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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
reservair, releases from the spillway were initiated on
June 26, 1967. Releases through the spiliway 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 exclusivziy
through the spitlway.

The spillway is an open-channel flow, tunnel-type,
constructed through the left 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
40 feet 6 inches at Station 6+50 to 32 feet 0 inch at
Station 7+95,079, Thereafter, the diameter is: a

constant 32 feet 0 mch to the outlet portal at atatton R

22+33.

During the spill. severe damage occurred ig the
~ concrete lining and underlying rock-between Station

i

o

i

9+00_j: and Station 11+65. Lesser damage occurred
upstream from Station 8+00 and downstream 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 epoxy bonded
concrete, and epoxy bonded epoxy m'\r'rz 9

The documentation that follows describes the use of

the near-horizontal tunnel section in the diversion plan,

the resulting erosmn the operation of the spillway in

196%, and tHe" ensumg damage and subsequent repair,
ﬂdlflcatlon and prototvpe testing.

Varmus problems and dlfflCUltlES that occurred durmg
construction of the aeration slot, and the repair of
both severely and minor damaged areas are described in
detail. The experiences gained and the observations
made should benefit other Bureau  offices and
personnet. :




PART 1

TUNNEL SPILLWAY OPERATION
IN 1967

A. Condition of Tunnel Prior
to Making Releases

The spillway stilling basin and the 32-foot-diameter

! spillway section from tunne! Station 10+31.47 1o

“tunnel Station 22+33, together with the
28-foot-diameter diversion tunnetl that transitioned
“into the spillway at Station 10431.47, were_used to
divert the river through the left abutment)of the
‘conhstruction 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 pericd,
river sediments ercded the invert in varying amounts
from the diversion tunnel intake to the end of the
spillway stilling basin. - Since the portion of the
diversion works- upstream from  tunnel ‘“Station
10+31.47 was to be abandoned after diversion, the
nature and extent of erosion ':was_ of’ concern only
downstream from Station 10+31.47.

The invert surface from tunne! Station 10+31.47 to the'

outletr of the spillway tunnel, Station Z2+23, was
eroded down to exposed aggregate. The erosion was
deepest at the centerline of the tunnel, decreased

uniformly, and ended approximately 10 feet {measured

horizontally} either side of the tunnel centerlin

Tunnel cross sections from Station 10+40 1o Station:..
21+65, Table 1-1, show a maximum erosion of about

1-1/2 inches.

In general, the invert concrete had eroded uniformly to
a fairly smooth surface with most of the exposed
aggregate eroded level with the grout matrix, see Figure
1-1. However, depressions due’'to aggregate popout,
local scouring, and gouges in the concrete existed at
random locations throughout the invert. The reach
between tunnel Station 19+85 and tunnel Station
20+65 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 circuiar
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 of 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 invert fining.
Photo P459-640-3667 NA

Station 10+324. In general, the diversion flows had
given the “'bug holes” a teardrop shape. Most of these
surface irregulariti'es were very sl"i'al_lo_'.r‘.'. and about
3/4-inch long in the upstream-downstream direction

_ with only occasional “'bug holes” greater than 1/4-inch
“deep and 1-inch long. Figure 1-2is representative of

"bug holes” in the lining.

Figure 1-2. View of surface pits in the tunnel lining. These
pits or “vugs” resulted from air bubbles formed during
placement of this portion of the lining. Photo

P4E9-640-3671 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 of the
eroded surfaces was generally smoather than similarly -
affected areas in the spillway tunnel. The depth of




Tabie 1-7 _ "'5r
TABULATION OF DEPTH OF EROSION IN SPILLWAY TUNNEL (FEET)
YELLOWTAIL DAM:

: Distance from template 16 concrets surface™
Tunnel 10 feet . B feet 3 feer 3 feet 6 feet 10 feet

Station left C left left At right™*® "right right
10+40 0.00 " 004 0.0 0,10 010 008 0.0D
10+50 . .oo ;.04 09 a2 g .05 00
10470 .00 . .06 ' 12 |06 00
10+80 .00 04 09 .05 00
10+90 .00 i 05 10 " .05 ¢1)
11+00 00 03 07 03 00
11+10 .00 .05 10 .. 105 00
11+20 .00 . 05 10 07 00
11430 .00 P02 07 |03 00
11+40 .00 . DB 05 . oo ,
11+50 .00 - .02 04 .02 00 ;
11460 .00 K'Y 06 - .08! 00 ’
11470 .00 N .10 - .08 00 :
11+80 .00 . .02 08 ¢ .08 00 :
11+90 .00 .02 .06 03; Qo
124G 00 .04 ’ .06 05: g
12425 : .00 i .02 .07 02 00
12450 00 : .03 .06 < .05 a0
= 12+75 ' 00 . 02 .04 02! 00 '
13+00 .00 Lo 02 10 f 05 00
13+50 .00 .- .05 05 i .03; oo
13+75 : .00 N i 05 03] 00
14+00 .00 .01 05 w03 00
14425 .00 .0 05 ¢ .03 00
14450 .00 .02 04 .02 00 £ .
14475 .00 .02 .06 .02 .00 i
15400 co0 .02 .08 . .03 i 00
15+25 06 .02 A4 02 .00
15+50 .00 03 .09 .04 00
15475 - .00 .04 1 .08 00
16+00 .00 .06 o7 .04’ B0
16+25 .00 .04 10 05" 00
16+50 - .00 .05 .07 .0a) 00
16+75 -.00 .04 .08 06 | oo
17400 .00 .04 06 04 00
17425 .00 .04 .08 .03 00
17450 ad .02 08 03 o0
- 1775 .00 .03 .05 02 - 00
' 18+00 .00 .03 .05 W01 00
18+25 .00 .03 .06 .04 ! 00
18450 .00 .04 08 .05 ! 00
18+75 .00 .02 09 ~04 | 00
19400 .00 04 05 03 00
19425 .00 . .04 08 .05 00 -
19+50 .00 .03 07 04 1 00
19+75 .00 03 10 04 -4 (V1)
20+00 .00 04 10 06 al1]
20+25 .00 06 10 .05 o]1]
20450 .00 02 08 03 oo
20+77.97 .00 03 09 04 00
21+00 .00 .04 o7 .04 00
21+25 .00 .05 .07 .05 00
21+50 00 05 11 .07 oo
21+85 .00 .04 09 .04 00

*The distances shown in the tabulation were taken along and normal to the template and existing concrete. The
template was resting on congrete at its extremities; chord and radius lengths of the template were 1B.65 and 16
feet, respectively.

*"Distance, shown is measured horizontally from tunnel centerline. Left or right refers to dlrectlon from
centerline Iookmg downstream,




Figure 1-3. Typical erosion pattern in invert of stilling
basin, Photo P459-D-55582 NA

erosionn was greatest at the basin centerline and
decreased uniformly to the original surface in a
distance of 6 to & feet from the centerline. Ali
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 of the basin. Several smali
nicks in the lip of the flip 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 of 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 raviiation problem during high, spillway discharges,
remedia} measures were formulated to restore the
invert surfaces to an acceptable condition. Restoration
of the tunnel surfaces downstream from Station
10+31.47 were made according to the following
guidelines:

1. The contact line (below the spring line} between
the new elbow concrete (at Station 10+31.47) and
the existing concrete was ground as smooth as
possible with all offsets and adjacent gradual
irregularities eliminated on a 1:100 bevel.

2. All 6f_t_he eroded invert concrete from Station
- 10+31.47 10 Station 10+40 was bushhammered and
ground smooth to a texture similar to that in the

b

Figure 1-4, Eroded concrete surfaces downstream of

bucket lip. Stoplog seal plate is undamaged. Photo

P455:D.55583 NA:

N

elbow concrete. All diadual or_lab'r'upt irregularities

in this reach, paralle! and not paraliet to the fiow,
were eliminated on a 1:100 bevel.

3. All of the eroded invert concrete from Station
10+40 to Station 10+55 was hushhammered and
ground such that the texture of the treated area
transitioned from a smooth surface (similar to
elbow surface concrete} at Station 10+40 to a
texture left by bushhammering at Station 10+55.
All gradual or abrupt irregularities in this reach,
parallel and not parallel to the flow, wers
eliminated-on a bevel of 1:100.

4. All of the eroded invert concrete from Statico
10+85 to Station 10480 was bushhammered to
transition to the existing eroded surface at Station
10+80. All gradual or abrupt irregularities in this
reach, not parallel to the flow, were eliminated on a
bevel of 1:100 at Station 10+55 transitioning to a
bevel of 1:50 at Station 10+80. Gradual or abrupt




Figure 1-5 View of spillway stilling basin. Photo
P459-0-56581 NA"

irreguiarities, paraliel to the flow, were eliminated
on a bevel of 1:100 at Station 10+55 transitioning
to a bevel of 1:25 at Station 10+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.to Station 11+30 eroded
surfaces were not treated except that all gradual or

abrupt irregularities, not paratled to the flow, were,

eliminated by bushhammering on a beve! of 1:50 at
Station 10480 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 to. a bevel of 1:15 at Station 11:30.
Depressions or gouges 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
to Station 20477.87 (P.C. of vertical curve), the

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

7. Downstream from Station 20+77.97 to the
downstream end of the stilling: hasin, the eroded
surfaces were not treated except that all gradual or
abrupt irregularities not paralled to the flow were
eliminated on a bevel of 1:50 and those paralle! to
the flow were eiiminated on a bevel of 1:25. Gouges
and depressions in the invert that could not be
eliminated by bushhammering, and deteriorated
concrete at construction joints were repaired with
epoxy-bonded epoxy maortar or concrete patches
keyed into the original concrete.

8. From Statioh 10+31.47 to Station 11+30 and
below the springline, all “*bug holes” 1/4-inch and
greater in depth, and 3/4-inch and greater in length..
{measured in the upstream-downstream . direction) -
were routed and backfilled with dry-pack mortar. =i

9. From Station 11+30 to the downstream end of
the tunnel and below the springline, all “bug holes”
1/4-inch and greater in depth and 1-1/2 inches in
fength (measured in the upstream-downstream
direction} were routec: .and backfilled with dry- pack
mortar. :

In order to evaluate surface irregulariiies subjected to
high-velocity flows with a™fully developed boundary
layer, the following irregularities were not repaired as '
described in the preceding paragraphs:

1. A gouged area, 2.6 feet right of tunnel N
centerline, at Station 11+60. The area was about 6
inches wide and 3/4-inch deep. E

2. A group of "bug holes,”” 12 feet right ‘of tunnel
centerline, at Station 11+98, ’

3. A farge “bug hole,” 13.3 feet ieft of tunnei
centerline, at Station 13+67.

4. A gouged area, 4 feet right of tunnel centerline,
at Station 17+96. The area was about 4 |nc:hes W|de
and 1/4-inch deep.

,<:‘«'
w




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

6. Detericrated concrete around the end of a steel
form tie, 8.6 feet right of tunnel centerline, at
Station 20+53,

7. Painted sections in the invert, extending 2 feet
each side of the centerline z:nd 3 1o 5 feet wide, at
Stations 20469, 16480, 14+90, and 12+90.

In addition to the repairs in the spillway tunne,
Station 10+31.47 to Station 22433, and stilling basin,
the inclined portion of the spiliway from the intake
transition to Station 7+85.08 {(P.C. of the tunnel
elbow) also required repairs to correct rock pockets
caused by insufficient vibration of concrete, holes
resulting from form ties, and groutmg and dramage
operations, spalls, and “’bug holes.” .

Repairs throughout the tunnel were made by the
dry-pack 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 Decemnber 16, 1956.

B. Descriptizn of Spillway Operation
during the June-July Flood of 1967

During the period from June 15 through June 29,
releases from the reservoir were controlled to help
reduce the flooding Yellowstone River at Miles City.
At midnight, June 15, the reservoir at Yellowtail Dam
was approximately at elevation 3520, 20 feet below
the top of joint-use 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 was'almost 9 feet
into ‘the exclusive flood-control 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 increased gradually until a
momentary peak of 12,000 cfs was reached on June
27, after which the discharge was adjusted to 10,500
cfs on June 28. Because a rise above flood stage at
Miles City was forecast, total releases past the dam
were reduced to 17,000 cfs (7,000 cfs through
spillway} on June 28 and to 15,000 cfs (5,000 cfs
through spillway) on the morning of June 28. When
additional data on reservoir inflows became available
later on Jure 29, it was decided that the remaining
flood-control space was the critical factor rather than
the flooding on the Yellowstone River. Accordingly,

§

Y

the total releases were increased to 20,000 'cfs at 12:30
p.m. on June 28, with the spillway allocation adjusted
to an average discharge of about 10,000 cfs. The
spillway was operated at this discharge until the middie
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 cfs through the spillway) on July 3, and to
25,000 cfs {14,500 cfs through the spillway) on July 4,
Untit 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 the

middle of July 5, to the evening of July 7. Peak
discharges during that period fluctuated for several
hours from 16,000 cfs to a maximum of 18,000 cfs.
The fluctuations occurred when releases from the river
outlets were exchanged to the spillway to 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 & hours on

July 13, spillway discharges were increased to 18,000
cfs when releases from the river outlets were again
exchanged to the spillway. The outlets shutdown was
required to 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, thE 15,000 cfs.

discharge from the spillway basin suddeniy quit
sweeping out. Several attempts involving “increased
spillway flows to 15,500 cfs and a decreased tailwaier,
were made to again flip the flow from the basin. None
of the attempts ‘were successful and the spillway
discharge was reduced to 9,000 cfs. At 10:10 p.m. the
discharge was increased to 15,000 cfs and held until
11:00 p.mi. 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, Sirce
a complete spillway shutdown was impossible due. ]
the need to further evacuate the inviotate flood-contré!
space, the soillway was operated at B,300 cfs until July
23, 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 to 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

¥




3,000 cfs dischiarge was maintained until the morning
of July 28 when the flood danger had passed and
complete shutdown could be made.

Ex<ept 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 to a maximum of 18,000 cfs. Maximum total
reteases through al! waterways were 27,000 cfs on July
6. The reservoir peaked at 2levation 3656.44 at 4:00
a.m. on July 8, Elevation 3656.44 is 0.56 foot below
the top of the exclusive flood-control space and 3.66
feet below the crest of:the:dam. Figure 1-6 shows the
operztion of all waterways during the June 26 through
July 28 period.

€. Condition of Spillway after
1967 Operation

A5 stated in previous paragraphs, the tunnel spillway
was examined on July 25, 1967, by scuba divers. They
reported the following: '

1. Station 11+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 B feet
deep.

2. Station 9+50+.—A hole 10 feet long, 5 feet wide,
and 2 feet deep.

3. Statlon 9+00+ —A hole 12 feet Iong, 4 feet wude
and 1 foot deep.

4. The stilling' basin was . reported in gdpd

condition. Various amounts of broken concrete and :
rock were reported in the basin with the largest
single piece of concrete (6 by & by 10 feet) Iocatﬂd :

just at the beginning of the basin.

_ ‘fhe 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 addmon to the large area reported
under Item 3. : :

After complete shutdown of the tunnel on July 28,
arrangements were made to dewater the tunne! for a
closeup examination of the'toncrete lining.

The examination was conducted August 14 through
August 16, and described below:

i\

Stifling basin: The basin was: essentially in good

condition. The large 6 by 8- by 10-foot block f

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

s -the erosion sufficiently deep to expose
reinforcement. Several gouged areas within the
eroded matrix were 1-1/2 inches deep and about 5
inches across.

The invert surfaces upstream from the tunne! 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 20+70 to Station 17+90

appeared to be in the same condition as before
spillway operation. Surface irregularities at Stations
20+63, 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
“temove high points in the invert remained intact and

were not contributory to any damage, The painted
section at Station 2(H69 was also unchanged, The
paint was in good condition except for minor
scratches incurred by material moving along the
section durmg spillway operation, =

Upstream from Station 17490 and extending to
Station 12490, the tunne! surfaces were undamaged
and similar in appearance to the surface observed
after diversion. Painted sections at Stations 16+80,
14+90, and 12+90 remained in good condition.

The largest damaged area began at Station 10+40 (8
feet plus or minus downstream from the P.T, of the
tunnel etbow}, ended at Station 11+65, -and was
centered approximately on the tunnel centerline.
The cause..of cavitation damage was failure of an
epoxy patch, 1/4 inch deep and 6 inches (width) by
10 inches {length) in area, piaced to fill in an eroded
area in the invert.
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The rermains of epoxy mortar could be seen around
the perimeter of the depression, Cavitation damage
started immediately downstream from the
depression in the form of a small cavitated area
about 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 10+80% 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 11+58%, and terminated at Station 11+65%.
Maximum depths of damage at Stations 11+45 and
11458+ were 3.5 and 1.5 feet, respectively. The
tunnel between Stations 11+65 and 12+90 was
undamaged except for minor gouges left and right
of the tunnel centeriine at Station 12488. 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

eibow. One originated at Station 9+45% 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_

18-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 9+00f and terminated at
Station 9+20%. The damage was centered along the
tunnel centerline, and consisted of three concave
holes about 3 feet in diameter, 6 1o 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 1-11 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
749508 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 of ‘the surface irregularities were
influencing characteristics, a more controlling
influence {in the case of depressions formed by
mortar or 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 |ocations
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 1/2 to 3/4 inch
deep ‘and about 12 inches in diameter, initiated
cavitation damage.




‘Figure 1-7. Looking downstream in major damaged area in herizantal reach of tunnel. Photo PA59.640.4042
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Figure 1.9. Major damaged area in harizontal reach of tunnel, Photo P459-640-4170

'




Figure 1-10. Depression that initiated the damage in harizontal reach of tunnel. Photo P459-640-4051 MNA




Figure 1-11. Looking upstream at damaged areas in tunnel elbow. Phota P459-640-4048 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—CQOP
Construction Company and included the following
items of work:

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

{b} Repair of shallower damaged areas
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 7479
and 6164.*

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

‘(h) Removal of calcium carbonate deposits below
the spring tine 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
g+0)0 to Station 9+20 and from Station 8+45 to
Station 9475, and in the near horizontal tunnel reach
from Station 10H=D to Station 11+65, as described
previousty and shown on Figures 2-1, 2-2, 2-3, 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 1-1/2 inches. Damaged concrete, including undercut
concrete, was removed. Damaged reinforcement was

*Revised by supplemental notice.

with -

also removed and replaced either by welding or lapping
new reinforcement in place. All concrete or rock
surfaces to rzceive 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 1-1/2

inches deep around the perimeter of the damaged area,
removing all damaged concrete, and prepating 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 to 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 .the epoxy-bonded
epoxy mortar and is discussed in Part 3 of this

- documentation. ok :

D. Grinding and lsainting
of Flow Surfaces

After the repairs, whether
epoxy-bonded concrete, or

bonded . concrete,
epoxy-bonded epoxy

-mortar, had cured properly, ali 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 ali the
requirements as to finishes and tolerances, the tunnel
reach from Station 7464 to Station 12+15 extending
from springline to springline was painted with a
two-coat epoxy phenolic paint treatment. The purpose
of the paint treatment was twofold: {1) to provide a
smooth uniform texture 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 to flow surfaces.

E. Aeration Slot
Cavitation damapge to concrete surfaces subjected to

high-velocity flows has been recognized by engineers
for many vyears. Cavitation occurs when a surface
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irreqularity can create a condition whereby the
pressure in a fluid becomes so severely negative that
thz fluid contiguous to the flow surface vaporizes in
the form of water vapor bubbles. These bubbles are
then transported by the fluid into areas of high-positive
pressure where the bubbles coliapse suddenly. The
result is instantaneous pressures of thousands of
pounds per square inch. These inordinately high
pressures produce the spongelike appearance of
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-D-2301). The upstream
lip of the slot was designed to flip tunnel discharges
over the stot. In doing so, air wil! 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 of air-free water
vapor.

The laboratory modei 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 of a device for entraining air in water
flowing in a tunnel consisted of a slot in the 2!
lining to admit air to the per:phery of the jet as it
passed over the slot.

Two such slots were suggested for the Yellowtail
Spillway, one at Station 6+64 to protect the sloping
conical portion of the tunnel, and one at Station
7+79 to protect the vertical bend.*A 1:49.5 scale
model of the Yellowtail Spillway, with aeration

slots at the two suggested stations, was constructed '

in the Bureau of Rectamation’s Hydrautics
laboratory (Figures 2-6 and 2-7). :

(b} Aeration siot at Station 6+64.—Initial model
operation indicated that air was drawn into the
flowing water at the upstream slot (Station 6+64}
for all discharges smaller than 55,000 cfs. The air
entrained at the slot, however, appeared to leave the
boundary rather rapidly as the water passed down the
inclined tunnel, and at the PC of the vertical 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.

T A
Concurrently with the model stidy, examinations
were continuing at Yellowtsil 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.
Carefu!l 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 7479 was
considered to be essential for the protection of the
flow surfaces in the vertical bend. The aeration slot
would he required to furnish air to the fiowing
water for all discharges up to the maximum, 92,000
cfs. In addition, the configuration of the slot and al!
adjacent areas would necessarily be such that the
flow would be hydraulically acceptable for all
discharges.

An aeration slot with the preliminary shape, shown
in Figure 2-7, was installed at Station 7+79. The slot
was uniform In cross: section for the entire
circumference of the tunnel. Although air was
entrained in the flowing water’for low flows, the
edges of the jet near the water’ ‘durface 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 entlrely 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 slot was narrowed to & inches, with a G-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 discharges less than 20,000 cis water
drained down the siot and flowed out inte the jet at
the-tunnei invert, reducing the amount of entrained
air as the spillway discharge increased. At a spillway
discharge of 20,000 cfs the water surface in the slot
was at: the same elevation as the spillway water
surface, and no air ertered the. jet, For spillway
discharges greater than 20,000 c¥s the water was
forced into the slot at a sufﬁmeﬁtly high head to
cause it to boil up the slot above the spillway water
surface and spill out onto the surface of the jet.
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Crest D
Sta 5-00

Tronstion

Sta 6+66—

%% = - 2507, orvqin at crest €

P11, anvert enfronce curve
Sto 6+78.52, EL. 346553 ’

Moximum dischorge = 92000 cfs.
Maximum depth in hend = 24 ft,

P.C. EL.3259.06 " ™0
Sto.7+95 .08

Nete: Hydroutic scale model constructed primarily of
teansparent piostic. The 3z- ft diameter
prototype conduit wos represented by g
72 inch diometer model pipe.

include the radial control gates,

Aeration slot ot Sto. 6+64, Preliminory study only, Loter
wonsiderations deemed slot here %o be unmecessary since fhe
damage n the cone waos nat pssocioted with cavitotion.

fergtion slot a1 Sta, 7+ 79. Acceptabie shape, developed by madel
study, recommended for instellotion ot Yellowiait Dom,

Suggested odditionol cerotion siat, Sta. 9+ 57.67 Not developed
sufficiently for use ot Yellowtoil Dam,

. EL. 3iB5.25
Sto 957671

PT EL. 317540 /
Sta 10+ 3147 (
End of stilling basin

Sto. 24483

q'

't
»
S=0.004%, s

Figure 2-6. Yellowtail Dam Tunnel Spillway. The laboratory installation was a true scale model to Station 12475, but did not
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Figure 2-7. Preliminary aeration slots.

" Figure 2-8. Preliminary aeration slot—Station 7+79-Q =
92,000 cfs--The slot has filled with water and air cannot
anter the jet. Photo P459-D-68807

~5ta 7478
B 3322.02

A S-inch sot

B 12-inch siot \

Figure 2-9. MNarrow aeration slots.

The slot was opened up to 12 inches wide {Figure
2-98}. The fiow with this configuration was similar
to that with the B-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 [ift
or elevated spring point would be required to raise
the iet over the slot for all spillway discharges so the
slot would remain open and furnish air 1o the jet.

A conical nozzle was installed in the tunnel at the
upstream face of a 3- by 3-foot aeration slot at
Station 7479. The nozzle exit was 32 feet in
diameter, and the cone extended 5 feet upstream
from the slot (Figure 2-10}. Air was entrained in the
jet, and the slot remained -free of water, for all
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 tunnei. The above test
indicated that the nozzle shape, ot 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 modei before a
configuration was perfected which would operate
satisfactorily for al! discharges up to the design
maximum of 92,000 cfs,

The recommended design consisted of a 3- by 3-foot
aeration slot at Station 7+79. 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




‘same diameter as
eccentricity in a plane perpendicular to the tunnel’

~El 3322.02
-
——>6-irch recess

Ste 7+95 05—~

Figure 2-10. Conical nozzle—6-inch lift, 60-inch ramp.

the tunnel, with a 3-inch
centerline, Thus the !ift varied from 3 inches at the
tunnel invert to ze‘r'lé at a point 1-1/2 inches above
the tunnel spring linz. The ramp upstream from the
spring point was a constant 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
downstream before it impinged on the tunnel invert.
The distance to the point of jet impingement on the
tunnel invert reached a maximum of 52 feet
downstream from the aeration slot at a discharge of

4,000 cfs, This distance decreased as the flow depth’

and discharge increased, and was 20 feet for a
discharge of 92,000 cfs (Figure 2-12). This type of
impingement will not damage smooth concrete
surfaces.

The impingement of the jet on the tunne! 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 of the
tunne) past the contracted jet. The maximum side
fins, which occurred at a discharge of 30,000 cfs,

~
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Figure 2-11, Recommended aeration slot.

were not objectionable and did not reach the top of
the tunnel {Figure 2-13}. Since the lift diminished as
it neared the tunnel spring fine, the upper portion of
the jet was subjected to less contraction than the
lower portion. Consegquently, the upper elements of
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 of the jet
(Figure 2-14).

The aeration slot remained free of water, and air
was drawn 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




POINT QF IMPINGESENT
DISCHARGE
EFS D-FEET

3000 1
ooag 47
0004 ]
cooo 3
Q900 2
50000 27
50000 2%
70000 22
40600 21
32900 20

D - Distarce ta point of jet
impingement at invert,

Figure 2-12. Trace of jet impingement and side
fins—Recommended aeration slot,

Figure 2.13, Recommended aeration slot—Station 7+79—Q
= 30,000 cfs—Maximum side fins. The side fins, one each
side of the jet, do not reach the crown of the tunnef. Phota
P459-D.-68808

the bend {Figure 2-15). However, it was not known
whether the amount of air remaining adjacent to the
tunnel flow surfaces in the downstream portion of
the bend would be sufficient to prevent cavitation
damage; the relaticnship between model and
prototype with respect to entrained air is at best
poorly understood. As a further precaution against

Figure 2-14. Recommended aeration slot—Station 74790
= 50,000 cfs—Suppressed side fins. The upper partion of
the jet has spread to the tunne!l walls and suppressed the
side fins. Photo P459-D-6881().. '

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 at Station 9+57.67.—Model
studies were continued to evaluate an aeration slot
in the downstream portion of the vertical bend at
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 lift upstream from
the slot, and a 12-inch away-from-the-flow offset
downstream. The slot partially or completely filled
with water for all discharges. A small amount of air
entered the jet for discharges less than 15,000 cfs,
but for discharges greater than 15,000 cfs water
filled the slot and no air was entrained in the jet.

Various ramps and lifts were installed in the tunnel
upstream from the slot,” Each design tested
produced satisfactory air entrainment and hydraulic
operation for 2 limited range of discharges; however,
none would operate satisfactorily over the full range
of discharges {Figure 2-17).-

These limited tests indicated that, fo: . satisfactory
aeration device to be installed in the vertical bend of
an existing structure, the necessary repairs and
modifications appear to 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 spillwey model—Recormmended slot,
Station 7+79—0 = 50,000 ¢fs—Air entrained at the aeration
slot continues throughout the bend. Mixing tends to reduce
the air near the flow surfaces in the downstream portion of
the bend. {Note: Slot at Station 6+64, upper left, has been
closed.} Phata P459-D-68808

------ Trace of 32" diam, $unnel.
Lift at invert=15 inches.

Concentric tone Ectentric cone Eccentric cone
est | ) est 2 Test 3
VIEW A-A

174

274'R—

~derotion slot

PT, Sta.10+3]47
E). 3175.40

ELEVATION

STa 9+57 67
77 1E1 38525

AERATION SLOT DETAILS AT INVERT

Figure 2-16. Aeration sfot in the bend—Station 9+57.57
(Not recommended).

Figure 2-17. Aeration slot in the bend—Station 9+67.67—0Q
= 60,000 cfs—Side fins choking the tunnel downstream.
Photo P459-D-58811



PART 3

REPAIRS AND MODIFICATIONS
TO TUNNEL (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 belizved,
would be the first operation for the repair, i

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 conmnected 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 sfilling
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 lgwer materials and concrete into spillway tunnpel
outlet portal. Phota P459-640-4428 NA

Figure 3-2. View of spilhway tunnet stilling basin showing
access ta dowrnstream spilfway tunnel portal by stairway.
Photo P459-640-4429 NA

Figure 3-3, just inside of the downstream portal and a
horizontal bulkhead over the raclial gates at the
spillway tunnel entrance,

Figure 3-3. View of full tunnet bultkhead just inside of the
downstream portal of the
P4593-D-68578

spillway tunnel, Photo

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

29




B. Repair of Major Damaged Areas

The major damage 10 concrete areas were designated as
A, B, C, and D, Figures 2-1 through 2-4. All of 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 dreas were saw cut to a depth of 1-1/2
inches, Figure 3-4.

T
TR

—— L . .lﬁ‘:m')i:”

Figure 34. View of chipped out damaged Areas A and B
showing the saw cut periphery of the damaged area and the
partially  replaced

reinforcement steel mat. Photo
P459-D-GE576

Line diilling was then performed just inside of the saw
cut, The drilled holes were 1.1/2 inches in diameter
and were on B-inch centers and extended to a depth of
12 inches or through the concrete lining in damaged
Areas-C and D. These holes were lightly loaded and
shot, The resultant excavation was neat with half drill
hotes visible along the entire bouudary of the
excavations, Loose rock damaged by cavitation erosion
was reinoved 1o sound rock. -

By excavating in this manner, a sufficient. stub of
reinforcement steel extended beyond the excavated
surface to permit an adequate lap for welding the new
bars to the undamaged reinforcement, Figure 3-4.

The specifications provided that the major damaged
areas would be backfilled with concrete to within 3
feet of 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 by a 55° arc {27-1/2° each side of the tunnel
centerline), Concrete repairs beyond the 55° segment
would be formed and placed in conventional fashion.

Figure 3-5. Placing concrete in the C and D damaged areas
of the spillway invert, This concrete is backfill concrete and
was placed to a depth of 32 {eet beiow the finished invert
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 to
the tunne! centerline at 10-foot intervals. This, it
turned out to be, was not the proper way 1o finish the
surface of the invert as fir}j’shing had to be done to the
bottom 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 to
bring the surface within the’1;100 tolerance required.

Had the work been performed by finishing to the top
of transverse preforme:d steel ribbon screeds and
alternate 10-foot sections placed, much of the
epoxy-mortar repairs and grinding of the surface would
have been unnecessary.

Concrete for the repair of the A, B, C, and D areas was
manufactured in a portable batching and mixing plant
located on the west side of the Bighorn River about




2,000 feet downstream from Yellowtail Dam, The
mixed concrete was discharged into 1/2-cubic yard
concrete buckets and hauled in 1/2-ton pickup truck.
The trucks traveled a route of about 3-1/2 miles
crossing the Bighorn River to the east side of the river
and again crossing the Bighorn River via the draft tube
bulkhead gate deck to the west side or |eft abutment of
the dam. From this point the concrete was transported
another 1,000 feet to the spitiway tunnel stilling basin.

From the stilling basin location, the stiffleg crame

previously mentioned was used to transport the
concrete to a small LeRoy Bobcat front end loader
with a 1/2-cubic yard capacity bucket, Figure 3-6.

Figure 36. A small Leroy Bobcat front-end loader was
used to transport concrete from the outlet portal of the
tnnel to the point of placement inside the tunnel. Photo
P459-D-68574 :

From the downstream portal the concrete was
transported for approximately 1,000 feet in the tunnel
to the point of placement. The total concrete
placement for C and [ areas amounted to about 361

cubic vards. Obviously this method of placing was

slow. Concrete was placed on the day shift only.

A 3/4-inch-maximum-size aggregate concrete mix was
used for repairing the damage in Areas A, B, C, and B,
The mix contained 7 sacks of cement, 38 to 40 percent
sand, and 60 to 62 percent minus 3/4-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 1/2 to 1 inch. irternal
air-operated vibrators were used to consolidate the
concrete. T

C. Repair of Shallow Damaged Areas--.

(a) Introduction.—The repair techniqués" included

conventional-bonded concrete, epoxy-bonded

concrete, and epoxy-bonded epoxy mortar. An
epoxy-phenolic paint system was specified for a
portion of the invert area to improve the surface
character and reinforce the surface concrete.

Since the project personnel were not familiar w:th
epoxy resins, a preconstruction training program
was conducted at the Engineering and Research
Center in Denver. Two men from the Yellowtail
Construction Office attended this 1-month training
program. Following this  training, construction
commenced with technical assistance by personnel
from the Engineering and Research Center.
Technical assistance was given by various people as
unusual problems occurred. -Construction
supervision personnei maintained close liaison with
the project as the work progressed.

Various problems and difficulties did occur and
some unique techniques were developed during the
repair progtam. A field report evaluating the repair
program was requested.! Portions of this report are
incorporated into this documentation.

In general, repair of damaged areas less than 1-1/2
to 2 inches-in depth was accomptished by using
epoxy-bonded epoxy mortar. Damaged areas 2 to 6
inches in depth were repaired with epoxy-bonded
concrete, and repairs over 6 inches were completed
by using bonded concrete. However, if an area of
repair was relatively small in comparison- 4o _its
depth, epoxy-bonded epoxy mortar was used in’lieu
of the epoxy-bonded concrete because of the’

convenience in preparation and application

compared to the concrete. These repairs were
usually less than 2 cubic feet in volume. After
repairs were completed the surface was cleaned and-
painted with an epoxy-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 to Station 10+50 approximately. 11.5 feet left

and right of the tunne! centerline. This veneer was
applied to correct the surface texture and to treat
“large” areas of aggregate popout and cavitation
damage caused by calcium buildup, etc. |t was much
easier to completely cover larger areas rather than to
patch random damaged areas due to the difficulty in
obtaining & smooth featheredge on the individual
patches.

!The Use of Epoxy and Epoxy Mortars in the Repair of Yellowtall Uam Splllway Tunnel, Yellowtail Unit, by
Leonard Rohrer, October 1969.




{b} Materials.—

1. Epoxy resin.—The specifications called for an
epoxy-bonding agent to conform to the
requirements of Federal Specification
MMM-B-350a, for binder, adhesive, epoxy resin,
flexible, Type | or |l. The contractor selected

Concresive No. 11617 binder, Type I1I,
manufactured by the Adhesive Engineering
. Company, San Carlos, California, The two

components were mixed in a 5:3 proportion by
volume to 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, [nitial mix tests were made
using a minimum No. 16 sand obtained by
screening stockpiled concrete sand. Several mix
proporticns were tried in an effort to find the
most workable mix. A mix of one part mixed
resin to three parts sand by volume was
established. This was a 1:4 resin to sand mix, by
weight.

3. Epoxy-phenolic paint.—The specif.ications
called for the paint to be as manufactured by the

Wisconsin Protective Coating Corporation, Green

Bay, Wisconsin. This was the paint purchased by
the contractor. The first coat was Plasite No.
7122H Clear, and the secaond coat was Plasite No.
71228 White.

{c} Procedures and methods.—

1. Drying the Surface.—Approximately 50
percent of the shrinkage cracks and construction
joints in the area to be repaired and painted were
seeping water in varying: amounts, The
specifications
stopped before any patchirg or any ;tainting
could be done. Several methods were sried inan

effort to stop the water, some vary s ccessful_,,_..-‘-.;:_:

and some unsuccessful,

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

required that these seeps be

ool

‘the

Water from drain holes was diverted by screwing
a 3-inch nipple into the drain, A firehose was

attached to the nipple and the water was then. -

directed into an B-inch thin-walled pipe which
ran through the work arza. This B-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
bentanite, :

An overall view of these details is shown in
Figure 3-7.

After the water had been collected from outside
the 3work 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 woo! in the bottom of
.groove. The cracks were chipped
approximately 1-1/2 inches deep. After calking
with lead wool, the routing was then repaired
with epoxy mortar.

This method did not prove successfui It was
impossible to tamp the lead wool in tight enough
to stop the water. in many cases the water was
“chased” from one area to another, When a
damp or seeping crack was dried the water would
begin showing up in a crack which had previously -
been dry and most of the time would reappear in
the repaired crack. Also, the amount of repair
work necessary 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 time;.

3

After approxnmatelv A month thlS method was o

abandoned. During this_. period- -several
modifications.. were attempted. A Franch drain
was built into the bottom of the chipped groove
in an attempt 1o keep the top portion of the
crack dry while the epoxy-mortar patch was
being piaced. When an attempt was made to
grout the drains with a cement arout it was
learned they could not be successfully arouted.
Also, after the grouting attempt in which the
outiet was plugged, the water would seep
through the epoxy mortar. The drains were
removed and
concrete.

replaced with époxy-bonded .
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7 Qverali view is shovm of work arza in spillway tunnel lonkmg downstream from approximately the P.T. ‘station of the
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Plastic pipe, oné-eighlh int:"h' in diameter,-was.
embeddad below the lead wool in“an atteinpt to
carry off the seepage water. The pipe was
perforated in some trials and cut in half with the -
open side down in other trials. Success was
limited in this case because of the difficulty in
keeping the piastic pipe from colfapsing.

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 Q-Seal as distributed
by Community Utility Equipment and Supply,

" Inc., Orlando, Florida. This product is similar to

AM-9 as manufactured by “American Cyanamtd
Company.

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

A series of 1/2-inch hotes about -1 foot deep
were drilled at an dngle to the surface of the

“handle for

coricrete SD'thEit a hole beginning 3 inches
from the crack at the surface would intercept
the crack about 8 inches below the surface.

“These holes were drailed at about 2foot

centers with alternatlng holes originating on

'""opposne sides of the crack.

_Drilling was accomplished with a diamond
core bit driven by a 3/2inch Black and

Decker electric drili with a speed of 1,000
rpm. A waterhead was attached to the _dnll,un
place of the chuck. A 1-inch diamond bit was

. tried at one point in an effort to intercept a

larger. portion of the cracks. This was
abandoned when it was found that no
advantages were apparent

The grout was a two-component tompound,
mechanically mixed and injected into the
cracks through “ the * drilled holes. Each
component had its individual manually
operated pump, connected by a common:
. pun:lping equat  volumes. The




components were mixed by a mixing valve
which was attached to a short piece of
3/8-inch pipe. At the end of the pipe was
attached a tapered coarse-threaded nozzle
arrangement, This tapered nozzle was first
screwed into 2 piece of 3/8-inch soft plastic
pipe about 3 inches tong. The nozzle and
plastic pipe were then inserted in the hole and
the tapered nozzle turned. The resulting
pressure on the plastic pipe served 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 is contrgllable 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 dri!!
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 1o
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 leaks it was determined that
by chipping 3 to 4 inches into the concrete
while fol!ﬁwing the water, a 1/4-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. If the
repair was in a critical area the copper nipe was
ground flush with the surface, then driven full

Figure 3-B. Epoiv-monar repair being made. Finisher is

com

pacting epoxy mortar with wooden tamper. Photo

P439-D-68812

34

of lead wool. |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 Pluyg
was used extensively in drying up small local
areas. This cement was used to Luild 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, _Tvpe H,
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 after the iast coat.

The average temperature in the tunnel before

heating was approximately 48° F. The average .

temperature maintained during the work was 65°
F. The 20% F temperature rise was accomplished
with 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 2B-horsepower electric
motor and capable of moving 25,000 cfm, The




heater was mounted in the downstream bulkhead
located near the downstream portal. The
upstream end of the tunnel was also covered.

3. Surface preparation.—Surface preparation for
the epoxy-bonded repairs and the epoxy paint
was accomplished by sandblasting. For the
epoxy-bonded mortar applied to small areas, an
gir-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 in
the tunnel in lots of about 5 gallons. Storage was
in 3- by 3- by 3-foot plywood box with an access
door on the side. The box was heated with one
250-watt heat lamp. This maintained a
temperature of 76° to 80° F in the storage box,
Figure 3-9.

The two components of the resin system were
measured by volume, as directed by the
manufacturer, in 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 hinder in an epoxy mortar. The mortar
was prepared as discussed in Subparagraph
C.(b)2,

Immediately prior to the application of the bond
coat the concrete surface was heated with a
propane torch untid warm to the touch. The
bond coat was then applied using a stiff bristle
bathroom-type brush. In the 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 to make
alinement corrections, extreme care was used to
insure a liquid cover of bond coat on the surface
of the in-place epoxy mortar. The epoxy mortar
absorbed the bond coat readily in some areas,
depending on the density of the mortar. Several
épplications were sometimes necessary with the
last coat applied immediately before the epoxy
maortar was placed.

As the.veneer repairs developed, the project
reported that finishing became more. of 2z
problem. 8y adding more sand it was found that
the mortar became less .sticky and easier to
trowel. A mix of one part mixed resin 10 six
parts sand by volume was used on mast of the
veneer application. :

The sand was dried in small quantities with the
use of a small mixer and a prapane torch. The
mixer had a capacity of about 3 gallons of sand.
As the sand was mixed, a propane torch was held
by hand on the surface of the:mixing sand and
on the outside of the mixer.

The epoxy mortar was then mixed by adding the
sand to a known volume of epoxy resin which
had been thoroughly mixed in the proportions

Figure 3-9. Wooden storage compartment for warm storage described above. Mixing \?as accol:'npltshed W'_th a
of epoxy compenents, Material temperatures of 757 1o 80° paddle made from a 3/8- or 1/2-inch rod driven
F were maintained in this simple setup. Photo by an electric drilt, Batch size was usually about 1

P459-640-1004 NA gallon.”




in 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 farge deep patch. Where the
patch was small in area and 1/2 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 normatly around
one-fourth inch thick. Surface texture was
very rough if the density was not obtained. .

b. Finishing.—Finishing of the mortar
requires a technique different from that of
finishing concrete. The troweling motion must
be much slower. A fast motion will tend to

pult the mortar with tearing of the surface and -

the resufting low density and rough texture,
The finishers found that the heating of their
trowel slightly with a low-burning propane
torch resufted in much easier troweling and
less sticking to the trowel. At no time was
solvent wused by the finishers except in
cleaning their tools.

c. Joints and edges.—The application of '

epoxy-mortar veneer over |arge 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.
This occurred at the joints when placing the
epoxy mortar and atso on individual patches
of small areas. To overcome this, the bond
coat was extended beyond the limits of the
epoxy mortar when the patch was complete
or beyond the epoxy mortar at the joints in
placing the epoxy. This was accomplished in
the placing of 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 if the
bond coat hecame set during the day before
the adjoining section was applied, the exposed
bond coat was completely removed by
sandblasting. '

The finishers usually worked in a pattern
consisting of strips 2 to 3 feet wide when
applying the epoxy mortar. The length of the
strips was governed by the tackiness of the
extension of 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 in
order to insure bond at the joint,
i

d. Cure.~One of the major problems in the
use of the epoxy mortar was obtaining a
satisfactory cure. The humidity in-the tunnel
was relatively high, averaging around 76
percent. Also contributing to failures in the
work was the unpredictable nature of 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
temperature of concrete was 65° F. This
surface temperature was increased with a
propane torch beforz applying the bond coat
as described previously. Sand temperatures
were 60° F. The temperature of the epoxy
resin was 76° to 80° F before mixing.

5. Grinding.—The finishers were never able to
apply the epoxy-mortar veneer to the 100:1
tolerances prescribed - in  the specifications.
Consequently,. all of the epoxy-mortar 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 to 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-phenclic paint was
applied in two coats. The first coat was clear and
the second coat white pigmented. Specifications
called for a minimum thickness of 1-1/2 mils per
coat with a maximum thickness of 6 mils for the
two coats. The first coat was required to be
thinned with 1-1/2 parts paint thinner.

The paint was applied with double 7-inch rollers
fitted with a long handie. This gave an effective
roller width of 14 inches. The application of the
paint was very easy. |n 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 coat. 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 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 to obtain the desired
1-1/2-mil thickness with a singte coat over the
epoxy mortar due to the absorption of the paint
by the maortar. In order to aobtain a dry-film
thickness 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. In 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 to 10 applications
were tried in an effort to obtain the minimum
thickness.? |t 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 sguare feet to the
gallon. The coverage should have been

approximately 400 square feet as computed. This
indicated the degree of absorption.

Soon after the painting was started there were
some blisters 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 1o 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 1o become tack free as
required by the specifications.*

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

20ther 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 in the applied epoxy mortar, with resultant
difficulties.

*The absorption of 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 1:6 mixes-were extremaly porous resulting
in high absorption rates.

41t was later found that the solvents in the paint actually softened the epoxy mortar and if 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 to be very tough
and, in cases where patchwork was done adjacent
to painted areas, it was found the paint could be
removed by sandblasting only with persistent
effort,

{d} 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
horizontal and inclined sections of the
32-foot-diameter spillway tunne! was made. The
following observations were noted:

a. Horizontal section of tunnel downstream
from Station T0+00 was relatively free from
seeping moisture; 16 to 20 small damp to wet
areas were visible between Stations 10+00 and
12+00. Tunnel upstream of Station 10+00
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 themical grout into cracks in
concrete between Stations 9+00 and 9+50.
Prior to this inspection, the same crew had
chemically grouted seeping cracks
downstream from Station 9+50.

c. Many cracks downstream from Station
10+00 had been routed and calked to prevent
seepage but some were still leaking. Cracks
{originally hairline) at approximate Stations
11+80, 11480, 12405, and 12+15 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. All 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 epoxy-mortar patches
existed. The first condition was where patches
had cured hard and were completely satisfactory,
except 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 epaxy-mortar patches in
place was where the epoxy-mortar patches were
soft, but dry, after considerable time in place.
About 5 to B 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 to incomplete
cure of the: material, probably due to the
relatively low prevailing temperature in the
tunnel.

A test was sef up to determine if 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 65° F. Heat was applied
with a portable propane-fired heater placed
about 2 feet from the surface. A time/surface
temperature log was kept by the inspector. in 2
hours and 10 minutes the surface temperature
rose to 101° F. An additional 2 hours of heating
only resulted in a 1° rise, to 1029 F. At this time
the heating was discontinued. One hour and
thirty-five minutes later the surface temperature
of the patch and surrounding concrete was still
83C F, indicating that heating in depth had been
achieved. The epoxy-mortar patch was now hard
and well cured.

A five-lamp 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 10+31 on the rightside, as
shown in Figure 3-10. Temperature under the

infrared lights reached approximately 90° F in .

about 4 hours; quite sufficient to posticure 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 after
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 epoxy-mortar
patches was where water had seeped through




Figure 3-10. Bank of infrared lamps and a propane-fired
radiant heater being used to post cure epoxy-mortar
patches, Photo P459-D-68813

before a cure-hard condition was achieved, They
were soft and damp or wet. Raising the
temperature of these patches by transmission of
heat from the heaters improved the condition
somewhat, but a fuil hard cure was not obtained.
A try to salvage one such patch was made at
Station 10+19, 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. [t was then directed that
all wet patches that were soft when tested with a
knife be removed and 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

weighed on a small platform scale and mixed in a
small rotating drum mixer. The concrete looked
and worked very good. The following is the
concrete mix used and the compressive strengths
of control cylindars:

Cement: Type 11, low alkali—7 sacks per
cubic yard
Sand: 34 percent by weight of total aggregate
Coarse aggregate: 3/4-inch maximum size
Water-reducing agent {WRA}: Plastiment
Air-entraining agent: Protex single strength
Air content: 3 percent pius or minus
Water-cement ratio: 0.38

Control cylinder compressive strengths:

7 days’ age: 6,120 to 6,920 psi
28 days’ age: 8,190 to 9,020 psi
90 days' age: 9,270 to 9,850 psi

Concrete repairs being made encompassed about
four routed out cracks {6 1o 12 inches wide by &
to 12 inches deep) between Stations 11+80 and
12+15. Prior to the placing of concrete, the areas
to be repaired were sandblasted, cleaned, and
dried. Epoxy-bond coat was applied to the
periphery of all of the deeper repair areas (the &
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 previgusly placed,
since mixing was done out of the tunnel and
elapsed time from mixing to placing was 1 to
1-1/2 hours. However, the.smali batches prepared
for the smaller -patches were placed within & to
10 minutes after mixing and as a result the curing
of the epoxy-bond coat tended to 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 tast
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
of the epoxy-bonded epoxy mortar was




satisfactory. It was suggested that the two
components 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
apoxy-mortar application went as follows:

a. Concresive No. 1161 epoxy material,
mixed five parts A to three parts B 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. As 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 sand 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
nroportions provided essentially a no-stump
mix; however, it was quite porous.

Subsequent to the laboratory-mix tests
discussed herein in Section 7, it was
recommended that the minus No. 200-size
sand 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 repairs that were heat cured (1 10°
to 115° F) were very hard the day following
piacement. As many mortar in-place patches as
possible were to be cured with heat just to 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 435, 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, it was a fast-cure
concrete repair system that was particularly
suited for use under the prevailing tunne!
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 crack where a bonded concrete repair was 1o
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 fater {approximately
42 hours after application) material in the “wet'"
area was in about the same condition, whereas
that in the cool, *“dry"” area was stiil 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 tunne! lining. However, its use was not
instigated until the method of routing cracks and
catking with lead wool had been tried and proven
unsuccessful. The injection of chemical grout

--into the weeping and fiowing cracks was a slow
operation, but its use was successful in drying of
the tunnel surfaces. . :

The chemical grout used for this particular
application was *‘Q-Seal” which is more
commonly known as “AM-8.,” 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 to applications




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

Grouting operations consisted of essentially the
following:

a. Locations where it appeared grout
injections would be most suitable were
spotted by the Superintendent for Penetryn
Grouting Company. COP Construction
Company personnel then drilled
1/2-inch-diameter by 12-inch-deep holes, the
collars of which were located about 3 to 5
inches from the Jeaking crack, and the
direction of drilling oriented so that it
hopefully would intersect the crack.

b. A proportioning system was used 10 inject
the 14 percent strength, two-solution grouting
material. The two solutions were pumped
with independent, single-piston,
positive-displacement, hand-operated - pumps
through independent lines to a mixing nozzle
at the injection point.

¢. Pressures used to inject the material varied,
but probably averaged 300 to 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; howe\fer T

this varied somewnat also.

It was evident that the grouting was wei! in hand,

although three aspecis 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 cieaned, 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 fiowing through the'bit, The -

 benefits gained from this‘are unknown.

b. Only 1/2-nch-diameter holes were being
used for grout injection. One reason for their
using such small holes was that electric
drili-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
1-inch-diameter drill bit be used on a trial
basis. Two ways it could improve the
operation were:
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(1} Provide twice as much crack fength
through which the grout could be pumped.

{2) Considerably better 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 to offer no advantages and
was terminated.)

c. It was suspectad that possibly some of the
chemieals in the cracks of the concrete such as
carbonates, etc., were reacting with the
chemical grout, thus reducing its gel time. A
smal! {aboratory investigation was conducted
to clear up this point. Test resuits indicated
that any effects on the grout from chemicals
in the grou; area were insignificant.

7. Mlx tests.—|t 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 nf.B-{hardener). This resulted in a
14:10 ratio of A:B by weight.

Gradation of the sandpile sand was as follows:

Retained on No, 16

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

This resulted in a filler gradation passing the No.
16 screen as foilows as compared to an optimum
filler gradation as determined in previous
laboratory work {Bureau of Reclamation General
Report No. 2B, Epoxy Resins for Concrete
Construction and Bepair).




Filler Optimum
as used gradation

Retained on No, 30 18.5 31
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
in 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 tunne! 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-6-1/4 perts of sandpile sand by

weight was then tried.. Application properties
were good and no slump was evident. However, a
coarse, dry 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 sand. 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 parts by volume. Some minus
No. 200 silica sand was obtained from a supplier
in Biltings. Minus No. 200 was suggested because
the finer particle size enhances the thixotropy of
the mix. It was further suggested that the filler
be prepared by biending two parts by volume of
minus No. 16 sandpile sand with one part of the
minus No, 200 sand, 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 sand.

The approximate gradation of the modified filler

as compared to the optimum gradation for filler.

was as fellows:

Modified | Optimum
fitler filler

Retained on No. 30 12 3
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

812 F. This indicates that a proper cure of the
specified materials is practical at a reasonable
temperature level. At 65% 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 examina_tion.——O‘n
the basis of observations and other

. considerations at the jobsite, the following

conciusions were made:

a. Major problem With the soft epoxy-mortar
patches which wete placed prior-to- this




examination was the extremely slow cure due
to 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. Epoxy-mortar patches were damaged in
areas that became wet before the cure had
advanced - far encugh. (These were
subsequently removed.) '

d. Seeping water was definitely a major
prablem 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 aiso
set-retarding agents should not be used in
concréte 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} to 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 shouid
be written to provide for a specific
epoxy-mortar mix design for the specified job.
The effects of temperature on the: epoxy
materials should be more clearly delineated.

8. Recommendations.—The following
recommendations resulted from this examination
and constituted changes from the specifications:

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

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

c. Heat be used to accelerate the cure of
epoxy-mortar patches,

{e} Epoxy-mortar veneer,—

Application of the epoxy-mortar veneer proceeded,
thereafter, with procedures mcdified by previous
recommendations. Late in 1968 and early, 1969, the
presence of blisters in the veneer was/noted by
project personnel and construction /supervision
personnel from the Engineering aq’d Research
Center, 4 s

It was decided that further detailed examination by
research personnel to find the causes and to initiate
remedial measures was warranted, Two trips were
made; the first to accomplish the above; the second,
to further evaluate the veneer lining after unusual .
results were found following recommended

procedures.

{f} January—February 1868 examination,
modification, and results.—

1. Inspection.—Initially the problem areas were
examined which primarily consisted of scattered
blisters in applied epoxy-mortar veneer. All
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 surface from
which the blister lifted was also smooth. There
were no fracture zones in the surfaces of the™”
exposed 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 and/or water
vapor in the underlying concrete surface 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.

Two important deviations from previous
_recommendations came to light during this
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‘examination.

i The first was that the filler
gradation had changed. Virtually no fines were
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 parts of filler by volume
was being used, primarily to facilitate the
application. The 1:68 mix was very lean and
considerably different 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 of —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 to be too rich. A 1:4 mix was then
prepared and tried. This gave a dense, workahble
mix that greatly improved the character of the
epoxy mortar, and, although not. a..carefully
designed. mix, would suffice for the remaining
work. SR

3. Remedial measures,—Remedial -measures to
reduce the possibility of separation of mortar
from bond ccat and subsequent blistering were
initiated. These included projonged preheating of

-prepared surfaces, preparation, and application

* of mortar at higher temperatures {70° to 80° F},

fritial cure at ambient conditions, and post

curing at elevated temperature. Although these
- Measures, and the new mix, greatly improved the
sm.at:on they were not 100 percent effective,
particularly where severe water problems were
preflént However, many successful repairs were
macle Specific written instructions were given to
cx*ntmue W|th these procedures.

4, Unu5ual results,—During . the preheating
opentlon softening of epoxy mortar around a
repait;area was noted. In this particular case the
soft, H’Pt mortar smelled strongly of paint solvent

and polysulfide. This peculiar behavior was
discussed and a series of heat tests on applied
lining suggested. These heat tests were cenducted
by project personnel during the week of
February 10, 1969, with telephone instructions
from personnel at the Engineering and Research
Center.

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

A second irip 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
fore 4:1 Using a modified hand, concrete
penetrometer and an arbitrary scale ranging from
(1} very hard, to (B) wvery 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 tunne!
temperature which changed to 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. polysulfide. An

epoxy-mortar patch several months old in a
downstream location was partly painted with the
specified paint system and new patches made
with the improved 1:4 mortar painted with the
whitz-only. The old mortar softened in’ ‘depth
under the paint when heated whereas there was
only some surface’ ‘softening in the new patches,
in all cases the soitened 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,

o 1t 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 off the

entrapped solvent, although very long-term
heating might, Because of the molecular
structure of the'epoxy system being used, it was
probable that no chemical decomposition had




occurred, “anly absorption and entrapment of
solvent in the molecular latticework. At the low
tunnel temperature there was little activity by
the solvent, thus the mortar was hard. At
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 to several contributing
factors; such as, use of a lean epoxy: mortar
absence of fines in the filler {both contrlbutmg
1o 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 is not the best
quality because of the above factors, it should be
serviceable, Some additional blistering and lining
repair should be expected.

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

{g} Final examinations of repairs—March 1969.—In
March 1969, a team from the Engineering and

Research Center visited the project to conduct a :

near end-of-construction examination. Foliowing
are the results, with brief s‘tatements of work
through various reaches

1. Tunnel reach from Station 12+15 to Stat|on
22+33 {downstream portal).—The major item of
work consisted of repairing large irregularities in
the tunnel lining with epoxy-mortar patches. All
of these patches were examined and found to be
hard and when tapped with a hammer gave every
indication of being well bonded to theidoncrete,

2. Tunnel reach from Station 7+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 to repair
small irregularities, placement of concrete to
ropair the major damaged areas, placement of
“epoxy-mortar patches as required, sack rubbing
mortar to fill “bug holes” below the spring line,
grinding of surfaces to obtain the specifications

requirements for finishes, modification to the.:-

aeration slot to obtain proper lift at the lip,

installation of monitoring equipment in the slot,

and application of epoxy phenollc paint to the
. ﬂt W surfaces.’

All items of work had been completed with the
exception of minar patching in the lining at

‘random locations between Stations 11+10+ and

8+B4%, minor grinding in_ the area lmmedlately
downstream from - the - aeration slot, and
application of epoxy phenolic paint over newly
repaired or ground aress.

The epoxy-mortar veneer and paint application
were examined and judged acceptable. Two small
blisters were found at Stations 8+88+ and S9+06+.
These appeared not to be newly formed and were
detected after tunnel cléanup in the area,

Modific_ations_ to the aeration slot- were
essentially complete, Measurements made on the
lip indicated that acceptabl: I[ift existed
everywhere except in a small area 18 inches
below the spring line {right side} where no lift
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 to the area adjacent to 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
painting of the lip. Finishes and alinement at this
area were satisfactory. During the ‘examination
the contractor was engaged in applying
epoxy-mortar veneer to 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 activities had. gouged the
epoxy-mortar veneer in some areas and that in
other areas epoxy mortar “‘siobber’” hat adhered
to the surface. All® such irregularities, in addition
to any calcium carbonate buildup, were to be
removed prior to final cleanup of the tunnel.
Cleanup was to include removal of temporary
“dams” used to divert tunne! Ieakage around
work, areas, removal of flumes and repair of

_,anchor boltholes that support the flumes, and -
“repair of any other surface deficiencies caused by

the contractor’s activities,

“a Tunnel reach from Station 6+00 t to Station

7469 ~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 to 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 3-11.

Figure 3-17. Appearance of the spillway tunnel near the
end of construction is shown, Note the excellent inspection

potential with the white epoxy-phenclic paint coat.
Smoothness of the total lining is alsci apparent, Photo

P459-640-998

4. Stilling basin.—The contractor was engaged in
sensatering and mucking out the stilling basin,
Because of muck on the basin floar, 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

Two working platforms-or jumbos were constructed to
“facilitate work in the tunnel, one was located in the
< zinity of the aeration slot and the other below the
".ot. The latter jumbo was used for the repair work in
the elbow of the tunnel, Figure 3-12, These well

iy

Figure 3-12. View of upper j_urnbo and mearly completed

below aeration slot are
repair areas, Photo

Dark areas
epoxy-mortar

aeration  slot,
epoxy-bonded
P459-640-4432 A

constructed jumbos were. capable of up and down
movement by operation of an electric motor-driven
hoist from the jumbo decks.

Access up and down the 55° sioping section of the
spililway 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 the:spillway tunnel. Through a system of pulleys,
snatch blocks, and a power cable remotely controlled
by the cart operator, egress and |ngreas up and down
the slope were effectively accomphshed

Excavation on the aeration slot consis ed of removing
concrete, rock, and reinforcement g.gget from an area
about € feet deep by 10 feet/wide for about

- three- fourths of the tunnel perlphery

initially, an attempt was made to drill through the No.
£ 'elnforcmg mat by drilling along the perimeter of the
aeration slot. An NX diameter core bit and portable air
drill mounted on the upper 1ur§1bo were employed,
Progress of the drilling was™ slow and impeded the
progress of the work, Figure 3-14|. Consequentiy, it was
decided to eliminate the NX drilling and commence
pattern . drilling with a 1-1fﬁ-inch drill bit and
jackhammer and blast the congrete and rock in small
guantities. The amount of concrete and rock removed
at any. one time could not excééd 3 cubic yards as this
was considered the maximum!iweight that could be
i




Figure 3-13. Cart used for ingress and egress up and down
the 55° slope af the tunnel. The cart was connected by a
1-inch cable to a single drurn electric motor-powered hoist
controlled by the operator of the cart,
P459.-D-68568

Photo

Figure 3-14. Diamond drill working off the upper jumbo
and drilling reinforcement steel on periphery of the
aeration slot excavation. This tool was Iater'abandongd
because it was too siow and impeded progress. Photo
P459-D-68569

handied on the jumbo at one time. Excavated material,
totaling 245 cubic yards, was loaded i “the.cart by
hand labor, bhauled to the upstream portal of the
tunnel, and hoisted out by crane to the waiting trucks.

The drill-'i:'h"g pattern for each shot in the keyway
consisted of three to four rows of 1-1/2-inch holes

perpendicular to the surface of the tunnel and 5 feet
deep. These holes were spaced in alternating rows of
four and three holes spaced on a grid of 12 inches.
About three rows of holes were all that were required
to loosen about 3 cubic yards of the materials. All
loaded holes ‘were decked with small quantities of 45
perzent strength stick powder not exceeding a total
load of 4 pounds, All blasts were blanketed with
several layers of wire mesh to prevent fly 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 of blasting presented a safety
probiem in that the fuse had to be ignited manually
and the powderman then had to exit the area by the
cart to the upstream portal. Fuse length was set for 8
minutes. Later ladders were constructed downward
from the upper jumbo to permit powder personnel 1o
exit to the downstream portal before the biast
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-inch lumber
and 3/4-inch plywood panels. The 2 by 12’s were used
as studs placed 16 inches apart, The studs were about
14 feet long and spznned 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 faired up on a fairing floor,
The prototype was checked separately by contractor
and Government personnel, Figures 3-15 and 3-16.

Each section of the form bhad to be lowered into place
by the use of the cart and jumbo. The forms were

extremely difficult to 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 fit 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 of the aeration slot forms, The
assembled farm at this stage is ready for disassembly and
final installation at the excavated slot area of the lining in
the spillway tunnet, Photo P459-D-68570

Zigure 3-16, Aeration slot forms installed on the 55°
sloping section of the spithway wnnel. VeorkMen are
changing tocation of the concrete pump discharge line in
the forms. Access cart cart be seen in the photograph. Note
unwatering hoses and difficult formwork and bracing,
Phata P459.0.68572

A Model [-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 yvards of concrete per hour
with a maximum pump pressure of 1,000 psi. Concrete
from this machine was pumped through a G-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 of about 400 feet.

The location of the pump above the point of
placement was contrary to good concrete placement
practices because of the difficulty of pumping concrete
downhill, riowever, pumping concrete from below the
aeration slot into, the siot forms presented difficult
problems of suppiying concrete to the pump from the

Figure _3-17. Case-MaCarr hydraulically operated
concrete pump used to place the conerete in the
aeration slat, Photo P459-D-68571

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

To assure workability of the concrete and ir.an
attempt to overcome anticipated difficulties”” of
purnping concrete downhill, a starting concrete mix of
the following proportion and characteristics was used:

Mawximum size agregate = 3/4 inch
Cement content = 7 sacks per
cubic yard
Sand = BB percent
3/16- to 3/4-inch rock = 45 percent
Stump limits = 5.1/2107-1/4
inches
Ayeraage slump = Binches
Water-cement ratio = 0.46 to 0.53
Air-entraining agent = 4 to G percent
WRA = 20 ounces

Five truck mixers were used to mix and transport the
concrete 10 the upstream portal of the spillway. At this
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point the concrete which was discharged into a 1-cubic
- yard bucket was hoisted by crane to the hopper of the
pump below.

For safety reasons, when concrete placement started al!
other work in the tunne! was stopped beci: se the
placement was above the tunnel work in the bend and
the near horizontal section of the tunnel.

The concrete placement was plagued with plugged
lines, segregation of concrete, and difficult access to
the portions of the forms. The placement consisting of
180 cubic vyards of concrete took 52 hours of
continuous operation to complete, The last several
yards of concrete were placed in the forms by use of
5-galion buckets lowered down the incline in 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 3/4-inch
rock reduced to 42 percent, The cement content was
increased to 7-1/2 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 cyllnders for 28-day cylinders
ranged from 5,900 to 6,000 psi.

After the forms for the slot” concrete had been
stripped, the genera! appearance of the work was
excellent. There were, however, some-areas along the
upstream .and downstream Ilps that were 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 haijrfine cracks in the siot"

previous to making the repairs and the coating of the
concrete with epoxy-phenolic paint.

Measurements along the arc of the upstream lip of the
slot revealed that the lip was low in relation to the

existing concrete. This was
followed by a thin skin of epoxy-bonded epoxy
mortar. This treatment was successful in meeting the

dimensional requirements.

Airholes or *‘bugholes” in the concrete, a normal
phenomena, at and below about 3 feet below spring
line of the tunnel were filled with sack rubbed mortar,
The “bugholes” appeared after the specially finished
surfaces were sandblasted prior to application of
epoxy-phenclic paint. The “bugholes”
from about one-fourth inch in diameter and IESS than
one-fourth inch deep to pinholes.

Specifications required that the -sack rubbed
“bugholes” be water cured for 7 days. To water, cure

corrected by
bushhammering and grinding on a slope of 1:100°

ranged in size

Figure 3-18. Aeration slot at invert showing pressure
transducer installation and repairs by grinding of siot #ip for
grade corrections. Platform of jumbo visible in lower left of
photograph, Phota P453-640-4435 NA

the repair would have significantly delayed the:
epoxy-mortar repair work, In view of the anticipated
delay of the work if water curlng was employed, no
water curing of the “bughole’” repair mortar was
performed. It was determined that water curing was
not necessary because of the high-reiative humidity {75
percent} in the tunnel.

The work in repairing the major damaged areas,
applying the 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 tunne! repair,

Figure 3-19. Completed repair work., View [ooking
upstreamn into bend of twnnel. White slash in center of
photograph is the completed aeration slot. Photwo
P453-D-GBS73




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 highiy speculative questions. The
adequacy of the epoxy veneer surface beneficiation in
and immediately downstream from the elbow was also
questionable. These guestions 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 in
1969. Phase 1 was to be a 5-day, 5,000 cfs continuous
discharge test, followed by an examination. if no
damage was incurred, Phase 2, sustained discharge at
15,000 cfs was to be implemented. Water conditions in
the summer of 1969 were such that only Phase 1 could
be accomplished satisfactorily.

The spiliway 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
thz upper end of the elbow. These surface irregularities
had occurred since the Government accepted the
contractual work as complete on April 28, 1963.
Because carbonate buildup had induced cavitation in
1967, and since the efficacy of the air slot was as yet
an unknown guantity, calcium carbonate deposits were
removed from Station 7+75 to Station 12+15 for a
distance of 10 feet each side of the tunne! centerline,
Project personnel completed: the calcium carbonate

removal on June 17. Blisters in the epoxy veneer were

not removed since their location and configuration
weare thought to be less critical to cavitation,
Additionally, repairs of blisters would have been time
consuming and could have meant postponement of the
test,

For electronic monitoring of the tests, two
hydrophones were embedded in the downstream face
of the aeration slot, and one pressure transducer
suspended against the upstream face of the sfot, 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 transducer and one hydrophone could be

recorded simultaneously on magnetic tape. These
electronic devices were capable of indicating any
change in the flow characteristics in the aeration siot or
in the vertical bend downstream during a test run,

Instrument installation and checkout for monitoring
the test were completed the afternoon of June 6. At
8:30 a.m. on June 18, the spillway gates were opened
incrementally until the 5,000 ¢fs discharge was reached
about 2-1/2 hours later. Gate openings were adjusted as
required during the next 5 days to obtain a constant
discharge of 5,000 cfs plus or minus, The oscilloscope
and direct-writing recorder were monitored
continuously for the first 15 minutes of the test and at
1/2-hour intervals thereafter, Magnetic tape recorder
readings were made at 3-hour intervals of a
hydrophone signal and the pressure drop in the air slot.
The spillway was operated continuously until 9:00°
a.m.,, June 23, when complete shutdown was made,

The tunne! was examined June 23 and 24. The inclined
portion of 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 obseryed; none of the
irregularities caused cavitation damage to the adjacent
flow surfaces: ; :

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

2. Two bonding ifailures ~occurred in the
epoxy-mortar veneer sbove the aeration slot, The
fajlures were in the invert and were about 6 inches
long by 4 inches wide by 1/4 inch deep.

3. Three small bonding failures occurred in the
epoxy-mortar veneer installed to bring the aeration
slot lip up to grade. These areas were grouped 1 inch
above the lip and 4.5 feet to the right of the tunnel
centeriine {looking downstream). The largest of the
failed areas was 1 inch long by 2 inches wide by 1/8
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. Calciumn carbonate deposits in the elbow had not
been removed completely previous to the test,

6. Station 9+056+ ({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 side of slot at
failed epoxy veneer, Photo C459-D-68458 NA

6 inches long by 3 inches wide by 1/8 inch deep and
24 inches from the tunnel centerline.
7. Station 89+11% (elbow) —A gouge in ‘che

wide by 1/8 inch deep along the invert near the
tunnel centerline.

8. Station 9+16% (elbow).—A gouge in the
epoxy-mortar veneer about 2 inches long by 1/2
inch wide by 1/16 inch deep near the tunnel
centerline.

9. Station 9+45% {elbow).—An area about 18 inches
square with 20 small pits, the largest of which was 1

inch long by 3/4 inch wide by 1/8 inch deep. The

pits were centered around the tunnel centerling,

10, Station 9480t (elbow).—-An epoxy-mortar
veneer failure about 6 inches long by 7 inches wide
by 1/4 inch deep, located about 9 feet to the right
of the tunnel centerline {looking downstream).

11. Station 9+66% {etbow).—Paint failure occurred
in ‘two areas. The first area, about 24 inches
downstream from a calcium carbonate deposit, was
approximately 18 by 1B 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+63% (elbow).—An epoxy-mortar
veneer failure 3 inches long by 1 inch wide by 1/4
inch deep, located 2 feet left of the tunnel
centerline.

- e
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Figure 4-2, Paint failure in tunnel elbow at Station S+56%,
Photo C453-D-68459 NA,

13. Station 9+80x (elbow}.—An epoxy veneer
failure about 3 inches long by 1 inch wide by 1/4
inch deep, tocated near the tunnel centerline.

14. Station 9+90z% (elbow).—Paint was removed in
two areas. The first area was about 4 feet long by 18
inches.at its widest, the second area, about 18
inches' Iong, was located 3 feet downstream from
the first, Both areas were located left of the tunnel
centerline, The tunnel lining adjacent to the paint
failures was undamaged. .

15, The horizontal reach of 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 in
the test, it was estimated that over 99 percent of these

" surfaces did not exhibit any failure. Furthermore,

minor dlsbondmg that did occur did not produce
cavitational damage normally associated with these
types of failures;Although highly encouraging, positive
conclusions as to the efficacy of 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 of the veneer faiiures that occurred might”’
have occurred tate 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 hbe
scheduled when water conditions were appropriate.

On June 26, 1989, 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 to
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
afizrnoon 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
atfected 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 of the tunnel
centeriine {looking downstream) and was
approximately 9 inches long by 12 inches wide by 1
inch deep.

3. Additional paint and epoxy wveneer failures
occurred in the horizontal reach of the tunnel
{examined by boat) with one large paint failure
extending from Station 12+04% 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
shaliow with a maximum depth estimated. at 1/4
inch.

The results of the 15,000 cfs test were particulariy
important in that a discharge, approaching the
maximum discharge in the 1967 flood, did not initiate
cavitation 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 te mitigate
cavitation damage; however, a sustained 15,000 cfs test
was considered as essential before final
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 to the epoxy veneer caused by latent
blistering. Personnel from thi Division of General
Research traveled to Yellowtail Dam for this purpose.
Their objectives ware twofold: first, to 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 to determine the most effective
epoxy-type material under these conditions was
undertaken in the Engineering and Research Center
laboratories. Of six epoxy damp- or wet-curing
compounds tested, one proved to be most effective and
was selected for this repair work., '

{a) Initial inspection.—COn 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 tunne! between Stations 10+31 and 12415
were muddy, and for the most part damp, with
flowing water in a few areas. Concrete surfaces in
the inclined reach, Station 7476 to Station
10+31, 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 3.foot-wide stairway had been instafled
from the horizontal reach of tunne! nearly to the
aeration slot, and brackets were being installed
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, Qther equipment was
being installed, such as: additional lighting, dry
warm cabinet for housing epoxy materials and
sand, etc.

3. Air temperature in the tunnel varied from
about 802 F in the morning to about 70° F in
the afternoon. Water temperature averaged about
55° F.

4. No ‘attempt had been made to divert the
flowing water, although methods for doing so
had been thought out and the necessary materials
and equipment required had been obtained, such
25 sections of 8-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




*[el191BW pRInjaeynueLl B Sem ued BUY ik

%8840 ABB1) W) alem (001 PUE ‘05 ‘O 9215 pues

000°L 00s
0oL ose
ors : GLz
OLE §51

{yareq WE-gog)
{swiB} 1yBiam
PalRInWINIDY

(yoreq wWB-0OQ"L)
(sw6} 1yBlam
paig|NWnady

001 - o€ ueg
0L 91 0CL "oN
¥s . B2 05 '°N
£ 1€ 0E "oN
pauielal uansed paulezal azis
- pelejnwINaoYy Jua2134 pueg

*PAsN |1Un |aUUNT ayl Ul 33UIGRD paleay
e ul palols sem U uayl ‘sunp auo e payblemaad
sem juawalinbar Axoda Ajep ayy Alup -peddes
pue siel 11nJ) wanowapia alesedas o1ul paybiamald
d1am g pue Y sued o syBlem |enbg ‘Axodas
wed | o1 ‘wblam Aq ‘sjebaibbe jo sued ¢z sem
onel X1W syl "ielotl ayl aew ol aebasbbe yym
PaXit pue 1202 puog aYyl 404 PASN Sem ‘BILIOMIED
‘esaly - 210D ‘uonesodlon  sonsely  @1ljeuwilad
Ag painagynuels ‘pze) ‘oN AlIng Axod ul-on eag

wolloq
‘YN 99/¢9-Q-65pd pue ‘dol YN [B/tG-Q-66kd Soiloud
‘§951 ¥SnBny ul apew siedes Jeriow Alng AXOd U|-0D) Bag
paredwas mMoys sydesBoroyd ssey "sealp sedas punous
Ja1eam BAp or Bumpiesys opysad pue ‘punpdwod Buijeas
Buniss pides ‘Bn|d ey1g 0 suonedydde [EMdA ] b BINBIY

_ *m0J3g 1eyd Bujama) o) ay) ul
umoys se paybiam sem ajefesbbe papest sy “swesd
00G 40 sadinw Uy asn 10y pues papesb ‘AJp ‘uesja
e aneb sy ‘sbeq osejd u) pabexoed pue saydeq
wesB-goo’L pue gog W paybiam sem pues papesb
ayl ‘weq peimojas o1 paddiys pue Jaauag ul
payblamald sem seliow ayl Bulyewl to) pues papeisy

bt 2anbrg 'sease yoied Iyl WGy sB18M BYT HIBAID
©1 SaYIp P|INg 0} pasn sem ‘Aasiar map ‘1sanypuil
‘uoneiodie]  jeoweyn BYIS A pRIMOBNUEBW
‘Bryd  eyis punoduos  Buljeas Buijjes-isey
injd ex1S pue 'ayefalbbe papelb *A1lng Axog uj-o9
Bag SI9M |UUNY Asmijids [IBIMO|1B A 34l 1o siedas
assylr Ul pash sjelsalew  [edjoulad—sieuaety ()

"g1-13 'pues allum ‘arlop 12Q
ses Juabe Gunse|q sy 18158 ajzzou adAz-soiedidse
Ue Yiiam palse|qpues aJam Asyl ‘|eualeuws 3s00| JO
paaly pue ‘palolemap ‘palRlo| 2idm BOJER D|GISSAIVE
uanmb 2 UM spods pabewep j)e uaupy “sease ydsjed
dn Aip 01 pasn osje aiam s|amol Jadey “p-p sanbiq
‘Jg1eM LIBAIP O] pash alam 013 ‘sayip Xoq 'sbeqpues
‘sayip Bnd edis ‘pannbas asaym sesue paliewsep
U| °‘paACWal |ELIBIBW 3500] PuUE uUINOIg alam
§1315119 "sealde pabewep syi woJdy [eralewl ublaloy
pUe 2500| [|B Al1EAROX3 01 PasN sem apuy Annd

YN LLLPD-0-65Fd
0104d 'SSQ00E BSIEASURI) 40§ 85N 5P|Oyeas Buim (geAOL
ayl 210N ‘1015 ucllesae Ol [BUUN] JO YORAL |BIUOZLIOY
B WD) PNG ABAAIIBLS SSAIDE APIM-1004-3a1y ) "E-p alnbBid




1. Bond coat and pure epoxy paiches.—The
preweighed Sea Go-In Poxy Putty was mixed and
applied as a bond coat for the mortar. In the case
of small patches {1/2-inch-diameter or less and
1/8 inch or fess in depth}, straight epoxy was
used to make the patch.

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

Atter 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
it 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 t 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 of 500 grams of
sand and 200 grams of epoxy. A few larger
{1,500 grams of sand and 800 grams of epoxy)
hatches 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 poiyethylene.
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 mixed, it was placed
in a B-quart plastic bucket for handling during
the patching operation.

Mortar was placed into the repair area and
leveled with a pointed trowel. The mortar was
then pounded into the bond coat with a
1.1/2-inch-diameter plastic-headed hammer.
Excess mortar was then removed with the trowe!

" and the cycle repeated. Most of the large patches
required some grinding for final finishing 105,
grade. Pot life to place the mortar was about 30 ™~
minutes. Figures 4-5, 4-6, and 4-7 show typica!
areas repaired with the Sea Go—In Poxy Putty
mortar. '

S FEV" B A

Figure 4-5. This damaged area {upper photograph} located
approximately at Station 8+45, 11 feet right of the
centerling, was the largest area repaired with the Sea Go-In
Poxy Putty in August 1969. Lower photograph shows
completed epoxy-mortar repair, Photos P459.0-64764 NA,
top, and P459-0-64770 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, damp {dull sheen), and wet (shiny), and a few
underwent curing with water running over them.
The epoxy and epoxy mortar cured hard in about 3
hours under dry conditions and hard overnight
under water, Temperature of the concrete surface
averaged 55° F with the daily air temperature rising
to about 70° F.

Due to the limited pot life of the mortar, the
amount of time spent working the larger patches to
an exact grade was restricted, and hence, some of
them required grinding as previcusly mentioned.
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Figure 46, Typical areas (top photograph) requiring
repairs with the Sea Go-In Poxy Putty in August 1969, In
many of the areas, such as this one, the new repair materia)
was placed over previously placed epoxy mortar. Lower
photograph shows completed epoxy-mortar repairs. Photos
P459.0-64769 NA, top, and P459-D-64768 NA, bottom

{e) Repair evaluation.—Several technigques 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 of help later when the repair work was
scrutinized and evaluated during the pre- and
post-spill inspections.

(1) tmmediate 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, such 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 in the funne} 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 §5° 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 evaluation of the cured mortar. In all
cases, grinding confirmed that the patch material
was very hard and dense,

3. Impact hammer evaluations.—Impact
hammer, Model No. N-15 (red hammer), was
used on randomly selected patches to evaluate
their quality. At 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. Qut 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 pertinent to the evaluation of
the readings. In all but a few cases, readings
taken on the new patches averaged greater than

those taken on the original adjacent material.
~..This is indicative that the quality of:the-Sea
Go-In . Poxy Putty mortar patches is equal o or

higher than that of the original surface. Since
most of the patches checked .were less than 1/2
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-inch-diameter by d4-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 presented
in Table 4-2 are some data on
laboratory-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 showing Sea Go-In Poxy Putty mortar repairs made to area
about 4 feet right of tunnel centerline 8 months eariier in August 1989, {See Figure 4-1 for view of demaged area

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

c. Field dry-cured mortar developed
somewhat less compressive strength than
similar mortar laboratory dry cured. One
hypothesis for this phenomenon is that the
higher tunne! humidity caused a slower curing
rate. Another hypothesis is that the lower
strength resulted from use of the
manufactured sand {pan size} used in the field
but not in the lzboratory.

d. One-day shear bond strength of the
laboratory mixed and cured mortar averaged
well above the minimum required; and the
7-day 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 aill 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 as to location in
tunnei, 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 of repaired ~
areas that were blisters.

(f) Summary.—A total of about 425 repairs
utilizing a total of 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 10+31 (PT), and 25 between Stations
10+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
patches 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

iIMPACT HAMMER READINGS
AUGUST 1969
Spiliway Tunnel Repairs—Yellowtail Dam

Patch
age
at test
{days)

Average

impact

readings
on patches™

Average
impact readings
* on material
around patches™

Patch
thickness
{inches)

Moisture
condition
at placing

Remarks

42.3
42.4
42.4
415
334
40.6
39.1
© 379
47.9
26.8
26.3
451
447
358
420
37.7
329

1/8-3/8
1/8-3/16
1/8-3/16
1/8-3/16
1/16-5/8
1/8—1/4
1/16-1/8
1/8
1/4—3/8
1/8—3/16 -
1/8—3/16
8 -
1/16—1-1/4
1/8-3/8
1/8
1/8
1/16-1/8

44.2
32.3
32.3
32.3
35.7
33.7
36.8
285
34.8
24.7
24.7
25.7
42.4
25.9
332
35.3
35.3

Dry
Dry
Dry
Dry
Wet
Damp
Wet
Wet
Damp
Wet
Wet
Damp
Damp
Wet
Wet
Wet
Wet

After grinding
Days later

After grinding

Largest patch made

- omd = BRY WDORY A DR = et e ] = s

Average 39.2 33.5

*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 the afterbay dam, a
general inspection of the spillway tunnel repair
was made. One defective patch {Sea Go-In Poxy
Putty material placed in August 1968}, was
found and several others looked questionable but
were inaccessible, A subseguent 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 Sea Go:In Poxy Putty patches
piaced in the tunnel was warranted and should be
made as soon 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 if
necessary.

_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. All Sea Go-In Poxy Putty patches between
Stations 9+60 and 12+15 were inundated and
inaccessible for testing. However, nearly all of
the patches between Stations 7+76 and 9+60
that were previously. logpged were evaluated
during this inspection.

2. Evaluation technigues.—The Sea Go-in Poxy
Putty patches were evaluated visually as 1o
overall appearance, color, wet or dry condition,

.. .presence of carbonates, etc., Table 4-b. The

A research engineer traveled to the dam for

further examination, Access to the repair area in

apparent color of. the material varied somewhat
due  to surface /moisture condition, lighting,
roughness, stains, and material, whether epoxy
bond coat or epoxy mortar. The presence of'a
little pinnacle of 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 Repaii‘s—Yellowtail Dam

Compressive Qtrength

Field Mix (2- by 4-inch cylmder specimens)

1. Dry cure at 55° -
0 60° F i

7 days’ age— 8,300 psi
14 days’ age— 8,640 psi

2. Underwater cure at
55° 10 70° F:

(55° F for 4:-days) c 7 days' age— 5,800 psi
(70° F for 10 days) 14 days” age— 4,880 psi

Laboratory mix (2- by 4-inch cylinder"specirnens)

1. Dry cure at 45%10
. 50°F

2 days’ age=10.300 psi
7 days’ age—11,000: psi

" Shear Bond Strength

oy

Field mix—No tests -

Laboratory mix {2- by 4-inch cylinder specimens)

1. Damp to wé1 surface—
cured at 45° 10 50° F

1-day's age— 482 psi-

2 days" age— 449 psi
7 days’ age— 859 psi

Penetrometer readings were taken on railomly
. selected patches. The penetrometer instrument is
construsted to indicate a maxin;um penetra'tign
resistance  of 7,000 psi. None of the patchés
checked showed the slightest penetration at the
maximum load. Some of the pure epoxy patches
showed a “very slight indentation but no
penetration. These tests indicate that the epoxy
material in the patches was not soft or defective,

Gouging ot picking checks with the sharp point
of a krife blade were made on every accessible

patch as well as on the original material adjacent
to the patches. Prior to initiating these tests, a
code was established as to patch condition, ie.,
“A' meant patch was hard; “B" meant patch was
slightly soft, and:“C" meant patch was very soft,
However, except for 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 1o the patches.

= rea_dtrigs indicated that the.
'stlii sound and serviceable. Some of

e the patches tested durmg this inspection were

ones also tested in August.. 1969, Headlngs

obtained during this evaluation corresponded.

very closely with those obtained in August 1969.
This indicated that the patches had not
undergone a gencra! deterioraticn to meisture or

‘any other cause. The maghitude of these readings

would probably indicate compressive strengths in
the 3,000- to 6,000-psi range.

3. Conclusions.—The Sea Go-In Poxy Putty
.patches made in August 1969 were, on the basis
of this evaluation, eomldered generally as good
as ar better than the surrounding repairs. Some

- of the patches need to be ground or reground to

bring them closer to the proper grade. it is
apparent from the few defective patchiss that,_
water can be detrimental to this material if it is
‘allowed to penetrate -the patch prior to its being
cured., .

: Patches placed above the aeration slot seem to be

of slightly lower guality than these placed below
the slot. However, this difference is evident Dnly
in the irrpact hammer test resuits

Patches both above and below the slot that 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, 1t was very resistant to
removal by a cold chisel,

A timber ladder that was used in making the
aforementioned repairs was permitted. to remain
in the tunnel during the winter, Early in 1970,




Spillway Tunnel Repairs—Yellowtail Dam

LOG SHEETS*

Table 4-3

August 1369

Patch
No,

Station™*

Location from G

Distance | Direc-
{feet) tion

Date
placed

Size
(inches)

Depth
{inches)

Remarks

12+00.0

11+492.0

11+91.0
11+81.0
11+69.4
11+63.6

11+68

11+42.3
11+35.3
11+21.7
11+23.4
11405.6

10+83.2
10485.2
10481.5
10+80.3
10477.9
10+76.7
10+64.5
10461.4
10+60.0

“10+51.2

10+50.8
10+35.2
10+30.8
10+29.8
10+32.2
10+28.0
10+19.5
10+16.6
10+16.6
10+16.6
10+10.0
10+12.9

a+92.9

9+81.0

9+77.5
9484.0
g+79.5

4.0
1.0

6.0
2.0
6.0
6.0 .

7.0

8.8
15

I3
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8-20-69

- 82269

8-20-69

. 82169
8-20-69

8-2068
B-20-69

8-20-69
§-20-69
8-21.60
£21-69
8-20-63

8-22-69
8-20-69
8-22:69
8-20-69
8-22-69

-8-20-69

8-2069
8-21-69
8-20-69
8-20-69
8-21-69
B8-21-69
B-21-69

8-21-69°

8-20-69
8-20-69
8-21-69
8-21-69
8-21-69
8-21-69
8-22-69
8-21-69
8-21.69
8-20-69

8-22-69
8-20-69
8-20-69

156x 15
05x 10,

30x50
30x25
15x 1.5
i5x 1.0

5.0x 10,0

30x70
65.0x 8.0
0.5 diameter
3 diameter
40x7.0

1.0x15
1.0x 6.0
3.0x4.0
2.5 diameter-
25x45
3.0x5.0
15x4.0

I diameter
15x 3.0
3.5x 15
1.5x50
1.0 diameter
1.0 diameter
1.0 diameter
1.0 diameter
20x4.0

0.5 diameter
1.0 diameter
1.0 diameter
1.0 diameter
1.0x 2.0
1.5x 2.0

1.0 diameter
1.0 diameter

0.5x 2.0
1.5x 5.0
10x25

3/16
1/8

1/8—-3/8
1/8

1/16-1/8

1/8 -
1/8-3/16

1/16-5/8

1/8-1/4

1/16
1/8
1/8

1/8

1/16
1/4-1/8
1/16-1/8
1/8

1/8
1/32-1/18
1/16—1/4
1/16-1/8
1/18-1/4,
1/16—-3/16
1/16—3/16
1/16-3/16
1/16-3/16
1/8

1/8
1/8—3/15
1/16

3/4

1/2
1/16-1/8
1/8-3/16
1/8-3/16
1/8-1/4

1/8-3/8
1/8
1/8

UUg0 =4

m

mmmmoO

mmoOo ommmmMmMmMmmmMMmMmMmMmMMmOommmmMmmmmm

Cured under
water_

Patch high for
grinding test
Patch high for
grinding test
Flowing water

Several spots

Several small

spots

Blister area

Blister area
Blister area -
Blister area
Blister area

. Blister area

Blister area
Blister area

- Blister area

Several small
spots




Table 4-3—J_Co:‘iﬁnued

Mois:

Patch Logation from @ | Date Size Depth ture | Placed Remarks

No. | Station™" Distance | Direc- | placed {inches) {inches} condi--|  on

(feet) tion tion

27 9+79.0 9.9 R - B2069 25x3.0 1/8 D E

28 9+72.9 9.8 R 82169 40x7.0 1/8-5/16 W E Blister area
29 9+70.0 9.8 R 8-20-G9 2.5 x 9.0 1/8 « W E .

294 9461.8 12,2 L 3-22-69 1.5 x 2.0 1/16—-3/8 ‘D E Blister area
30 9+60.9 10.5 R 82169 25 diameter 1/8—1/4 Dp £ Blister area
31 9+60.4 9.5 R 8-20-69 1.5 x 8.0 1/8-1/4 Dp E

32 9+58.2 1.8 L 8-20-69 2.0x4.0 1/8 Dp C

33 9+51.4 10.0 R 8-21.69 4.0x 6.0 1/8--1/2 Dp-D c

34 9+41.7 12.0 R 8-22-69 3.0 diameter 1/8 -Dp-W E

35 9+42 .4 10.0 L 8-20-69 1.5x 2.0 1/8-1/4 D E

36 9+35.9 1.5 R 1.0 diameter C Rebar anchor
37 94359 1.5 L 1.0 diameter C Rebar anchor
38 94225 05 =R 8-23-69 1.0x2.0 1/16—1/8 Dp C
39 . 94225 12,2 . L 8-22.69 15 x:3.0 1/8--1/4 Dp-D C
3J9A 9+13.0 . 13.0 L 8-22.69 1.5'diameter 1/8—3/16 Dp-D E Blister area
40 9+10.4 0.3 R 8-22.69 3.0x 4.0 1/8 w E
Y| 9+09.7 1.7 L 8-23.69 50x 80 1/8 W-Dp E
1A 9+05.3 7.2 R .. 82269 10x10 1/16 . Dp-D ol
41B 9+04.0 /00 - 82369 1.0diameter 1/16-3/16 - W E
42 9+01.9 6.0 L 8-22-69 5.0x60 1/4-3/8 Dp-W E Biister area
42A 9+01.3 20 R 8-2269 1.0x 15 1/16--1/4 Dp <G
43A 9+00.0 2.3 L 82269 1.6x25 . 1/8-1/4 © Dp C
438 9+00.0 2.3 L 82269 1.5x 1.5 _1/8—1/4 Dp c )
44 8+956.1 7.0 R 8-23-69 1.0 diameter 1/4 Dp-D E Blister area
444 8+92.0 9.4 R 8-23.69 1.65x 2.0 1/4-3/8 Dp C Blister area
45 84915 6.0 R 82369 0.21t0 1.0 -~ 1/8 Dp-D C - Many smali

' blisters

46 8+89.7 194 R 8-23-69 2.0 diameter 1/8-3/16 Dp-D c
47 8+86.3 0.5 L 8-23-69 1.0diameter 1/16—1/8 W -
48 "8+89.0 16.8 L 8-23-69 2.5 diameter ;74 Dp E Blister area:
49 8+83.5 9.8 R 8-2369 1.5diameter 1/8 Dp c Blister area
50 B8+76.3 104 R 8-25.69 1.5 diameter 1/8 Dp-W E Blister area
504 847256 9.2 L 8-23-69 1.0diameter 1/16-1/8 Dp-D £ Blister area
50B 8+71.6 9.6 L 8-23-69 4.0x 6.0 1/8-3/16 W £ Blister area
50C 8+64.5 103 R B-25-69 3.0 x 8.0 1/8-1/4 D E Blister area -
B0C1 8+64.7 8.3 L 82569 65x80  1/8 . Dp E  8lister area
50D 8+61.4 10.5 L 8-25-69 2.0x 6.0 1/16-1/2 D E Blister area
51 8+69.6 8.6 R 8.25.69 1.5 diameter 1/8 Dp-W C ~ Blister area
51A B+47.7 45 L  8-25.69 2.0diameter 1/8-. W . C  Blister area
518 B+47.0 2.0 R 8-25-69 1.0 diameter 3/16° Dp .C Blister area
52 8+459 11.6 ;R 8-26-69 7.0x 14.0 1/16-1-1/4 Dp C Largest repair
53 8+34.8 9.3 R 8-2669 1.5 x 6.0 1/8-3/16 D-Dp E =
B3A 8+30.7 8.3 R 82669 1.5x20 1/8 Dp-W E. Blister area
54 8+27.8 0.0 — 8-26-69 20x 3.0 1/32—-1/4 w o '
55 8+25.0 23 L 8-26:69 1.5x 4.0 1/8—-1/4 . w E

b6 B+24.0 0.0 - §27-69 2.0diameter 1/2 . W E

B6A 8+25.0 9.0 L 8.26.69 2.0 25 1/8-1/4 W E " Blister area:
57 84255 9.2 R 82769 1.0k 1.0 W ‘E S

61

1/16—1/8



_ Table 4-3—Continued

Station™"

Location from §

Distance
(feet)

Direc-
tion

Date
placed

Size
{inches}

Depth
(inches}

Remarks

8+23.5
8+250
8+225
8+18.3
8+18.0
8+23.7
8+185.
8+19.7
8+10.0
8+09.0
'84+06.4
8+025
8+06.0
8+06.0
8+04.1

g+03.9
8+03.0

8+01.3
8+01.1

8+04.5
8+015
8+02.0
8+01.9
8+01.4
8+01.0
7+925
7+92.3
7+92.2
7+80.3
7+90.3
7+86.3
7+80.1

7+80.0
7+79.7
7+78.0
7+76.1

7+74.1
7+72.3
7+72.0
7+70.4
7+75.0
7+74.5
7+74.5
7+70.9
7+70.9
7+70.4

8.0
9.6
110
3.3
2.2
15.8
- 0.5
10.7
8.7
8.7
4.0
34
8.6
11.0
5.7

5.3
6.0

7.9
6.8
1.2
4.1
9.0
9.0

10.0

10.3
7.0
6.4
7.0
5.6
7.5
2.1
4.0
3.3
4.0
4.2
0.0
1.0
47
47
2.3
35
3.5
7.5

1.0°

1.5
6.5

nrrrra3rcrecCcCCCICr

o3

R
R
L
L
L
L
L
"L
R
R
R
L
L
R
L
- L
L
R
R
R
R
R
L
L
L
L?
L
L

8-27-69
8-27-69
8-27-69
8-27-69
8-27-69
8-27-69
8-27-69
8-27-69
8-27-69

- 82769

8.-27-69
8.27-69

8-27-69
8-27-69

8-27-69

8-27-69
8-27-69

8.27-69
8-27-69
8-28-69
8-28-69
8-28-69
8-28-69
8-28-69
8-28-69
8-28-68
8-28-69
8-28.69
8-28-69
8-28-69
8-28-69
8-28-69
8-28-69

- 8-28-69

8-29-69
8-29-69
8-29-69
8-29-69
8-29.69
8-29-69

~8-29-69

B-29-69
8-29.69
8-29-69
8-29-68
8-29-69

1.0 diameter
1.0x20
075x 25
1.0x20.
0.75x 15
1.0x 1.0
60x70
0.79x 1.25
3.0x4.0
3.0 diameter
4.5 diameter
1.5 diameter
1.0 diameter
1.0 diameter
1.6 2.0

2.0 diameter
1.51t03.5 .
diameter
3.0x40 .
2.5 diameter
1.0x6.0
2.0 diameter
2.0diameter

3.0x40
1.6x 2.0
1.2x20
1.5x2.0
2.5 diameter
1.5 diameter
25x7.0
20x4.0 "
1.5 diameter
1.5x20
40x 50
3.0x 6.0
1.5 diameter
1.0 diameter
40x7.0
3.0 diameter
3.0 diameter
50x 9.0

1.0 diameter
1.5 diameter
1.0 diameter
1.5 diameter

3.0 diameter

"25x5.0

1/8

/16
‘8

1/8-1/4
1/4
1/16-1/4
1/3-1/4

1/8
1/16—1/8 =

1/16-1/8
1/8-3/8
1/8
1/16-1/8
1/16

1/8

1/8
1/8
1/4
3/16

C 12

1/16-1/8.
1/8

" 1/8-3/8

1/16—1/4
1/16—-1/2
1/8
1/8

1/16~1/8

1/8
1/8
1/16-1/8
1/16—1/8
1/8
1/16-1/8
1/16-1/8
1/8
3/8

/4

1/4
3/8 -
1/4
1/4

3/16
1/4
3/8
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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

. Group of 4-6

patches
Blister area
Three blister

areas :
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
Blister area
Blister area
Blister area
Blister area
Blister area
Blister area
Blister area
Blister area
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Table 4.-3—Continued -

) Mois-
Patch Location from § Date Size Depth ture | Placed
No. | Station™™ |Distance | Direc-| placed {inches) {inches) | condi- on Remarks
(feet) tiors tion
B9 7+70.4 6.5 L 8-24-69 1.5 diameter 3/16 W E Blister area
90 74709 7.5 R 8-29-69 4.5 diameter 3/38 W E ' Blister area
91 71764 85 R 8-29-69 1.5 diameter 3/16 W = E Blister area

*Explznatory notes:

t.—Left of tunnel § as locking downstream
R—Right of tunnel ¢ as looking downstream
D-—Aiea dry when patch placed

Dp—Area damp when patch placed

W--Area wet when patch placed

Dp-W—Area somewhat wetter than normal damp condltmn
Dp-D—Area somewhat dryer than normal damp condttmn

C—Patch placed on concrete
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

Distance—This is the distance from § of tunnel to patch along arc rather than chord

™% tations are approximate,

the ladder failed due to 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 reservoir in !ate June of 1970 were nf

sufficient magnitude and duration to périmit scheduiing”

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 in critical areas of the
elbow, it was decided to 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 to
undermine the powerplant access road. Continued
operation of the outlets would have washed out
enough of the road to prevent vehicular access to the
powerplant. Since tunnel operation was imminent in
any event, it was decided to exchange the outlet

"~ 16,000 cfs in

&3

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, 1870. As in the
1969 test, tunnel operation was monitored by
observing and recording the responses from the
hydrophones and pressure transducer.

At 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
an effort to improve flipping .
characteristics. No discernible improvement could be
seen. Rather than risk any damage to the lining, it was
decided to terminate operation and make a quick
inspection 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 cfs was reached
at 3:40 p.m. The 14,000 cfs flow was maintained
continuously from 3:40 p.m., July 2, until complete
spithway shutdown at 2:30 p.m., July 6. A short time
after shutdown, Corps of Engineers personnel
requested that Yellowtail Dam maintain a release of




Tabie 4-4

SUMMARY SHEET
Spillway Tunnel Repairs—Yellowtail Dam

Total
Total | Total logged Locations Tatal | Patches placed on | Maisture condition

Day patches| mortar patches | {approximate) | blisters|Concrete | Epoxy | Dry | Damp | Wet
made | patches made {stations) SR : :

repaired] = - o o

8-20 Wednesday 46 40 {est) - 25
8-21 Thursday 25 20 (est) 17
8-22 Friday 35 30 {est) 17
8-23 Saturday 62 40 12
8-25 Monday 92 52 7
8-26 Tuesday 64 30 7
827 Widnesday 59 39 23
8-28 Thursday 34 22 15
8-29 Friday 18 17 17

10+31 to 12+156

10431 to 12+156

10+31 to 12+15
8+70 to 10+31
8+35 to 8+70
8+20 to 8+36
8+00 to 8+20 |
7+79 1o 8+00

Above slot

i9
16
8
7
4
L)
22
10
14

WO =2NWLWg -0
COoOoONMNONO A
ooORMRNMBDRDOOO

TOTALS 425 290 137

[*]
2%
[
th
P
o

Notes:

1. Logged patches were usually at jeast 1 inch in diameter and 1/16 inch ar greater deep.

2. Figures listed under “‘Moisture condition’’ refer t0 iogged patches only.’

3. Figures shown under “Total bisters repaired” do not necessarlly reflect all blisters Iocated only those
“logged. .

4, Repairs made August 20 through August 29, 1969,

~ {2) Station 9+00, 4 feet right of centerline—~An _
* area 3 inches by 1/2 inch by 1/4 inch deep.

12,000 cfs for a 24-hour period. Since repairs to the
powerplant access road adjacent to the outlet works
stilling basin had not been completed, the spillway was
again activated for a release of 4,000 cfs. The 4,000 cfs
release was maintained from 2:56 p.m., July 6, until
8:1% am., July 7, when final shutdown was:
accomplished. '

{3} Station 8+50, 4 feet right of centerlinefAﬁ'
area 3 inches by 1/2 inch by 1/4 inch deep. '

{4) 50 feet downstream from aeration slot, 5

: feet right of centerline—An area 4 by 4 inches by

The tunnel was examined on July 8, with the following 1/8 inch deep. ' :

results:

“{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 1/2 inch by 1/8 inch deep. This area appeared 10
be a dishondment of the same area reported by
persanne! from the Engineering anc. . Research
Center during an April 1970 visit to the project. At

(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 tunnzl surfaces
did not initiate cavitation.

{c} Four new areas of minar. epoxy disbondments
in the elbow resulted from the test:

(1) Station 9452, 18 inches right of
centerline—An area 3 by 3 inches by 1/4 inch
deep.

that time the estimate of the deteriorated area was 1
by 1/2 inch by 1/8 inch deep.

(e} The repair work performed August 17 through
August 30, 1969, remained in good condition
except for: (1} Station 8+72, where a




Table 4-5

SUMMARY OF EVALUATION OF SPECIAL EPOXY PATCHES®
Spillway Tunnel Repairs—Yellowtail Dam

Penetrometer Relative . Moisture General
Station reading hardness |- condition appearance . Remarks

9+60.9 7+
9+60.4 7+
9+58.2 -

9+51.4. _ 7+
9+41,7 7+

Wet LG, GRD, CAR Air temperature 50° F.
Damp LG, GRD

Wet R

Wet LG, GRD

Dry LG, GRD

Dry LG, GRD

Wet LG, R
LG, S
LG.S
LG, R

g9+42.4 I
9+22.5 7+
9+22.5 7+
9+13.0 7+
9+10.4 7+

9+09.7 7+
9+05.3 7+

LG, S
R

9+01.9 7+
9+01.3 -

Could not identify.
LG,GRD, S
LG.R

8+95.1 +
8+92.0 .=

8+915 7+
8+89.7 7+
$+86.3 7+

LG, S
LG,Ss
LG, S, SY
LG, R, SY
LG, R

- 'LG,R -
SLG,R ,
LG, §, SY i Bond coat lookis
T ET 7 yellowish,

8+89.0 7+
8+83.5 7+
8+76.3 7+
LG,S o
LG, GRD,S “Three plastic weep
holes. Colors due
to some mortar and
- ~other bond coat.
Impact hammer
caused slight
indent in bond
- coat material,

8+72.6 7+
8+71.6 7+

»>» PP ))i’)) ))I?) PPPr>r>»r P>

Bofd_er has yellowish
tint,




Table 4-5—Continued

Station

Penetrometer
~ reading

Relative
hardness

Moisture
condition

General
appearance

Remarks

8+47.0
8+45.9
8+34.8
8+30.7
8+27.8

8+25.0
8+24.0
8+25.0
8+25.5

8+25.5
8+225
8+18.3
8+18.0

8+23.7

8+16.5
8+19.7
8+10.0
8+09.0
8+06.4

8+02.5
8+06.6
8+04.1
8+03.9
8+03.0

8+01.3
8+01.1
8+04.5
8+01.5
8+02.0

7+
7+
7+
7+

I >b>>> bBFDb>>

PEPP>r PEBPBIP> PPPEBE BPBLLD

LG, S

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

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

LG, S

LG, GRD, S
LG, GRD, S
LG, GRD, §
LG, GRD, S -

LG,S

LG, GRO, §, 5Y
LG, GRD,S

LG, GRD, S, CAR:
LG, GRD, S

LG, S

LG,S
LG,S
LG, R -

“LG, S
1G,S

R, CAR -
LG,S
LG,GRD,S

. LG,GRD,S
LG, GRD,S

LG, GRD, $
LG, GRD, S

LG, GRD, S

No evaluation, .

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.

g ‘Sizable quantity of

‘water from over-
head drain faliing
Patches No. 68, 69,
and 70. '




Table 4-5—Continued

Station

Penetrometer
reading

Relative
hardness

Moisture
condition

General
appearance

Remarks

7+92.2
7+90.3
7+90.3
7+86.3
7+80.1

82
a3
84
85
86 -
87
88

89

91

7+
7+
7+

Wet
Wet
Wet
Wet
Wet

LG, GRD, S
LG, GRD, S5
LG, GRD, s
LG, GRD, S
LG, GRD, S

" LG,GRD,S

Patch removed

LG, GRD, € =
LG, GRD, S, 5Y

LG, GRD, S

LG, GRD, S, 5Y

LG, GRD, S

LG,GRD, S
LG,GRD, S

Carbonate on part of
patch. Epoxy bond
coat patch 4" away
rated A—.

Material previously

removed by LMC.
Carbonate and

~ water seeping from

patch area. Patch-
removed for sample.
Upper lip of slot

Appears sand not
thoroughly mixed
with epoxy.

3/4" area in one
comer of patch
soft, rated C,

Patch rernoved for .
“sample. -
Impact hammer

" made very slight
<. indent on Patches
~"No.Bland 82. -

- Not evaluated.

Not evaluatad. '

“Not evaluated,

Not evaluated.”

Not e_valuated. )

Not evaluated.

Mot eviluated.
7

Explanatory notes;

7+: Penetrometer readmgs would have been greater than the maximum instrument readmg of 7. These data
indicate values of penetration resistance greater than 7 000 psi. g

Relative hardness: -

A—Hard -

B—Slightly soft

C—Very soft




Tablé 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 in color

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

It is highly significant that there was no evidence of
cavitation damage anywhere in the tunnel after the test
with the surface irregularities noted in Table 4-7, and
at a discharge approachmg the average discharge
maintained during the 1967 operation. The inference is
that the aeration -slot is providing sufficient air to
dampen the damaging effects of cavitation thereby
preventing destruction of the flow surfaces.

D. Future Operation and Viaintenance
Procedures

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

Future inspection and maintenance procedures for the
tunnel were subsequently developed and transmitted to
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: .
Mairtenance.~Repairs requiring correction of
concrete spalls, epoxy veneer failures, blisters in the
epexy veneer, calciumn carbonate removal, etc.,
should be made in advance of anticipated spills.

The flow Surfaces starting at the lip of the aeration
slot and extending 18 feet upstream, and  from
springline to springline, shall be maintained free of
any surface irregularities, - sncludmg compiete
removal of calcium’ Carbonate deposn::.

The ' tunnel surfaces from the intake portal to
Station 7+63* are less prone to cavitation and some

telaxation 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
arg 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
ar transverse to the flow, Random concrete spalls or
epoxy veneer failures apn'ommately 6 inches in
diameter and with'a maxifmum depth up to 1/4 inch
are also permlSSlble . -
=

The Lunnel surfaces. frcm Station 12-:-15 to Station
16+002 and from springline to springline shall 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 repair failures approximately. 12 inches in
diameter and with maximum depth up to 1/2 inch
are also perm:smbne - '
The tunne[ surfaces downstream “from Station
16+00+ should ‘not réquire special criteria to
ritigate cavitation. Repairs may, however, be
required for other reasons and can be mltlatec[ as
determined, after an inspaction is made, :

Those portions of the tunnel that do not require
complete  removal of calcium carbonate will
eventually be covered with' sheets of the deposit.
Since removal of extensive carbonate buildup would
involve a considerable effort, consideration should
be given to advertising spectfications for complete
removal of ,alclum carbonate throughout the
tunnel. i

{nspection.—The entire tunnel shall be inspected
each spring in advance of anticipated releases,
Particular care should be given to the aeration’slot
areas and the area downstream from the slot




Tabhle 4-6

IMPACT HAMMER READINGS.
November 1969 .
Spillway Tunnel Repairs—Yellowtail D:gm

Patch Average impact i * Average
Date age at readin~s on Average impact Auvgust 1963
patch Station test materis.. stound readings on impact readings

placed {days) patches patches on patches

8-21-69 9451.4 75 33.9 30.8

8-22-69 9+41.7 74 . 404 347

8-22-69 9+10.4 74 25.1 30.9

8-25-69 9+09.7 71 30.6 37.9

8-25-69 8+01.9 71 37.3 46.8

8-25-69 8+71.6 71 282 . 31.2

50C 8-25-69 8+64.5 71- - 337 42.4

8-28-69. 8+64.7 68 2887 ' 39.0

50D 8-25-69 8+61.4 71 26.1 _ 38.3

*52 8-28-69 8+45.9 68 40.8 43.6
53 8-26-69 8+34.8 70 25.8 ' 431

55 8-26-69 8+25.0 70 316 39.3

- 58 82769  il+165 = 69 23.8 31.2

588 82769 . B8+10.0 69 39.8 ' 39.1

58C 8-27-69 8+09.0 69 43.3 - 434

- *59 8.27-69 8+064 69 . ..25.9 ' 38,6

:61B  827-69 8+01.1 = 69 . 3741 338

64 8-28.69 8+02.0 68 - . 400 35.3

*71 8-28-69 74803 68 - 35.6 40.3

*75 828-69 - 7+80.0 68 37.6 39.4

*76 8-28-69 7+79.7 68 . 372 ‘ 338

79 829-69 7+741 . 67 . 3B T 298

80 8-29-69 7+704 . 67 39.2 29,5

81 - 8-29-69 7472.0 67 39.2 30.3

87 8-29-69 7+70.9 67 ‘ 345 34.9

Average of all patches . | <N 36.7

*Average of patches checked in August 1969 .. 332 39.0 39.0

extending to Station 12+15, Any surface. irregularities or any change to existing irregularities. -
irregularities including epoxy veneer failure, calcium™ Reports of all inspections should be forwérded to
carbonate buildup, concrete spalls, etc,, should be ' Denver. Attention: Code 210.

noted as to location and size. ’
After any sp:llway discharge, the tunnel should
again be inspected noting :any new surface .




Table 4-7

TABULATION' OF SURFACE IRREGULARITIES
Spillway Tunnel Repairs—Yellowtail Dam

Lccation
Station fr(]m q:_ Size (inches unless Depth (inches)
{fe=t) otherwise shown)

9+95 4L 2.5 x 2.5 feet Paint scour
8+90 2 4R ey 2.5 x 2.0 feet : Paint scour
9+81 A e TR g x /4 o : 1/8
9+82 i i 8%x1/4 . 1/8,
o+82 L 1L 45 1/8%, 1/8-
9+82 : 0.75L.. - 2x1/8 Ty, 1/8
9+78 . 0s0L;- 3x 1/16 Sy 1/8
9+77 R At 3% 1/16 S /8
9+69 25L . 4% 1/4 /4
9+65 3R 9x 1/4 .. 1/16
9+64 1R 5x 1/4 Sy 118
9+63 35R 15x,1/4 . Y . 1/8
9459 . 3L 5x1/8 . o A L 1/16
9+58 2R: 9x1/8 . - “1/8
958 .- 3R . - 4x1/8 . % 1/16
9454 7 . 2R - 15 x 1/4 1/8
9+54 - 1L _ 25x3/8 - _ o 1/4
9+64 - 1L 10x1/8 L 14
9+47 ' 6L : 2x2feet: "Paint scour
9+47 10 x 1/4 o Soh o116
9+44 . . 2R . . 4x1/4 : L B VL
9+41 3R . : Bx6. . : Paint scour
9+40 11R 6x1/8 - 1416
9+41 7R 4x1/8 : R A [N
9+38 - 3R 5x1/8 - : : 1716,
9+37 3R - 5x 1/8 : 116
9+41 ' 10x1/8 : 1/16
9+40 6L 4x 1/8 : 1/8
9+39 ~ - 3L 5x 1/16 _ o 1/16
9+40 @ 3L 4x3/8 _ 5/16
9+37 3L . 11x1/8 - 1/4
9+36 - ‘1L 3x3 : 12

9+40 - 10x 1/8 1/16
9436 - 1R .3x3 | ' 13

9+35 1R . "4x1/8 ' 1/16
9+36 6L © Bx1/8 1/8
9+31 ‘ 5L 6x6 B Paint scour
9425 ¢ 18x1/4 | 1/16
9+23 : 1R - 10x1/8 1/16
9+24 2L . 4x 116 1716 .
9+22 6x6; ~ Paint scour
9+24 6L S 10x1/8 B P
9+23 _ 8L 4 x1/16 - 1/16
9+20 - 10x3/8 5/16
9+15 - 3R ‘ 16 x 3/8 . 5/16

CRNdMD WM =




Table 4-7—Continued

Station

Location
from
(feet)

Size {inches unless
otherwise shown}

Depth {inches)

9+13
9+13
9+10
o+08
907
9+07
9+10
9+10
9+09
9+07
9+06
902
9+03
8+92

- B+89

8+99
8+96
8+96:

8+96

8+92
8+92
8+85
8+80
8+80

8+79 -

8+79
8+80
©Bg+79
8+79
8+80

8+77

8+75
8+74
8+70
8+65
8+64
8+60
8+60
8+58
8+56
8+52
8+51
8+51
8+50
8+49
8+46
8445
8+45

2R

3R

3R

5R

4R

3R

5L

oL

4L

4L

6L

2R

8R

3R

2R

7R

3R

1

L

R -
6R

" 0.5R

1R
5R
5R
6R
7R VT

4R

3R
2R
10R
10R
2L
20
2R
2R
25R
1L
1L
3L
. BR
2L
2R
5R
2R
=10
3R
5R

10x 1/4
5x1/8 .
19 x,174
115 1/4

10 1/8

32'% 1/8
50 x 1/16
16 x 1/8
21x1/8
10x 1/8
4x1/8
10 x 1/4
1% 1/8
4x 1/8
10x 1/8
10 x 1/16
Ox 1/8
6x 1/4
4x1/8
10x1/4
9x 1/8

. 10 % 3/8

10:x 1/2
10x 1/8
11x 1/8
16 x 1/8
14.x 1/16
5x1/8

=4 % 1/8

10x 1/8
11x1/8
10 x 3/8
10 x 1/8
6x1/8
10x 1/8:

-6x 1/8

10x 1/8
4 x 3/8

5x 3/8

10 x 1/4
11x1/8
16 x 1/8
11 x 3/16
10 x 1/8
6x1/4

22x1/8
11 x 1/8
7 x1/16

1/4
/1@
/16
i/4
1/16
1/8
1/8
1/16
1/8
/8
1/8
1/8
1/8
1/16
1/16
1/16
/8
5/16
1/16
5/16
1/8
5/16
5/16
1/16
1/16
1/16
1/16
1/8

i/8
1/8
/4

1/16

18

1/4°
1/4
" 1/4
1/8
1/4:

1/4

14
1/16

“1/4
“1/8
1/4
©1/8
1/8
1/8

1/16




Table 4-7—Continued

Location -
-~ Station . from Size {inches unless* Depth {inches)
: o (feet) otherwise shown)

CB+45 . BR- £x1/8 ‘ 1/8

8+44 7R - 6x /4 = 5/16

B+41 E 5L ' Tx1/4 = . 5/18

8+39 3R ‘ 5x1/8.. - ~ . 1/8

8439 - -3L . . 4x1/8 , 1/8

B+26 - 1R S Bx1/8 - ' 1/8

g ~ B+28 T 3R ° 5x1/8 B . 148

102 : B+21 2R . . Tx1/4 ' /8.
103 8+17 2R 5x1/8 1/186
104 . 8+i8 2R . 4x1/8 - 1716

*Left or right from tunnel centerline {iooking downstream}.
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CONVERSION FACTORS—BRITISH TO METRIC UNITS OF MEASUREMENT

The following conversion-factors adopted by the Bureau of Reclamation are those published by the American
Society for Testing and Materials {ASTM Metric Practice Guide, E 380-68} except that additional factors {*}
commoniy used in the Bureau have been added, Further diszussion of definitions of quantities and units is given in
the ASTM Metric Practice Guide.

The mewic units and conversion factors adopted by the ASTM are based on the “Intemational System of Units”
{designated Si for Systsme International d'Unites), fixed by the Internationa! Committee for Weights and
Measures; this system is also known as the Giotgi or MKSA [meter-kilogram (mass)-second-amipere) system, This
system has been adopted by the international Organization for Standardization in S0 Recommendation R-31.

The metric technical unit of force is the kilogram-force; this is the force which, when applied 10 a body having 2,
mass of 1 ka, gives it an accelevation of 9,80665 mfsec/sec, the standard acesteration of free fail wward the earth's
canter for sea level at 45 deg letiude. The metrie unit of force 1o 51 units is the aewton [N}, which js defined as .,
that force which, when applied to & body having a mass of 1 kg, gives it an acceleration of 1 m/sec/sse. These units
must be distinguished from the {inconstant] local weight of a body having @ mass of 1 ka, that is, the weight of a
body is that foree with whick a body is atiracted to the earth and is equal to the maas of a body muitiplied by the
acceleration due to gravity. However, because it is general practice to use “pound” rather than the technically -
correct 1erm “pound-foree,” the term “kilogram® (or derived mass unit) has been used in this guide instead of
“kilogram-force™ in expressing the conversion .fandrs for forces. The newton unit of force will find increasing wse,
and is essential In St units. )

Where approximate or nominal English units are used to express a value or range of values, the converied melric
units in parentheses are also approximate of nominal. Where precise English units are used, the converted metric
units are:expressed as equaily significant values,

Table |

QUANTITIES AND UNITS QF SPACE

Multiply By To obtain

LENGTH

256.4 (exactly) Micran
26.4 {exactly) Millimeters
- 2.54 [exactly)”® Centimeters
30.48 (exactly) Centimeters
0.2048 {exactiy)”® Meters
0.0003048 (exactly)”
0.9144 (exactly)
1,608.344 {exactiy)”
1.609344 {exactly)

AREA

Square inches S 6.4516 {exactly) . Square centimeters
Square feet *920.03 . ) . Square centimeters
Sguare feet 0.092903 . Square meters
Square yards 0836127 Squure meters

: Hecteres

Square kilometers
Square kilometers

VOLUME

Cubie inches ‘ 16.3871 Cubic centimeters
Cublic fest . Cubic meters
Cubic yards 0.764555 Cubic meters

CAPACITY

Fluid ounces (U.S.) ... .. .. 20,5737 ... Cubiccentimeters
U

Fluid ounces { b e Millititers
Ligquid pints (U5} . .. ... .. : 0.473179 Cubic decimeters
Liquid pints (US) . ..., ... 0.473166 Litors
Quarts (US.) - Cubic centimeters
Quarts [US) P . ) ... Liters
Gallons{US}.......,... ,785. ' Cubic centimeters
Gatlons {U.S.) ) ' Cubic decimaters
Gallons (U.S.)- - A ) Liters
Gallons(U.S) ... ... ..... Cubic meters
Gallons {U.X.} . Cubic decimeters
Gallons{U.K.) . Liters
Cubic feet : 3 Liters
Cubic yards 2 Liters
Acre-feat

Acre-faet




Table Il

QUANTITIES AND UNITS OF MECHANICS

Multiply By To abtain

MASS

Grains {1/7,000 1ty)

Troy ounces (480 grains) . . .
Ounces {avdp)

Pounds {avdp) . , .

Short tans (2,000 Ib)

Short tons (2,000 ib)

Long tons {2,240 1b]

G4.79891 (exactly)

3.t036 ., .

2B.3485

0.45359237 (axactly) .. ...
a07.185

0907185 .. ..

. Mitligrams
Grams
Grams

Kilograms
. Kitograms
Metric tons
. Rilograms

FORCE/AREA

Pounds per square inch
Pounds per square inch
Pounds per square foot
Pounds per square foot

0070307 ..
0.688476 .., ..

Kilograms per squere centimeter
Newions per square centimeter
. « .« Kilograms per square meter

47,8803 Newtons per square meter

Ounres per cubic inch
Paunds per eubi: foat
Pounds per cuhic foot
Tons [long) per cubic yard

. Grams per cubic centimeter
Kilograms per cubic metar
. Grams per cuhic centimeter

Qunces per gallan (..}
Quners ger galton (UK.}
Paunds per gallon (L5}
Pounds per galion {LLK.)

Grams per liter
Grams per liter
Grams per liter
Grams per liter

Grams per cubic centimetar

BENDING MOMENT OR TORUUE

Inch-pounds
Inch-paunds
Foot-pounts
Foot-pounds . . .,
Foat-pounds per inch
Ounce-inches

0019521 ... ...
1.12085 x 109
0.138285 . ,
1.35582 x 107
54431

Meter-kilograms

Centimeter-dynes

Meter-kilograms

Centimeter-dynes
Centimeter-kilograms per centimeter
Gram-centimeturs

VELOCITY,

Fee! per second
Feat per second
Feet per year
Miles per hour
Mileés per hour

30.48 (pxactly}
0.3048 (exacthy)”

*0.965873 x 106
1.609344 {exactly)
044704 (exactly) ... .

Centimeters per secand
Meters per sacond
Lentimeters per second
Kilometers per hour
Meters per second

ACCELERATION®

Feet per second? ‘03048 ..... Meters per second?

ELOW

Cuhic feet per secamnd
{second-feat)
Cuhic feet per minute
Gallong {L1.S.} per minute . , .., ,

00837 ..... Cubie meters per second
<+ ... Litersper second

Liters per secand

FORCE’

Pounds
Pounds ., .

0453592
*3.4482 . ..,
*4.4482 x 109

Table || ~Continued

Multiply

By

WORK AND ENERGY®

gritish thermal units {2:ul
British thermal units {8tu}
Bt per ponnd

Foot-pounds

Kilcgraen calories
e . Joules
2,326 [exactly) , Jotles per gram

“1.35582

Btu per hour |, .
Foot-pounds per second

POWER

745700 .
0.29307 3
1.35682 .

Bty inhr 712 degree F (k,

thermal conductivity)
Bty In./hr f2 degree F {k,

thermal conductivity)
Btu fr/hr 712 degrea F .
Btu/hr £2 degree F (C,

thermal conductance) . , . .
Biu/hr fi2 degree F (C,

thermal conguctance)
Degree F.hr £%/Btu (R,

thermal resistancel . .......
Biu/lb degrea F {c, heat capacity) .
B/l degree F
F12/hr {therma diffusivity)

.. Milliwatts/cm degree C

..+ Kgcal/hr m degree C
Ka cal m/hr m? degres C

. Milli\.r-'au‘l‘:\r'cm2 degree C
. Kgeai/br m2 degree C
Degree Cont2/milliwatt

v ... MgdegreeC

Cal/gram degree C
. Cm</sec

Ftd/ir (thermal diffusivity)

WATER VAPOR TRANSMISSION

Grainsfhe 712 |water vapar)
trgnsmigsiont

Perms {permeance) e

Perm-inches {permeahility’

Grams/24 hr m2
Metric perms
Metric perm-centimeters

Table 1)

OTHER QUANTITIES AND UNITS

Multiply

By To obtain

Cubic feet per square foot per day {secpage}
Pound-secends per square foot (viscosity)

Square feet per second (viscosity)

Fahrenbeit degrees {change)® . . ... ..

Voltspermil .. ........
Lumens ger square foot (foot-candles]
Ohmecitoular mils per foot

Millicuries per cubic foat

Milliamps per square foot , . ,
Gallans per square yaid

Paunds per inch

*304.8
*4.8824

Liters par square meter per day

. . Kitggram second per square meter
. - . Square meters per second
Celsius or Kelvin dearees (change) *
0.03937 Kiiovolts per millimeter
1m0 .. ...... . ., Lumens per square meter
Ohm-squate millimeters par meter

*35.3147 Millicuries per cubic meter
*10.7639 Milliamps per square meter
“4,6527219 , . ... Litersper square meter
“0,17858 Kilograms per centimeter

S exattly . . .

GPD 837 -589




YRR R R R N T I I T T T I T N O O Ty e O N N N N N N R R RN NN NN ERY .

ABSTRACT

ABSTRACT
Prototype opération of the Yellowtail Dam tunnel spillway in 1867 severely damaged the
tunnet. Spillway operation and damage, and subsequent model tests, repairs, modifications, and
prototype tests are described. Cavitation initigred by surface irregularities in 1the tunne! lining
caused the damage, Heaviest damage was concentrated in the-vertical bend of the 1unnel and
the near horizontal reach just downstream from the bend. Repairs consisted of backfill concrere
in the heavily damaged areas and application of an epoxy-bonded epoxy-mortar veneer 10 cover
minor surface irregularities. Modification consisted of constructing an air stot to introduce air
along the flow surfaces of the vertical bend. Model iests of the tunnel showed that the optimum
location of the air slot was just upstreami from the vertical bend. The air siot provided positive
air induction along the flow surfaces and worked satisfactorily for all ranges of discharge. Tests
of the prototype tunnel after repair and maodification confirmed that a sufficient volume of air

_was being introduced 1o prevent cavitation erosion. '

Prototype operation of the Yeilowtait Dam tunnel spillway in 1967 severely damaged the
wnnel. Spililway opetation and damage, and subsequent model tests, repairs, modificatiors, and
prototype tests are described. Cavitation initiated by surface irregutarities in the tunnel fining =
caused the damage. Heaviest damage was concentrated in the vertical bend of the tunnel and -
the near horizontal reach just downstream from the bend. Repairs consisted of backfill concrete
in the heavily damaged areas and application of an epoxy-bonded epoxy-mortar veneer to cover
minor surface irregularities. Madification consisted of constructing an air sloi to introduce air
along the flow surfaces of the vertical bend, Model tests of the tunnel showed that the optimum
location of the air slot was just upstream from the vertical bend. The air slot provided positive
air induction aleng the fiow surfaces and worked satisfactorily for all ranges of discharge. Tests
of the prototype tunnel after repair and moedification confirmed that a sufficient volume of air
was being introduced 1o prevent cavitation erosion. ,
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ABSTRACT ABSTRACT
Pratotype operation of the Yellowtail Dam tunnel spillway in 1967 severely damaged the
tunnel. Spillway operation and damage, and subsequent model tests, repairs, modifications, and
prototype tests are described. Cavitation initiatéd by surface irregularities in the tunnel lining
caused the damage. Heaviest damage was concentrated in the vertical bend of the tunnel and
the near horizontal reach just downstream from the bend, Repairs consisted of backfill concrete
in the heavily damaged areas and application of an epoxy-bonded epoxy-mortar veneer to cover
minor surface irregularities. Modification consisted of construeting an air slot to intreduce air
along the flow surfaces of the vertical bend. Model tests of the tunnel showed that the optimum
location of the air stat was just upstream from the verticai bend, The air slot provided positive
air induction aiong the flow surfaces and worked satisfactorily for ail ranges of discharge, Tests
of the prototype tunnel after repair and modification confirmed that a sufficient volume of air
was being introduced to preven: cavitation erosion.

Prototype operation of the Yellowtail Dam tunnel spillway in 1967 scvercly damaged the
tunnel. Spillway operation and damage, and subsequent model tests, repairs, modifications, and
prototype 1ests are described. Cavitation initiated by surface irregularities in the tunnel lining
caused the damage. Heaviest damage was concentrated in the vertical bend of the tunnel and
the near horizontal reach just downstyeam from the bend. Repairs consisied of backfill concrete
in the heavily damaged areas and application of an epoxy-bonded epaxy-mortar veneer to cover
minor surface irregularities. Modification consisted of constructing an air slot to intraduce air
along the flow surfaces of the vertical bend. Model tests of the tunuel showed that the optimum
location of the air slot was just upstream from the vertical bend. The air slot provided positive
air induction along the flow surfaces and worked satisfactorily for al! ranges of dischzrge. Tests
of the prototype tunnel after repair and modification confirmed that a sufficient volume of air
was being introduced to prevent cavitation erosion.
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