invert was collected 
immediately upstream of the work area by  
sandbag dams lined with polyethylene or 
bentonite. 

An overall view of these details is shown in 
Figure 3.7. 

After the water had been collected from outside 
the mork area the cracks making water within the 
area had to  be calked. The first major effort 
along these lines was chipping or routing of the 
cracks and tamping lead wool in the bottom of 
the  groove. T h e  cracks were chipped 
approximately 7-112 inches deep. After calking 
with lead wool, the routing was then repaired 
with epoxy mortar. 

Thrs method did not  prove successful. It was 
impos;ible t o  tamp the lead wool in tight enough 
to  stop the water. In  many cases the water was 
"chased" from one area t o  another. When a 
damp or seeping crack was dried the water would 
begin showing up i n  a crack which had previously 
been dry and most o f  the time would reappear i n  
the repaired crack. Also, the amount o f  repair 
work necpssary after the crack was calked proved 
to  be extensive. Occasionally a hairline crack 
would develop into a groove 4 to  6 inches deep 
and would be recalked two to  three times. 

After approximateiy a month, this method was 
abasdoned. D u r i n g  th i s  period several 

re attempted. A French drain 
e bottom of the ch ippd  groove 

keep the top portion of the 
crack dry while the epoxymortar patch was 
being piaced. When an attempt was made to  
grout the drains with a cement grout i: was 
learned they could not be successfully grouted. 
Also, after the grouting attempt in which the 
outlet was plugged, the water would seep 
through the epoxy mortar. The drains were 
removed and replaced with epoxy-bonded 
concrete. 



Figure 3-7. Overal; v i m  is rhowq af work aras in spillway tunnel lonkin~d?wnrtream from approxirnalely the P.T. slarion of the 
elbour. aonded crjncrete repairs have been completed; epoxy repailware dnderw,$. Photo PS59.D-66814 

. ~ . . 

Plastic pipe, one-eighth inch in diameter:was concrete so that a hole beginninj 3 inches 

embedded below the lead wool in an attehpt to from the crack at the surface vvould intercept 

cdrry otf the seepage :'dater. The pipe was : the crack about 8 inches below the sxface. 
perforated in some trials and cut in half with the These holes were drilled at about 2-foot 
open side down in other trials. Success was rs with alternating holer originating on 
limited in this case because of the difficulty in i t e  sides of the crack. 
keeping the plastic pipe from collapsing. 

< . ~ ~  :> Drilling was accomplished with a diamond 

After abandoning the chipping and calking a 
chemical grouting contractor was employed, 
Penetryn System of Salt Lake City. Utah. The 
trade name of the grout was 0-Seal as distributed 
by Community Utility Equipment and Supply, 
Inc.. Drlando, Florida. This product is similar t o  
AM-9 as manufactured by American Cyanamid 
Company. ,, 

The procedures used in grouting the construction 
joints and shrinkage cracks 'were as follows: 

.-- 

A series of 112-inch holes about 1 foot deep 
were drilled at an angle to the surface of the 

'core bi t  driven by a 3lp-'rich Black and 
Decker electric drill with a speed of 1,000 
rpm. A waterhead was attached to  the drill in 
place of the chuck. A 1-inch diamond b i t  was 
tried at one point in an effort t o  intercept a 
larger portion of the cracks. This was 
abandoned when i t  was found that no 
advantages were apparent. 

The grout was a twoavnponent compdund. 
mechanically mixed and injected into the 
cracks through "he drilled holes. Each 
component had i t s  individual manually 
opeiated pump, connected by a common 
handle fo r .  pumping equal volumes. The 

.. 
~, .. 



attached a tapered coanethreaded nozzle 
arrangement. This tapered nozzle was first 
screwed into a piece of 318-inch soft plastic 
pipe about 3 inches long. The nozzle and 
plastic pipe were then inserted in the hole and 
the tapered nozzle turned. The resulting 
pressure on the plastic pipe sewed as a seal. 

The pumps were capable of pumping pressures 
up to 1.000 psi. Normally, pressures of 300 to 
600 psi were used. 

Set time i s  contrqllable with chemical grout 
and was varied to meet conditions such as 
amount of travel, amount of seepage water. 
and quantity of take. Generally, a set time of 
2 to 3 minutes was used. This cuntrolled set 
time coupled with the interception of the drill 
holes with the cracks minimized the injection 
of grout behind the concrete lining. 

The chemical grouting proved very successful. 
One time over an area as described above 
would stop 90 to 95 percent of the water. 
Some areas required as many as five or six 
injections with an average of three required to 
completely dry up an area. This would 
indicate higher than normal hydrostatic 
pressures behind the concrete lining. 

The drilling crew consisted of three drillers 
working on a two-shift basis. The grout crew 
included two experienced men supplied by 
Penetryn with two helpers working on a 
one-shift basis. 

Leakage in some local areas proved to be 
difficult to stop even with the chemical grout. 
In these individual leak it was determined that 
bv chipping 3 to 4 inches into the concrete 
while following the water, a 114-inch copper 
pipe could be calked into the crack or hole 
making water. The chipped area was then 
repaired with epoxy mortar, Figure 3-8. I f  the 
repair was in a critical area thecopper pipe was 
ground flush with the surface, then driven full 

Figure 3.8. Epoxy-monar repair being made. Finisher is 
compacting epoxy mortar with wooden tameer. Photo 

P459-D-58812 

of lead wool. I f  the repair was not in an area 
subject to cavitation, the pipe was ground 
flush and left to weep. 

A commercial fast-set cement called Sika Plug 
was used extensively in  drying up small local 
areas. This cement was used to build small 
temporary dams to divert water around the 
area to be patched. 

2. Heating the tunnel.-The specifications 
required that the epoxy mortar be cured at the 
recommended application temperature for 24 
hours immediately following application. The 
manufacturer of the Concresive 1161, Type I t .  
recommends a 40° F minimum application 
temperature. 

The  temperatures specified for the 
epoxy-phenolic paint were a concrete and air 
temperature of 60' F at the time of application, 
and a 60' F minimum air temperature between 
coats and for 48 hours atrer the last coat. 

The average temperature in the tunnel before 
heating was approximately 45' F. The average 
temperature mainta~ned during the work was 65O 
F. The 20' F tempfrature rise was accomplished 
wi th a Janitrol  propane-fired heater 
manufactured by Midland-Ross Corporation. The 
heater was rated at 2,500,000 Btu per hour with 
a blower driven by a 25.horsepower electric 
motor and capable of moving 25,000 cfm. The 



heater was mounted i n  the downstream bulkhead 
located near the downstream portal. The 
upstream end o f  the tunnel was also covered. 

3. Surface preparation.-Sudace preparation for 
the epoxy-bonded repairs and the epoxy paint 
was accomplished by sandblasting. For the 
epoxy-bonded mortar applied to  small areas, an 
air-suction-type gun was used. Cleanup for the 
paint was performed with a small commercial 
sandblaster. After blasting, the area was cleaned 
thoroughly with an air jet. 

4. Epoxy resins.-The epoxy resin was stored i n  
the tunnel in lots of about 5 gallons. Storage was 
i n  3- by 3- by %foot plywood box with an access 
door on the side. The box was heated with one 
250-wa t t  heat lamp. This maintained a 
temperature of 75' t o  80' F in the storage box, 
Figure 3-9. 

Figure 3-9. Wooden storage compartment for warm storage 

of epoxy components. Material temperatures of 75' to 80' 

F were maintained in this rimole setup. Photo 

P459640-1004 NA 

The two components of the resin system were 
measured by  volume, as directed by the 
manufacturer, i n  a plastic container. Mixing was 
simply by stirring or beating thoroughly with a 
wooden paddle. Batch size was 1 quart or less 
depending on the size of the area being worked. 
The mixed material was then used as a bond-coat 
or as the binder i n  an epoxy mortar. The mortar 
was prepared as discussed in Subparagraph 
C.(bJ2. 

Immediately prior to  the application of the bond 
coat the concrete surface was heated with a 
propane torch until warm to  the touch. The 
bond coat was then applied using a stiff bristle 
bathroom.type brush. In  me case where the bond 
coat was being applied to  concrete, all pits and 
holes were carefully covered. Where the 
epoxy-bonded mortar was being applied to a 
previously placed mortar patch or mortar 
"veneer,"which occurred occasionally t o  make 
alinement corrections, extreme care was used t o  
insure a liquid cover of bond coat on the surface 
of the in-place epoxy mortar. The epoxy mortar 
absorbed the bond coat readily i n  some areas, 
depending on the density of the mortar. Several 
applications were sometimes necessary with the 
last coat applied immediately before the epoxy 
mortar was placed. 

As the veneer repairs developed, the project 
reported that finishing became more o f  2 

problem. By adding more sand it was found that 
the mortar became less sticky and easier to  
trowel. A mix of one part mixed resin to  six 
parts sand by volume was used on most o f  the 
veneer application. 

The sand .was dried i n  small quantities with the 
use o f  a sma!l mixer and a propane torch. The 
mixer had a capacity of about 3 gallons o f  sand. 
As the sand was mixed, a propane torch was held 
by hand on the surface o f  the mixing sand and 
on the outside o f  the mixer. 

The epoxy mortar was then mixed by adding the 
sand t o  a known volume of  epoxy resin which 
had been thoroughly mixed i n  the proportions 
described above. Mixing was accomplished with a 
paddle made from a 318- or  112-inch rod driven 
by an electric drill. Batch size was usually about 1 
gallon. 



I n  application of the epoxy mortar there were at 
least four problems: 

a. Density.-The density was obtained by 
tamping the mortar with a 2- by 4-inch board 
in the case of a i a r g ~  deep patch. Where the 
patch was small in area and 112 inch to  2 
inches deep, the finisher usually tamped the 
mortar with the handle of his trowel. 
Epoxy-mortar veneer was compacted with 
heavy pressure on the trowel as the mortar 
was placed. The veneer was normally around 
one-fourth inch thick. Suriace texture was 
very rough i f  the density was not obtained. 

b. Finishing.-Finishing o f  the mortar 
requires a technique different from that of 
finishing concrete. The troweling motion must 
be much slower. A fast motion will tend to 
pull the mortar with tearing of the surface and 
the resulting low density and rough texture. 
The finishers found that the heating of their 
trowel slightly with a low.burning propane 
torch resulted in much easier troweling and 
less sticking to the trowel. A t  no time was 
solvent used by the finishers except in 
cleaning their tools. 

c. Joints and edges.-The application of 
epoxy-mortar veneer over large areas resulted 
in joints between successive areas of work. It 
was found that one source of trouble was the 
tendency of the finishers to  carry the epoxy 
mortar beyond the limits of the bond coat. 
Th~s occurred at the joints when placing the 
epoxv mortar and also on individual patches 
o f  small areas. To overcome this, the bond 
m a t  was extended beyond the limits of the 
epoxy mortar when the patch was complete 
or beyond the epoxy mortar at the joints i n  
placing the epoxy. This was accomplished i n  
the placing o f  the veneer by placing the 
mortar to the limits of the bond coat and then 
trimming the mortar back with a small trowel. 
A straight, vertical edge resulted. 

When the joint was left overnight or i f  the 
bond coat became set during the day before 
the adjoining section wasapplied, the exposed 
bond coat was completely removed by 
sandblasting. 

. 
applying the epoxy mortar. The length of the 
strips was governed by the tackiness of the 
extension o f  bond coat beyond the placed 
mortar. When this extension began to  become 
tacky, the finisher would drop back and start 
a new strip. The result was that only the ends 
of the strips and the last extension of the 
bond coat in the day would need to  be 
sandblasted. These strips usually ran from 10 
to  15 feet in length. 

When applying bond coat to  the joint, the 
bond coat was carried beyond the joint i n  
order t o  insure bond at the joint. 

d. Cure.-One of the major problems in the 
use o f  the epoxy mortar was obta~ning a 
satisfactory cure. The humidity in the tunnel 
was relatively high, averaging around 75 
percent. Also contributing to  failures in the 
work was the unpredictable nature o f  the 
seepage water. Seepage cracks could be dried 
up and kept dry for several days. Then. for no 
apparent reason, they began seeping again. 

The air temperature in the tunnel was 
maintained at about 65' F. The surface 
temperaturs o f  concrete was 65' F. This 
surface temperature was increased with a 
propane torch befors applying the bond coat 
as described previously. Sand temperatures 
were 60' F. The temperature of the epoxy 
resin was 75'to 80' F before mixing. 

5. Grinding.-The finishers were never able t o  
apply the epoxy-mortar veneer t o  the 100:l 
tolerances prescribed in the specifications. 
Consequently, all of the epoxymortar veneer 
was ground to  obtain the desired tolerances. 

Grinding was accomplished with air and electric 
grinders using a No. 16 grit concrete stone. 
Grinding of the epoxy mortars was fairly fast, 
when grinding was done dry. This presented a 
dust problem and the grinder operators were 

required t o  use respirators at all times. Some 
gumming of the grinding stones was encountered. 
However, this situation likely resulted from 



attempting to  grind incompletely cured epoxy 
and/or allowing the area being ground to become 
too hot. 

Wet grinding was tried, but the stones gummed 
up and grinding was very slow? 

6. Painting.-The epoxy-phenolic paint was 
applied in two coats. The first coat was clear and 
the second coat white pigmented. Specifications 
called for a minimum thickness of 1.112 mils per 
coat with a'maximum thicknen o f  6 mils for the 
two coats. The first coat was required to  be 
thinned with 1-112 parts paint thinner. 

The paint was applied with double 7-inch rollers 
fitted with a long handle. This gave an effective 
roller width of 14 inches. The application of the 
paint was very easy. In  the horizontal portion of 
the tunnel, the paint was applied to  spring line 
from the invert by extending the handles of the 
rollers. 

Because the tunnel surface was not 100 percent 
dry when painted, those areas which were 
seeping were dried with a propane torch 
immediately before applying the paint. This 
method was used before applying both the first 
and second mat. Extreme caution was required 
when using an open flame around this paint 
because the solvent is inflammable. 

When the clear or first coat was applied over an 
area that had been torch dried, the water when 
reappearing would come through the paint and 
flow over it. However, when the water appeared 
after painting the white or second coat, a blister 
would form in the paint. I f  enough water was 
seeping, the water would collect under the 
surface and cause long blisters in the painted 
surface. 

It was determined during the first application 
that it would be impossible t o  obtain the desired 
1-112-mil thickness with a single coat over the 
epoxy mortar due to  the absorption of the paint 
by the mortar. In  order to obtain a dry-film 
thicknss of 3 mils the first coat was applied with 
a heavily loaded roller. The white coat was then 
applied to  achieve a 6-mil wet-film thickness. 
This was to  be accomplished by multiple 
applications where necessary. i n  some areas it 
was never possible to  achieve the 6-mil wet-film 
thickness due to the rapid absorption of the 
paint by the epoxy mortar. Up t o  10 applications 
were tried in an effort to obtain the minimum 
thickness.' It was found when removing some of 
the painted epoxy mortar that the white paint 
had penetrated up to  one-fourth inch. 

The coverage of both the first and second coats 
averaged approximately 200 square feet to  the 
gallon. The coverage should have been 
approximately 400 square feet as computed. This 
indicated the degree o f  absorption. 

Soon after the painting was started there were 
some bl isters which developed in the 
epoxy-mortar veneer. These blisters were 
approximately 1 inch to 1 foot in diameter. 
Originally, it was suspected that the blistering 
was caused by an expansion in the epoxy mortar 
caused by the solvents in the paint. Thereafter, 
the first coat of the paint over the epoxy mortar 
was applied without thinning. A longer time 
between coats was specified to  allow the solvents 
time to dissipate. The time was increased to  4 
hours from the approximate 2 hours which was 
needed for the first coat t o  become tack free as 
required by the specifications? 

Laps over previously painted surfaces were held 
to a minimum, usually under 2 inches. In  all 

'other contractors have successfully wet ground epoxy mortar. On this job it is believed that some of  the early 
attempts at wet grinding were made before full cure occurred i n  the applied epoxy mortar, with resultant 
difficulties. 
 h he absorption o f  the paint was due to  the porosity of the epoxy mortar. Various porosities were present because 
of the nonuniformity of the epoxy-mortar mixes as discussed later. The 15  mixer were extrem?ly porous resulting 
in high absorption rates. 
It was later found that the solvents i n  the paint actually softened the epoxy mortar and i f  topcoated too soon 

were entrapped resulting in the blistering that was experienced. 



cases, the previously placed paint at the lap was 
roughened using a power grinder with a No. 16 
grit stone. 

After curing. the paint appeared t o  be very tough 
and, in cases where patchwork was done adjacent 
to Dainted areas. it was found the oaint could be 
removed by sandblasting only with persistent 
effort. 

dl June 1968 examination.- 

1. Inspection.-Early in  June 1968, a detailed 
inspection of the condition of concrete and 
repair work and contractor's operations in the 
hor izontal  and inclined sections of the 
32-foot-diameter spillway tunnel was made. The 
following observations were noted: 

a. Horizontal section of tunnel downstream 
from Station l o t 0 0  was relatively free from 
seeping moisture; 16 to 20 small damp t o  wet 
areas were visible between Stations 10t00 and 
12tM). Tunnel upstream of Station 10t00 
was considerably wet, partly from seepage 
through cracks, etc., and partly from flowing 
pressure relief holes. 

b. A crew from Penetryn Grouting Company 
was injecting chemical grout into cracks in 
concrete between Stations 9+00 and 9t50. 
Prior to this inspection, the same crew had 
chem ica l l y  grouted seeping cracks 
downstream from Station 9+50. 

c. Many cracks downstream from Station 
10+00 had been routed and calked t o  prevent 
seepage but some were still leaking. Cracks 
(originally hairline) at approximate Stations 
11t80, 11+90, 12t05, and 12t15 had been 
routed as many as six times and were now 
about 6 to 12 inches wide and 6 to 12 inches 
deep. 

d. Some of the epoxy-bonded epoxy-mortar 
patches were soft and some had had water 
seep through them, but the majority were 
hard and satisfactory. 

e. Contractor was working on last stages of 
excavation for aeration slot. 

f . A l l  of concrete repair work in  the 
horizontal section of the tunnel was complete 
except for the aforementioned routed cracks. 

g. A considerable amount of epoxy-mortar 
patchwork remained to be done. 

h. Surface and air temperatures were 65' F. 

2. In-place epoxy-mortar patches.-Three 
conditions of in-place eooxv-mortar Datche~ 
existed. The first condition was where batches 
had cured hard and were completely satisfactory. 
exceDt possibly for some that needed grinding to 
smooth the surfaces. Ninety to ninety-five 
percent of all the epoxy-mortar patches were in  
this category. Those that required grinding were 
known to the inspectors and the grinding 
scheduled for some future date. 

The second condition of epoxy-mortar patches in 
place was where the epoxy-mortar patches were 
soft, but dry, after considerable time in  place. 
About 5 to 8 percent of the applied 
epoxy-mortar patches were in this condition. A 
piece from one of these patches that had been 
chipped out the preceding day cured hard 
overnight in the glove compartment of a car. This 
indicated that the softness was due t o  inmmplete 
cure of the material, probably due t o  the 
relatively low prevailing temperature in the 
tunnel. 

A test was set up to determine i f  heating would 
accelerate the cure of the soft in-place 
epoxy-mortar patches. A test patch at Station 
11+01 on the right side was selected. Surface and 
air temperatures were 65O F. Heat was applied 
with a portable propane.fired heater placed 
about 2 feet from the surface. A timelsurface 
temperature log was kept by the inspector. In 2 
hours and 10 minutes the surface temperature 
rose t o  1Olo F. An  additional 2 hours of heating 
only resulted in a lo rise, t o  10ZO F. A t  this time 
the heating was discontinued. One hour and 
thirty-five minutes later the surface temperature 
of the patch and surrounding concrete was still 
83" F, indicating that heating in depth had been 
achieved. The epoxy-mortar patch was now hard 
and well cured. 

A five4amp infrared heater approximately 5 feet 
long, was built for use in heating long 
epoxy-mortar patches. This lamp heater and the 
propane heater were then used to cure a second 
long patch at Station l o t 3 1  on the right side, as 
shown in  Figure 3-10. Temperature under the 
infrared lights reached approximately 90° F in  
about 4 hours; quite sufficient to post cure the 
in-place epoxy mortar. It was recommended at 
that time that all new patches be post cured with 
the heaters during the swing shift afrer 
application, and that all relatively new in-place 
patches be post cured also. It was suggested that 
the heaters be used on one patch or another 
continuously until all were post cured. 

The third condition of the in-place epoxymortar 
patches was where water had seeped through 



Figure 3-10. Bank of infrared lamp5 and a propane.fired 
radiant heater being used to post cure epoxy-mortar 
parches. Photo P4540-68813 

before a cure-hard condition was achieved. They 
were soft and damp or wet. Raising the 
temperature of these patches by transmission o f  
heat from the heaters improved the condition 
somewhat, but a full hard cure was not obtained. 
A try t o  salvage one such patch was made at 
Station 10t19, but without success. This patch 
was replaced. Later prolonged heating of another 
soft wet patch in the same vicinity was tried, but 
again without success. It was then directed that 
all wet patches that were soft when tested with a 
knife be removed dnd replaced. It was apparent 
that water in  contact with the uncured epoxy 
mortar seriously degraded the cure and final 
hardness. 

3. New concrete repairs.-Concrete repairs made 
prior to this inspection appeared to be 
satisfactory except for a few areas which had to 
be ground to bring them within the specified 
tolerance. Unlike the procedures followed in the 
mixing and transporting of the concrete placed in 
the large repair area, concrete placed in the small 
areas was batched and mixed in the tunnel. 
Concrete materials for 1-cubic-foot batches were 

and worked very good. The following is  the 
concrete mix used and the compressive strengths 
of control cylinders: 

Cement: Type 11, low alkali-7 sacks per 
cubic yard 

Sand: 34 percent by weight of total aggregate 
Coarse aggregate: 314-inch maximum size 
Water-reducing agent (WRA): Plastiment 
Airentraining agent: Protex single strength 
Air content: 3 percent plus or minus 
Water-cement ratio: 0.38 

Control cylinder compressive strengths: 

7 days' age: 6,120 t o  6.920 psi 
28 days' age: 8,190 t o  9,020 psi 
90 days' age: 9,270 to 9,850 psi 

Concrete repairs being made encompassed about 
four routed out cracks (6 to 12 inches wide by 6 
to 12 inches deep) between Stations 11+80 and 
12+15. Prior to the placing of concrete, the areas 
t o  be repaired were sandblasted, cleaned, and 
dried. Epoxy-bond coat was applied to the 
periphery of all of the deeper repair areas (the 6 
inches plus or minus nearest the top of 
excavation) and the entire surface area in shallow 
excavations. Low slump concrete was then 
placed. This entire operation was conducted very 
smoothly and very adequately. 

The only aspect of the concrete repair operation 
that was considered less than desirable was the 
slow setting caused by the WRA. Set-retarding 
characteristics of the WRA was required when 
the bulk of the concrete was previously placed. 
since mixing was done out of the tunnel and 
elapsed time from mixing to placing was 1 to 
1-112 hours. However, the smali batches prepared 
for the smaller patches were placed within 5 to 
10 minutes after mixing and as a result the curing 
of the epoxy.bond coat tended t o  get somewhat 
ahead of the setting of the concrete. This 
situation was discussed at the jobsite; however, 
no change was instigated since placing of the last 
batch was underway. A water-reducing agent that 
is  a set-retarding agent should not be used in such 
cases. 

4. New epoxy-mortar repairs.-The entire 
operation regarding preparation and application 
o f  the epoxy-bonded epoxy mortar was 



satisfactory. I t  was suggested that the two 
componenis of the epoxy be mixed for a longer 
period of time than was being done just to insure 
that a thorough mixture was obtained. A typical 
epoxy-mortar application went as follows: 

a. Concresive No. 1161 epoxy material, 
mixed five parts A to three para 8 by volume, 
was prepared and applied with a brush to the 
previously sandblasted, cleaned, and dried 
concrete area. It should be noted here that 
little or no warming of the concrete was done 
since the specifications indicated it was not 
necessary. The concrete surface at time of 
placement was about 65' F. 

b. soon as the application of the bond 
coat was started additional resin was prepared 
as described in "a" and project sand was 
added, three parts rand to one part resin by 
volume (4 to 1 by weight). This material after 
a thorough mixing was tamped into the area 
to be repaired then steel troweled. The epoxy 
mortar mixed in the aforementioned 
?rqportions provided essentially a no-slump 
mix; however, it was quite porous. 

Subsequent to the laboratory-mix tests 
discussed herein in Section 7, i t  was 
recommended that the minus No. 200-size 
rand be used in conjunction with the project 
sand. About 200 pounds of minus NO. 200 
material was obtained for this use. 

Aside from the additional fines added to the sand 
mix, it was directed that additional heat be 
applied to the epoxy-mortar repairs to accelerate 
the cure. This was particularly important where 
water seepage was a potential problem. 
Epoxy-mortar repsirs that were haat cured (1 10' 
to 115O F) were very hard the day following 
placement. AS many mortar iwplace patches as 
possible were to be cured with heat just t o  insure 
their adequacy. Such curing was to be 
accomplished on the swing and graveyard shifts 
since placing of patches was being done only on 
the day shift. This arrangement was also desirable 
from the standpoint that patches placed on day 
shift would have time to take an initial set before 
heat would be applied on swing shift. 

5. APCO 436.-An experimental epoxy-patching 
material, APCO 436, furnished by Applied 
Plastics Company, Inc., El Segundo, California. 
was sent to the job. This was an especially 
batched material formulated to  meet the special 

job conditions. Supposedly. i t  was a fastcure 
concrete repair system that was particularly 
suited for use under the prevailing tunnel 
conditions. Recommended application time was 
20 minutes after mixing. Curing times were 

- stated to vary from 10 minutes at 180° F to 2 
hours at 70' F. A cure time for 65' F, the 
actual-use temperature, was not given, but would 
be expected to be in excess of 2 hours based on 
information that was given. 

Three tests were made with this material. The 
first was an attempt to stop slowly flowing water 
in a wack where a bonded concrete repair was to 
be made. The second was a trial application as a 
surfacer on clean, dry, eroded concrete. The 
third test was a trial application of a surfacer on 
eroded concrete that had leakage water flowing 
over the surface. 

Approximately 18 hours after the test materials 
were applied, that applied to the dry, cool 
surface was still soft and not cured. That applied 
to the other surface, dry and warm. was hard 
where the material had remained dry, but was 
relatively soft where wetted with water flowing 
over it. Twenty-four hours later (approximately 
42 hours after application) material in the "wet" 
area was in about the same condition, whereas 
that in the cool, "dry" area was stil l soft; 
however, a surface skin was forming and the 
thinner areas were beginning to firm up. The low 
temperature was retarding the cure, and that cure 
which was occurring was happening from the 
surface inward. 

6. Chemical grouting.-The chemical grouting 
operations underway in the spillway tunnel were 
originally proposed by the contractor as a 
method for eliminating seepage from cracks in 
the tunnel lining. However, its use was not 
instigated until the method of routing cracks and 
calking with lead wool had been tried and proven 
unsuccessful. The injection of chemical grout 
into the weeping and flowing cracks was a slow 
operation, but i& use was successful in drying of 
the tunnel surfaces. 

The chemical grout used for this particular 
application was "Q-Seal" which i s  more 
commonly known as "AM-9." This material is a 
mixture of two organic monomers dissolved in 
water producing an aqueous solution which then 
produces very stiff gels when properly catalyzed. 
The characteristics of this particular grouting 
material lends itself very well t o  applications 



such as encountered on this job. Controlled gel 
times can be varied by proportioning of 
components, temperature, and other facton. 

Grouting operations consisted o f  essentially the 
following: 

a. Locations where it appeared grout 
injections would be most suiable were 
spotted by the Superintendent for Penetryn 
Grou t ing  Company. COP Construction 
C o m p a n y  p e r s o n n e l  then d r i l l ed  
l/Zinchdiameter by 12.inchdeep holes, the 
collan of which were located about 3 to 5 
inches from the leaking crack, and the 
direction of drilling oriented so that it 
hopefully would intersect the crack. 

b. A proportioning system was used t o  inject 
the 14 percent strength, two-solution grouting 
material. The two solutions were pumped 
w i t h  i n d e p e n d e n t ,  s ing le-p is ton,  
positivedisplacement, hand-operated pumps 
through independent lines to a mixing nozzle 
at the injection point. 

c. Pressures used to inject the material varied, 
but probably averaged 300 t o  600 psi with 
600 psi as a maximum. No grouting materials 
were injected behind the concrete liner. Gel 
times were set at about 3 minutes; however, 
this varied somewhat also. 

It was evident that the grouting was well in  hand, 
although three aspects were questioned, namely: 

a. No special effort was being made to flush 
or jet out grout holes after drilling and before 
grouting. It was suggested that more grout 
might be injected and under lower pressures if 
the grout holes were thoroughly cleaned, prior 
to grouting, with a water jet; however, this 
was never done. Thereafter. however, the 
holes were drilled with a higher pressure 
stream of water flowing through the bit. The 
benefits gained from this are unknown. 

b. Only 112-mch-diameter holes were being 
used for grout injection. One reason for their 
using such small holes was that electric 
drill-type equipment could be used to achieve 
portability. By having 2 and 3 men drilling 
3 shifts, 30 to 40 holes per day were made 
available for grouting. It was suggested that a 
l-inchdiameter drill b i t  be used on a trial 
basis. Two ways it could improve the 
operation were: 

(2)  Considerably bener chance of 
intersecting crack to be grouted. 

(In a subsequent report from the field on 
the trial with a 1-inch bit, it was reported 
that drill time was about doubled. Drilling 
was done normal to the surface over the 
crack. In many cases the crack was lost in  a 
few inches depth. The grouters reported no 
noticeable increase in  grout take. Based on 
this brief evaluation. the use of the larger 
bit appeared t o  offer no advantages and 
was terminated.) 

c. It was suspected that possibly some of the 
chemicals in the cracks of the conc;ete such as 
carbonates, etc., were reacting with the 
chemical grout, thus reducing its gel time. A 
small laboratory investigation was conducted 
t o  clear up this point. Test results indicated 
that any effects on the grout from chemicals 
in  the grout area were insignificant. 

7. Mix tests-It was apparent that although the 
specified epoxy mortar being used was adequate 
it was not an optimum mix. Therefore, some mix 
tests were undertaken in  the field laboratory. 
These tests also showed that proper cure was 
obtainable with the specified materials that were 
furnished. 

TO prepare the epoxy binder, five parts by 
volume of A (resin) were mixed with three parts 
by volume of S (hardener). This resulted in  a 
14:lO ratio of A:B by weight. 

Gradation of the sandpile sand was as follows: 

Retained on No. 16 3 percent 
Retained on No. 30 18 percent 
Retained on No. 50 46 percent 
Retained on No. 100 28 peroent 
Retained on No. 200 4 percent 
Retained on Pan 1 percent 

This resulted in  a filler gradation passing the No. 
16 screen as follows as compared to an optimum 
filler gradation as determined in  previous 
laboratory work (Bureau of Reclamation General 
Repon No. 28, Epoxy Resins for Concrete 
Construct~on and Repair). 



Filler Optimum 
as used gradation 

Retained on No. 30 18.5 3 1 
Retained on No. 50 47.4 23 
Retained on No. 100 29.0 16 
Retained on No. 200 4.1 - 
Retained on Pan 1.0 30 

It was readily apparent that a prime deficiency in 
the filler being used was in the percentage of 
fines, that passing No. 100. This was also evident 
i n  the coarseness and porosity of the 
epoxy-mortar mix that was being used. 

Mix tests were started with the specified 
suggested starting mix, one part mixed resin to 
four parts sandpile sand by weight. This resulted 
in a resin-rich mortar that flowed slightly when 
spread on a flat surface. Such a mix would not be 
suitable for use in the tunnel and would have 
certain undesirable properties. 

A mix was then prepared that represented a 
useable mix by adding sandpile sand to mixed 
resin until a proper consistency was reached. The 
mix calculated out to one part mixed resin to six 
parts sand by weight. This mix had good 
application properties and showed no tendency 
to slump, but had a coarse surface appearance. 

The mix that was actually being used, 1 part of 
mixed resin to 6.114 parts of sandpile sand by 
weight was then tried. Application properties 
were good and no slump was evident. However, a 
coarse, clry appearance with apparent porosity 
resulted. 

Modification of the filler by the addition of 
minus No. 200 sand to a basic 1 :4 mix was tried. 
The resulting mix was in the proportions of one 
part, by weigh*, mixed resin to five parts of 
modified rand. This mix was judged to be too 
resin-rich, but did show improved density and 
surface appearance. 

A final mix was made consisting of one part, by 
weight, of mixed resin to six parts of modified 
sand (63 percent sandpile sand, 37 percent minus 
100 sand). This resulted in a dense, trowelable, 
no-slump mix. This mix was the basis on which 
the recommended changes were made. 

It was decided that the most reasonable 
modification would be one that could be readily 
worked into the procedures being used; that is. 

proportioning in pa:& by volume. Some minus 
No. 200 silica sand was obtained from a supplier 
in Billings. Minus No. 2DO was suggested because 
the finer particle size enhances the thixotropy of 
the mix. It was further suggested that the filler 
be prepared by blending NO pa* by volume of 
minus No. 16 sandpile sand with one part of the 
minus No. 200 rand, and that this blend then be 
used to  prepare the epoxy mortar in the same 
manner being used. This resulted in a mix of one 
part by volume of mixed resin and three parts by 
volume of blended rand. 

The approximate gradation of the modified filler 
as compared to the optimum gradation for filler 
was as follows: 

Modified Optimum I filler I filler 

Retained on No. 30 12 31 
Retained on No. 50 32 23 
Retained on No. 100 20 16 
Retained on Pan 36 30 

As can be seen, the percentage of fines was much 
more reasonable in the blended, modified filler. 

This new mix was tried later in the tunnel. No 
mixing or application problems resulted from the 
changes and the applied epoxy mortar was 
considerably denser than that previously used. 
All mortar was thereafter prepared with the 
modified filler. 

As previously indicated, no unusual curing 
characteristics were evident in this brief 
laboratory study. Room temperature was 76' F 
and all mixes cured relatively hard in about 4 
hours and full hard overnight. Exotherm in one 
mix raised the measured temperature to about 
81' F. This indicates that a proper cure of the 
specified materials is practical at a reasonable 
temperature level. A t  65O F, the prevailing 
tunnel temperature, the cure of the epoxy 
mortar was very slow. It was suggested that heat 
be used to accelerate the cure of all 
epoxy-mortar patches. 

8. Conclusions-June 1968 examination.-On 
the basis o f  observations and other 
considerations at the jobsite, the following 
conclusions were made: 

a. Major problem with the soft epoxymortar 
patches which were placed prlor to this 



examination was the extremely slow cure due 
t o  relatively low temperatures. 

b. With heating, the soft, dry epoxy-mortar 
patches were cured to a very hard material, 
and the cure of newly applied epoxy-mortar 
patches accelerated. 

c. Epoxymortar patches were damaged in 
areas that became wet before the cure had 
advanced fa r  enough. (These were 
subsequently removed.) 

d. Seeping water was definitely a major 
problem in making the repairs; however, the 
chemical grouting substantially reduced this 
problem. 

e. Application techniques used by personnel 
in making the epoxy repairs were good. 

f. The total work under this contract could 
have been speeded up with additional 
personnel. 

g. Water-reducing agents that are also 
set-retarding agents should not be used in 
concrete to be epoxy bonded unless the delay 
in placing of the concrete is sufficient to 
require it. 

h. The addition of minus No. 200 silica 
(sand) t o  the project sandpile sand for use in 
the epoxy mortar provided a considerably 
denser mortar patch without sacrificing 
workability or slump characteristics. 

i. Specifications for future repair jobs should 
be written to provide for a specific 
epoxymortar mix design for the specified job. 
The effectr o f  temperature on the- epoxy 
materials should be more clearly delineated. 

9. Recommendat ions. -The f o l l ow ing  
recommendations resulted from this examination 
end constituted changes from the specifications: 

a. Further routing of cracks for sealing with 
epoxybonded epoxy mortar be discontinued 
and that chemical grouting be used to stop 
seepage through the cracks. 

b. The epoxy-mortar mix be modified by the 
addition of minus No. 200 fines. 

c. Heat be used to accelerate the cure of 

Application of the epoxy-mortar veneer procee4ed. 
thereafter, with procedures mcdified by previous 
recommendations. Late in  1968 and early, 1969, the 
presence of blisters in  the veneer wai! noted by 
project personnel and construction supervision 
personnel from the Engineering an8 Research 
Center. 

It was decided that further detailed examination by 
research oersonnel to find the causes and to initiate 
remedial mpasures was warranted. Two trips wwe 
made; the first to accomplish the above; the second. 
to further evaluate the veneer lining after unusual 
resul ts were found following recommended 
procedures. 

( f )  January-February 1969 examination, 
modification. and results.- 

1. Inspection.-Initially the problem areas were 
examined which primarily consisted of scattered 
blisters in applied epoxy-mortar veneer. Al l  
operations in  mixing, applying, and finishing 
epoxy mortar as weil as other finishing 
operations were critically observed. 

The underside of epoxy mortar from virtually all 
of the blisters examined showed smooth resin 
around the sand particles. The arrface from 
which the blister lifted was also smooth. There 
were no fracture zones in the surfaces of thc 
expored resin. This indicated that the separation 
of mortar from the surface occurred before the 
resin had set. These characteristics were later 
verified under high magnification in the 
laboratory in comparison with fractured mortar 
that showed distinct fracture zones in  the resin 
surface. One blister had a gel material in  it (later 
identified by IR absorption as the chemical 
grout) and virtually all had water in them. Later 
during the application of veneer such blisters 
were observed to form in the freshly applied 
epoxy mortar when heating was started to 
accelerate the cure. The underside of a large 
blister so formed had the same appearance as the 
other blisters. This gave fairly conclusive 
evidence that the blisters were formed during the 
early stages by shallow separation within the wet 
bond coat by expansion of air andlor water 
vapor in the underlying concrete arrface as a 
result of heating. Large blisters formed later 
when sufficient pressure built up within the 
separated area by entrapped air, water, or in  the 
one case by chemical grout. 

T w o  important deviations from previous 



present. The sand supplier in Billings was not 
furnishing minus 200-mesh sand as ordered, and 
it is probable that the gradation of sand delivered 
from Billings increased in  coarseness from 
shipment to shipment throughout the course of 
work as evidenced by the nonuniformity of 
applied mortar. Epoxy-mortar application was 
stopped until fines could be included in  the mix. 
Minus 100 pan grade sand was requested from 
the Engineering and Research Center laboratories 
for delivery to the job. 

The second deviation was in the mix proportions 
of the mortar being applied. A mortar of one 
part mixed resin to six p a N  of filler by volume 
was being used, primarily to facilitate the 
application. The 1:6 mix was very lean and 
considerably d i f ferent  from the richer 
recommended mix. As a result the applied 
mortar veneer was very porous. 

2. Mix modifications.-When the pan sand was 
received, a new mix was designed for the 
remaining epoxy work. For the filler 2 parts by 
volume o f  -30 project sandpile sand were 
blended with 1 part of the -100 pan sand. This 
was then mixed in a 1:3 by volume mortar which 
proved t o  be too rich. A 1:4 mix was then 
prepared and tried. This gave a dense, workable 
mix that greatly improved the character of the 
epoxy mortar, and, although not a..rarefully 
designed mix, would suffice for the remaining 
work. . . , ,  * 

3. Remedial measures.-Remedial measures to 
reduce the possibility of separation of mortar 

1 from bond mat  and subseqknt blistering were 
I 
I initiated. These included prolonged preheating of 

prepared surfaces, preparation, and application 
' of mortar at higher temperatures (70' to 80' F), 

irritial cure at ambient conditions, and post 
curing at elevated temperature. Although these 

.--~easures, and the new mix. greatly improved the ;-,<,r ,. 
, ,I si&ation, they were not 100 percent effective, 

pa$cularly where severe water problems were 
pre;+nt. However, many successful repairs were 
ma+. Specific wrinen instructions were given to 
wfitinue with these procedures. 
.T., 

", 
4. Unusual results.-During the preheating 
ope$tion. softening of epoxy mortar around a 
repa$,,area was noted. In  this particular case the 
soft, er'ot mortar smelled strongly of paint solvent 

t! 

lining suggested. These heat tests were ccnd;cted 
by project personnel during the week of 
February 10, 1969, with telephone instructions 
from persolmi at the Engineering and Research 
Center. 

The intent of the heat test was t o  show up areas 
that would soften under heating and to perhaps 
force the blistering where disbonded areas 
exirted but were undetected. 

A second ir ip was made to evaluate the results of 
the heat test, when it was reported that virtually 
all of the mortar heated turned soft. Some of the 
original tests were repeated and additional tests 
cunducted. The reported results were verified 
and additional data obtained. No blistering was 
o r .  Using a modified hand, concrete 
penetrometer and an arbitrary scale ranging from 
(1) very hard, to (5) very soft, the overall 
condition of the lining was evaluated. 

Except for one spot that was relatively soft at 
the tunnel temperature, which was later removed 
and replaced, the lining was found to be hard to 
very hard in the cool conditions at tunnel 
temperature which changed t o  condition varying 
between hard, slightly soft, soft. and very soft, 
when heated to 120' F as determined by spot 
tests. In all of the soft states, the lining smelled 
strongly of paint solvent and polysuifide. An 
epoxy-mortar patch several months old in a 
downstream location was partly painted with the 
specified paint system and nmv patches made 
with the improved 1:4 mortar painted with the 
whiyr only. The old mortar softened in  depth 
unaer the paint when heated whereas there was 
only some surface softening in the new patches. 
In  all cases the softened mortar returned to a 
hard state when cooled back to tunnel 
temperature. 60°to 65' F. When hard, the lining 
was hard clear through and when soft the lining 
was soft clear through, but to different degrees as 
previously noted. 

It was apparent that the softening was the result 
of increased activity by entrapped solvent from 
the paint system when the mass was heated. 
Twenty-four-hour heating did not drive o f f  the 
entrapped solvent, although very long-term 
heating mighf. Because o f  the molecular 
structure of the'epoxy system being used, it was 
probable that no chemical decomposition had 



occurred, only absorption and entrapment of 
solvent in the molecular latticework. A t  the low 
tunnel temperature there was little activity by 
the solvent, thus the mortar was hard. A t  
increasing temperatures the activity increased 
and softening was apparent. The entrapped 
solvent should diffuse out of the lining in  time 
without permanent after effects. 

5. Conclusions.-It was concluded that the - 
majority of the applied epoxy mortar contained 
entrapped solvent due t o  several contributing 
factors; such as, use of a lean epoxy sortar, 
absence of fines in the filler (both contributing 
t o  excessive porosity), and unexpected effects by 
solvent entrapment as a result of subsequent 
painting. The denser the mortar, the less the 
overall effect. Although the lining i s  not the best 
quality because of the above factors, it should be 
serviceable. Some additional blistering and lining 
repair ;hould be expected. 

6. Recommendations.-Because of anticipated 
additional latent blistering, it was recommended 
that an inspection be made by project personnel 
just prior t o  the forthcoming hydraulic test, and 
any defects repaired. 

(g) Final examinations of repairr-March 1969.-In 
March 1969, a team from the Engineering and 
Research Center visited the project to conduct a 
near end+f-construction examination. Foliowing 
are the results, with brief statements of work 
through various reaches: 

1. Tunnel reach from Station 12+15 t o  Station 
22+33 (downstream portal).-The major item of 
work consisted of repairing large irregularities in 
the tunnel lining with epoxy-mortar patches. Al l  
of these patches were examined and found t o  be 
hard and when tapped with a hammer gave every 
indication of being well bonded to the concrete. 

2. Tunnel reach from Station T+69 to Station 
12+15.-The major items of work consisted of 
construction of an aeration slot at Station 7+79, 
application of epoxy-mortar veneer t o  repair 
small irregularities, placement of concrete to 
repair the major damaged areas, placement of 
epoxy-mortar patches as required, sack rubbing 
mortar t o  f i l l  "bug holes" below the spring line, 
grinding of surfaces to obtain the specifications 
requirements for finishes, modification to the 
aeration slot t o  obtain proper lift at the lip. 
installation of monitoring equipment in the slot. 
and application of epoxy phenolic paint t o  the 
f l w  surfaces. 

Al l  items of work had been completed with the 
exception of minor patching in  the lining at 
random locations beween Stations 11+10?: and 
8+84?, minor grinding in  the area immediately 
downstream from the 'aeration slot, and 
application of epoxy phenolic paint over newly 
repaired or ground areas. 

The epoxy-mortar veneer and paint application 
were examined and judged acceptable. Two small 
blisters were found at Stations8+88+ and 9+06C. 
These appeared not t o  be newly formed and were 
detected after tunnel cleanup in  the area. 

Modifications to the aeration slot were 
essentially complete. Measurements made on the 
l ip  indicated that acceptabl? l i f t  existed 
everywhere except in a small area 18 inches 
below the spring line (right side) where no l i f t  
was noted. Since this deficiency was near the 
spring line where no lift was required and 
adequate lift exists 24 inches below the spring 
line, corrective measures were not considered 
necessary. Repairs t o  the area adjacent t o  and 
extending about 15 feet upstream of the slot 
were completed except for application of a 
reinforcing coat of epoxy resin on the veneer and 
~aint ing of the lip. Finishes and alinement at this 
area were satisfactory. During the examination 
the contractor was engaged in applying 
epoxy-mortar veneer t o  ground areas in  the 
concrete on both sides of the tunnel several feet 
downstream from the slot. 

It was noted during the examination that the 
contractor 's act iv i t ies had. gouged the 
epoxy-mortar veneer in some areas and that in  
other areas epoxy mortar "siobber" had adhered 
to the surface. All 'wch irregularities, in  addition 
to any calcium cacoonate buildup, were t o  be 
removed prior to final cleanup of the tunnel. 
Cleanup was to include removal of temporary 
"dams" used t o  divert tunnel leakage around 
workc areas, removal of flumes and repair of 
anchor boltholes that, support the flumes, and 

: ,, 

repair of any other surfacedeficienciescauEed by 
the contractor's activities. " 

3. Tunnel reach from Station 6+00 t o  Station 
7+69.-Major items of work in  this area consisted 
of epoxy-mortar patches in  areas where previous 
patches had failed or where deficient patches had 
been replaced. and removal of calcium carbonate 
buildup. Random epoxy-mortar patches were 
tested and, although varying degrees of hardness 
were noted, the work was generally acceptable. 
Two patches were found deficient and were to be 



replaced. Although most of the carbonate 
deposits had been removed, additional removal 
was required at random locations. Several holes, 
up t o  3 inches in diameter and with varying 
depths, were noted and were to  be repaired. 

The appearance of the spillway tunnel at this 
time is shown in Figure 3-1 1. 

Two working platforms or jumbos were constructed to  pattern- drilling with a l i n c h  1 b i t  and 

:.facilitate work in the tunnel, one was in the jackhammer and blast the concrete and rock in small 

Figure 3-11. Appearance of the spillway tunnel near the 
end of construction is shown. Note the excellent inspection 
Dotenrial with the white epoxy.Dhenolic paint coat. 
Smoothness of the total lining is alrc, apparent. Photo 
P459-640.990 

4. Stilling basin.-The contractor was engaged in 
 atering ring and mucking out the stilling basin. 
Because o f  muck on the basin floor, a detailed 
examination of the stilling basin could not be 
made. Except for two small spalled areas 
immediately downstream from the tunnel portal, 
the unwatered portions of the basin were 
satisfactory. Instructions were given to  repair 
these spalled areas and any other deficiencies 
found after complete basin cleanup had been 
made. 

D. Aeration Slot 

Figure 3.12. View of upper jumbo and nearly completed 
aeration slot. Dark areas below aeration slot are 

epoxy-bonded epoxy-mortar repair areas. Photo 
P459-6404432 A 

constructed jumbos were capable of up and down 
movement by operation o f  an electr~c motordriven 
hoist from the jumbo decks. 

Access up and down the 55' sloping section of the 
spillway was accomplished by use of a small 
rubber-tired cart steered by  hand, Figure 3-13. The cart 
was attached to a 1-inch cable connected to an electric 
motor-powered single drum hoist located at the intake 
to tha:spillway tunnel. Through a system of  pulleys, 
snatch blocks, and a power cable remotely controlled 
by the cart operator, egress and ingree up and down 
the slope were eifeaively accomplished: 

Excavation on the aeration slot consi3ed of rrmoving 
concrete, rock, and reinforcement s:eel from an area 
about 6 feet deep by 10 feet; wide for about 
three-fourths of the tunnel periphery. 

. ~ = > ~  

Initially, an attempt was made toqr i l l  through the No. 
9 reinforcing mat by  drilling along:the perimeter o f  the .\'~,, 
aeratlon slot. A n  NX diameter core b i t  and portable air 
drill mounted on the upper jumbo were employed. 
Progress o f  the drilling was: slow and impeded the 

I progress of the work, Figure 3-14! Consequently, it was 
decided to  eliminate the NX drilling and commence 



Figure 3.13. Cart used far ingress and egress .ID and down 
the 55' slope of the tunnel. The cart war connected by a 

l-lnch cable to  a single drum electric motor- ower red hairt 
controlled by the operator of the cart. Photo 
P459-D-58568 

Figure 3-14. Diamond drill working off the uDper jumbo 

and drilling reinlorcement steel on peri~hery of the 
aeration slot excavation. Thir tool war later abandoned 
because it war too slaw and impeded progress. Photo 
P459.D-68569 

handled on the jumbo at one time. Excavated material, 
totaling 245 cubic yards, was loaded i::the:cart by 
hand labor, hauled to the upstream portal of the 
tunnel, i?nd hoisted out by crane to  the waiting trucks. 

The drilling pattern for each shot in the keyway 
consisted o f  three to  four rows of l-112-inch holes 

deep. These holes were spaced in alternating rows o f  
four and three holes spaced on a grid o f  12 inches. 
About three rows r f  holes were all that were required 
to loosen about 3 cubic yards of the materials. A l l  
loaded holes were decked with small quantities o f  45 
peP:ent strength stick powder not exceed~ng a total 
lodd of 4 pounds. A l l  blasts were blanketed with 
several layers of wire mesh to  prevent f ly rock. No 
electric caps were permitted because of the 
transmission of electric power in the area and the 
danger of stray electrical currents which could 
prematurely set off electric caps. As a result, mine 
delays and cap and fuse were used to  detonate tne 
charge. This manner o f  blasting presented a safety 
problem in that the fuse had to  be ignited manually 
and the powderman then had to  exit the area by the 
can to  the upstream portal. Fuse length was set for 8 
minutes. Later ladders were constructed downward 
from the upper jumbo to permit powder personnel to  
exit t o  the downstream portal before the blast 
occurred. From a safety standpoint this was the more 
positive way of protecting personnel from injury. 

The construction of the forms and the forming and 
placement of concrete in the aeration slot was an 
extremely difficult construction process. 

Forms were constructed from 2- by 12-iwh lumber 
and 314-inch plywood panels. The 2 by 12's were used 
as studs placed 16 inches apart. The studs were about 
14 feet long and spanned the gap over the slot 
excavation. The plywood panels were used for form 
sheathing. These panels were cut to developed surfaces 
to  satisfy the compound surface required to  shape the 
slot lips. The entire form was constructed in six 
segments and prototype fa~red up on a fairing floor. 
The orototype was checked separately by  contractor ->= 

and Government personnel, Figures 3-15 and 3-16. 

Each section o f  the form had to be lowered into place 
by the use of the cart and jumbo. The forms were 
ext remely  d i f f i c u l t  t o  set because of the 
out-of-roundness of the existing tunnel concrete. This 
required the forms to  be forced down with rock bolts 
at their upstream extremes to  f i t  the tunnel concrete. 
Even though the forms were distorted at the form 
extremes, upstream and downstream, where they were 
bolted to  the concrete, dimensional requirements of 
the upstream and downstream lips of the aeration slot 
were maintained. 



Figure 3-15. Prototype cf the aeration slot farms. The 

assembled form at this stage ir ready for disarsemblv and 

final insrallarion at the excavated slot area of the lining in 
the willway tunnel. Photo P459-0-68570 

?#gum 3-16. Aeration slat forms installed an the 55O 
sloeing section of the spillway Tunnel. Workmen are 

changing location of the eoncrite pump discharge line in 
the farms. Access cart car: be seen in fhe photograoh. Note 

""watering hores and difficult formwork and bracing. 

Photo P459.0.68572 

A Model 1.35 Case-McCarr double piston pump 
hydraulically operated concrete placer was placed at 
the entrance of the spillway at approximate elevation 
3593. Figure 3-17. The machine was capable of 
supplying about 30 cubic yards of concrete per hour 
with a maximum pump pressure of 1,000 psi. Concrete 
from this machine was pumped through a 6-inch 
siamese reducer into a 4-inch-diameter pipeline. The 
4-inch pipeline extended from this connection down 
the 55' tunnel slope for a distance o f  about 400 feet. 

The locarion of the pump above the point of 
placement was contrary to  good concrete placement 
practices because o f  the difficulty of pumping concrete 
downhill. riowever, pumping concrete from below the 
aeration slot into,&the slot forms presented difficult 
problems of  supply~ng concrete to the pump from the 

Figure 3-17. Care-MaCarr hydraulically operated 

concrete pump used to place the concrete in the 

aeration slot. Photo P459-0-68571 

downstream portal. This problem materialized when 
Areas "C" and "D" were repaired with concrete. 

To assure workability o f  the concrete and ir .an 
attempt to overcome anticipated difficultie;.'of 
pumping concrete downhill, a starting concrete mix of 
the following proportion and characteristics was used: 

Maximum size agregate 
Cement content 

Sand 
3/16. to 314-inch rock 
Slump limits 

Average dump 
Water-cement ratio 
Air-entraining agent 
WRA 

= 314 inch 
= 7 sacks per 

cubic yard 
= 55 percent 
= 45 percenr 
= 5.112 to  7-114 

inches 
= 6 inches 
= 0.46 to 0.53 
= 4 to 5 percent 
= 20 ounces 

Five truck mixers were used to  mix and transport the 
concrete to the upstream portal of the spillway. A t  this 



. 
point the concrete which was discharged into a l-cubic 
yard bucket was hoisted by crane to  the hopper of the 
pump below. 

For safety reasons, when concrete placement staged all 
other work in the tunnel was stopped bet', se the 
placement was above the tunnel work i n  the bend and 
the near horizontal section of the tunnel. 

The concrete placement was plagued with plugged 
lines, segregation of concrete, and difficult access t o  
the portions of the forms. The placement consisting o f  
180 cubic yards of concrete took 52 hours o f  
continuous operation to  complete. The last several 
yards o f  concrete were placed i n  the forms by use of 
5-gallon buckets lowered down the incline i n  the access 
cart. 

During the concrete placement it became obvious That 
the concrete could not be pumped downhill through 
the 4-inch discharge line. Consequently, the sand 
content was increased to 58 percent and the 314-inch 
rock reduced to  42 percent. The cement content was 
increased to  7.112 sacks of cement per cubic yard of 
concrete. This improved the flow of  the concrete in the 
line to some extent. 

Concrete compressive strengths as determined from 6- 
by 12-inch concrete test cylindersfor 28-day cylinders 
ranged from 5,900 to  6.000 psi. 

After the forms for the slot concrete had been 
stripped, the general appearance o f  the work was 
excellent. There were, however, some areas along the 
upstream and downstream lips that viere repaired, 
Figure 3-18. These areas were saw cut and the porous 
concrete excavated below the reinforcement steel and 
replaced with sound concrete. Minor areas were 
repaired with epoxy-bonded epoxy mortar. Chemical 
grout was used to  dry up hairline cracks in the slot 
prevlous t o  making the repairs and the coating of the 
concrete with epoxy-phenolic paint. 

Measurements along the arc of the upstream l ip of the 
slot revealed that the lip was low i n  relation t o  the 
ex is t ing concrete. T h i s  was corrected by 
bushhammering and grinding on a slope of 1:100 
followed b y  a thin skin o f  epoxy-bonded epoxy 
mortar. This treatment was successful in meeting the 
dimensional requirements. 

Airholes or "bugholes" i n  the concrete, a normal 
phenomena, at and below about 3 feet below spring 
line o f  the tunnel were filled with sack rubbed mortar. 
The "bugholes" appeared after the specially finished 
surfaces were sandblasted prior t o  application of 
epoxy-phenolic paint. The "bugholes" ranged in size 
from about one.fourth inch in diameter and less than 
one-fourth inch deep to  pinholes. 

Specifications required that the sack rubbed 
"bugholes" be water cured for 7 days. To  water cure 

Figure 3-18. Aeration slot at invert showing pressure 
transducer installation and repairs by grinding of slot lip for 

grade corrections. Platform of jumbo visible in lower left of 
photograph. Photo P 4 5 9 5 4 0 4 4 3 5  NA ;, 

the repair would have significantly delayed the 
epoxy-mortar repair work. In  view of the anticipated 
delay o f  the work  if  water curing was employed, no 
water curing of the "bughole" repair mortar was 
performed. It was determined that water curing was 
not necessary because o f  the high.relative humidity (75 
percent) i n  the tunnel. 

The work in repairing the major damaged areas. 
applying thp epoxy-mortar veneer. construction of the 
aeration slot, and application of the epoxy-phenolic 
paint was accomplished by working two 10-hour shifts 
per working day. The work was among the most 
difficult repair jobs contracted by the Bureau. Figure 
3.19 shows the completed tunnel repair. 

Figure 3-19. Completed repair work. View looking 
upstream into bend of runnel. Whlte slash in center of 

photograph is the completed aeration slot. Photo 



PART 4 

PROTOTYPE TESTS 

A. June 1969 Test 

Although laboratory tests indicated that the aeration 
slot was introducing air along the tunnel invert, the 
amount of air and its tendency to rise rapidly towards 
the free water surface away from the invert where it 
was required, were highly speculative questions. The 
adequacy of the epoxy veneer surface beneficiation in 
and immediately downstream from the elbow was also 
questionable. These questions could be resolved only 
through controlled prototype tests that approximated 
spillway operation during the summer of 1967. 

Plans for a two.phase test were developed early i n  
1969. Phase 1 was to be a 5-day. 5,000 cfs continuous 
discharge test, followed by an examination. If  no 
damage was incurrd, Phase 2, sustained discharge at 
15.000 cfs was to be implemented. Water mnditions in 
the summer of 1969 were such that only Phase 1 could 
be accomplished satisfactorily. 

The spillway was readied for testing the week of June 
16. On June 16, the entire tunnel from intake to  outlet 
portal was examined in the dry. The tunnel surfaces 
were in excellent condition except for calcium 
carbonate buildup throughout the tunnel and the 
formation of "blisters" in the epoxy-mortar veneer at 
ths upper end of the elbow. These surface irregularities 
had occurred since the Government accepted the 
contractual work as complete on Apri l  28, 1969. 
Because carbonate buildup had induced cavitation i n  
1967, and since the efficacy of the air slot was as yet 
an unknown quantity, calcium carbonate deposits were 
removed from Station 7+75 to Station 12115 for a 
distance of 10 feet each side of the tunnel centerline. 
Project personnel completed the calcium carbonate 
removal on June 17. Blisters in the epoxy veneer were 
not removed since their location and configuration 
were thought to  be less critical t o  cavitation. 
Additionally, repairs of blisters would have been time 
consuming and could have meant postponement of the 
test 

F o r  electronic monitoring of the tests, two 
hydrophones were embedded in the downstream face 
of the aeration slot, and one pressure tranducer 
suspended against the upstream face of the slot. The 
output of the pressure transducer was monitored and 
recorded on a direct writing recorder, and the 
hydrophones were connected to  a two-channel 
oscilloscope for visual readout. The output of the 
pressure tranducer and one hydrophone could be 

- .  
change i n  the flow characteriitics in the aeration slot or 
i n  the vertical bend downstream during a test run. 

Instrument installation and checkout for monitoring 
the test were completed the afternoon o f  June 76. A t  
8:30 a.m. on June 18, the sp~llway gates were opened 
incrementally unti l  the 5,000 6 s  discharge was reached 
about 2-112 hours later. Gate openings were adjusted as 
required during the next 5 days to  obtain a constant 
discharge o f  5,000 cfs plus or minus. The oscilloscope 
and d i r e c t - w r i t i n g  recorder were monitored 
continuously for  the first 15 minutes o f  the test and at 
112.hour intervals thereafter. Magnetic tape recorder 8 

readings were made at 3-hour intervals of a 
hydrophone signal and the pressure drop i n  the air slot. 
The spillway was operated cmtinuously unti l  9:00 
am., June23, when complete shutdown was made. 

The tunnel was examined June 23 and 24. The inclined 
portion o f  the tunnel, aeration slot, and elbow were 
examined from an inspection vehicle operated from the 
tunnel intake. The horizontal tunnel reach was 
examined from a boat. The following surface 
conditions and irregularities were observed; none of the 
irregularities caused cavitation damage to  the adjacent 
flow surfaces: 

1. None of the individual epoxy-mortar patches in 
the tunnel incline failed. 

2. T w o  bonding failures occurred in the 
epoxy-mortar veneer above the aeration slot. The 
failures were in the invert and were about 6 inches 
long by 4 inches wide by 114 inch deep. 

3. Three small bonding failures occurred in the 
epoxymortar veneer installed to  bring the aeration 
slot l ip up to  grade. These areas were grouped 1 inch 

; above the lip and 4.5 feet to the right of the tunnel 
centerline (looking downstream). The largest of the 
failed areas was 1 inch long by 2 inches wide by  118 
inch deep. Figure 4.1 shows the lip and failed areas. 

4. Blisters that were noted previous to  the test had 
not increased in size nor had they adversely affected 
the flow surfaces. 

5. Calcium carbonate deposits in the elbow had not 
been removed completely previous t o  the test. 

6. Station 9 t05f  (elbow).-Two epoxy-mortar 
veneer failures, one along the invert, 2 inches long 
by 1 inch wide by  1/16 inch deep; the second about 



Figure 4-1. Looking down on upstream ride of slat a t  

failed epoxy veneer. Photo C459-D-68458 NA 

6 inches long by 3 inches wide by 118 inch deep and 
24 inchesfrom the tunnel centerline. 

7. Station 9+11? (elbow).-A gouge in the 
epoxy-mortar verrz;.&out 3 inches long by 1 inch 
wide by 118 inch deep along the invert near the 
tunnel centerline. 

%Stat ion 9t16L (elbow).-A gouge in the 
epoxymortar veneer about 2 inches long by 112 
inch wide by 1/16 inch deep near the tunnel 
centerline. 

9. Station 9 + 4 5 i  (elbow).-An area about 18 inches 
square with 20 small pits, the largest o f  which was 1 
inch long by 314 inch wide by 118 inch deep. The 
pits were centered around the tunnel centerline. 

10. Station 9t50C (elbow).-An epoxy-mortar 
veneer failure about 6 inches long by 7 inches wide 
by 114 inch deep, located about 9 feet to the right 
of the tunnel centerline (looking downstream). 

11. Station 9+56+ (elbow).-Paint failure occurred 
in two areas. The first area, about 24 inches 
downstream from a calcium carbonate deposit, was 
approximately 18 by 18 inches and irregularly 
shaped. The second area, about 4 feet farther 
downstream, was 9 inches long by 24 inches wide. 
Both areas were located to  the left of the tunnel 
centerline, Figure 4-2. There was no damage to  the 
concrete lining itself and it was concluded that paint 
failure occurred because of poor bonding to the 
lining surface. 

12. Station 9 6 3 5  (elbow).-An epoxy-mortar 
veneer failure 3 inches long by 1 inch wide by 114 
inch deep, located 2 feet left o f  the tunnel 
centerline. 

Photo C459-D-68459 NA 

13. Station 9+80? (elbow).-An epoxy veneer 
failure about 3 inches long by 1 inch wide by 114 
inch deep, located near the tunnel centerline. 

14. Station 9+90L [elbow).-Palnt was removed in 
two areas. The first area was about 4 feet long by 18 
inches a t  its w~dest, the semnd area, about 18 
inches long, was located 3 feet downstream from 
the first. Both areas were located left o f  the tunnel 
centerline. The tunnel lining adjacent to  the paint 
failures was undamaged. 

15. The horizontal reach o f  the tunnel was 
examined by boat. Areas of minor epoxy-mortar 
veneer and paint failures, similar in scope and 
appearance to  those seen in the elbow, had 
occurred. 

Of the total area of epoxy veneer surfaces involved i n  
the test, it was estimated that over 99 percent o f  these 
surfaces did not exhibit any failure. Furthermore. 
minor disbonding that did occur did not produce 
cavitational damage normally associated with these 
types of failures. Although highly encouraging, positive 
conclusions as to  the efficacy o f  the air slot and the 
surface beneficiation could not be made because of the 
modest flow involved in the test, and the realization 
that many o f  the veneer failures that occurred might 
have occurred late in the test before cavitation damage 
could be initiated. The logical conclusion was to  
schedule an additional test at higher discharges. The 
recommendation was made to  personnel in the region 
and the Engineering and Research Center, and 
agreement was reached that another test would be 
scheduled when water conditions were appropriate. 

On June 26. 1969, inflows into the reservoir were such 
that a 1-day test at a higher discharge was feasible. 
Accordingly, the test commenced at 2:05 p.m. on June 



27. Instrumentation to monitor the test was similar t o  
that developed for the first test. Discharges were 
restricted to 15,000 cfs for approximately 24 hours 
with complete shutdown accomplished at 3:30 p.m. 
the following day. It should be emphasized that this 
test was conducted with existing surface irregularities 
that occurred during the 5,000 cfs test. 

The tunnel surfaces were examined in the late 
afrernoon of June 28 and the morning of June 29. The 
following was noted: 

1. Existing veneer and paint bonding failures in  the 
elbow that resulted from the 5,000 cfs test were not 
affected by the 15.000 cfs test. 

2. A new epoxy-mortar failure occurred in the 
elbow about 100 feet downstream from the aeration 
slot. The area was 10 feet right o f  the tunnel 
center l ine ( look ing  downstream) and was 
approximately 9 inches long by 12 inches wide by 1 
inch deem 

3. Additional paint and epoxy veneer failures 
occurred in the horizontal reach of the tunnel 
(examined by boat) with one large paint failure 
extending from Station 12+04t to Station 12+15. 
The failure was centered along the invert and was 
approximately 18 inches wide, maximum. Epoxy 
veneer failures appeared small in area and relatively 
shallow with a maximum depth estimated at 114 
inch. 

The results of the 15,000 cfs test were particularly 
important in that a discharge, approaching the 
maximum discharge in the 1967 flood, did not initiate 
cav i ta t ion downstream from existing surface 
irregularities whose location, frequency of occurrence. 
area, and depth were more critical than similar 
irregularities causing cavitation damage in 1967. It was 
generally concluded that the 15,000 cfs discharge 
indicated the aeration slot was in fact supplying air to 
the invert surfaces in sufficient volume to mitigate 
cavitation damage; however, a sustained 15,000 cfs test 
was considered as essential before f inal  
recommendations could be made relative to future 
reservoir and spillway operations. 

B. Special Repairs after 1969 Test 

Following the June 1969 test and subsequent 
inspection, special repairs were undertaken to correct 
the minor damage t o  the epoxy yeneer caused by latent 
blistering. Personnel from th- Division of General 
Research traveled to Yellowtail Dam for this purpose. 
Their objectives were iwofold: first, t o  make repairs 

and get the work completed; and second, to train field 
personnel in  the use and handling of a special epoxy. 
Because of the known adverse conditions of 
temperature and moisture existing in  the tunnel, an 
investigation t o  determine the most effective 
epoxytype material under these conditions was 
undertaken in the Engineering and Research Center 
laboratories. Of six epoxy damp- or wet-curing 
compounds tested, one proved t o  be most effective and 
was selected for this repair work. 

(a) Initial inspection.-On August 18, 1969. a 
detailed inspection of the tunnel was made. The 
following major observations resulted: 

1. Concrete surfaces in the horizontal reach of 
the tunnel between Stations I N 3 1  and 12%15 
were muddy, and for the most part damp, with 
flowing water in  a few areas. Concrete surfaces in  
the inclined reach, Station 7+76 t o  Station 
11331, were generally wet from water entering 
the area through drainholes. Most of the water 
flowing in  the invert originated from leakage 
around the spillway gates at the upstream portal. 

2. A 9foot-wide stairway had been installed 
from the horizontal reach of tunne! nearly to the 
aeration slot, and brackets were being install& 
thereon to support portable wing scaffolds which 
were also under construction, Figure 4-3. This 
scaffolding system was constructed for 
permanent use, and it proved to be a very 
satisfactory arrangement. Other equipment was 
being installed, wch as: additional lighting, dry 
warm cabinet for housing epoxy materials and 
sand, etc. 

3. Air temprature in  the tunnel varied from 
about 60° F in the morning t o  about 70° F in  
the afternoon. Water temperature averaged about 
55O F. 

4. No attempt had been made t o  divert the 
flowing water, although methods for doing so 
had been thought out and the necessary materials 
and equipment required had been obtained, such 
es sections of %inch-diameter by 30.foot-long 
aluminum pipe, Sika Plug quick-setting sealing 
compound, etc. 

5. Essentially all of the required equipment and 
materials had been procured and were available 
for use. 

(b) Surface preparation.-The damaged areas were 
cleaned and water was diverted for patching. A 



Figure 4.3. Three-foot-wide access stairway built from the 

horizontal reach of tunnel to  aeration stot. Note the 
movable wing scaffolds use for transverse access. Photo 
P459-D-6477 1 NA 

putty knife was used to excavate all loose and 
foreign material from the damaged areas. Blisters 
were broken and loose material removed. In 
damaged areas where required, Sika Plug dikes, 
sandbags, box dikes, etc., were used to divert water, 
Figure 4-4. Paper towels were also used to dry up 
patch areas. When all damaged spots within a given 
accessible area were located, dewatered, and freed 
of loose material, they were sandblasted with an 
aspirator-type nozzle blaster. The blasting agent was 
Del Monte, white sand, El-1 6. 

(c) Materials.-Principal materials used in these 
repairs of the Yellowtail spillway tunnel were Sea 
Go-In Poxy Putty, graded aggregate, and Sika Plug 
fast-setting sealing compound. Sika Plug. 
manufactured 'by Sika Chemical Corporation, 
Lyndhurst, New Jersey, was used ro build dikes to 
divert the water from the patch areas, Figure 4-4. 

Graded sand for making the mortar was preweighed 
in Denver and shipped to Yellowtail Dam, The 
graded sand was weighed in 500- and 1,000-gram 
batches and packaged in plastic bags. This gave a 
clean, dry, graded sand for use in multiples of 500 
grams. The graded aggregate was weighed as shown 
in the following chart below. 

Figure 4-4. Typiixl applications of Sika Plug, rapid setting 
sealinp cornpaund, and plastic sheathing ro divert water 
around repair areas. These photogrephs show completed 
Sea Go-In Poxy Putty mortar repairs made in August 1969. 
Photos P459-D-64767 NA top, and P459-D-64766 NA, 

bottom 

Sea Go-In Poxy Putty No. 1324, manufactured by 
Permalite Plastics Corporation, Costa Mesa, 
California, was used for the bond coat and mixed 
with aggregate 10 make the mortar. The mix ratio 
was 2.5 parts of aggregate, by weight, to 1 part 
epoxy, Equal weights of Parts A and 6 were 
prewe~ghed into separate widemouth fruit jars and 
capped. Only the daity epoxy requirement was 
preweighed at one time; then it was stored in a 
heated cabinet in the tunnel until used, 

I Accumulated Accumulated 
Sand I Percent 1 Accumulated weight (gms) weight (gms) 
size retained percent retained (500-gm batch) (1,000gm batch) 

No. 30 31 3 1 155 310 
No. 50 23 54 270 540 
No. 100 16 70 350 7 00 
Pan 30 f 00 500 1,000 

Sand Sizes 30, 50, and 'I00 were from Ciear Creek, 7-.-! the pan was a manufactured material. 



1. Bond coat and pure epoxy patches.-The 
preweighed Sea Go-In Poxy Putty was mixed and 
applied as a bond coat for the mortar. In  the case 
o f  small patches (112-inchdiameter or less and 
118 inch or less in depth), straight epoxy was 
used to  make the patch. 

Equal weights of the two epoxy components 
(100 grams of  each, Pan A (white) and Part B 
(green)) were mixed to  a uniform putty without 
streaks of green or white. 

After the Poxy Putty bond coat was thoroughly 
mixed, a putty knife was used to apply it to  large 
patch areas (2 inches in diameter or larger). Then 
~t was scrubbed into the surface with the thumb 
or finger to force out free moisture and effect a 
good bond to the patch area. For small mortar 
patches, a finger was used in place of the 
aforementioned putty knife. For the straight 
epoxy patches, a small amount was rubbed in by 
hand and then additional epoxy was placed and 
leveled with a putty knife to  bring the patch to 
grade. Pot life of the material was 30 to- 45 
minutes. 

2. Epoxy mortar.-The Sea Go-In Poxy Putty 
was mixed together as for the bond coat and 
then mixed with the preweighed, graded sand. 
Most batches mixed consisted o f  500 grams o f  
sand and 200 grams of epoxy. A few larger 
(1.500 grams of sand and 600 grams of epoxy) 
batches were also mixed. 

After Parts A and B were thoroughly mixed, a 
plastic bag of preweighed graded sand was 
poured on a 3- by 3-foot sheet of polyethylene. 
The epoxy was transferred from the jar onto the 
sand. Sand and epoxy were mixed together using 
a kneeding process similar to  making bread. After 
the mortar was thoroughly nixed, it was placed 
in a 5-quart plastic bucket for handling during 
the patching operation. 

Mortar was placed into the repair area and 
leveled with a pointed !rowel. The mortar was 
then pounded into the bond coat with a 
I. 1 12-inch-diameter plastic.headed hammer. 
Excess mortar was then removed with the trowel 
and the cvcle repeated. Most of the larqe patches 

Figure 4 5 .  This damaged area (upper photograph) located 
approximately at Station 8 t 4 5 .  11 feet right of the 

centerline. war the largest area repaired with theSca Go-in 
POKY Putty in August 1969. Lower photograph shows 

completed epoxy-mortar repair. Photos P459-D.64764 N A ,  

top, and P459.D-64770 NA. bottom 

(d) Curing and finishing.-New patches were placed 
on old concrete and existing epoxy under several 
different moisture and substrata conditions. 
Patching material was placed on surfaces that were 
dry,  dam^ (dull sheen), and wet (shiny). and a few 
underwent curing wi th water running over them. 
The epoxy and epoxy mortar cured hard i n  about 3 
hours under dry conditions and hard overnight 
under water. Temperature of the concrete surface 
averaged 55O F with the daily air temperature rising 
t o  about '10' F. 

. . 
required iome 'grinding for final finishing to  ., Due to  the limited pot life o f  the mortar, the 

grade. pot life to place the mortar was about30''*:1- amount of time spent working the larger patches t o  

minutes. Figures 45,  4-6, and 4-7 show typical an exact grade was restricted, and hence, some of 

areas repaired with the Sea Go-In Poxy Putty them required grinding as previously mentioned. 

mortar. 



Figure 46. Typical areas (top phorqlraphl requiring 
repairs with the Sea Gmln Poxy Putty in August 1969. In 

many of the areas. such as this one, the new repair material 
war placed over previously placed epoxy mortar. Lower 

photograph shows completed epoxy-mortar repairs. Photos 
P459.D-64769 NA.  top, and P459-0-64768 NA.  bottom 

(e) Repair evaluation.-Several techniques were 
used which permitted an evaluation of the repairs a 
few hours and a few days subsequent to  the 
placement. Also, preliminary work was done which 
would be o f  help later when the repair work was 
scrutinized and evaluated during the pre- and 
post-spill inspections. 

(1) Immediate post placing evaluation.-The 
earliest test that could be performed on the 
repair materials aside from visual observations 
consisted of trying to  penetrate the newly placed 
epoxy and epoxy mortar with a semisharp 
device, wch as a putty spatula, pocket knife, or 
screwdriver. These tests indicated that the epoxy 
(mortar in particular) was quite firm (hard) 
about 3 hours after placement i n  the tunnel and 

very hard after 24 hours' curing. The tests also 
indicated that mortar, which became submerged 
shortly after placement, firmed up and cured 
more slowly than those cured in air. Apparently 
this was principally due to  the 55' F water 
temperature as compared to  the 70' F air 
temperature. 

2. Grinding.-Several patches were ground about 
24 hours after placement to  evaluate the 
grindability of the hardened mortar. This in itself 
was an eva!uation o f  the cured mortar. In  all 
cases, grinding confirmed that the patch material 
was very hard and dense. 

3. Impac t  hammer evaluations.-Impact 
hammer, Model No. N-15 (red hammer), was 
used on randomly selected patches to  evaluate 
their quality. A t  each particular location 14 
impact readings were taken randomly around the 
new patch on the original surface, be it concrete 
or epoxy mortar. Then 14 Impact readings were 
taken randomly on the new patch. Out of each 
set of 14 readings, the 2 high and 2 low readings 
were discarded and the remaining 10 were 
averaged. Table 4-1 presents impact averages as 
well as other data pertment t o  the evaluation o f  
the readings. I n  all but  a few cases, readings 
taken on the new patches averaged greater than 
?hose taken on the original adjacent material. 
This is indicative that the quallty o f  the-Sea 
Go-In Poxy Putty mortar patches is equal to  or 
hlgher than that of the original surface. Since 
most of the patches checked were less than I f 2  
inch deep, the quality of both the material upon 
which they were placed, and the bond between 
the two were reflected in the impact readings. 
This indicates that the new patches were 
satisfactorily bonded to the substrata. 

4. Compressive strength evaluation.-Eight 
2-inchdiameter by 4-inch-long cylinders were 
cast in the tunnel using Sea Go-In Poxy Putty 
mortar. Sets of these specimens were cured under 
two tunnel conditions; in air and underwater. 
Two cylinders having each type of cure were 
tested at 7 and 14 days' age to  determine their 
compressive strengths, Table 4-2. Also p r e ~ n t e d  
i n  T a b l e  4 - 2  a r e  s o m e  data o n  
lahoratory-prepared specimens using similar 
materials. Several observations are worth noting: 

a. Most of the compressive strength gain of 
this epoxy occurred in the first 2 or 3 days. 

b. Mortar cured underwater had a somewhat 
lower compressive strength than that cured in 
air. 



Figure 4-7. April 1970 view of upper edge of aeration slot rhowing Sea Go-In Poxy Putty mortar repairs made to area 
about 4 feet right of tunnel centerline 8 months earlier in August 1969. (See Figure 4-1 for view of damaged area 

before it was repaired.) Photo C-8272-17 NA 

c. F ie ld  dry.cured mortar developed 
somewhat less compressive strength than 
similar mortar laboratory dry cured. One 
hypothesis for this phenomenon is that the 
higher tunnel humidity caused a slower curing 
rate. Another hypothesis is that the lower 
strength resul ted f r o m  use o f  the 
manufactured sand (pan size) used in the field 
but not in the laboratory. 

d. One-day shear bond strength o f  the 
laboratory mixed and cured mortar averaged 
well above the minimum required: and the 
7day strength was over twice the minimum 
required. Based on these results and other 
data, the indication is that high-quality 
patches have been obtained in the field. 

5. Logging of new repairs.-Nearly all new 
patches, larger than about 1 inch in diameter, 
were logged in detail for aid in their subsequent 
evaluations prior and subsequent to the next 
spill. Patches were identified a:; t o  location in 
tunnel, depth, size, substrata, moisture condition 
when placed, material new patch placed on, etc.. 
Table 4.3. Considerably more repairs were made 

than were logged; however, they were for the 
most part quite small in size and depth. Included 
on the log sheets is the identification o f  repaired 
areas that were blisters. 

(f) Summary.-A total of about 425 repairs 
utilizing a total o f  approximately 25 pounds of 
epoxy and epoxy mortar were made between 
Stations 7+76 and 12+15, Table 4-4. Of that group. 
137 were of significant size to  warrant logging. 
Twenty-four logged patches were placed between 
Stations 7+76 and 7+95, 88 between Stations 7+95 
(PC) and IN31  (PT), and 25 between Stations 
101.31 (PT) and 12+15 (lower end of repair area). 

Epoxy and epoxy-mortar repairs cured satisfactorily 
under the existing tunnel conditions thereby 
requiring no supplemental heating, etc. In  most 
cases, water was not allowed on the newly placed 
patched until they had cured at least 24 hours. 

Patches that were submerged prior to hardening 
apparently were not adversely affected aside from 
the slower curing rate. 

(g) Subsequent evaluation.- 



Table 4-1 

IMPACT HAMMER READINGS 
AUGUST 1969 

Spillway Tunnel Repairs-Yellowtail Dam 

Patch Average Average 
Patch age Patch Moisture impact impact readings 
NO. at test thickness condition readings on material Remarks 

(days) (inches) at placing on patches* around patches* 

3 
7 
7 
7 
8 
9 

14 
41 
42 
50B 
50B 
50C1 
52 
59 
7 1 
75 
76 

Average 

Dry 
D rv 
Dry 
D rv 
Wet 
Damp 
Wet 
Wet 
Damp 
Wet 
Wet 
Damp 
Damp 
Wet 
Wet 
Wet 
Wet 

After grinding 
Days later 

After grinding - 

Largest patch made 

'Fourteen readings taken at each location. High 2 and low 2 were discarded and remaining 10 readings were 
averaged. 

1. Inspection.-During an inspection by a design 
engineer of other repairs on ?he afterbav dam, a 
general inspection o f  the spillway tunnel repair 
was made. One defective patch (Sea Go-In Poxy 
Putty material placed in August 19691, was 
found and several others looked questionable but 
were inaccessible. A subs~quent meeting was held 
at the Engineering and Research Center to  
discuss these findings. The consensus from that 
meeting was that a detailed inspection and 
evaluation of the S y  Go4n Poxy Putty patches 
placed in the tunnel waswarranted and should be 
made as m n  as possible. Since additional work 
in the tunnel was not going to  be done until 
spring 1970, an evaluation at this time would 
allow sufficient time to study the test data and 
develop some new application procedures i f  
necessary. 

-1 

A research engineer traveled t o  the dam for 
further examination. Access t o  the repair area in 

the tunnel was by motorboat. Due to  the existing 
power requirements and a sandbar downstream 
of the spillway stilling basin, the water level 
could not- be lowered below about elevation 
3185. A l l  Sea Go-In Poxy Putty patches between 
Stations 9+60 and 12+15 were inundaterl and 
inaccessible for tes?ing. However, nearly all o f  
the patches between Stations 7+76 and 9+60 
that were previously logged were evaluated 
during this inspection. 

2. Evaluation techniques.-The Sea Go-In Poxy 
Putty patches were evaluated visually as t o  
overall appearance, color, wet or dry condition, 
presence o f  carbonates, etc., Table 4-5. The 
apparent color o f  ,the material varied somewhat 
due t o  surface moisture condition, lighting, 
roughness, stains, and material, whether epoxy 
bond coat or epoxy mortar. The presence o f  a 
little pinnacle o f  carbonate over one edge of a 
patch usually indicated a water leak through the 
epoxy. 



Table 4-2 

SEA GO-IN POXY PUTTY MORTAR STRENGTHS 
Compressive and Shear Bond 

Spillway Tunnel Repaiis-Yellowtail Dam 

Compressive Strength 

Field Mix (2- by +inch cylinder specimens) 

1. Dry cure at 55' - 
to 60' F: 

7 days' age- 8.300 psi 
14 days' age-- 8,640 psi 

2. Underwater cure at 
55O to 70° F: _i_-~. ~. 

~~-;.-. ~ . - ~~ 

(55' F for 4 days) 
- 

7 hays' age- 5,800 psi 
(70° F for 10 days', 14 days'age- 4.880 psi 

Laboratory mix (2- by 4-inch cylinder specinens) 

1. Dry cure at 45Oto 
50° F: 

2 days' age-10,300 psi 
7 days' age-1 1,000 psi 

Shear Bond Strength 

Field mix-No tens 

Laboratory mix iZ- by Cinch cylinder specimens! 

1. Damp t o  wet surface- 
cured at 45' to 50' F: 

1 day's age- 482 psi 
2 days' age- 449 psi 
7 days' age- 859 psi 

Penetrometer readings were taken on r a ~ i t l ~ m l y  
selected patches. The penetrometer instrument is 
constru-ted t o  indicate a maxinlum penetration 
resistance of 7,000 psi. None of the patches 
checked showed the slightest penetration at the 
maximum load. Some of the pure epoxy patches 
showed a very slight indentation but no 
penetration. These t e a  indicate that the epoxy 
material in the ~atches was not soft or defective. 

patch as well as on the original material adjacent 
t o  the patches. Prior to initiating these tests, a 
code was established as to patch condition, i.e.. 
"A" meant patch was hard, "B" meant patch was 
slightly soft, and "C" meant patch wasvery soft. 
However, except Tor two cases, all patches were 
rated A or Hard. Table 4-5. Little or no 
difference could be detected between patches or 
between the Sea Go-In Poxy Putty patches and 
the original material adjacent to the patches. 

Impact hammer readings were obtained as be~c,~$s-''- 
during the actual repair program. Iyye:.iases, -,- 
readings taken on the pa:ch~.c; .z~erag,~.~higher '  
than those take~on::,k'~~rou:ibingmaterial. 
Tahle -~ 4-6. ~z ~. Th+e-h!gh ieadings indicated that r h e ~  

-~ pef+e$w$Fe s t i l l  sound and serviceable. Some of 
the patches tested during this inspection were 
ones also tested in August 1969. Readings 
obtained during this evaluation corresponded-. 
very closely with those obtained in  August-1969.- 
This indicated that the patches had not 
undergone a ;enera1 deterioration to mcisture,ar 
any other cause. The magnitude of these readings 
would probably indicate compressive strengths in 
the 3.000- to 6.000-psi range. 

3. Conclusions.-The Sea GO-ln Poxy Putty 
patches made in August i969 were, on the basis 
of this evaluatisn, considered gerierally as good 
as or better than' the surrounding repairs. Some 
of the patches need t o  be ground or reground t o  
bring them closer t o  the proper grad.. it i s  
apparent from the few defective pstcl2i ?hat. 
water can be datrimental t o  this material i f  it is' 
allowed to penetrate the patch prior to i t s  being 
cured. : 

Patches placed above the aeration slot seem to  be 
of slightly lower qualiw than thesg placed below 
the slot. However, thi id i f fe 
in the irrpact hammer test re 

Patches both above and below tt,e slot !hat were 
chipped out for samples indicated that a 
satisfactory bond existed between the new epoxy 
and the old base material. This chipping also 
indicated that the Sea Go-In Poxy Putty mortar 
was not as brittle hard as some materials used, 
but it is very tough. It was very resistanr to 
removal by a cold chisel. 

A timber ladder that was used in  making the 
Gouging o r  picking checks with the sharp point aforementioned repairs was permitted to remain 
of a kcife blade were made on every accessible in the tunnel during the winter. Early in 1970, 

-', ,. , ,- +~;;-.. 
<,, 

59 



Table 4 3  

LOG SHEETS' 
August 1369 

Spillway Tunnel Repairs-Yellowtail Dam 

. - - 
Location from Date Size Dcpth ture Placed pt:h 1 Stationn. 1 Distance I D;;: I placed I (inches) 1 (inches) 1 c 1 on 1 Remarks 
(feet) 

U C 
W C Cured under 

water 

12.4 R 8-22-69 1 .O x 1.5 118 
6.0 L 8-20-69 1.0 x 6.0 1/16 
8.4 L 8-2269 3.0 x 4.0 114--118 
5.8 R 8-20-69 2.5diameter 1/16-118 

18.9 L 822-69 2.5 x 4.5 118 
4.8 R 8-70-69 3.0 x 5.0 118 
7.5 R 8-20-69 1.5 x 4.0 1/32-1116 
8.5 R 8-21-69 3diameter 1116-114 
1 .O L 8.2069 1.5 x 3.0 1116-118 
5.7 L 8-20-697.5x1.5 l/lS-114 
5.7 i 821-69 1.5 x 5.0 1/16-3/16 
7.7 L 8-21-69 1.0 diameter 1/16-3/16 
7.7 L 8-21-69 1.0 diameter 1116-3/16 
7.7 L 8.21.69 1.0 diameter 111 6-3/16 
8.0 R 8-20.69 1.0 diameter 118 
8.8 R 8-2069 2.0 x 4.0 118 
9.8 L 8-21-69 0.5 diameter 1/8-3116 
4.7 L 82159 1.0diameter 1/16 
4.9 L 8-21-69 1.0diameter 314 
5.7 L 8-21-69 1.0diameter 112 
2.3 L 8-22-69 1.0 x 2.0 1116-118 

~ ~ . 
D E 
D E Patch high for 

grinding test 
D E Patch high for 

grinding test 
W C Flowing water 
Dp-W E 

E Several spots 
E DP 

D-Dp E Several small 
: spots 

D E '.: 
Dp-D E 
Dp-W E 
W E 
D E 

Blister area 

Blister area 
Blister area 
Blister area 
Blister area 

Blister area 

Blister area 
23E 1Ot12.9 10.1 R 8-21-69 1.5 x 2.0 118-3/16 Dp-D E Blister area 
23F 9t92.9 8.0 L 8-21-69 1.0 diameter 118-3/16 D.Dp E Blister area 
24 9-81 .O 6.4 L 8-20-69 1.0 diameter 118-114 D C Several small 

;pots 
24A 9t77.5 12.4 L 8-22-69 0.5 x 2.0 118-318 np-D C 
25 9t84.0 5.0 R 8-20-69 1.5 x 5.0 118 D ' E  
26 9t79.5 8.0 R 8-20-69 1.0 x 2.5 118 D E 



I Mois- 
Patch Losation from Date Size Depth ture Placed 

No. S t i ~ n * ~  p a d  (inches) (inches) condi- on 
(feet) tion 

8-20-69 2.5 x 3.0 
8-21-69 4.0 x 7.0 
8-20-69 2.5 x 9.0 
8-22-69 1.5 x 2.0 
821-63 2.5 dihmeter 
8-20-69 1.5 x 8.0 
8.2069 2.0 x 4.0 
8-21-69 4.0 x 6.0 
8-22-69 3.0 diameter 
8-20-69 1.5 x 2.0 

1.0 diameter 
1.0 diameter 

8-23.69 1 .O x 2.0 
8-22.69 I .5 x 3.0 
8.22.69 1.5 diameter 
8-22-69 3.0 x 4.0 
8-23-69 5.0 x 8.0 
0-22-69 1.0 x 1.0 
8-2369 1.0 diameter 
8-22-69 5.0 x 6.0 
8-22-69 1 .O x 1.5 
8-22-69 1.5 x 2.5 
8-22-69 1.5 x 1.5 
8-23-69 1.0 diameter 
8-23-69 1.5 x 2.0 
8-23.69 0.2 to 1.0 

8-23.69 2.0 diameter 118-3116 
8.23.69 1.0 diameter 1116-118 
8.23.69 2.5 diameter ::4 
8-2369 1.5 diameter 118 
8-2569 1.5 diameter 118 
8-23-69 1.0 diameter 111 6-118 
8-23-69 4.0 x 6.0 1/8-3116 
B-25-69 3.0 x 8.0 118-1 14 
8-25-69 6.5 x 8.0 118 
8-25-69 2.0 x 6.0 1116-112 
8.25.69 1.5 diameter 1 I8  
8.25.69 2.0 diameter 118 
8-25-69 1.0 dtameter 311 6 
8-26-69 7.0 x 14.0 1116-1-114 
8-2669 1.5 x 6.0 118-3116 
8-26-69 1.5 x 2.0 118 
8-26-69 2.0 x 3.0 1132-114 
8.2669 1.5 x 4.0 118-114 
s27.69 2.0 diameter 112 
8.2669 2.0 :< 2.5 118-114 
8-27-69 1.0'; 1.0 1116-118 

Remarks L 
Blister area 

Blister area 
Blister area 

Rebar anchor 
Rebar anchor 

Blister area 

Blister area 

Blister area 
Blister area 
Many small 

blisters 

Blister area 
Blister area 
Blister area 
Blister area 
Blister area 
Blister area 
Blister area 
Blister area 
Blister area 
6 h e r  area 
Blister area 
Largest repair 

Blister area 

Blister area - 



Patch Location from Date 
No. 1 s t a t i o n  1 ;  $1 placed 1 .- - 

Size Depth ture Placed 
i n c h e s  I 'inches) 1 c 1 c n  I "marks 

8-2769 1.0 diameter 118 
8.27-69 1.0 x 2.0 1116 
8-27-69 0.75 x 2.5 118 '. 

8-27-69 L O  x 2.0 . 118-114 
8-27-69 0.75 x 1.5 114 
8.27-69 1.0 x 1.0 1116-114 
3-27-69 6.0 x 7.0 113-114 
8-27-69 0.75 x 1.25 118 
8-27-69 3.0 x 4.0 1116-118 
6-27-69 3.0 diameter 1116-118 
6-27-69 4.5 diameter 118-318 
8.27-69 1.5 diameter 118 
8-27-69 1.0 diameter 1116-118 
8-27-69 1.0 diameter 1116 
827-69 1 .G x 2.0 9 118 

8-27-69 2.0 diameter 118 
8-27-69 1.5 to  3.5 118 

diameter 
8-27-69 3.0 x 4.0 114 
8-27-69 2.5 diameter 3116 
8-28-69 1.0 x 6.0 112 
8-28-69 2.0 diamker 1116-118 
8-28-69 2.0 diameter 118 
8-28-69 3.0 x 4.0 118-318 
8-28.69 1.5 x 2.0 Ill€-114 
8-26-69 1.2 x 2.0 1116-112 
8-2869 1.5 x 2.0 118 
828.69 2.5 diameter 118 
8-2869 1.5 diameter 1116-118 
8-28.69 2.5 x 7.0 118 
8-28.69 2.0 x 4.0 118 
8-2869 1.5 diameter 1116-118 
8-28-69 1.5 x 2.0 1116-118 
8-28-69 4.0 x 5.0 118 
8-28-69 3.0 x 6.0 1116-118 
8-29-69 1.5 diameter 1116-118 
8-29-69 1.0 diameter 118 
8.29-69 4.0 x 7.0 318 
8-29.69 3.0 diameter 114 
8-29.69 3.0 diameter 114 
829-69 5.0 x 9.0 318 
8-29-69 1.0 diameter 114 
829.69 1.5diameter 114 
8-29.69 1 .O diameter 311 6- - 
8-29-69 1.5 diameter 3116 
8-29-69 3.0 diameter 114 
8-29-69 2.5 x 5.0 318 

D p W  E Blister area 
DP E Blister area 
W-Dp E Blister area 

E Blister area 
E Blister area 
C Blister area 

Blister area 
Blister area 
Blister area 
Blister area 
Blister area 
Blister area 
Blister area 
Group of 4-6 

patches 
Blister area 
Three blister 

areas 
Blister area 
Blister area 

Blister area 
Blister area 
Blister area 
Blister area 
Blister area 
alister area 
Blister area 
Blister area 
Blister area 
Blister area 
Blister area 
Blister area 
Blister area 
Blister area 

Blister area 
Blister area 
Blister area 
Blister area 
Blister area 
Blister area 
Blister area 
Blister area 
Blister area 
Blister area 
Blister area 



I Table 4.3-Continued - 

I 1 I I I 

89 7i70.4 6.5 L 8-2469 1.5 diameter 3/16 W E Blister area 
90 7+70.9 7.5 R 8-29-69 4.5 diameter 318 W E Blister area 
91 7+76.4 8.5 R 8-29-69 1.5 diameter 3/16 W E Blister area 

*Explcnatory notes: 

L-Left of tunnel E as looking downstream 
R-Right of tunnel as looking downstream 

-1; ' <s . :( D-A~ea dry when patch placed . - 
Dp-Area damp when patch placed ,. . :p .. . . 
W-Area wet when patch placed . . 

-,. .. 
Dp-W-Area somewhat wetter than normal damp condition 

I E-Patch placed on old epoxy mortar 
Patching material-Sea Go-In Poxy Putty with and without filler 
Tunnel air temperature-60' to 70' F 
Tunnel water temperature-55' F 

I Distance-This is the distance from E of tunnel t o  patch along arc rather than chord 

-Sta t ions are a~proximate. 

the ladder failed due t o  ice load buildup, and 
skidded along the elbow invert. The resulting 
surface irregularities are tabulated in Table 47 .  

C. July 1970 Test 

Inflows into the resemoir in !ate June of 1970 werenf 
sufficient magnitude and duration t o  perni: scheduling' 
a sustained 15,000 cfs discharge test. Surface 
irregularities that occurred due to  ladder failure had 
not been repaired. Since the irregularities were 
comparatively minor and because a better evaluation of 
aeration slot efficiency could be made with known 
surface deficiencies located i n  critical areas o f  the 
elbow, it was decided t o  test the tunnel without 
repairing the lining irregularities. 

Testing was scheduled to commence at 7:00 a.m., July 
2. However, at 7:00 p.m., July 1, the operation of the 
river outlets at 5,000 cfs discharge had started t o  
undermine the powerplant access road. Continued 
operation o f  the outlets would have washed out 
enough of the road t o  prevent vehicular access to  the 
powerplant. Since tunnel operation was imminent in 
any event, it was decided to exchange the outlet 

discharge to  the spillway tunnel. The exchange was 
completed at 9:25 p.m., and the spillway operated at 
5,000 cfs until the morning of July 2, 1970. As i n  the 
1969 test, tunnel operation was monitored by 
observing and remrding the responses from the 
hydrophones and pressure transducer. 

A t  7:00 am., July 2, the spillway discharge was 
increased incrementally until a discharge of 14,000 cfs 
was reached at 8:53 a.m. Flipping action of the 
discharge from the basin into the river appeared 
somewhat unstable at 14,000 cfs; the discharge was 
dropped to  10,000 cfs, then increased incrementally to  
16,000 d s  i n  an effort t o  improve flipping 
characteristics. No discernible improvement could be 
seen. Rather than risk any damage t o  the lining, it was 
decided to  terminate operation and make a quick 
inspectmn of the tunnel. The inspection indicated no 
damage whatsoever. The spillway gates were opened at 
2:41 p.m., and the test flow of  14,000 cfswas reached 
at 3 4 0  p.m. The 14,000 cfs f low was maintained 
continuously from 3:40 p.m., July 2, until complete 
spillway shutdown at 2 3 0  p.m., July 6. A short time 
after shutdown, Corps o f  Engineers personnel 
requested that Yellowtail Dam maintain a release of 



Table 4-4 

SUMMARY SHEET 
Spillway Tunnel Repairs-Yellowtail Dam 

Total 
Total Total logged Locations Total 

Day patches mortar patches (approximate) blisters 
made patches made (stations) repaired 

8-20 Wednesday 
8.21 Thursday 
8-22 Friday 
8-23 Saturday 
8-25 Monday 
8-26 Tuesday 
8.27 M' dnesday 
8.28 Thursday 
8-29 Friday 

40 lest) 
20 lest) 
30 (est) 
40 
52 
30 
39 
22 
17 

10+31 to 12+15 0 6 19 14 6 5 . 

10+31 to 12+15 11 1 16 5 8 4 
IN31 to 12+15 7 6 8 2 10 2 
8+70 t o  10+31 7 5 7 0 8  4 
8+35 to 8+70 7 3 4 2 4 1 
8+20 to 8+36 2 2 5 2 2  3 
8+00 to 8+20 19 1 22 0 2 21 
7+79 to 8+00 14 5 10 0 0 15 

Above slot 14 3 14 0 0 17 

TOTALS 425 290 137 81 32 105 25 40 72 

Notes: 

1. Logged patches were usually at least 1 inch in diameter and 1116 inch or greater deep. 
2. Figures listed under "Moisture condition" refer to logged patches only. 
3. Figures shown under "Total blisters repaired" do not necessarily reflect all blisters located, only those 
logged. 
4. Repairs made August 20 through August 29,1969. 

12.000 cfs for a 24-hour period. Since repairs t o  the 
powerplant access road adjacent t o  the outlet works 
stilling basin had not been completed, the spillway was 
again activated for a releare of 4,000 6s. The 4,000 cfs 
release was maintained from 2:56 p.m.. July 6, until 
8:15 a.m.. July 7, when final shurdown was 
accomplished. 

The tunnel was examined on July 8, with the following 
resu Its: 

(a) Surface irregularities existing in  the tunnel 
lining prior to testing neither initiated cavitation nor 
did the irregularities become larger. 

(b) Calcium carbonate buildup on tunriel surfaces 
did not initiate cavitation. 

(c) Four new areas of minor epoxy disbondments 
in  the elbow resulted from the test: 

(2) Station 9+00, 4 feet right of centerline-An 
area 3 inches by 112 inch by 144 inch deep. 

(3) Station 8+50. 4 feet right of centerline-An 
area 3 inches by 112 inch by 114 inch deep. 

(4) 50 feet downstream from aeration slot. 5 
feet right of centerline-An area 4 by 4 inches by 
118 inch deep. 

(d) An  area of minor disbondment in the epoxy 
veneer occurred at the lip of the aeration slot. The 
area is located 4.5 feet right of the tunnel centerline 
and is approximately 3 inches (transverse direction) 
by 112 inch by 118 inch deep. This area appeared t o  
be a disbondment of the same area reported by 
personnel from the Engineering an? Research 
Center during an April 1970 visit to the project. A t  
that time the estimate of the deteriorated area was 1 
by 112 inch by 118 inch deep. 



Patch I Penetrometer Relative I Moisture General 
No. Station readinq hardness condition a~oearance I Remarks 

A Wet 
A Damp 
A Wet 
A Wet 
A Dry 

A Dry 
A Wet 
A Dry 
A Dry 
A We: 

LG. GRD. CAR Air temperature 50' F. 
LG, GRD 
R 
LG,GRD 
LG, GRD 

LG, GRD 
LG, R 
LG, S 
LG, S 
LG, R 

LG, S 
R 
- Could not identi*. 

LG,GRD,S 
LG, R 

44 8+95.1 7+ A Wet LG, S 
44A 8+92.0 - A Damp LG.S 
45 8+9 1.5 7+ A Wet LG. S, SY 
46 8+89.7 7+ A Dry LG.R.SY 
47 8+86.3 7+ A Wet LG. R 

48 8+89.0 7+ A :. Wet LG, d-  
49 8+83.5 7+ A Dry , - LG, R 
50 8+76.3 7+ A :  Dry :. LG, S, S Bond coat look;: 

, ' yellowish. 
50A 8+72.6 7+ A 
508 8+7 1.6 7+ A T h e  plastic weep 

holes. Colors due 
to some mortar and 

' . ' other bond mat. 
Impact hammer 

... . -  . . . caused slight .. . . , .. indent i n  bond 
coat material. 

50C 8+64.5 7+ A Wet LG, S 
51C1 8+64.7 7+ A Wet LG, S. SY Border has yellowish 

tint. 
50D 8+61.4 7+ A Wet LG, S. SY 
51 B+59.5 7+ A Wet LG, S 
51A 8+47.7 7+ A Wet LG, S, SY 



Patch No. I I Penetrometer Relative I Moisture i General 
Station reading hardness condition appearance Remarks - 

A Dry LG.S 
A Wet LG. S 
A Dry LG.GRD, R 
A Dry LG.S 
A Wet LG. S 

A Wet LG. GRD, S 
A Wet LG. S 
A Wet LG, GRD, S 
A Wet LG, S 
- - - No evaluation. 

A Damp LG.S 
A Wet LG, GRD. S 
A Wet LG, GRD, S 
A Wet LG, GRD, S 
A Wet LG, GRD. S 

A Wet LG, S 
A Wet LG, GRD, S, SY 
A Wet LG, GRD, S 
A Wet LG, GRD, S, CAR 
A Wet LG, GRD, S 

8+02.5 - A Wet LG. S 
8+06.6 - - - - 
8+04.1 7+ A Wet LG, S 
8+03.9 7+ A Wet LG, S 
8+03.0 - A Wet LG, R 

8t01.3 - A Wet LG, S 
8+01.1 - A Wet LG, S 
8+04.5 7+ A Wet R. CAR 
8+01.5 7+ A Wet LG, S 
8+02.0 - A Wet LG,GRD.S 

8+01.9 7+ A Wet LG, GRD, S 
8+01.4 7+ A Wet LG, GRD. S 

8+01.0 7+ A Wet LG, GRD. S 
7+92.5 - A Wet LG, GRD. S 

7+92.3 - A Wet LG, GRD, S 

No evaluation. 
Carbonate from above. 

Carbonate from above. 

Carbonate from one 
corner of patch. 
Patch removed for 
sample. 

Carbonate from one 
corner of patch. 
"C" hardness in 
that small area. 

Sizable quantity of 
water fro'm over- 
head drain falling 
Patches No. 68.69, 
and 70. 



Patch I Penetrometer Relative Moisture General 
No. Station reading hardness condition appearance Remarks 

70 7t92.2 - A Wet LG. GRD, S 
7 1 7t90.3 7+ A Wet LG, GRD, S 
72 7+90.3 7+ A Wet LG,GRD,S 
73 7t86.3 7+ A Wet LG, GRD. S 
74 7+80.1 - A Wet LG, GRD. S Carbonate on part of 

patch. Epoxy bond 
coat patch 4" away 
rated A-. 

75 7+80.0 7+ A Wet LG.GRD,S 
76 7+79.7 - - Wet Patch removed Material previously 

removed by LMC. 
Carbonate and 
watw seeping from 
patch area. Patch 
removed for sample. 

77 7+78.0 - A Wet LG, GRD, S r Upper lip of slot. 
78 7t76.1 - A Wet LG,GRD,S,SY 
79 7t74.1 - A Wet LG, GRD, S Appears sand riot 

thoroughly mixed 
with epoxy. 

80 7+72.3 - A Wet LG,GRD,S,SY 314" area in one -: 
comer of patch 
soft, rated C. 
Patch removed for . 
sample. 

81.. 7+72.0 , - A- Wet LG, GRD, S Impact hammer 
ade very slight 
dent on Patches 

No. 81 and 82. 
82 7+70.4 - A- . , ., Wet 
83 - - ,  - ,  - Not evaluated. 

84 - - . - - Not evaluated. 

85 - .  - - - Not evaluated. 

86 - - - - - Not evaluated.. 
- 'A 87 7+70.9 Wet . . 

88 - 7+70.4 A Wet .. . 
I)_ 

, . 
89 - - - - Not evaluated. 

' 90 - - - - Not evaluated. 

91 - - - - - Not %$hated. 
2 

,-, . , Explanatory notes: 

7+: Penetrometer readings would have been greater than the maximum instrument reading of 7. Thesedata 
indicate values of penetration resistance greater than 7,000 psi. : 

Relative hardness: 
:,. - - ,. > 

A-Hard , . 

&Slightly soft 
C-Very soft 



fable 4-5-Continued 

Explanatory notes-Continued 

General appearance: 

LG-Patch looked good 
GRD-Patch had been ground 
R-Patch was rough 
S-Very smooth patch 
CAR .-Some carbonates present 
SY-Slightly yellowish or rusty m color 

1-inchdiameter depression occurred within a 6- by 
3-inch repair patch; and (2) a 5-inch-diameter epoxy 
failure within a 12-inch-diarrieter repair patch 
located 175 feet downstream from the aeration slot 
and 6 feet right of  centerline. 

I t  is highly significant that there was no evidence of 
cavitation damage anywhere in the tunnel after the test 
with the surface irregularities .n.oted in Table 4-7, and 
at a discharge approachir&-.the average discharge 
maintained during the 1967 operation. The inference is 
that the aeration d o t  I s  proi~iding sufficient air to  
dampen the damaging effects of cavitation thereby 
preventing destruction of the f low surfaces. 

D. Future Operation and 1Maintenance 
Procedures 

As a result of the dune 1969 and July 1970 tests, all 
restrictions previously adopted for operation of the 
reservoir and spillway were removed. 

Future inspection and maintenance procedures for the 
tunnel were subsequently developed and transmitted t o  
the  region by  the Director of  Design and 
Construction's letter dated September 30, 1970. For 

- -purposes of documentation these procedures are 
repeated in the following paragraphs: 

: - -  
,A,? 

Ma;ntenance.-Repairs requiring correction of 
concrete spalls, epoxy veneer failures, blisters in the 
epoxy veneer, calcium carbonate removal, etc., 
should be made in advance of anticipated spilts. 

relaxation to  flow surface maintenance can be 
tolerated, In this area 1/4 inch calcium carbonate 
buildup is permissible. Random concrete spalls or 
epoxy repair failures approximately 12 inches in 
diameter and with a maximum depth up to  1/2 inch 
are also permissible. 

The tunnel surfaces downstream from the slot to 
Station 12+15 and from springline to springline 
should be maintained such that calcium carbonate 
buildup does not exceed 1/4 inch in  height, parallel 
or transverse to the flow. Random concrete spalls or 
epoxy veneer failures appyoximately 6 inches in 
diameter and with a maximum deeth ua to 2/4 inch 
are also permissible. 

-1. - . _ _ I  \ - - 
?: 

The tunnel surfaces frcm Station 12715 t o  Station 
15+00+ and from springline to springline shall be 
mainrained such that calcium carbonate buildup 
does not exceed 1/4 inch in height, parallel or 
transverse to the flow. Random concrete spalls or 
epoxy repair failures approximately 12 inches in  
diameter and with max!rnum depth up to 112 inch 
are also permissibte, - 

The tunnel surfaces downstream from Station 
IB+OQk should not require special criteria t o  
mitigate cavitation. Repairs may, however, be 
required for other reasons and cm be initiated, as 
determined, after an inspection is  made. 

Those portions of the tunnel that do not require 
complete removal of ca!cium carbonate wil l  
eventually be covered with sheets .of the deposit. 
Since remwal of extensive carbonat2 b u i l d u ~  would - 
involve a considerable effort, consideration should 

The flow sirfases starting at the lip of the aeration be given to  advertising specifications f ~ r  complete 
slot and extending 18 feet upstream, and from removal of i:alcium carbonate throughout the 
springline to springline, shall be maintained free o f  tunnel. . !i 

any surface irregularities, including. complete - / -. 
removal of calcium ca+onate depositi. -: Inspection.-The entire tunnel shall be inspected 

('< : 
, , each spring in advance of anticipated releases. 

The tunnel surfaces from the intake portal to Particular care should be given t o  the aeration slot 
Station 7+63* are less prone to cavitation and some areas and the area downstream from the slot 



November 1969 
Spillway Tunnel Repairs-Yellowtail Darn - 

Patch Average impact Average 
Patch Date age at readin-5 on Averqe impact August 1969 

No. patch Station test materi. -31 ound readings on impact readings 
placed (days) patches patches on patches 

Average of all patches 34.9 36.7 39.0 

"Average of patches checked in August 1969 33.2 39.0 39.0 

extending to Station 12+15. Any surface. irregularities or any change t o  existing irregularities. 
irregularities including epoxy veneer failure, calcium' Reports of all inspections should be forwarded to 
carbonate buildup, concrete spalls, etc., should be Denver. Attention: Code 210. 
noted as to location and size. ,. 
After any spillway discharge, the tunnel should 
again be inspected noting any new surface 



Irregu- I I Location 
larity Station from 5 I Size (inches unless I Depth (inches) 
No. (fa?tI othetwise shown) 

2.5 x 2.5 feet Paint scour 
2.5 x 2.0 feet 

2R 15x 114 
1 L 2.5 x 318 

2R 
3R 8 x  6 
10R 15 x 114 
1lR 6 x 118 
7R ; 4 x 118 
3R 5 x 118 

.6L - i~. 
l o x  118 

6L 4 x 118 
3L 5 x 1/16 1/16 

I 3L 4 x 318 5/16 
3~ 11 x 118 114 

118 
Paint scour 

1/16 
1/16 
1/16 

Paint scour 
118 
1/16 
511 6 
5/16 



I rregu- Location 
larity Station from 5 Size (inches unless Depth (inches) 
No. (feet) otherwise shown) - 

47 9+13 2R 10 x 114 1 14 
48 9+13 3R 5 x  118 1/16 
49 9+10 3R 19 x i74  1/16 
50 9+08 5R 11 1: 114 114 
51 9+07 4R 10;; 118 1/16 
52 9+07 3R 32 x 118 r;. 118 

53 9+10 5L i'0 x 1/16 1 I 8  
54 9+10 9L 16 x 118 1116 
55 9+09 4L 21 x 118 718 
56 9+07 4L 10 x 118 118 
57 9+06 6L 4 x  718 ?I8 
58 9+02 2R l o x  114 1 18 
59 9+03 8R 11x 118 1 I8  
60 8+92 3R 4 x 118 1/16 
61 8+89 2R 10 x 118 1/16 
62 8+99 7R 10 x 1/16 1/16 
63 8+96 3R 0 x 118 118 ,. 

64 8+96 4L 6 x  114 4 5/16 
65 -: 8t96 1L 4 x  118 1/16 
66 8+92 1R -- 10x114 : 5/16 
67 8+92 6R '~ 9 x  118 1 I8  
68 8+85 0.5R ,, 10 x 318 5/16 

1R 10 x 112 5/16 69 8t80 :. 

70 8+80 5R 10 x 118 1/16 I 
71 8+79 . ': 5R 11 x 115 1/16 '. 
72 8+79 6R 16 x 118 1/16 
73 8+80 7R 14 x 1/16 1/16 
74 8+79 4R 5x118 1 I8  
75 8+79 3R 1-4 x 118 1/16 
76 8+80 2R 10 x 118 118 

77 8+77 . +.< 10R 11 x 118 118 
78 8+75 10R 10 x 3/8 114 
79 8+74 2L 10 x 118 . 118 
80 8+70 2L 6 x.118 1 I 4  
8 1 8+65 2R 10 x 118 1 I4  - 
82 8+64 2R 6 x 1/8 1 I4  
83 8+60 2.5R 10 x 118 118 
84 8+60 1L 4 x 318 114~ 

85 8+58 1 L 5 x 318 '.! 1/4 
86 8+56 " 3L 10 x 114 1 I4  
87 8+52 5R 11 x 118 1/16 

88 8+51 - 2L 16x  118 1/16 

89 8+51 2R 11 ~ 3 1 1 6  1 I 4  
90 8+50 5R 10 x 118 1 I8  

9 1 8+49 2R 6 x  114 1 14 

92 8+46 .! L 22 x 118 1 I8  
:~ ... -. 

8<.45 3R 11 x118 
. . . - ... . , , 

93 . . 
7. 

118 '1 5R 7 x 1/16 94 8+45 
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CONVERSION FACI'ORS-BRITISH TO METRIC UNITS OF MEASUREMENT 

lhs following mnverrion fa& adopred by the Bureau of Redamation are thore published by the American 
Sacietv for Testing and Materials (ASTM Metric P r a i c e  Guide. E 38D68) except that additional factors 1.1 
cmmun ly  used in the Bureau have ken added. Funherdisanskn of definitionsof wantitier and  units i rg iwn  in 
the PSTM Metric Practice Guide. 

The mrrric unirr and omerr ion fsctorr adopted by the ASTM are bared on the "International System of Unin" 
Idprignated SI for Syrteme International d'Uniter1. fixed by h e  Internatiom! Committee for Weights and 
Measures: this nlrtem is alvl knmn as me Giorgi or MKSA (meter-kilogram (mars)-r~mnd.anbprel rynem. This 
system has b m  adopted by the International Organization for Standardizctim in IS0 Remmmendation R-31. 

The metric rechnicol unit o f  forse ir the kilogram-form; thir ir the force which, when applied to a body hwing a, 
mas of  1 kg. giver i t  on scseleration of 9.80655 mlreclrec. the standard acceleration of free fall toward h eartWr 
center for rea lwe! at 45 dcg lbtiorde The metric unit of force i n  51 unitr is the newton IN), which ir defined as , 
that form which. when applied to  a body havinga m a r  of 1 kg, giwr t an acceleration of 1 mlrec lm.  Theseunits 
must be dirtinguirhed from h e  (inconrrantl local w i a t  of a M y  having a mas of 1 kg. that is. theweight of a 
m d y  is that form with whisr, a body is attracted mthe eanh and is equal t o  the maso f  a body multipiied by me 
a l e r a t i o n  due t o  gravity. Hmwer.  m u r e  i t  is general p r a i c e  to ups "pund" rather than the technically 
co r ra l  term "pound-form..' the term 'Xilogam" lor derived mars unit) has been urpd i n  thir guide instead of 
',kilo~ram-force" i n  expressing me mnwrsion factors for forcer The newon unit of force will find increasing us, 
and is arential In 51 unit& 

Where appoximate or nominal Engl lh unitr are u d  t o  erpren a value or range of valun. the cmver:ed metric 
in p m n t h n a  are also approximate a nomi!,al. Where precise Engish unitr are wed. the converted motris ~ 

~ 

units are-exprerred ar equally ripificant valuer. 

Table I 

Multiply BY TO obtain 

. . . . . . . . . . . . . . . . . . . . . .  Mil  . . . . . . . . . . . . . . . . .  25.4 (exactly) Micron . . . . . . . . . . . . . . . . . . .  Inches . . . . . . . . . . . . . . .  25.4 lexaotly) Millimeters . . . . . . . . . . . . . . . . . .  Insher . . . . . . . . . . . . . . .  2.54 l e r s t l y l *  Centimeters . . . . . . . . . . . . . . . . . .  Feet . . . . . . . . . . . . . . . .  30.48 ( e ~ s t l y )  Centimeters . . . . . . . . . . . . . . . . . . .  Feet . . . . . . . . . . . . . . . .  0.3006 (erastlyl. Meters . . . . . . . . . . . . . .  Feet . . . . . . . . . . . . . . . .  0.0003048 [ e x a l y l *  Kilometers . . . . . . . . . . . . . . . . . . . .  Yards . . . . . . . . . . . . . . .  0.9144 (exactly] Meters . . . . . . . . . . . . . . . . . . . .  !niier lrtatutel . . . . . . . . . .  1,609.3M lexacttyl* Mnerr . . . . . . . . . . . . . . .  M l a  . . . . . . . . . . . . . . . .  1.609244 lexanlyl Kilometers 

. . . . . . . . . . . . .  Square inches . . . . . . . . . . .  : 6.4516 (exactly) Square centimeters 
Square feet . . . . . . .  . . . . . . . . . . . . .  '929.03 : Square centimeters . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . .  Square feet . . . . . . - . . . . .  0.092903 Square meters . . . . . . . . . . . . . . . . . . . .  Square yards . . . . . . . . . . .  0.836127 Square meters 
A c . ~  . . . . . . . . . . . . . . . . . . . . . . . .  '0.40069 Hecterer . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . .  Awes . . . . . . . . . . . . . . . .  .4.006.9 Square meters 
A w n  . . . . . . . . . . . . . . . .  '0.0040069 Square kilometers . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  Squae miter . . . . . . . . . . .  2.58999 Souare kildmoterr 

VOLUME 

. . . . . . . . . . . . . . . . . . .  Cubic incher 16.3871 Cubiccentimeters . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . .  Cubic feet . . . . . . . . . . . . .  0.0283169 Cubic meters . . . . . . . . . . . . . . . . . . . .  Cubic yards . . . . . . . . . . . .  0.764555 Cubic meters 

CAPACITY 

. . . . . . . . . . . . . . . . . . .  Fluid ounces IU.S.1 . . . . . . .  29.5737 Cubiscentimeters . . . . . . . . . . . . . . . . . . . . . .  Fluid ounce. (US.) ....... 29.5729,. Milliliters . . . . . . . . . . . . . . . . . .  Liquid p ins IU.S.1 . . . . . . . .  0.473179 Cubisdecimeters . . . . . . . . . . . . . . . . . . . . . . . .  Liquid pints (US.) . . . . . . . .  0.473166 Limrr 
ausa (u.s.1 . . . . . . . . . . . . . . . . . . .  '946.358 Cubic centimenrr . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . .  auam IU.S.1 . . . . . . . . . . .  -0.946331 Liierr 
Gallonr ( U S 1  .. . . . . . . . . . . . . . . . . . . . . .  '3.785.43 Cubiccentimeters . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . .  Gal1onriU.S.l . . . . . . . . . . .  3.78543 C u b i s d ~ i m t e r r  

. . . . . . . . . . . . . . . . . . . . . . . .  Gallons 1U.S.)-. . . . . . . . . . .  3.78533. Literr 
Gallons lU.S.1 . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . .  Gailonr(U.K.i 4.54609 Cubic decimeters . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . .  Gallonr(U.K.1 . . . . . . . . . .  4.54596. Liters . . . . . . . . . . . . . . . . . . . . . . . . . .  Cubic feet 28.3160 Literr . . . . . . . . . . . . .  
Cubic yards . . . . . . . . . . . .  '764.55 . . . . . . . . . . . . . . . . . . . . . . . . . . .  Liters 
A w e f e n  . . . . . . . . . . . . . . . . . . . . . . . .  '1,232,5 Cubicmeterr . . . . . . . . . . . . .  
Acrefeet . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  '1,233,500 Liters . . . . . . . . . . . . .  
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